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PREFACE.

This report has been written for the Rada Water Supply and a
Sanitation Project (RWSSP); I assume that the reader is
familiar with the situation, the objectives and works of the
project. Consequently, in the main report only a short
explanation of the situation is given, as an introduction to
the study.
To complete the report, in the annexes, general background
information (a description of Yemen, Rada, the project,
etc.) and technical background information is given, as well
as a more elaborate description of the study.

e
From October 1990 till January 1991 1 was in Yemen for this
project. Unfortunately 1 spent only 3 months (of the 6
months planned) in Yemen because of the Gulf-crisis. Because
of this 1 missed the rainy season and due to this 1 had to
change the subject of my thesis a bit. It has become more
theoretical.
1 would like to thank the team members and Dliv, Consultants
b.v. for helping me and making it possible to work at thq
project and finally Louise Wlllwaine for helping me with the
English.
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SUMI4ARY.

Although the average rainfali in Rada is only 200 mm/year,
ram intensities can be very heavy. There is no satisfactory
drainage system. After heavy rainfali parts of the town are
flooded for several days. The rainwater mixes with the solid
waste and waste water on the streets. This inixture poses a
danger to public health.
As a part of the RWSSP (Rada Water Supply and Sanitation
Project) a stormwater drainage system will be designed and
constructed. Other parts of this project are the
construction of a drinking water system, a sewerage system,
a solid waste collecting system and environmental health
education.

For reasons of cost and inaintenance the ram water will be
discharged over the streets, which will be asphalted and
shaped in a manner suitable for conveying storinwater. A
typical cross section of a road is preserited below:

02 m

0 15 ni

The town has been divided into four parts, each part
dividing the water to another spillway. The water is spilled
either into the wadi (river bed) or onto the agricultura].
land east of the towri.
The water levels on the streets have been determined with a
computer model. The kerbs have such a height that all the
water of a storm, which is equalled or exceeded once in 2
years (averagely) can be discharged. A design storm
occurring with a return period of 2 years had been
deteriniried before, but seemed to be too small. Therefore a
new design storm has been determined. Also a design of the
drainage system had already been made, but the new design
storm resulted in too high water levels in this present
design of the drainage system.
The design of the drainage system has been changed where
necessary. Only ininor changes were needed to be able to
discharge the new design storm.

With the new drainage system the water will be out of town
within a few hours after the storm. Heavier storms than the
design storm will still cause floodings, but the streets
will be dry sooner than nowadays. The floodings will be much
less frequent and the duration shorter.
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1 OBJECTIVE.

The objective of this study is:

to check the present design of the drainage systein for the
Rada Urban Area and to give recommendations (to obtain an
addequate design) if necessary.

Heavy storms can flood parts of Rada, after which
depressions and some streets remain flooded for several
days. Also solid waste and waste water end up on the
streets. The inixture of solid waste, waste water and
storinwater is a danger to public health. As a part of the
Rada Water Supply and Sanitation Project (RWSSP) a
stormwater drainage system will be constructed. The
objective of the RWSSPis to iinprove the public health
situation in the Rada Urban Area (RUA).

A design of the drainage systein has already been made and is~
presented in the Final Design Report of l989~’~. This is the
present design of the drainage system and is based on 11
years of daily rainfali data only. However, at the end of
1990, more rainfali data were available. It appeared that
the intensity and volume of the design storm used were too
small.

A new design storm will have a higher intensity and a larger
volume. It is the aim of this study to check whether the
water levels in the present design of the drainage system,
caused by this new design storm, are stili acceptable; i.e
to check whether the present design of the drainage systern,
is appropriate or not. 1f not, proper adjustinerits in the
design have to be recomniended.

Fina~ De~iqn Report ~WSSP t1u~ 1. Ram report. D.cober L9~9. [lit. 1~
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2 INTRODUCTION.

2.1 Project area.

Rada is a town in the Al-Bayda province of Yemen (see figure
1, the map of what used to be North-Yemen). Yemen is located
at the south-western point of the Arabic peninsula. The
coast-lifle has a tropical climate. Further inland there are
mountains up to 3760 m high. On the fertile terraces on the
slopes of the mountains agriculture is possible. Behind the
mountains lies a drier (but also fertile) plateau and next
comes the desert (see figure 2).
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Figure 1: (former) North—Yemefl.
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Figure 2: Cross—section Yemen.

Rada is located ori the plateau at 2100 m above sea level,
155 km from the capital Sana’a. The Rada Urban Area (RUA)
corisists of two oJ.d settleinents at the north of the
(asphalt) road from Dhamar to Al-Bayda (see figure 3). In
former days these old settlements (Rada and Musalla) were 1
km apart, but have now grown together.

In Rada a beautiful old fort is built on the rocks. The soil
around the rocks is loess-like and the soil in the
surroundings of Rada consists of volcanic outcrops. At the
north of the town is the non-perenial riverbed, Wadi Al-
Arsh.

The climate is semi desert, with temperatures ranc~ing
between 15C - 30c in the hottest months and 2 C - 22 in
the coldests. During the day, when the sun has wanined the
surf ace, dust devils are formed by the difference in air
teinperature. These cause a lot of dust in the air.

In 1989 the population was estimated to be 35,000. For the
two time goals of the project 1995 and 2010 the population
is expected to be 50,000 and 75,000 inhabitants
respectively.
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1
Figure 3: Rada Urban Area.

The public health in Rada is endangered because of the
following problems:

The drinking water is unsafe.
The waste water ends in the streets.
The solid waste ends up in the streets.
Heavy rainfail causes floodings.
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2.2 The RWSSP.

The Rada Water Supply and Sanitation Project (RWSSP) has got
the objective to iinprove the public health situation through
the implementation of a drinking water network, a sewerage
systein, a solid waste disposal system and a drainage system
in the RUA, together with an Environmental Health Education
(EHE) and an insl:itutional strengthening prograinine.
The project is carried out by a joint venture of
Euroconsult, DHV Consultants b.v. and Agrovisiori and the
Yemenite counterparts, consisting of members of the Ministry
of Municipalities and Housing (MMM) and the National Water
and Sewerage Authority (NWSA). The project is partly
financed by the Dutch Ministry for Development Cooperation,
DGIS; Directorate General for International Cooperatiori.
In this report the drainage situation and solutions for the
problems with the drainage of storinwater are discussed. In
annex A the other subjects of the project are presented more
elaborately.
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3 STORHWAT~RDRAINAGE.

3.1 Problen survey.

Traditionally houses were built at the higher places or at
locations with steep slopes, so the occasional heavy yearly
rainstorins did not cause many probleins. Rainwater was
discharged over the streets out of town or to depressions,
where it infiltra.ted and evaporated. Also soine channels to
discharge the water existed.

Nowadays the combination of alleys, streets and depressions
is still the only ineans for the drajnage of rainwater. This
old drainage syst:em is not functioning well any more. Due to
urban growth, the less favourable places are being built-up
too. This means a diminishing of the depression storage and
the blocking of the previous courses for conveying the
stormwater. The old drainage pattern is disturbed and after
heavy rainfali parts of the towri are flooded for at least a~
week. The soijd waste ori the streets contributes to this
problem, by clogging the old drainage systein.

Some traditional houses in Rada have got a foundation of
loam. Long contact with water weakens these foundations.
Recently some houses collapsed because of this.

1
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Figure 4: Flooded streets in Rada
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In Rada almost all roads are unpaved’2>. These roads are
nowadays more af fected by the rainfali than before. The
motorized traffic has increased. Because the drainage of the
roads is poor, water remains in holes in the roads and makes
the top soil softer. These holes are deepened by the heavy
traffic, resulting in even larger holes with a depth of over
half a metre.

The rainwater in the streets and depressions mixes with the
garbage and waste water on the streets, causing dangerous
situations for public health. It is in the scope of the
project to reduce the health risks. In the future a sewer
will be constructed to transport the waste water to a
treatment plant oul: of town. At the moment the solid waste
is already being collected and dumped at a dump site, but
stili a lot of garbage ends up in the streets.

Hence, for reasons of public health, protection of
buildings, road mairitenance and comfort, a proper storinwater
drainage system will be needed.

Note: In the following, the terms ‘present design report’
and ‘present design of the drainage system’ are used,
referririg to the situation at the end of 1990; as present:ed
in the Main Report and annexes of the Firial Design Report,
december 1989. It is emphasized that these are still only
designs and at the moment no drainage system has been
constructed yet.

3.2 Separate versus combined drainage system.

The stormwater can be transported either combined with the
waste water, through a combined systein, or separate from the
waste water, through a separate system. With the latter
system, no rainwater should enter the waste water system. In
this case a seperate system is chosen, because a combined
system has the following disadvantages:

A combined sewer system would require large dimensions of
the pipes. On top of the pipes a cover is needeci to protect
them from being damaged. This would inean deep excavations.
Because of the rocks in the ground, the excavatiori costs
would be high.

The ratio between waste water and storm water is 1:100 to
1:300. So, in the Jong dry periods only littie water fiows
through the large pipes of the combined sewer network, with
small velocities and consequently deposition of solids, t:hus
requiring extensive maintenance.

In fiqure 2 the aaphajted roads are shoun (as far as t can remeaber,. EXcept tor the

road fro. Dhaear to A1—Ba,da. ths asphalt.d roada ar. In poot condit.ton.
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Finally, for a combined systein, the waste water treatment
plant would have to be designed for the maximum dry weather
(waste water) flow plus part of the storm water flow. 1f
not, for each heavy storm the plant would be overloaded,
resulting in polluted untreated water to be discharged.
The hydraulic capacity of a treatment plant designed for the
storm water flow would have to be three times bigger than in
case of a separate system, to be able to deal with the
storinwater flow. Stili, for a storm with higher intensities
than the design storm, untreated (but diluted) water will
have to be discharged.

3.3 Lay—out present design of drainage system.

There is a general slope of 1:150 to 1:100 from west to east
over the town. The water can be discharged without pumping,
if sorne 10w areas in town are filled up. The town has been
divided into four separate sections: North-East, North—West,
Middie and South, each discharging the water to ariother
spillway. See figure 5 for a lay-out of the present design
of the primary drainage system. North of Rada exists a non-
perennial riverbed (Wadi Al—Arch). Water fallirig on the
North Western section can be discharged to this wadi. The
water from the other three sections is spilled on the
agricultural land east of the town. The water falling south
of the road from Dhamar to Al—Bayda does not enter the town
and is discharged along the road to the east.

The drainage system consists of a primary, secondary and a 1
tertiary system. The tertiary system is in the streets and
alleys in the densely built-up areas and conveys the water
to the primary and secondary systems. The secondary system
is in the somewhat smaller roads. Water from the secondary
system will be discharged into the printary system. The
primary system foliows the main roads. It collects the water
of the secoridary and tertiary systems and discharges the
water out of town.

The design of the drainage systein in this report only 1
concerns the primary system.

1
1
1
1
1
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3.4 Type of drainage system

The prilnary systein can be of the following types:

1) Closed drain structure.

- Collector drain under the road surface.

— Closed culvert structure in the axis of the roads or
at one cir both sides of the roads.

L

2) Open culverts.
- ~t one or both sides of the roads.

j

3) Road Surf ace Drainage (RSD).
- asphaited road with kerbstones.

10



The RSD consists of paved roads with kerbstones so high,
that the inaximun~ water levels caused by the design rainfail,
will be just below the top of the kerbstone.

An extensive coinparison between these options has been made
in “Considerations and recoiamendations for stormwater
drainage, RWSSP” [lit. 31. The conciusion is that for Rada
the road surf ace drainage is the best solution.

The consideratioris are listed in the table 1:

Closed Open RSD

Space required + — +

Traffic - + — -

Safety - — +

Maintenarice — — +-

- Costs -— — +

Table 1: Consider~ations type cirainage system.

Space required.
For the closed drainage systems and for the RSD rio separate
space is required, whereas for the open culverts lack of
space gives probleins with fitting the system in the derisely
populated town.

Traffic.
A closed drainage systein does riot hinder the traffic. Open
culverts have the disadvantage that cars might get stuck in
them. At crossings the open culverts need special provisions
so the cars can cross them.
For the RSD the traffic will be hindered at every heavy
shower. This however will not last long. All the water will
be discharged within a few hours. For the other types of
drainage systems, this hindrance only occurs after rainfail
intensities exceeding the design intensities.
For the RSD, the surf ace at the crossings should be shaped
in such a way, that all the water is discharged and that no
water will remain at the crossings after the rainfali.

Safety.
For safety of the public the open culverts should be covered
in front of shops, houses etc. The open culverts make the
effective width of the road smaller, reducing the space to
walk. Because the RSD will consist of roads with high kerbs,
the pedestrians will be reasonably save on the sidewalk.

11.



Maintenance -

The closed and open drainage systems are easily cloggeci by
solid waste, sanc1 and stones.
To prevent sand and stones entering the closed system, the
surface should be asphalted. This inakes it even more
diffi~u1t to carry out maintenance works. To keep the open
culverts open, rna±ntenance will be necessary. There is soine
experience with an open discharge channel through Rada: it
was clogged very quickly, and hardly ariy maintenance was
carried out. In the RSD sand and garbage will also collect,
but this can be easily removed by sweepers.

Costs.
The costs of the construction of a RSD are less than half of
that of the other possibilities. The rnaintenance costs are
estimated to be half of those for the culvert systern, and
even 10 to 20 tiines smaller than for the closed drainage
system.

Conciusion.
The RSD has been chosen for the drainage of stormwater in
Rada. The low costs and easy maintenance of this alternative
were the decisive arguinents. This solution can be seen as ari
improved old situation. Originally the stormwater was
drained over the streets too. The difference is, that now
the roads will be asphalted and shaped and that kerbstones
will be laid, so that the water will be conveyed through the
streets, out of town.

A side advantage of the choice of the RSD is the following:
It is the policy of DGIS not to finance projects
constructing asphalt roads, but when the RSD is chosen,
paved roads will be constructed and will be paid by DGIS.
This will only be this way in the streets of the primary
drainage systein. To derive optilnum profit of the paved
roads, additional roads will have to be paved by the local
authority. See annex Bi, figure 81 for a map of the roads to
be paved. The additional pavement will be financed by the
local Authority.

For the safety of the public (pedestrians, children playing,
etc), speed reducing devices (speed-humps) should be
designed and provided. 1f these are oniitted, the people will
make them themselves, ruining the roads and the drainage
system. 1

3.5 Cross section primary system.

To ensure that the whole street will not be covered with
water after a sniali rainfali event, the roads should be
sloping towards the sides or the rniddle. In consultation
with the aut~iorities concerned3 a cross section such as in

~!1LP M1nt~tr, “f Houztnq ,nd 1’~b~n P~,nn1flQ
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figure 6a has been chosen for the greater part of the
primary system. See annex B2. The side slope will be small
(1 = 1:100) to lintit the side depth.

a) main roads:

b) small roads:

Figure 6: Cross section primary drain. a) raam roads,
b) smaller roads.

For the smaller roads and the roads with only small water
levels, the road will be sloping to one side only; with a
high and a low kerb (figure 6b).

13
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4 PRESENTDESIGN STORM.

4.1 Introduction.

For the design of the drainage systein, it is necessary to
know how much rainfail can be expected and how much should
be drained. 1f the design is made for a very heavy rainfail,
which occurs very rarely, the system will be able to drain
all the water in mast occasions, but the costs will be high.
On the other hand, a cheaper system, with a design based on
a more frequent storm, will more often not be able to
discharge all the water, and flooding will occur. Therefore
a choice has to be made between costs and chances of
failure.

The design storm used for the present design of the
(primary) drainage system is presented in the Firial Design
Report of the RWSSP, December 1989. It was accepted that the
drainage system riad to be desigried en a rainfali with a
return period of 2 years. This is a coinmorily used return
period for urban areas like Rada. This would mean that
(according to the coinputations) the water level would be
just below the top of the kerbstone once every 2 years.
The present design storm was derived using 11 years of daily
rainfali only. From these daily rainfali figures the
rainfali intensities for durations of 15 Tninutes and longer
were derived with the method as described in the paragraph
below. This storm is referred to as the present design
stori~.

4.2 Rainfali intensities used for present design storm.

From 11 years of daily rainfail for each year the maximum
ram falling in 1, 2, 3 or 4 consequent days is computed.
This is the k—clay rainfail for k = 1, 2, 3 or 4. Out of
these maximum rainfali figures it is computed how much ram
fails with a return period of T = 2, 5 or ~ years. This
has been done with the method of Guinbeli (see annex C.4.1).
This way the maximum rairi falling (with a return period of
2, 5 and 10 years), for periods of 1, 2, 3 and 4 days is
computed. These 4 figures have to be converted for each
return period irtto rainfali iritensities for short periods.
The following cominonly used intensity-duration equation is
used:

£Lnç~ only Li r~ars of r-.~nfaU ~ta were ~vai~b1o, th~ raintali with a return p~r~od

.‘f 1.0 ,airs Is uflcertalfl
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aa (b+td)

with 1 = average intensity in rnm/hour
= duration of rainfali in hours

a, b and n are coristarits.
This equation is for periods smaller than 24 hours.

In the cornputations of the present design storm the constant
b for Rada was accepted to be 0.3. A line according to this
equation is fit through the extreme intensities (giving t~ie
values for a and n). The rainfali intensities for short
durations can now be found. Because rainfail intensities for
durations of 15 minutes are derived from daily rainfail
figures, the result is not too reliable and sensitive to
littie changes in the föur k-day rainfali figures. The
outcorne is also uncertain, because the equation is mearit for
a period smaller than 24 hours, while the input consists of
k-day rainfail figures.

According to the Final Design Report of the RWSSP, this
rnethod resulted in the followirig intensity-duration equation
for a return period of T = 2 years:

27a (O.3~-cd)~ ~ -

However, this appeared not to be the best fit of the line
through the k-day extreme rainfali figures. The best fit
would give values of a = 18.7 and n = 0.77, which resuits in
much smaller intensities for the short durations, than were
computed.

With the coinputed iritensity-duration equation a design storm
for T = 2 years was created, using the so called USA Soil
Conservatiori Procedure. This procedure has been explained in
annex C.6.4 for another design storm. In figure 12 the
result is shown as “present design storm.”

4.3 Conclusion RWSSPdesigT~ storm.

The rainfail intensities as given in the Final Design Report
of the RWSSP, 1989 are not very reliable, because only daily
rainfail fiqures were used. Furthermore, it appeared that
the method as described in the Final Design Report had not
been applied correctly. The resulting intensity-duratiori
equation gives higher intensities than the theoretical
correct solution (best fit). See figure 7.
In figure 7 also the largest rainfails in 60 minutes,
measured in Rada, are given. In the threeyears of which
pluviographs are available, the measured rainfali exceeded
the 30 min in 60 niiriutes already 3 times. According to the
resuits and data as presented in the Final Design Report, a
rainfail of 30 min in 60 minutes would correspond to a return

15
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period of 5 years. It is very unhikely that a rainfali with
a return period of 5 years, is exceeded 3 times, within a
period of 3 years.

Consequently, It is conciuded that the resuits as presented
in the Final Design Report, Dece~ber 1989 of the RWSSP, are
probably too small.
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5 NEW DESIGN STORM.

Due to the fact that more rainfail figures are available and
because the present: design storm seems to be too small, the
computation of the design storm has been redone.
In annex C the way the design storm is derived is discussed
more in detail.

5.1 General.

In Rada the average yearly rainfail is about 200 min. There
are two rainy seasons: The first, in which most of the ram
fails, is from January until May. The second rainfali period
is from July until September. See figure 8. In and areas
like Rada, rainfali is mostly caused by convective
stornis~. This ineans that the ram falis with a high
intensity during a small period. The rainfail intensity is
constant over the whole core of the shower, which has a
diameter between 1 and 7 kilometre. Outside this core, the
intensity decreases to 0 mm/hour within 10 kilometre. -

0

40

20

10

0

(5)
W*Z-~ air .t th. Lurfac. rjg.. to high.r 1.v.1. w~.r. th. ~at.r condsnsat.~ ar~d c1oud~

ars fox.d. Th... ar. tz~n~port.d by t~• wind and qiv. Local, ~hert 1..ting •ho~.r., ~it1~ P~1gh
int.n.it1.~. T~.s. gbow.r~ a~n1y occur in th. aft.rnoon.

JAN FEB MARCH APR MAY JUNE JULY ALI3 SEP OCT NCV DEC

Figure 8: Average rnonthly ram! all Rada.
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From the measured rainfail data of Rada it appears, that
indeed the ram mainly fails in a few heavy showers. These
showers can flooci parts of the town.

To design the drainage system of Rada, -a design storm has to
be created. To do this, it is necessary to know the rainfali
intensities for short periods like 15, 30, and 60 minutes.
The design storm will be fed in a computer model of the
drainage systern, by which the water levels on the streets of
the primary system and the discharges will be computed.

5.2 Methods of comput:ing design intensities.

As pointed out in annex C.1, a long series of total daily
rainfail and 3 years of pluviographs are available for Rada.
Both series can be diverted into design intensities and, a
design storm (though with some difficuÏties). The methods
are described be].ow:

Total daily rainfali.
The first method is to convert the total daily rainfail
figures into rainfali intensities for short duratioris. This
is the method applied in the Fina]. Design Report and
described in sub-chapter 4.1.
As pointed out bef ore, this method is not very reliable and
sensitive to litl:le changes in the four daily points.

Pluvioqraphs.
For the method using pluviographs, the rainfail in short
periods is directly read from the pluviographs. A drawback
is that the ainount of data is liinited to 3 years, making it
impossible to t md the design storm with a reasoriable return
period out of the pluviographs only. Another point is that
from the pluviographs rainfail in 30 minutes can be read,
but the ram falling in 15 minutes is not dear (see figure
C2 in annex C). Therefore an extrapolation to 15 minutes has
to be carried out anyway.

Combination. 1
To predict a storm with a certain return period, both the
long series of total daily rainfail and the pluviographs are
used. A relation between rainfail in a short period and
total daily rainfali is derived from the pluviographs. Next
the daily rainfail can be converted into ram falling in
shorter periods. With the Gumbeil method (see annex C.2.2.1)
the extreme values for different return periods cari be
computed. Finally an exzrapolation using the same equation
as in sub—chapter 4.1, gives the rainfali for periods of 15
minutes and longer.
This mnethod is better than the farmer two, because of the
following three reasons: the extrapolation is executed less
extended and therefore more reliable. The equation is used
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for periods smaller than 24 hours, for which it is rneant.
Finally, in this way all the information is used.

5.3 DesigTi intensities.

In annex C.2. the way the design intensities are coinputed is
given more coinprehensively.
To be able to convert the daily inaximum rainfail into
rainfail in short periods, first a relation between daily
rainfail and rairifail in short periods was derived froTn the
pluviographs. Next the intensities occurring with an average
of once every 2 or 5 were computed (the extreme rainfail
intensities). Through these extreme rainfail intensities a
line according to the intensity duratiori equation is fit.

For periods up to 24 hours the average rainfali intensities
can be described with:

a
(b+td)t2

with I~, average intensity in nun/hour
t
4 = duration of rainfali in hours
a, b and c are constants.

For T = 2 years the intensity-duration curve is:

1 (2) = 48.8

(O.5+td)~°
3

The value of constant a for T = 5 years is 67.5. The
constarits b and n are equal for all return periods. With
this equation the design iritensities can be computed.
The resuits of the regression analysis is given in table 2
and figure 9.

— Return period T

— 2years 5 years

[hour] — [min] [inin/h] ~iam) [nun/hJ

0.25 16.4
0.50 24.4
0.75 29.1
1.0 32.1
2.0 38.0
24 43.4

65.6
48.8
38.8
32.1
19.0

1.8

22.7
33.7
40.2
44.5
52.5
60.1

90.8
67.5
53.6
44.5
26.3

2.5
- - ~-.

Table 2: Resulting ram! all in (mml and r.~infall intensities
in (vim/hJ for return periods of 2 and 5 ye~rs.
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Figure 9: Intensity duratiofl curve.

5.4 Design storm.

The return period to be chosen for tlie design storm should
be related to the damaqe caused, if water leaves the
drainage systern, i.e. if the water levels rise above the top
of the kerbstorieS.

Figure 10: Cross-section of streets.

For a situatiofl as in figure lOa, the houses will riot be
dainaged if the water level rises above the kerb (until the
houses are reached). In that case the return period to
design the kerbstones can be smaller. 1f the situatiOfl is
like in figure lOb, the houses will be flooded as soon as
the water leaves the drajnage system (water levels akove the
kerbstone). In that case the return per~od for the design
should be higher.
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It is not dear where the situation is like (1) and where
like (2) (this has to be investigated on site). Therefore it
has been accepted that the water levels should not rise
above the kerbstone for the chosen return period. A return
period of 2 years, which is corninonly used for urbari areas
like Rada, has been choseri for the design of the drairtage
systein. This means that, with an average of once every 2
years the water level is just below the top of the
kerbstorie~6~.

In annex C it has been decided to design the drainage
system on a design storm as given in figure 11.

70! -

50

so~

40

320

~~3D 45

Tine in [mln)

Figure 11: Created design storm (~new design storm) T 2
years.

In figure 12 the 4 heaviest stornis ~neasured in Rada, as
derived from the pluviographs, are presented, together with
the old and the new design storm. It appears, that the peak
of the present design storm is smaller. The maximum
intensity of the present design storm for a period of 30
minutes, is 33 mni/h, while the average intensity of the
measured storms, for a period of 30 minutes is 43 mm/h.
Figure 12 stiows, that the present design storm would
probably be an underestimation of the storm with a return
period of 2 years.

The average intensity for 30 min for the new design storm is
49 nun/h. This is higher than the average peak for 30 minutes
of the measured storins (which is 43 inm/h). However, the
resulting water levels caused by the measured storms and
those caused by the new design storm, do not differ very
much, as is shown in annex C7, table C9. Compared to t~e

(6)

a c.rtli~.ri p.rcsnt.aq. of th. k.rb~ton. biqbt (frS.bOard~ for .af.ty r.sson~.

•ub-ch.pt.r 6.2.
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ineasured storms, the new design storm Inight therefore be a
small overestixaation. It is emphasized that the measured
storms are the storms of 3 years only. So from these data tt
is impossible to derive a design storm with a return period
longer than 2 years.

70 -

— storm 1

storm 2

- - storm J

- -__-—-stoçm4

w
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v
0

o 10 20 30 0 05 ~‘O 15

tme[r~tr]

Figure 12: The 4 heaviest storms of Rada and present~and new
design storm.

5.5 Areal reduction.

The design rainfali will be accepted to be homogenecus for
the whole catchmerit. The rainfali figures used, are maximum
rainfail figures. 1f rainfali is the result of convective
storms (as is the case in Rada), the difference in rainfail
in two close points can be quite considerate. Consequently,
the average rainfali figure for the whole catchment will be
smaller than the maximum rainfail figures used. Generally a
reduction of the rainfali is not usèd for area’s smaller
than 2 square kilometre. The town is divided into four
sections, each not larger than 60 ha Cor 0.6 km2). Therefore
rio areal reduction is taken into accourit.

1

new des~nst~m

presentdesignstötrn
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50
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6 PERFOPI(ANCE PRESEN’P DESIGN OF DRAINAGE SYSTEM.

The present design of the drainage system is based on the
design storm of chapter 4. The computer model CYCLONE
[lit. 3] was used to compute the water levels in the systern.
Because the new design storm (chapter 5) is much larger and
because soine mistakes were made in the input of the model,
it is accepted that the present design is no longer
adequate.

6.1 Computer model.

The computer model CYCLONE is used to compute the expected
water levels and discharges in the drainage system. The
system is presented as a coin1~ination of nodes and conduits.
The program trarisforins the precipitatiori on a catchinent into
ari infiow hydrograph at a node. For this purpose the
overland flow is coniputed, taking irito account the slope,
length and roughness of the catchment. In the systein of
nodes and conduits the varying water levels and discharge5
are coniputed at the nodes and in the conduits respectively.
The input consists, amongst others of:

-catchment size, slope and typical length.
-roughness of conduits and catchi~ents.
-surf ace and invert levels at nodes (see figure 13).
-lerigth and shape of conduits.
-runoff coefficient.

See annex D for at more elaborate description of the model
and the input.

6.2 Critical water levels.

The input of the new design storm in the present design of
the drainage syst:em’7’, showed that the system is not
adequate. Flooding occurs in the Middie and North-Western

~ qivsn in t~. .i~n.x.. of th. Final. Design I.port IWS3P, dscs.b.r 1989

Figure 13: Cross section road. The surf ace level is the
ground level next to the road. The invert level
is the lowest point of a cross section of a road.

1~’)
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1

section, and at the other sections relative water 1eve1s~
are so high (>90%), that, regarding uncertainties in the
input and the inodellirig, flooding might occur (see table 3).

section relative
water levels

North—East.
North-West:
South
Middie

95%
>100%

83%
>100%

Table 3: Maximum relative water levels caused by new design
storm in present design drainage system.

A freeboard of 15% (i.e. relative water levels ~ 85%) is
accepted, because of the uncertainties in the iriput (design
storm a.o.) and mocielling of the drainage systeni (see annex
E).

6.3 Differerice in inodelling.

As sotne errors were made in preparing the input to the
model, the input was controlled and uhere necessary changed.
For example:
Some node numbers were exchanged. To node 5331 of trie middie
section a catchment of only 0.1 ha was connected, while,
this should be about 3 ha. Correcting this resulted in high
relative water levels and even floodings at the downstream
nodes. See figure 14 for the location of node 5331 (The area
concerned is shaded).

The lengths of the conduits of the North-Western section
were sometimes different from what could be read from the
Inaps. The schematisation of the catchn~ents discharging at a
node is now accepted to be different from what was assumed
in the Final Design Report. See annex D.4. This did not have
a big impact on the flow through the system.
Also the average slope and the critica]. length of the
catchinents were measured again.

The new input is given in the annex D.

(S)
T~. r.Lstl.v. wst.r 1.v.1~ iz r.f.rr.d to &* t~i. w.t.ri.v.3.. in £ aonduit divLdad t~xouqh

th. k.rb hiq~t (surf&c* .v.1. — lnv.rt 1.vsl) in p.rc.nt.ag..

1
1
1

1
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7 NEW DESIGN OF DRAINAGE SYSTEM

The present design of the drainage system was altered in
such a way, that the present design storm resuits in
relative water levels smaller than or equal to 85%.

7.1 Recommendations.

The alteratioris in the design are not radical. They are of
two kinds: The mast irriportant is to reduce the relative
water levels to acceptable levels, while the other is to
obtain liinited sizes of kerbstories. The recoinmendatioris are
given in table 4.

For the construct.ion of t~le drainage system and the roads,
it is easier to have only a limited number of sizes of
kerbstones. The kerb stones will be 15, 25, 35, 40 and 50 cm
high, with a kerbstone of 65 cm at one point. Because of
this, some minor adjustrnents should be made to the present
design of the drainage system.

Middie section.
The largest probiems occur in the iniddie section. The water
from nodes 5390 and 5392 is forced to the main street in the
north, from where it fiows out 0ff towri to the east. These
problems can be reduced by disconnecting two nodes of this
section. Water of nodes 4233 and 5205 can be discharged to
the Southern sect:ion (without causing severe problems
there), instead of to node 5206. See figure 14.

Further, the problems at branch 5331—5333-6310 can be solved
by creating a steeper gradient and higher conduit depths. It
is suggested to take the surf ace level of these nodes 5 to
15 ci~ higher. Now, to be able to discharge the water from
the whole connect.ed catchrnent, the low areas round node 5331
should be filled up a littie bit (about 10 cm).
The invert level at 5331 should be higher, while at 5333 and
6310 it should ba lower. This solution reduces the relative
water ].evels to acceptable levels.

In the n~ode1, a node is added just before the spillway, to
be able to connect the corresponding catchn~ent to that point
and to check the situatiori there. It appeared that the
conditions at the spillways were satisfactory.

The relative water levels in the new design are up to 92%.
So the accepted freeboard of 15% is not available. However,
a relative water level of 92% orily occu~rsat node 6315. This
is in the main street. The higher the kerbstone will be the
greater will be the hiridrance to the mariy pedestrians in
this busy street. A kerbstorie of 50 cm has been designed. To
reduce the hindrance, the kerbstone should be sloping as in
figure 15. These high relative water levels are possible at
this node because of the followirig two reasons:
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Table 4: Recoininendatioris surface and invert levels and
nodes: di!! erences between present and new design.

Surface level
[cm]

Invert level
[ciii] (cm above ref.level)

Node new old new old

North East
4498
4489
5301
5448
6420
6494
6495

2962 2975
2945 2943
2980 2982
2506 2504
2503 2508
2356
2355

2341 *

2340 @

North West
3338
4466
4305
4316
4452
4453
4455

3428 3431
3285 3290
3315 3314
3341 3331
3222
3121
3122

.

3197 *

3096 @
3097 *

to Southern section
to Southern section
left out of model,

Middie
4233
5205
5236
5318
5345
5331
5333
6310
5346
5377
5390
6316
6339
6379

2651
2560
2461
2444
243].
2491.
2500
2547
2428

2646
2562
2470
2450
2435
2490
2503
2557
2426
2374
2395

because very close to
next node.

2455 2446
2425 2429
2410 2416

2349 *

2370 *

South
4210
4258
4233
5205
5261
5292
5297
6264
6286

3162
3071
30].3
2880
2835
2740
2727

3160
3066

2830
2735
2722

2998
2865

frortt middie section
front middie section

2515 2520
2525 2530

*new node before spillway.

@Spillway displaced.
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Figure 16:

Firstly, because of the shops the kerbstones will be sloping
as shown in figure 15. In annex D4 it is computed that for a
water level of 0.5 m the schematisation of the cross section
in the computer Tnodel, resuits in an overestimation of 10%
of the water levels. Thus in reality the water levels will
be smaller than coinputed.
Secondly, before the start of the RWSSPthe ground level at
that poirit was even 0.6 m higher than the surface level as
planneci in the annexes of the Final Design Report, RWSSP,
December 1989. It is therefore likely that the adjacent
shops and houses are above that high ground level.
Consequently, flooding would not cause damage inui~ediate1y.

At the other nodes the relative water levels will be ~ 85%.

eIavat~ons in cm above ref level

~c~uriaIQveI ~4qo

sijface ~eveI2431

~

Bm

Figure 15: Cross section at node 6315.

North—Eastern section.
Only ininor alterations in the design were necessary. The
freeboard is � 14%. At node 4479 (see figure 16) the kerb
stone is even 65 cm high, because at that location the

priniary drain is cutting through a small hill. 1
- — - —

1
1

_____

—s---.-- primary drainage ~ystem
- border of catchment

~~-ø outlet

North-Eastern section. 1
28 1
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Southern sectjon.
Nodes 4233 and 5205 of the middie section were connected to
node 5215. To prevent t looding or high relative water
levels, the surface level at nocies 5261, 5292, and 5297 have
been increased (increasing the conduit depth). See figure
17. At node 6264 the invert level is lowered. The resuits
are freeboards of about 15%.

North—Western section.
The surf ace level at node 4316 can be 10 cm higher than the
surf ace level in the Final Design Report, without causirig
probleins for the over land flow. This resuits in a 10 cm
higher kerbstone. The maximum relative water levels will
then be 78% (at node 4305) (figure 18).
The spillway as presented in the annex of the Final Design
Report of the RWSSPseems impossible. At 160 in from node
4466, an invert level of 32.06 in is too low to spul the
water on the surrounding fields with a ground level of
32.60 in. 4k solutic)n would be to have the spillway 200 m
further to the north, with a conduit toit. This solution
was derived from inaps only. A proper solutiori has to be
found by a visit of the location.
The water should riot be spilled to the east, because Uien it
niight enter the North-Eastern section at node 4483.

,. Leqer~d~

~ pramary drainage system
- - - b3rcier of catchment
~ outlet

5~O5 nccte nun.be~

62b~4

S-

Figure 17: Southern section.
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Figure 18: North-Western section.

7.2 Resuits.

With the recorninendations presented in table 5, the relative
water levels are (except node 6315) smaller than or equal to
86%:

1
_________ ________ _______ 1

1
* Before addirig 2 nodes of the middie section.
** At node 6315. The other relative water levels ~ 85%

Table 5: Maximum relative water levels caused by new design 1
storm.

1
1
1
1
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North-East
North-West
South
Middie

95%
>100%

83% *

>100%

86%
81%
86%
92% **



8 ALTKRNATIVE SOLUTIONS.

The water levels can be quite high in soine parts of Rada.
Especially between nodes 5346 and 6340 in the middie
sectiori, the kerbst:ones of 50 cm are a hindrance to the
people, because the street concerned is one of the busiest
in Rada. Alterriate solutions for the discharge of the water
to reduce the size of the kerbstones are: a retention
reservoir upstreain from the main street, an extra sewer
along or under the main street, or wider roads.

Retention reservoir.
To reduce the water levels in the mairi street, a retention
reservoir can be constructed at the (only) empty space north
of node 5390 (see figure 14). It appeared, that with a
reservoir of 750 m3, the maximum water levels downstream of
the reservoir would be about 5 cm smaller. For reasons of
hygiene, the reservoir should be drained soon after the
rainfali. -

However, a reservoir of 750 m3 is difficult to fit in at that
location. Node 5377 seems to be the best node to discharge
the water to, but there is oniy 70 cm of fali available
between the enipty space and node 5377. Consequently, if
water is drained by gravity, the reservoir would have to be
very shallow. For a depth of 0.5 m, the area of the
reservoir would have to be 1500 m2 . This is not available.
Another option is to drain the reservoir by pumping, so t.he
reservoir can be deeper. This solution is rejected, because
then the drainage system would becoine less reliable.
Furthermore, the danger that garbage will be dumped in such
an empty space in town is considerable. In this way the
hazards for public health would remain.

Extra drain.
A second alternative might be to have a kind of channel or
sewer in the last part of the Middie section (from node 5346
or 6315 onwards). Nevertheless, an open channel will very
soon be clogged wil:h sand, rocks and garbage. A sewer
requires a diameter of 1.5 in. This would inean excavations of
2.3 in to inciude a cover of 0.8 m. BecauSe of the very mild
slope at that part of the town, the sewer should go quite
far out of town to be able to spul the water on the
agricultural land. Finally a sand and garbage trap should be
constructed at the beginriing of the sewer, to prevent
clogging. All this would make this alternative much more

‘expensive than the Road Surface Drainage. The costs and the
t act that the sewer might be clogged, is an important
disadvantage of this solution.
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Wider roads.
1f the width of the roads is 8 in instead of 6 in, the water
depth will be considerable smaller. ~ssume Chézy:

Q-bhCf~T

with Q = discharge [m3/s]
b = width of road [in]
h = waterdepth [In]
C = factor of Chézy
R = hydraulic radius [in]
i = longitudinal slope [-]

The ratio between R and h appeared to be constant (about
0.92) for a waterdepth from 0.2 m to 0.5 in. The equation
above can now be rewritten as:

Q - bh~C~~ - O.92C~~*bh~

Then if is accepted that the discharge is constant, a rough
estiinate gives that the waterdepth for a width of 8 m is
almost a factor (6/8)2~ s~a11erthan the water depth for a
width of 6 m:

- — b
1h~ - b2h~ - 1

or 1
h2 - (b:)~h -

In the present design of the drainage system some roads at
critical locations are already 8 in wide. In figure B2 of
annex B the width of the roads of the primary systein is
given. It is not possib].e to read from the maps whether
other roads can be made wider too. It is reconunended to
investigate on site the possibilities of making somne roads

wider, to reduce some of high kerbs.

1
1
1
1
1
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9 CONCLUSIONS.

As the present design storm~9~ seemed to be too sniali, a new
design stor!n was computed. This new design storm would cause
floodings in the present design of the drainage system~. The
new design of the drainage system consists of the present
design with the recommendations as presented in table 4. In
the new design of the drainage systein the new design storm
does not cause any floodings.

However, the water levels can be quite high and hence the
kerbstones in some parts are high too. 0fl the other hand,
the duration of t:he high water levels, during which traffic
will be impossibie, is short. After this period the water
levels will be s]llall and the hindrance liinited. Within 2
hours after the end of the storm all the water will be of
the streets. Upstrearn in the system the roads will be dry
even quicker.
Especially durinc; the long dry periods with no rainfali at
all, the high kerbstones might seem odd to the people.
A heavier rainfail than the design storm will stili cause
flooding’10’. It depends on the location, whether the
flooding will cause problems. When the peak discharge has
passed the water can enter the system again and will be
discharged. Consequently, the hindrance will be less than at
present, when the streets are flooded for at least a week
after heavy rainfail.

The inipression is of ten that the water levels and the
freeboards in the system have been calculated accurately.
However, the calculations are not that precise. Firstly, the
modelling of the drainage system and secoridly the design
storm cannot be given exactly. It is estimated, that the
return period T 2 years should be interpreted as a return
period between 1.5 and 3 years. See annex E.

The high kerbstones will be a riuisance to the people. Yet,
alternative so].utions to reduce the maximum water levels
(such as a retention reservoir or a sewer in one part of the
town) did not seem to be attractive alterriatives. Wider
roads is an option, which stili has to be investigateci.

Conoluding:
With the new drainage system the water will be discharged
out of towr~ in a few hours, whereas nowadays parts of the
town are flooded for several days after heavy rainfail.
Another advantage of the drainage system is, that the mairi
roads will be asphalted.
These will be great improveinents and will compensate for the
high kerbstones and hopefully improve the living conditions
of the inhabitants of Rada.

aa pr..nt.d In t~. F1n~1 D.siqn 1~.port ~WW, D.e.Rb.r 1~S9.

(iO~
A cr.atsd stor~ wlth a return p.riod of 5 y.a~. ~nd a u~sur.d •tor with tb. saa.

r.tuxn p.riod ind..d •~ow.d that in t~. Middi. uction flooding wouid occur.
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Minex A: BackcTrow1ç~ information

A.l SHORT HISTORY OF YEMEN.

In ancient times in Yemen a high civilization existed. About
600 B.C. at Marib (100 km north-east of Rada) a huge dam was
in use, irrigatinc~ thousands of hectares. The old trade
routes for spices and incense brought wealth to this area.

The Islam was introduced in Yemen in 628 A.D. In 1839 the
English took power over Aden and parts of what later became
South—Yeinen. In North-Yeinen the Imam had the absolute power,
but in 1962 the military took over after a coup. In the
civil war followirig, the republicans were backed by Egypt,
while the Saudi Arabians were at the side of the royalists
(Imam). Finally, in 1970 the moderate government of the
republicans was recognized by the SaudiArabians. From that
moment on, the country accepted a more open course towards
the West. Since the beginning of the Republic quite a few
coups occurred and a war against South—Yemen broke out.
Meanwhile, South Yemen had become Marxist after a revolutiQn
in 1967, dismissirig the British and the traditional
monarchs.

In June 1990 North and South Yemen were finally unified
again in one land~ The Republic of Yemen, forming a country
with more inhabitants than the rest of the Arabic peninsula
(12 million inhabi.tants) and about 12 times as big as the
Netherlands. The soil is reasonably fertile, resulting in
substantial rainfed agricultural activities where enough
ram is available,, Besides, the exploitation of oil (partly
on the former border with South-Yenien) has been started.
But until now the land has only a few revenues. Bef ore the
Gulf—crisis, many Yemenite were working in countries like
Saudi Arabia, Kuwait, Iraq, etc, bringirig or sending inoney
home. Becauseof t:his money quite a lot of expensive goods
like cars, diesel pumps and generators can be found in
Yemen, although Yemen is said to be one of the poorest
developing countries in the world.

In Yemen there are many beautiful traditional houses.
Although Yemen is nowadays open for Westerri influence, the
people preserve their old customs. Many men wear trousers
during the morning, but in the afternoon, they change into
their traditional clothing: a kind of skirt, a shirt, jacket
and a beautiful embroidered belt with a big traditional
knife (the Yambya) and a scarf round or on the head. Often
they also have heavier weapons than the Yambya, like machine
guns. It is custom to attend a qat—session in the afternoon.
Qat is a stiinulati.ng (non-addictive) drug. The leaves are
chewed and stored in the cheek during the qat—session, which
can last until 8 o’clock in the evening. During qat—session
problems are discussed and arrangementsmade. Qat is said to
have a positive effect on the discussions. For qat a lot of
inoney is spent daily; about 15 Dutch guilders.
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AnnexkLBackground inforinatioi

Yemen is an Islamic state. Of course some dj.ffererices in
customs exist over the country, but specially between the
fornier South—Yemen and North—Yemen. In the former South—
Yemen the Islamic rules were (applied) less strictly. In
Aden there even is a brewery. Now the two countries are one,
it is the questi.on whether the more fundamentalistic North-
Yemen will deniarid that this brewery will be closed or not.
Also the women are freer in South—yemeri, but even in N’orth-
Yemen, differences in the position of the women exists. In
Rada the women are virtually totally covered, when on the
streets. Their whole face is hidden behind a veil. Inside
the houses or at: the premises, which are surrounded by high
walis, the veils go off. The life of men and womeri is
separated. Even at the wedding ceremonies there are separate
parties for men and woineri.

1

‘1
1
1
1
1
1
1
1
1
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A.2 PROJECT.

The Rada Water Supply and Sanitatiori Project (RWSSP)
consists of the following subjects: the implementation of a
drinking water network, a sewerage systein, a solid waste
disposal systein and a drainage system in the Rada Urban Area
(RUA), together with an Environmental Health Education (EHE)
and an institutional strengthening progranune. The drainage
systeni is discussed in the main report. The other parts of
the project are discussed here.

A.2.1 Drinking water.

In Rada there are a few small private drinking water
networks and one big co—operation. The supply is
intermittent and because there are no storage facilities in
the system, the pressure fal].s during the peak hours.
Therefore almost all the houses have a pump and a storage -

tank on the roof.
The quality of the water is poor. The water is saline and
bacteriological unreliable becauseof the intermittent
supply. Many pipes are above ground level and pass through
pools with stagnant waste water, (sometimes) rainwater and
solid waste. 1f the pressure is off, dirty water cari enter
the system. Bacteria in the contaminated water, can multiply
if the water is in the storage tanks (on the roof s) in the
sun for longer periods.

The water consuniption is estimated to be 45 - 50 l/c/d~’~.
This is expected to increase, as the number of taps and
flush toilets increase. The water demand is estimated to be
100 l/c/d in the year 20l0~. The new system will provide
24 hours supply with a minimum pressure of 20 m above street
level. To meet this goal, first one and later two reservoirs
will be needed. The first phase of the drinking water
project will be for 95% of the 50,000 inhabitants in 1995.
For the second phase to all (then 75,000) inhabitants
drinking water should be supplied. On top of the maximum
daily demand 20% has been reserved for unaccounted for
water.

North of Rada a well field has been selected (see figure
Al). The water only rieeds a safety chiorination.

(i~
Litree p.r capit.~ p.r day.

(2)

Wats~ conaurption for t1~. Netberianda i~ 150 i/c/d.
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A.2.2 Waste water

Previously, all waste water was Spreadout over the land
round the house, where it infiltrated or evaporated. In the
traditional toilets the f luid and solid excrements were
separated. The solid part was and is used as fuel for bath
houses etc.
Because more houses are riowadays connected to the drinking
water system, the water use has increased and more waste
water is produced. The traditional toilets are being
replaced by western type flush-toilets.
In an urban area like Rada so many people live close
together, that there is too little space for the increasirig
amount of waste water to infiltrate in the ground. A part of
it collects in pools with stagnant water, causing a
considerable hazard to public health. Also the litter in the
streets is part of this problem, because it dogs the
topsoil and blocks the ways of discharge.

~ ‘~~- \
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Figure Al: Surroundings of Rada Urban Area.
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Nowadays some facilities to dispose the waste water are
available; such as soak—away pits and a small sewer systexn.
However, still about one third of the waste water of Rada is
ending up in the streets.

As a part of the project, a sewerage system for the waste
water will be constructed. The waste water is transported to
a treatment plant 5 kni north-east of Rada (see t igure Al).
The plant consists of screens, anaerobic ponds and a number
of facultative ponds.

Soon after the start of the project, a number of immediate
improveinents were carried out. One was that an old channel
through the town was restored, to discharge the waste water
from a place with severe problems. This channel was,
however, clogged very soon again (see figure A2).

Figure A2: Channel clogged with solid waste.
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~.2.3 Solid waste disposal.

It is common in Yemen to throw the soijd waste over the wall
round the heuse en the street. Previously, when almost all
the garbage was organic, this didn’t cause severe problems.
But since plastic botties and bags were introduced, they are
everywhere on the streets. 50 problems as described above
occur. -

By the Municipality a solid waste disposal system had been
iritroduced several years ago, but this was riot working
satisfactorily, probably due to the lack of information and
lack of participation of the people.

As a part of the project the town has been cleaned up and
containers have been spread out over the town. The garbage
is collected by a compacter truck and dumped at a dump site
out of town. To make solid waste collection successful, it
is accompanied by a correspondirig Environmental Health
Educatiori (EHE).

A.2.4 Environmental Health Education.

To convirice the people of the purpose of the project and to
make them confident with the works of project, an
Environmental Health Education (ERE) was set up. The
participation and the involvemerit of the population is
important to prevent the failing of the project.
The ERE consists amongst others of information about the use
of water and the containers. Videos are made and shown and a
periodical is distributed. Schools, inosques and qat—sessions
are used to give information. A considerable part of the EHE
is addressed to the women.
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Annex 8: Drainaae sv~f

B. 2 CROSS SECTION PRIMARY SYSTEM.

To ensure the whole street will not be covered with water
after a small ram event, the roads should be slopirig to the
sides or the iniddie. A typical cross section of the Road
Surface Drainage can be one of the following:

Type 1: convex; V-shape.

Type 2: concave; roof-shape.

Type 3: sloping to one side.

A comparison of these 3 types is given below. In table B2 the
results are listed.

Side depth.
Smaller kerbstones will be cheaper and give less hindrance to
the users. 1f a maximum kerbstone level is accepted, then more
water can be discharged without flooding.

The flow through a wet (cross sectional) area can be computed 1
by means of the Chézy formula (assuming stationair flow
conditions):

Q-AC/~T - 1
with A = wet (cross sectional) area [in

21

R = hydraulic radius A/O [m]
o wet perimeter [in]
i = longitudinal slope [-]

C = Chézy factor 1
C — l2log( 18*R)

with K~= roughness of Nikuradse = 0.005
[m]

The wet perimeter 0, the wet area A and the hydraulic radius
for the 3 types (with a side slope i~ = 1/100) can be computed
with: 1
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Type 1

~~1 — —-— — — -

n

-- ~ Y2 bis

b

o - 2h+2 (
1bi )2+(’b)2 - 2h+b

A - hb÷ib2iS

hb÷~~b2i4 S

2h+b

Type 2:
0 - 2h+b

-1-
b

A ~ 4 S

hb~~~b2i
R- S

2h+b

Type 3:

0 — 2h—bi
3+~(bi5)

2+b2 - 2h-bi
8~-b

A -

hb~~i~b2i
R- 2

2h-bi3i-b

For the critical ram events the waterlevels will be about 0.4
in. The most frequent road width is 6 in. For these values it
appears that the hydraulic radius for type 1 is 8% (percentage
of type 2) smaller than for type 2. This has a negligible
impact ori the factor of Chézy, which can therefore be assumed
to be the same for all 3 types of cross sections. See table
Bi.

R
[m]

(R1—R2)/R2
%

C R~
[m½]

((R~_R2)/R2)½
%

type 1 0.37 +8% 37 0.60 4-4%

type 2 0.34 37 0.58
type 3 0.33 —4% 37 0.57 —2%

Table Bi: Cross sections 1, 2 and 3.

bi~

-F
b
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In the forinula of Chézy the discharge is proportional to the
square root of the hydrauiic radius R. The difference between
the square root of R for type 1 and 2 is only 4%, which can be
neglected. The equation of Chézy can thus be written as:

Q - constant*A with constant - C/~T

So to have the same discharge Q through the 3 types of cross
sections, the wet area A should be the same (in fact, the
cross section of type 1 would be slightly smaller because of
the difference in friction).

The result js that for the same discharge, the side depth and
kerbstone will be lowest for type 1 and highest for type 3.

For a width of 6 in and a side slope i~ = 1:100, the side depth
for roads of type 1 will be only 3 cia lower than for type 2.
For i~ — 1:50 the difference would be twice as big. The
difference between type 2 and 3 is the same: For type 2 th~
side depth will be 3 cm smaller than for type 3 if i l:l00.
The conclusion is that for a side slope of 1:100 the
difference is small.

Experience. -

Roads of type 2 have been constructed all over the world.
However, this is often in combinatiori with a sewer or culverts
at the sides of the roads. Also in Sana’a this kind of road
(in combination with closed drains) is used for the drainage.
Type 1 is very rarely used. Therefore the authorities are
reluctant to choose this type of cross section.

Small discharges.
After a small ram event only a part of the cross section will
be covered with water. For type 1 all the water will be in the
middie, dividirig the dry, accessable space into two small
lanes. For type 2 the middie of the road will stay dry. Assume
that to discharge the saine amount of water the wet cross
section A of ty]pe 1 and 2 should be equal. Theri it appears
that if for type 2 a lane of 2 in is free, for type 1 only 2
small lanes of i in would be dry. However, if the drainage
system is working properly, the roads will be dry very
quickly.

Maintenance. 1
In the middie of the roads garbage, sand and stones will
provide more problems than at the sides, because it is more
dangerous for sweepers to clean the roads in the middie than
at the side of the roads. For Type 1 garbage, sand and stones
on the roads will collect in the middie of the roads, whereas
for the other two types thesed will be at the sides of the

roads. After a rainfail small pools will be ori the road.

1
B-4 1
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Type 1 Type 2 Type 3

Side depth -4- ± -

Experience - + +

Small
discharges

— + -4-

Maintenance - ± +

Tabie B2: Comparison 3 types of cross sections.

Choice.
It appears that for type 1 the kerbs (and thus the investinent
costs) will be lowest. On the other hand, because of the
situation after small ram events and for reasons of
maintenance and especially experience type. 2 would be
preferable. Together with the authorities concerned”1 a cross
section of type 2 has been chosen for the greater part of the
primary system. To rainimize the kerbstones, a side slope of
1:100 has been choseri. Type 3 can be used for parts of the
system where the wal:erlevels will be small.

)~UP: 14&ni.txy of ~ou.s1ng and Urban P).annJ.nq.
II-)
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Fig-ure B2: Width of roads of primary system.
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Annex C: Rairifali

C.1 AVAILABLE INFORMATION.

In the surroundings of Rada the total daily rainfali has
been measured, for 4 to 13 years, 10 stations, by the RIRDP
(Rada Integrated Rural Development Project). See figure Cl.
These day totals are measured with mechanical recorders and
standard ram gauges. However, it is not dear when which
equipment was used. Also electronic recorders were used, but
no information of these is available yet. See chapter C8,
for a more elaborate description of the ram gauges.

LEGEND

Romfafl stations m op.ration
Mecharical recorders

4L Bayd

30 ~

The average yearly rainfali totals are given in table Cl.
The statiôns A1-Kbabar and Al—Khadra have an average about
equal to that of Rada. These stations are located not far
from Rada: Al-Khabar is only 4 kin from Rada and Al-Khadra 11
km. The other stations have a considerately smaller year
total. Therefore only the pluviographs from those 3 stations
were collected. 0fl pluviographs the mechanical recorders
register the rainfail continuously. From these the rainfali
can be read in 30 minutes. See figure C2 for an example of a
pluviograph.

T ~v1*r4b

~~5

Rain~ogs
Ratnioli stotions-pIar~ned
TopograpP~c woter dkvids
MaW~water dtv~de
Bo~s~dartistudy area
Ma~road

10 3.0

Figure Cl: Location ram! all stations.
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Annex C: Rainfail

Station
.

Average rainfali =

[min/year]
Number of

years

Rada 204 13

A1—Khabar 201 12

A1—Khadra 230 9

Al—Qarim ‘ 108 9

Al—Hajar 162 12

Khasha’a ‘ 113 9

Al-Madaf 128 9

Az—Zuwab 125 9

Jauf An-Nugabah 104 5

Manasih - 118 4

Table Cl: Average yearly rain.fall.

Unfortunately only for a few years pluviographs are
available:

Rada:

Al -Khabar

Al -Khadra

1986 from July
1987
1988
1989 until July

1985 from July
1986 unt:il May
1987
1988
1989
1990 unt:il September

1984 from September
1985
1986
1987
1988
1989

together 3 years.

together 4.5 years.

1990 until August together 6 years.

Another drawback is that from the pluviographs of A1-Khadra
some heavy storms have not been recorded properly.

C-3
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C. 2 KETHODOF COMPUTINGDESIGN STORM.

As is explained in sub-chapter 5.2 of the main report, both
the pluviographs and the daily rainfall figures are used to
compute the design intensities and finally create the design
storm.
The maximum total daily rainfail for each year has to be
converted into rainfail in short periods. In the following
chapter first a relation between daily rainfali and rainfall
in short periods is derived from the pluviographs. With this
relation the maximum total daily rainfali figures can be
converted into rainfail in short periods.
In the subsequentchapter it is computed how much ram falis
in those short periods with a certain return period: the
Guinbeli extreme values. Through the extreme values for a
return period of 2 years a line according to the following
(intensity-d.uration) equation (see sub—chapter C.4.3) is
fit:

a
1- - -~

with I~, average intensity in inm/hour
td = duration of rainfail in hours
a, b and c are constants.

Now the design intensities can be computed by filling in a
duration in this equation.
In Chapter C.6 the design storm is created out of these
design interisities.
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C.3 CONVERSION OF DAILY MAXIMA.

The maximum daily rainfalis, ranging between 20 and 66
mm/day, have to be converted into rainfail in short periods.
Hence, from the pluviographs only the heavy rainfalis are
interesting for deriving the relation. For Rada only the
storms with a daily total of more than 10 mm are used. This
yields 15 showers or points. See figure C4. In table CC1 (at
the end of annex C) rainfail read from the pluviographs is
given. Of these figures the maxima for each ram event’3~
are given in table CC2.

C.3.1 Pluviographs used.

The rainfail from the pluviographs of the station Al-Khabar
and Al-Khadra are not used. Firstly, of Al-Khabar the ram-
falis of the years, of which information of Rada is
available are not used. This is because Rada and Al-Khabar
are only 4 km apart, and there is a big chance that one
storm is measured in both stations, so it would be used
twice. In that case the data are no more statistically
independent and not useful for the regression.
In 1990 the mechanica]. recorder of Al-Khabar worked, while
no information is available of Rada. However, this only
gives one storm of 21 mm, and because of possible
differences between the stations (which is hard to detect
with so littie information), this storm is not used either.

Al-Khadra is 11 kin from Rada. The ram in A1-Khadra appears
to be Less violent than in Rada and therefore does not give
much extra information about the relation between rainfall
in short periods and day totals for heavy daily rainfalls.
Because, once again, it is not sure how to convert the data
to rainfall in Rada, it has been decided not to use the
pluviographs of Al-Khadra.

Consequently, only the pluviographs of Rada are used to find
the relation.

The relation between rainfail in a short period and day
totals, are the result of ram events of 10 to 45 min/day.
The maximum daily rainfails are all in the range of 20
min/day to 66 mm/day. 1f, however, only the rainfail bigger
than 20 min/day is used to find these relations, just 5 of
the 15 points remain. There are 10 storms bigger than 14
min/day registered in Rada. The resuits using only those 10
points are almost the same as the results computed with the
15 points.

A ram .v.nt ha. •nd.d wban It Is dry for at .aat 6 boura.
(1.
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C.3.2 Maximum daily rainfail used

Annex C: Ram.

The maximum daily rainfali figures of Al-Khabar of periods
in which in Rada was measured too, are not used, because, as
explained before, there is a chance that the data are not
statistically iridependent. Only for 1990 data of Al-Khabar
are available and not of Rada. In table C2 the measured
rainfali is given.

Rada
[min/day]

A1-Khabar
[min/day]

Al-Khadra
[min/day]

1977 20.5
1978 52.5
1979 39.4 38.0
1980 34.4 24.4
1981 24.5 24.3 38.8
1982 65.8 40.4 61.9
1983 40.7 35.2 18.0
1984 50.9 27.4 40.0
1985 40.8 60.8 23.8
1986 27.4 31.5 22.6
1987 45.2 36.0 27.2
1988 58.0 47.0 29.0
1989 50.6 15.4
1990 21.0

Table C2: Maximum daily rain!all for 3 stations.

The maximum daily rainfall of Rada is on average 1.2 times
bigger than those of Al-Khabar, so the maximum of A1-Khabar
is multiplied by this factor to obtain a comparable rainfail
for Rada.
Rada and Al-Khabar are located only 4 kin apart, hence the
difference in rainfali is remarkable. This xnight be caused
by a systematical error in the measured data, or by the
location of the stations with regard to the surrounding
mountains.
For the same reason as explained in subchapter C.3.1 the
data of A1-Khadra are not used.

According to the RIRDP (for which the rainf all was
measured), the registered daily rainfail figures are 10 to
15% to small. This is due to wind errors. Some commerit on
this is given in chapter C.9. Therefore all day totals will
be increased, with 10%. In table C2 the rainfail figures have
not yet been increased. In table C3 in the last column for
Rada the daily rainfali increased with 10% is given.

1
1
1
1
1
1
1
1
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C.3.3 Conversion maximum daily rainfail to rainfali in 24-hours.

In 24 hours more ram can fali than what is called the daily
rainfali. The meteorological day for the measurement of
rainfali is from 6 o’alock in the mornii5g, until the next
morning 6 o’clock. It is however possible that if the daily
rainfali is Ineasured during artother 24 hours, more ram is
fails in those 24 hours. For Yemen no information about the
factor 24-hour rainfail divided through daily rainfali is
available.
Because the rainfail is mainly caused byconvective
storms~ and because according to figure C3 a factor 1.0
seems more likely than a factor 1.1, the 24-hours rainfail
is accepted to be equal to the day total.

I~_.. — 24 h~ ~r S ~‘6

Figuz-e C3: Gumbeil extrema 1..1*day—value and day value

C.3.4 Regression.

1f the rainfali in short periods is plotted against the
daily total, it appears, that the relation between these
figures can, with reasonable reliability, be described with
the simplest relation: a straight line. Thus of the type y =

atx + b. However, (for reasons explained later) a line of
type y = a*x is chosen. In these equations the daily
rainfali is given by the variable x and the rainfail in a
short period by y.

Conv*ctIVS Storm .ostly occur in t3~e aft.rfloOfl. £0 ~Iitfl~n t~S a.t.oroioqical day~
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The straight line y a*x is drawn through the points in
such a way, that the suin of the squares of the dist:ance (in
y—direction) between the paints and the line is smallest.
The constant a is computed with:

~ (x*y)

_______- -

Ex2 =

Now for a given x-value, the expected y—value can be compu—
ted.
Art indication of the correctness of the relation and
estiination is given by the correlation coefficient. For
linear regression this coefficient will be equal to 1 or -1
if all the points are on one straight line. Because a
solution according to y atx is used, the correlation
coefficient is computed with:

(~ y*y’) -N*~ -

(~ y2) -N*57~

In which y’ is the expected y-value computed with y a*x

and 57 is the average y—value.

The results are:

Rl/
2bour = 0.51 * Ra.~ COrr. r~ 0.84

R1~ ~O.81*R16~ corr.r
2=0.94

= 0.94 * ~ corr. r2 — 0.96
— 0.97 * Riay corr. r2 0.97

R
6h.~ =O.98*Rtay corr.r

2—0.98

The correlation is reasonable for 1/2 hour. For the other
periods the correlation is good. In figure C4 the rainfall
in 1/2, 1 and 6 hours is plotted against the daily rainfall.
It is dear that the majority of the ram fails in the first
hours.
With these resuits the day maxima can be converted into
rainf all in short periods. In table C3 the maximum daily
rainfali of 14 years is converted into rainfali in short
periods.

1
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rainfail in [min] -- measured

[hours] 0.5 1 2 4 - 6 1 day

1977 11.5 18.3 21.2 21.9 22.1 22.6
1978 29.5 46.8 54.3 56.0 - - 56.6 57.8
1979 22.1 35.1 40.7 42.0 42.5 43.3
1980 19.3 30.7 35.6 36.7 37.1 37.8
1981 13.7 21.8 25.3 26.1 26.4 27.0
1982 36.9 58.6 68.0 70.2 70.9 72.4
1983 22.8 36.3 42.1 43.4 43.9 44.8
1984 28.6 45.4 52.6 54.3 54.9 56.0
1985 22.9 36.4 42.2 43.5 44;0 44.9
1986 15.4 24.4 28.3 29.2 29.5 30.1
1987 25.4 40.3 46.7 48.2 48.7 49.7
1988 32.5 51.7 60.0 61.9 62.5 63.8
1989 28.4 45.1 52.3 54.0 54.5 55.7
1990 13.0 50.6 23.9 24.6 24.9 25.4

Table C3: Conversion of maximum daily rain.f all of Rada
(+10%) into ram! all in shorter periods.

The f act that a daily rainfall of 0 min also means that the
rainf all in a short period is 0 mln, might indicate that the
relations are of the type y = a*x. However, because for the
day totals a threshold of 10 min is chosen, this does not
necessarily have to be this way. On the other hand, if a
relation of the type y — a*x + b is used, the results becoine
physically impossible. The relation for 2 hours would be:

~ = 1.09 * ~ — 4.5
For a daily rainf all more than 50 min, the result would be
that in 2 hours more ram falis than the daily total. It
should be borne in mmd that specially heavy rainfails (up
to 65 min a day) are interesting. Therefore b = 0 is chosen.
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Figure C4: Ram! all in shoz-t periods against day total for
Rada, for periods of 0.5, 1 and 6 houx-s.
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Annex C; Rainfail

C.4 DESIGN RAINFALL INTENSITIES.

First the extreme values are computed, from which the design
intensities are derived.

The extreme values are the quantities af rainfali, that are
equalled or exceeded with an average of once every T year,
with T is the return period. A set of mneasured data usually
has got a normal distribution, as the dotted line in figure
C5: The average value occurs most and the chance is equal
that a value is a certain amount smaller or larger than the
average (a synunetrical distribution). Hydraulic extreme
values, however, have art asy-minetrical distribution. A fre—
quently used method to compute the extreme values is
Gumbells method.

Figure C5: Normal and Gumbell density functions.

C.4.1 Gumbell distribution.

Gumubeil defines a distribution of the extreme values x with
the following formnula:

F(y)= exp(-e~’)

And thus a density function (see figure C5):

f(y)= dy) = e~’exp(-e~)

In these equations y is the reduced (and therefore
dimensionless) variable of the extreme rainfail x,
calculated as y = a(x — u). The parameters a and u make that
the density function of x coincides with that of y. See
figure C6.

y
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Figure C6: Density functions for y and arbitrary x.

1f s
2 and a~are the standard deviations of x and y

respectively, then the parameter a is equal to s4/a5. This
parameter mnakes the sizes of the both curves equal. It can
be seen that

— x-x
y—y= -

In this equation i~ and 57 are the average values of x and y.
Consequently:

y = c~(x-~)+~
7=ax-a(~--~) = a,(x-u)

The parameter u is equal to ~ — 57 *s/a~ and represents the

mode of the x-distribution (point of maximum density).

The total area below the density function equals 1:

fff(y) =F(y) 1 = exp(-e~) 1 = 1

The value of F for a certain y-value is the area left of the
y-value and below the density function. See figure C7. What
is lef t is the chance P that a certain value of y (extreme
rainfall) is equalled or exceeded:

P — 1- F(y) = 1-exp(-exp(-y)).

u

L

1

/
/

-
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The return period is the reciproke of this chance (if the
chance that a rainfall is equalled or exceeded is 0.l/year,
then the return period is 10 years). This gives:

T= 1
1-exp(-e~)

The reduced value for a particular return period T can be
found with:

y = —ln(ln(T)-ln(T—1))

For every year the maximum daily rainfail is taken. These
maximna are ranked from big to small and numbered. According
to Weibull, the return periods can be computed with:

In this formula N = number of values and
in rank of value.

Thus the biggest maximum is on average equalled or exceeded
once every N+l years and the mniddie maximum once in 2 years.

The reduced variable y is given as function of T. The
extreme rairifall can be comnputed from y with x — y/a + u.
The values of the constants a and u can be obtained graphi-
cally or numerically.

Namerically:
With a computer it is easy to compute a and u numerically.
In table C4 the maximum rainfail figures have been ranked.
Also the return period (computed with the equation of

t-

Figure C7: Gurnbell Density tunction.

ci 2 4 6

T= N+l
m
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Annex C: Ram.

Weibuli) and y are given. The values of a and u can be
computed from the standard deviations and the average x- and
y—values:

a = aH/s
u=~~.57*s/a~ =

After that the extreme values can be comnputed for return
periods of 2 and 5 years.

Weibuli
return period

x = rainfail in [min] -

n T y 0.5 1 2 4 6 lday

1 15.0 2.67
2 7.5 1.94
3 5.0 1.50
4 3.8 1.17
5 3.0 0.90
6 2.5 0.67
7 2.1 0.46
8 1.9 0.27
9 1.7 0.09

10 1.5 —0.09
11 1.4 —0.28
12 1.3 —0.48
13 1.2 —0.70
14 1.1 —1.00

36.9 58.6 68.0 70.2 70.9 -72.4 --

32.5 51.7 60.0 61.9 62.5 63.8
29.5 46.8 54.3 56.0 56.6 57.8 -

28.6 45.4 52.6 54.3 54.9 56.0
28.4 45.1 52.3 54.0 54.5 55.7
25.4 40.3 46.7 48.2 48.7 49.7
22.9 36.4 42.2 43.5 44.0 44.9
22.8 36.3 42.1 43.4 43.9 44.8
22.1 35.1 40.7 42.0 42.5 43.3
19.3 30.7 35.6 36.7 37.1 37.8 —
15.4 24.4 28.3 29.2 29.5 30.1
13.7 21.8 25.3 26.1 26.4 27.0
13.0 50.6 23.9 24.6 24.9 25.4
11.5 18.3 21.2 21.9 22.1 22.6

avg 0.51
std 1.01
a
u

23.0 36.5 42.4 43.7 44.2 45.1
7.5 11.9 13.8 14.2 14.4 14.7
0.135 0.085 0.073 0.071 0.070 0.069
19.2 30.5 35.4 36.5 36.9 37.7

Gumbeil extreme values 1
expected rainfall in [mm]

return period
T [year]

2
5

21.9 34.8 40.4 41.7 42.1 43.0
30.3 48.2 55.9 57.8 58.3 59.5

Table C4: Conversion of maximum daily ramt all and extreme

Graphically.
The maximum rainfail figures and the return periods (see
table C4) are plotted on Gumbeli paper. Gumbeil paper has
got a linear vertical axis on which the rainfails are

C-l4
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Annex C: Rainfali

plotted. 0fl the horizontal axis the return periods are
plotted on a double logarithmic scale (or the y—values are
plotted on a linear scale, which is the same).
1f the extreme rainfalis have a Gumbeil distribution, all
poirits should be on a straight line. The equation of this
line is:

X(T)U+~~(T) ~ln(ln(7ï—ln(T--i))
a

The parameter u can be found from the Gumbell plat as the x-
value for y = 0 (T = e/(e—1) and a is given by the angle
between the horizontal axis and the line.

The numerica]. method is faster and more accurate, but a
Gumbell plot is still a good control measure because it
shows whether the points are on a straight line.

In figure C8 and C9 the measured inaxiina and the Gumbell line
are plotted for rain-durations of 0.5 and 24 hours.

C.4.2 Confidence interval extreme values.

The expected value of x ( ~ ) is computed with:

/ y(T) .- YNY(T)

x(T) z

From the diversion of the points round the line x’(T), art
interval can be computed, in which 95% of the predicted
points lie. A measure for the spread of the x—values round
the computed x as a function of T is given by the variance
of x.

Var(x’(~) — ~[(1+l.14( YT~7N) (YT~YN)
2(06+ 0.5N)]

N aN N-1

Assume that the distribution of the points round the line is
a t—distribution. A t-distribution is, like the normnal
distribution, a symamnetrical distribution, but depends on the
degrees of freedomn. In this case the degrees of freedom is
12 (2 of the 14 are used to compute a and u). So for a
interval of 95% (so 2.5% not covered on both each side of
the line) the factor of the t-distribution is 2.179.

The validity of the t-distribution has not been checked and
this distribution is probably not correct. However, the
exact values of the confidence are not iriteresting. The
confidence interval is computed to give an indication of the
size of it.

C- 15
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The confidence interval can now be computed with:

x = x’(T) ± t(L)*Vvar(x(T))

In table CC3 for T = 2 and 5 years the borders of the
confidence intervals are given. For a duration of 0.5 hour
and 24 hours the confidence intervals are plotted in figure
C8 and C9. The reliability for long return periods is not
large. Even for T 5 years the interval is already rather
wide.

‘0

0

Gurnbel extr ~rt~ 95% cor1flç~ence belt

0 S

1 extrerna arrd 95% confidence belt

Figure C8: Gumbeil plot wit confidence interval for 0.5

hour.
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Figure C9: Gumbeli plot wit coni’idence interval for 24
hours.
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Annex C; Rainfali.

In figure dO an arbitrary rainfail which is expected to be
equalled or exceeded with a certain return period (for
example T = 2 years) is plotted agairist the duration of the
rainfail.

Figure ClO: Extreme raintali-duration plot.

For a duration t = 0, the rainfail P will be zero. The
gradient of the line gets milder for longer durations, which
is logical, since the extreme rainfail in 10 hours is only
slightly larger than the rainfali in 9 hours.
The average intensity I~ for rainfail P~and duration t1 is
given by the tangents of the angle B in figure Cli. 1.
tan(B) — P~/t1.

C.4.3 Intensity-duration equation

0

c

0

x
x

x

dLratlon t

1
Figure Cli: Average ramt all intensity.

t dtxation t
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For durations up to 24 hours, a commonly used equation for
the average intensity is:

a -

a (b+td)~

with I~ = average intensity in nun/hour
= duration of rainfali in hours

a, b and c are canstants.

The extreme rainfall P then is:

at -

(b+t)’~

In the following the values of n and b will be discussed.

The constant b.
The intensity for very small durations will be very high.
The questiori is whether I~ is infinitive for t 0, or that a
certain start-value I~ exists. The rainfail intensity for
durations going to zero (t ~ 0) is given by:

a -

for ~I0 —

So if b = 0 then I~ will be infinitive. Physically, the
rainfail intensity can not become infinitive, because for
very high intensities the rainfail is hindered by the air
which has to move upwards. Therefore a value for 10 exists
and b should be greater then 0. Maybe It is possible to
measure or compute this value.
In this case for b the value is taken, which gives the best
fit of the intensity-duration equation through the extreme
rainfali points.

The constant n.
Physically the expected ram P should increase for
increasing durations. This means that dp/dt>O for t>0.

dP a(1 flt -

dt (b+t)’~ b+t

dp/dt equals 0 if -

1- flt —0 thus ~= b
b+t n-i

So, if the value of n is between 0 and 1, then for all
durations dp/dt will be positive. But, if n > 1, then for t
= b/(n-1) there will be a maximum, and for t >1 dp/dt will
be negative. This is physically impossible, because that
would mean that the maximum ram becomes larger if the
duration t gets longer.

C-18 1
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So b should be pasitive and have a certain value (depending
on the maximum intensity) and n should be between 0 and 1.
Nevertheless for the calculation of the rairifail intensities
of Rada, b and n will just be chosen so that the fit of the
intensity-duration equation is best. As the smnallest
durations for which the intensity will be computed is 15
minutes, the intensities for very short durations are not
important. Consequently, the value of b is physically riot
important. The value of n can become higher than 1 as long
as the durations for which the equation is used is smaller
than b/(n-1).

C.4.4 Rainfali intensities.

So the average rainfali intensities can be described with:

1= -~ - -

a

For each return period the constants a, b and ri have to be
computed. To make the equation linear it can be rewritten
as:

log(I) = log(a) — n*log(b + td),

1f a value for b is chosen, the values of a and n can be
computed with linear regression. The linear regression
results in art equation y = Ax +B, with A and B are constants
and y and x are the variables. In this case:

log(I) = y
log(b + td) = x

-A
log(a) = B

For each value of b there is a best combination of A and B,
thus for a and n.

~ (x~*y1) -N~ -

A = N - -

~x~-Nx
2 -

B ~-y-&X

The equation for A is not the same as in sub—chapter C.3.4,
because there the second constant 3 was accepted to be 0.
The correlation coefficient r gives is a measure for the
correctness of the fit of the straight line through the
point x and y. With no set value for B, the correlation
coefficient is comnputed with:
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1 N x1 *y1 -N*

.~j ~

For b = 0.8 the fit through the points of extreme rainf all
was best. See figure C12 line 2. However, this line is
physically impossible, giving more rainfail in 6 hours than
in 24 hours (according to the intensity-duration equation
the maximum rainfail would occur at t = b/(n—1) 8 hours
for b = 0.8). For b = 0.5 (line 1 in figure C12) the line is
about horizontal -for t>I5hours, (in fact there is a mximum
for t =17 hours). B has been chosen as the best possible
fit for all return periods.

‘0

20

15

o Gumbeil extreme values

Best fit tbrough extreme values.

b r
2 a n b/(n-l)

[hours]

0. 5 48.8 1.03 17
0.8 8

Table C5: Value of constant b of intensity-duration curve
for T = 2 years.

T = 2 ve~rs

45

40

:35
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10

Figure C12:

duratiori [hou.re]
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Annex C’. Rainfali

According to “mnanual urban drainage,” DHVJ lit. [7], it is
advised for Saudi Arabi.a and Dubai that b 0.2 and 0.3
respectively. But Saudi Arabia is a large country and it is
not dear if the climatological situation is the same as in
Yemen over there. The value for Dubai is found for periods
up to 2 hours, while now the function is used for periods up
to 24 hours. Consequently it seems right to rieglect this
advice and take the value giving the best fit.

Line 1 represents the best physical possible fit.
For T = 2 years the intensity duration curve is:

1 (2) = 48.8 -(0.5+td)1 03

The value of constant a for T = 5 and 10 years is 67.5 and
79.9 respectively. The constants b and ri are equal for all
return periods.
The resuits of the regression is given in figures C13 and
Cl4 and table C6.
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Figure C13: Intensity-duration curve.
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Figure C14: Rainfali-duration curve.

1
-t

Return ~
2 years

- [~nm] [mm/h] [mm]

0.25 16.4 65.6 22.7 90.8
0.50 24.4 48.8 33.7 67.5
0.75 29.1 38.8 40.2 53.6 1
1.0 32.1 32.1 44.5 44.5 —
2.0 38.0 19.0 52.5 26.3

4.0 41.5 10.4 57.3 14.3
6.0 42.6 7.1 58.9 9.8
24 43.4 1.8 60.1 2.5

--

Table C6: Resulting rainf all in (mml and raintall
intensities in (mm/h] for return periods of 2 and
5 years.
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Extreme ]ntensities 0fl 1 og-sc~ e

le

17

15

15

14

13

12

11

09

08

37

05

05

04

03

02

Figure C15: Logarit:hmic intensity duration curve.

Figure C15 shows that the points are not on one line, but
that for t — 0.5 hour the values are smaller than expected.
For this duration the correlatjon between rainfail in this
period and the total daily rainfali was worse than for the
other periocis. Also it was sometimes difficult to read the
rainfail in 30 minutes from the pluviographs. Therefore it
might be decided to drop the information of rainfali in 30
minutes. However, this does not have a great effect on the
resulting rainfali iritensities (see table C7). It is decided
to use the information of 30 minutes.

Lfl
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0
0
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3 02 04 05 05 1 12
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duration

‘[hour]

Return period T

2 years 5 years -

t’~’] [mmn/h] [tuin] [mm/h]

0.25
0.50
0.75
1.0
2.0
4.0
6.0
24

16.6
24.7
29.4
32.5
38.4
42.0
43.1
44.0

66.4
49.4
39.3
32.5
19.2
10.5
7.2
1.8

23.0
34.3
40.7
45.0
53.2
58.1
59.7
60.8

91.9
68.4 -

54.3
45.0 -

26.6
14.5 ~
9.9
2.5

Table C7: Resulting x-ainf all and rainf all intensities for
return periods of 2 and 5 years, derived wi~hout
0.5 hours.

A plot of the extreme rainf all intensities on logarithinic
scale does not have to result in a straight line. This is
due to the fact that for a small rainfail, the rainfail is
the result of a different process in the air, then for a
medium rainfali. And a very heavy rainfali is influenced by
other factors again. This makes that there should be three
parts in a rainfall duration curve. For this case only the
middle part will be interesting, which can be accepted to be
a straight line.

Out of so few points, a confidence interval for the design
rainfall is hard to compute. However, the confidence
interval of the extreme values gives an indication. For a
return period of 2 years, it has been computed that with a
duration of 0.5 hour there is 95% probability, that an
extreme rairifali is between the expected value plus or ininus
4 mm. It is accepted that the confidence interval will be as
wide for t:he design rainfall. So there is a 95% probability
that the design rainfall is between the expected value plus
or minus 4 min: between 20 and 28 mum.

11
~1]~
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C.4.5 Alternative way of coaputing design intensities.

Instead of the method using both the pluviographs and the
daily rainfall figures, as described before, it might be
possible to derive the design rainfail directly from the
pluviographs. Since only three years of pluviographs are
available, this can xnerely be a control of the resuits of
the mnethod using both sets of data.

For the extreme value distribution only the maximum rainfali
data of each year or period are used. 1f- all rainfail data
is regarded, then hydrological data of ten has an
exponentiorial distribution. The exponentional distribution
is as foliows:

-a-~.
n-b*N*e R

with: R average rainfail
R — rainfa].l
N number of rainfali data
n — tiines of occurrence or exceedance.
a and b are constants to fit the exponentional

distribution through the real points.

The forinula computes how of ten rainf all R is equalled of
exceeded. From the numnber of times R is equalled or exceeded
can be derived what the return period of that rainfall is.
Or the other way round: For a certain return period can be
computed what rainfali is expected.

It appeared that if all the half hours of rainfali from the
pluviographs are regarded, the exponentional distribution
doesn’t fit very well through the measured poirits. This is
because rainfail smaller than 2 mmbehaves different than
the heavy rainf all. This rainfali is the result of
different meteorological conditions than those prevailing at
heavy storins.
However, the rainfali smaller than 3 min can be omitted
because it is accepted that that rainfali does not
contribute to trie runoff. These small amounts of rainfali
will be lost because of infiltration, retention and
evaporation. So only rainfall ~ 3 mm is used. The
exponentiônal distribution now fits well through the
mneasured points.

All rainfali figures (�3mm) are sorted from low to high and
numbered from high to 10w (to the sinallest rainfail belongs
a ranking number n — N and for the biggest rainfali n equals
1). 1f these rainfail figures have an exponeritional
distribution, then this ranking number is equal to n as
computed with the formula above. The measured and computed
rainf all figures are plotted in figure C16.
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Figure Cl6: Exponentional distribution.

From the pluviographs of Rada 34 periods of 0.5 hour with
rainfali � 3 mum were read (N = 34). The average of these
figures is 8.53 munt. The exponentional distribution does fit
best for the following value of the constants a and b:

- a=l.26
b = 1.40

The rainfalL equalled of exceeded n times is given by:

R — ~ 6.77*1n47~7 - - -

a n n

Let P,, be the rainf all that is equalled or exceeded n timnes
in N years, then the chance P that R,. is equalled or exceeded
is n/N. The return period T is the reciproke of P (in
numbers of rainfalls). Consequently; to the rainf all R~
belongs a return period T = l/p = N/n. There are N rainfalis
in 3 years; N/3 rainfails a year. So, a return period of T =
N/m (rainfails) mneans a return period Of Ty.~r= N*3/ (n*N) =

3/n year.

The measured rainfail is accepted to be 10% to small.
Therefore the measured rainf all bas been multiplied with
1.1. In table C8 the alternative expected rainf all bas been

1

E~-Tn~ ~ ~ -

c

_i

1;

4-,
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compared with the extreme values as is computed in sub—
chapter C.4.l, and the design rainfali as in sub-chapter
C.4.4. It appears that the resuits are slightly different,
but not very much. See also figure Cl7.
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A~tern~tive design rairif~.l 1 veHsus

Figure C17: Âlternative ram! all versus
rairif all.

used design

rainf all extreme
value
[mum]

Comparison altex-native rainfali
ram! all.

design
rainfail

[mm]

43
used d.srQr~ r-ajnfg! -

15 2

+ oIt>~1~n

3

~turn ~rto0 T ~yQar~]
0 .xtr&rls v5ILJ~

S 10

~~Ign r~tr~faIt

Alternative expected

T
[year]

n r
[tuin]

r+lO%
[min]

1.5 2 21.5 23.6

2 1.5 23.4 25.8 21.9 24.4

3 1 26.2 28.8

5 0.6 29.6 32.6 30.0 33.7

10 0.3 34.3 37.7 35.9 39.9

Table C8: and design
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Conciusion.
The difference between the rairifali as cotnputed in this
alternative way and the design rainfail is very small. The
difference is only about 5%.
The resuits of the alternative mnethod are closer to the
measured data than the design rainfail. Only 1 step is made
to derive the (alternative) rainfail for a certain return
period:
1 step: A direct fit of the exponentional distribution,

with which the expected rainfali is computed.

For the
First:

Second:
Third:

other method 3 steps are needed:
Relation daily rainfall —-> ra’infall in short
periods.
Extreme values according to Gumbeil.
Fitting a intensity-duration-curve, through the
extreme values.

On the other hand with method in 3 steps, more data is used.

Luckily the results of the alternative mnethod support the
results of t:he other method. There is no reasort to change
the design rainfail.
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C. 5 RESEARCHRAINPALL INTENSITIES IN YEMEN.

In Yemen for a reasonable period, rainfali has been
measured. In this chapter the results of some researches
concerning the rainfall intensities, are given.

C. 5.1 Russ ian method.

In 1986 a Russian team published a research titled: Sana’a
Basin Water Resources Schemne (literature [5]). This was
carried out for the Ministry of Agriculture and Fishery of
the (then) Yemen Arab Republic. In this research a relation
between rainfail in a short period and 24-hour rainfail is
given.

The results are given below:
R0,5 0.33*R34
R1 — 0.38*R4

— 0.57*R2
R5 — 0.76*R~4

These equations give considerable smaller intensities in
small periods than what is found for Rada. The relations
were derived from data of 5 stations in Yemen and 2 in the
United Arab Emirates. Information about how these equations
were derived is missing.
In the report a rainfail of 23.6 mmn/0.5 hour for T — 10
years was found, while for Rada 39.9 mm/0.5 hour is
computed!

C.5.2 Method RWSSP.

By the RWSSPthe method given in chapter 4 of the main
report was applied to obtain the design storm. The
disadvantages of this mnethod have already been discussed in
sub—chapter 4.]. of the main report and the results are
considered to be too small.

C.5.3 Method RIRDP.

The rainfali is measured for the RIRDP. This project is
mainly interested in rainf all intensities for long durations
(from 1 day up), but in one of its reports rainfail
intertsities for small periods are computed. This has been
done with the same method as at the RWSSP, and also gives
too small rainfali iritensities for small durations.
The average rainfail intertsities (according to the RWSSP),
with a duratiori of 1 hour and for return period of 2 years
and 10 years, were 15 mm/h and 24 mmn/hour respectively.
Undoubtedly, this is too small, because from the three years
with pluviographs of Rada it is read that in that period the
rainfali already exceeded 3 times the 30 mm/h for that
period.
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C.6 KINDS OF DESIGN STORMS.

A return period of 2 years is comnznonly used, therefore first
a design stcrm of that return period is created. Later, if
necessary, design stormns for other return periods can be
created toc.

There are di.fferent mnethods to create a design storm. The
simplest storm is one of constant intensity, during a criti-
cal period. This critical duration is dictated by the time a
raindrop fa].ling on the edge of a catchmnent, needs to reach
the end of t:he drainage system (concentration time t0). This
time consists of a time for flow over land to the system and
a time for f 10w ~fl the system to that point.
However, such a storm is not likely to happen. In reality
the intensit:y of the rainfail will vary during the storm.
The ram will start with small intensities, then a peak and
from that the intensity decreases to zero.

C.6.1 Method WMO

The WNO (World Meteorological Organisation) prescribes a
distributiori in percentages of the total rainfall. For
catchment areas with concentration times smaller than 6
hours, a duration of the storm of 6 hours is advised. For
areas with ].onger concentration times, this should also be
the duration of the storm. The concentration time for Rada
is just 1.5 hour, so a storm of 6 hours should be chosen.
The distribution of the rainfall is as follows:

cum% 1
1—2 22%
2—3 70%
3—4 84%
4—5 92%
5—6 100% 1

C.6.2 Chicago design storm 1
Another distribution of the rainfail during the storm is
given by the Chicago Design Storm. The peak appears at the
moment that the ground is maximally mnoistened and the
depressions filled up and therefore all the water will be
discharged into the system.
1f I~ is the average intensity for a duration tdl then the
precipitatic)n p, falling in a period td is computed with:

1

1
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= ~ a*t
(b+t)c

With: p = rainfali. in mum
— average rainfail in min/hour

t~ duration of rairifall in hours
a, b and c are constants.

The intensity at moment t then is:

a(b+t(l-c)) [mm/h3
dt (b+t)~1

In this case for a return period of 2 years, the constants
are:

a — 51.9
b — 0.6
c — 1.03

For t > b/(c—1) — 20 minutes the intensity becontes smaller
than zero, but such long durations won’t be used.

A part of the total rainfali fails before the peak during a
period t.,. The remaining part of the ram falls during t

5
(afterwards). The total duration is t — t.~ + t,. The
distribution of the total duration over t1, and t5 depends on
the catchment area. This distribution is expressed in r —

tb/ts• The course of the interisities before and after the
peak is given in figure 18. For the surroundings of Chicago
a value for r of 0.375 is advised. For Yemen this
value has stil]. to be detemmined.

>-
1—
(1)

z

~_ ______

Volume (A) . Volume (B)

Figure 18: Chicago Design Storm.
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C.6.3 Measured storms.

1f a long series of heavy storm is available, theri these can
be used to design the drainage system, by entering thein into
the model and examiriing the result. However, for Rada only 6
heavy storms where measured, and also of Al—Khabar and Al-
Khadra only a few heavy storms are available.
The 6 heaviest storms mneasured are in table C9. It appears
that the peak is short and heavy, while the rainfali before
and after this peak is mainly restricted to a period of 1.5
hour. Certainly some information is lost, because the
pluviographs were read in periods of 30 minutes. It is
assumed that a storm has encted, if for 6 hours no rairi has
fallen.
The duration of a shower appears to be 1.5 to 3.5 hours with
an average of 2.25 hour. -

heaviest uteasured storms [mm] +10% 1
Rada Al-Khabar A1-Khadra

time storm stkhab stkhad 1
hours 1 2 3 4 5 6 1 2 1 2 3 4

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

1.3
0.7

19.8 0.0 3.3 0.9
22.4 24.2 22.0 19.6 16l 13.2
14.1 5.1 11.0 16.1 5.1 4.4

0.7 7.0 8.6 1.1
1.1 1.5 0.7
0.9 0.9

0.2
4.8

22.0 22.9
4.6 5.1

1.5
0.9

2.0
12.8 13.2 16.9 16.5
9.0 7.5 5.1 5.5
2.0 1.8 5.9
1.1 1.1
0.7

total 39.2 49.1 40.0 47.7 24.4 21.1 31.7 30.4 26.6 22.7 23.8 29.0

Table C9: Heaviest storms nmeasured.

C.6.4 Composed design storm.

A third mnethod is to build a design storm from short time
steps with critical intensities. This method is called the
USA Soil Conservation Method in the Final Design Report of
the RWSSP. The duration of the peak should be so long that
the discharge to the first points of the drainage system is
maximum. In this case 15 minutes seems right.
The peak will have a period of 15 minutes. The maximum
rainfall for 2 years falls in 15 minutes with constant
intensity. Next is computed how much ram falls in the 15
minutes after the peak. This is the maximum rainfall in 30
minutes (T — 2 years) minus what fel]. in the peak of 15
minutes. What is lef t, fans with a constant intensity
during the riext 15 minutes. 1
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Before this, again there is a period of 15 minutes of
rainfali with constant interisity. The rainfall in those 15
minutes is the maximum rainfali in 45 minutes minus what
feil in 30 minutes. This goes on until a, storm of the chosen
duration is reached (1.5 hours). See table ClO and figure
C19.

storm T = 2 years

time
[hour]

duration
[min]

total ram
[min]

ram
[min]

intensity
[nun/h] —

0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00

15
15
15
15
15
15
15
15

16.4
24.4
29.1
32.1
34.3
35.8
37.0
38.0

16.4
8.0
4.7
3.1
2.1
1.6
1.2
0.9

65.6
32.0
18.7
12.2
8.5
6.3
4.8
3.8

--- ‘ .-‘-‘.

1(3

60

50

‘ID

30

20

10

0
0fl

Time in

Tablo dO and Fig’ure C19: Created design storm. T — 2 years.
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C. 7 DESIGN STORMCHOSEN.

From the presented possibilities, a design storm has to be
chosen. Because at least a littie information about the size
and shape of the real storms is knowri, the method of the WMO
is rejected. Six hours is far too long. Also the Chicago
Design Storm is rejected, because it will be very hard to
define the factor r for the surroundings of Rada.

With the computer model and the fast computers it is however
possible to get some insight in the effect of the different
stormn~, by comnputing the water levels and the discharges. In
the following storms of constant intensity, the measured
storms and sotne created design storms are routed through the
model, but first the rational method is tried.
For the North-Eastemn section of the drainage system only
the effect of these different design storins is investigated.

C.7.1 Rational method.

Instead of the advanced computer model, a simpler model can
be used to have an iridication of the maximum discharge. The
maximum discharge at the end of the system, is comnputed
with:

Q=c*i*A

with c runoff coefficient
i = constant intensity in m3/s*ha for a duration t

0
and a return period T.

A = catchment area in ha.

From comnputations with CYCLONE it appeared that a duration
of 35 minutes is critical for a storm with constant
intensity (see subchapter C.7.2). Consequently a duration of
35 minutes has been chosen for the rational method. For 35
minutes the design intensity for a return period of 2 years
is i — 44.9 mam/h om 0.125 m

3/s*ha. The area’3~ is 41.4 ha
and an average runoff coefficient of 0.55 is usedt4t. This
results into a maximum discharge of 2.8 mn3/s.
The maximum discharge computed in this way is too high
(provided that the runoff coefficient and the duration are
correct), because of the following two reasoris:
Firstly, in the rational inethod is assumed that all the
catchment contributes to the runoff at the end of the 35
minutes. In reality, the water needs some time to reach the
end of the system. Dependent on the distance, the slope and
the configuration of the system, not yet from the whole
catchment, the water wil]. reach the end of the system at the

(3)
Nortb—~ast.rT~ ..ctlort. -

(4)
Th. a’:rnrsq. of th. r’unoff co.fflci.nta as qivan in th. ann.x.s of ths Fin*i. D.uiqn ~sp0rt

D.C..b.~ 19S9.
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end of the 35 minutes.
The second reason is that the rational method does not take
storage on the roads into account.
So the maximum discharge will be smaller than comnputedwith
the rational method..

In table Cli the result of the rational mnethod is compared
to the results of computations with a computer model of the
drainage systemn (C~CLONEcomnputations). For different stormns
the water levels and discharges have been computed with
Cyclone. These storms are presented in the following sub-
chapters.
To anticipate on the results of the CYCLONE coinputations, it
can be concluded that the maximum discharge computed with
the simpler rational method does not differ much form the
other results. Comnpared to the ineasured storms, a design of
the drainage system based on the rational method, would be
on the safe (large) side, but not wrong.
An advantageof the CYCLONE comnputations is that they result
in water levels throughout the drainage systemn. The effect
of certain changes in the design can be studied, to come to
an optimal design of the drainage system.

C.7.2 Constant intensity.

The computer model CYCLONE is used to compute the water
levels and discharges in the drainage system.
To have an indication of the concentration time of the
system, storms of constant intensities with a return period
of 2 years, can be routed through the model. The intensities
are computed with:

i - 48.8 [mm/h]
~ (0.5+td)’~3 -

In table Cll the results of these stormns are given (for the
North-Eastern section). For a duration longer than 90
minutes, the discharge becomes stationary. So then water of
the whole catchmnent reaches the end of the systemn. The
maximum water levels and discharges, do however occur at
much smaller duratjons: between 30 and 35 minutes. Because
of the time water needs to build up a hydraulic gradient,
the peak will occur at the moment that not yet the whole
catchment contributes to the discharge. For longer durations
the design intensity will be smaller giving also a smaller
discharge i.e. water level.
The most critical storm with constant intensity causes a
water level of 35 cm.

A real shower doesn’t have a constant intensity, but will
have a peak intensity. The question is whether the peak will
be at the beginning, middle or end of the storm. 1f the peak
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Rational mnethod

kind of
storm

total
rainfall

[min]

duration

[min]

return
period
[year]

max water
depth

[in]

Qmnax

[m1/s]

const int 26 35 2

CYCLONEcoinputations

kind of total duration return max water Qmnax
storm rainfail

[min] [min]
period
[year]

depth
- [in] [m3/s]

constant
rainfall
intensity

15 15 2 0.26

0.35

1.6

24 30 2 2.3

26 35 2 0.35 ~2.4

28 40 2 0.34 - 2.3

32 60 2 0.32 1.9

IMe~.e~~

90 2 1.5

Rada -_______

storm 1 391 150 2 0.34 2.2

storm 2 49# 90 5 >0.40 ** 2.9

storm 3* 401 90 3—4 0.34 2.1

storm 4 481 90 3—4 0.33 2.0

A1-Khabar

stKhabl

stKhab2 *

32#

30#

120

120

<2

<2

0.35

0.34

2.3

2.2

Design storms

new 36

RWSSP 9
‘

90

180

(>)2

«2
~.

0.37

0.30
~

2.58

1.7

1
1
1
1
1
1
1
1
1
1
1
1

and discharges.
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comes first, then the storm with constant intensity gives an
overestimation. For a storm with a peak in the middle or at
the end, this will be an underestimation, because then, when
the peak intensities occur, the soil is already wet and the
depressions are filled up. -

C.7.3 Measured storms.

The 6 heaviest ram events of Rada (see table C9), from the
second half of 1986 until 1989, were entered in the model.
Four of these showers (see figure 12 of the mnain report)
yield a considerable discharge. Two of the 6 showers are not
quite sure, due to unclear pluviographs (storm 3 and storm
6). Also the probable return periods have been comnputed from
the duration of the biggest part of the shower and the total
rainfail in that period.
The second storm of Rada, storm 2, has got a probable return
period of about 5 years and (as the systemn is designed for a
return period of 2 years), causes flooding. The other storms
are smaller and cause no flooding in the North—Eastern
section of the present design of the drainage system.
Storm 5 and storm 6 have probable return periods much
smaller than 2 years, and therefore, cause no critical water
levels. The return periods of storm 1, storm 3 and storm 4
are 2, 3—4 and 3—4 years respectively.
In Al-Khabar only 2 heavy stormns have been registered
(stkhab 1 and stkhab 2 in table C9). They do coincide with
storm 6 and storm 3, which are unclear. The results of these
storms are water levels of 35 and 34 cm, which is high,
considering the probable return period is smaller than 2
years. The shapes of these 2 showers must have been more
critical. A comparison of the course of those storms shows
that a storm with a distinct peak is critical.

The maximum water levels caused by storm 1, storm 3, storm
4, stkhab 1 and stkhab 2 are about equal. For the 4 sections
of the drainage systemn, there is not one storm critical
(except storm 2, of course). The maximum percentages of
relative water levels for a few storms are given in table
C12 (first 5 columnns).
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section storm storm storm stkhab creatEd
1 2 4 1 storm

(cs)

Result
cs — max

storm
% [cml

North—East
North—West

South
Middie

~=

80% - >100% ~ 90%
86% ~>10Ö% - ~4% - S6~ 95%
90% >10B% 86% 93%
93% - >100% - 97% >100%

--‘.-

7% 2
9% 2
3% 1
3% -~1

Table C12: Fillings caused by raeasured ar created storms.

In table C9 the heaviest stomins of the 3 stations are given.
The measured showers have a peak of 1.5 hours, in which most
of the ram falis. The average distribution of the raiRfail
over a storm is:

% rainfali period -

10% 0— 30 min
56% 30— 60 min
25% 60— 90 min

7% 90—120 min
2% 120—150 min 1

So the stonmns have a peak fairly soon after the beginning of
the ram, and after that another period with reasonable high
intensities. 1
These mneasured storms indicate that for a return period of 2
years, the maximum water levels should be about 35 cm.

C .7.4 Created storm.

The last method is building up a storm, as presented in the
former chapter. This has been done as pointed out. in chapter
6.4 and is worked out in figure 19 and table dO.
The resuits of this storm are water levels, a bit higher
than the resuits of the heaviest nieasured storms and the
stor’ms with constant intensities (see table Cli “design
storm; new”).

The created storm presented, is critical, because it is
built up out of critical rainfall intensities, for a chosen
return period. In fact, in the created storm of 1.5 hours
falls the maximum possible rainfail for T — 2 years. But
within that period of 1.5 hours, there is a period of 1.25
hours in which falis the maximum amount of rairifall (for T
2 years) for a period of 1.25 hours. Again in this period a
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peak exists with the maximum rainfall for 1 hour, and so
on... until a peak with a duration of 15 minutes is
obtained.
The chance that thi.s design storm will be equalled or
exceeded is therefore smaller than the average of once every
2 years.

Another point is that, because the storm is denived from 3
years of pluviographs and 11 years of daily rainfall
figures, the return peniod of 2 years is not too sure. More
pluviographs mnight change the design intensities. To be on
the safe side, a return period of 2 years should be
interpreted as meaning that the return peniod is between 1.5
and 3 years.

C.7.5 Design storm.

The water levels resulting of the created. storm are too
high, thus on the safe side, because the return period is -

expected to be longer than 2 years. In table C12 (6~ column)
also the fillings caused by the created storm are given. It
appears that the difference between the results of the
created storm and the measured stormns is only small (table
Cl2 last two columnns): only 3% for the mniddle section, in
which flooding is most likely. 3% of a conduit of 40 cm is
about 1 cm. This is certainly negligible, considering the
uncertainties in the design storm and the modelling.
The aim of this study is to check the present design of the
drainage system, as presented in the Final Design Report,
December 1989 and 1f necessary to give reconunendations for
adjustments.
Not just one of the measured stormns is critical for all sec-
tions (except for storm 2), and if adjustments in the design
are made, another storm might become decisive. The
difference betweeni the water levels caused by the different
stormns is only small, and often even negligible.
To check the present design of the drainage system, one
storm is chosen: The created storm, which is on the safe
side.

Thus the drainage systemn will be designed using the created
storm as design storm.
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C.8 RAIN GAUGES.

By the RIRDP a network to measure the rainfali was set up.
See figure C2. The equipinent used are niechanical recorders,
standard ram gauges and rainlogs.

C.8.1 Mechanical recorders.

The mechanical recorders are of the tipping-bucket type. The
funnel has gat an opening area of 1000 cm2 and is conriected
to one of the 2 buckets. 1f the bucket is full, then it tips
over, and the water pours out in a collecting reservoir T’he
other bucket is now under the funnel and the pen on the
paper registers 0.2 min of rainfall. The water in the
collecting reservoir should be mneasured, to control the
registered rainfali, but it seemns as 1f this hasn’t been
done.
In the area of Rada the paper in the mechanical recorders
had to be changed once a week. Of ten something went wrong
with changing the papers, om the paper was only changed
after it started raining. To safe guard the recorder against
vandalism, they are installed on the roofs of the houses of
the operators. The run height is 65 cm above this roof
level. So the top of the collector is far from the ideal
height, which, because of the wind, is at ground level.

C.8.2 Standard ram gauges.

Except for the mechanical recorders, also standard ram
gauges were used. It is however unclear when and where these
have been used instead of the mechanical recorders. The
standard ram gauge consists of a funnel with an opening
area of 200 cmn2 on top of a reservoir. The water collected is
poured into a measure cylinder and measured every morning at
6 o’clock.

C.8.3 Rainlogs. 1
Rainlogs are electronic recorders, which mneasure the 1
pressure of the column of water caught and the outside air
pressure. The pressure is intermnittently registered at a
chip. The time step between two measurements can vary. It is
possible to have normnally a big time step, but wheri it
starts rainirig the time step becomnes smaller (for examnple 5
minutes). When the ram bas stopped the time steps becomne
bigger again. After 14 months the ram log can be opened and
linked to a computer. With the right software the resuits
can be read.
Unfortunately no data of the rainlogs was available yet, at
the beginning of 1991.
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C.9 PROBLEMSWITH EXECUTION.

In creating the design storm the problems which occurred,
had mainly to do with filling up missing data and the
validity of the data.

C.9.1 Missing data.

The set of day totals is incomplete. For some months or
parts of mnonths nothing was measured and no data is
availabie. Where possible, it was tried to fill up the
missing data. In comnparirig the 3 stations (Rada, A1-Khabar
and A1-Khadra), it appeared that a big rainfall in one of
them did not necessarily mean that also a big rainfall
occurred in the other stations. A comparison of the total
weekly rainfali gives a better result, but still not even a
reasonable relation between the stations.

For computing the iritensities, the maximum daily rainfalis -
are used. 1f the rainfali data of a year was not complete,
it was checked, whether it was likely that the maximum had
fallen in the missing period, by comparing this period with
the corresponding period in the other stations. 1f this was
the case, this year was not used, otherwise the missing
period was assumnedto be dry. For Rada the data of the years
1976 and 1990 were not used. For Al—Khabar the years 1978
and 1989 and for A1-Khadra 1990 were omitted.

C.9.2 Difference pluviographs and day totale.

Another problem is the difference between the total daily
rainfall read from the pluviographs and the given set of day

totals. The storms with high intensities, read from the
pluviographs, are for some years, but not all, smaller than

the given set, while the small stormns are the same. See
figure C20, giving the difference between the daily rainfali
of the 2 sets plotted against the daily rainfail of the
pluviographs. From this figure no multiplying factor (for
example dependent on the total daily rainfali) can be den-
ved. It is odd that: for all years the resuits are different:
Rada: All the big ram events of the pluviographs

are smaller than the given set day totals,
Al-Khabar: 1985 1986 1989 and 1990 exactly the same, but

different in 1987 and 1988.
Al-Khadra: Every year exactly the samel

Of course, it was only possible to compare the years of
which pluviographs were available. The maximum daily
rairifails and the average yearly rainfails of the other
years are however not significant].y smaller, so It is
assumed that the data was always obtained in the same way.
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Figure C20: D.Lfference pluviographs and given daily
ramt all. 1

The difference mnight be explained with the use of different
types of rairi gauges. The different types have a different
systematic error and different wind losses. However it is
not possible to find out when what equipment was used.
From a research by the RIRDP it appeared that the rainfail
figures registered are 10 to 15% percent too small. This
loss was not yet accounted for in the day totals, so they
stili have to be increased. It seems likely that this loss
Is caused by the wind. -

For the relation between rainfail in short period and day
total, the loss of 10 to 15% is of some importance.
1f it is assumned that the wind error is equally divided over
the storm, than this loss doesn’t have any imnpact on the
relations between rainf all in short peniods and daily
rainf all. It is however likely that this loss is not divided
this way, but that during high intensities
disproportionately more water is spilled. In that case the
relations found give a too low rainfali for the short
periods. But the error, made by assuming the loss divided
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proportional over the storm, is neglectible, as is shown
below.
The 6 heaviest nam stormns of Rada had an average
distnibution as given below.
1f it is assumed that the loss is percentagewise divided
over the 2 periods with the biggest intensities, then it
appears, that instead of with 10% the maximum should be
increased with 12.5%. A difference of 2.5% is of course
neglectible.

10% ——> 10% 10%
56% ——> 56% + 1O%*56/(25+56) = 63% 7 is 12.5% of 56.
25% ——> 25% + 1O%*25/(56+25) = 28%

7% ——> 7% — 7%
2%——> 2% = 2%

-——-+

100% 110%

C.9.3 Reading data from the pluviographs.

At reading of data from the pluviographs some difficulties
did arise, because some of the pluviographs were not dear.
For example the funnel was partly logged, so a storm was
spread over a long period, om the line ori the graph was
drawn by hand. Somnetimes the paper was stuck or the operator
had forgotten to wind up the clock.
Because of this some of the (already few) heavy storm were
lost.
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Table Ccl: Ram read from the pluviographs of Rada.
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Table Ccl: Continuing.

tam reau ~roa pIuvLoqraPtlS 1fl per300s ot 10 alnutes.

Juratlofl 0.5 t 2 4

28—? leavy storm ot totally 19 mm reIn riot sure
0 3 Dcl 0 d~ 0 3

• j~ 12 8 12 8 12 4 12 cl
• 4 16 16.3 1.6 8- 16 3
• 1 S ILffi 17fl 173
• 0 o 1.6 17 6 18.4 18 4 —

• 08 14 64 192 192 --

1-8 0.2 0.2 0 2 0.2
0 0.2 0.2 0 r
0 0 0 2 fl.2-
0 0 02 02
0 0 0 02
0 0 0 02

0.6 0.6 0.3
0 06 06 04

0 2 0.2 0.8 0.W
0 0.2 0& - 0~L =

0 0 0 2
0 0 0.2
0 0 0 0.8.
0 0 0 0.8:

0 0 0 0.2:
0 0 0 0.2.

0.2 0.2 0.2 0.2.
0 4 0.6 0 6 0.6

1 1.4 1.6 1 u

5
2.4 5.8 7 2 7 4
1.8
0.2 2 7.8 9.~4

02
0.2
02
0.2
02
0.2
0.3
08

0.8
08
08
0.8

14
18
5.2
74
92
94

02
72

74
74
8.2
9.2

10 2
11

0.2 02

1 LZ
0.2 72

0 02
0.8 0.8

1 18
1 2

0.8 1.8

3.2
72
7.4
7.4

8
2

2.8
36

-0.2
7.2
74
7.4
8.2
9.1

10 2
11

1989 -

6—1

•

Reavy storm ot totaLly
20

10 30
o.4 16.4

36 4 ma unsurs.
20 20
30 10

364 - .i~.r& -—

20
30

29—2 1.2
0.6

0

U_8
14 6

7 8

1.2
1 8
0 6

17 8
32.4
22 4

1.2
1.8
1. 8

19 6
13

40 2

1.2
1.8
1.8

19;6
34.2

-ii

1.2
1.8
1 3

19 6
34 2

42

1.4 92 416 ±2~± !2..i_.
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Rainfail in [mm] for different duratioris (in [hours])

0.5 1

10.0 10.0

2 4 6 iday

11.1 11.7 11.7 11.7
4.4 7.0 7.8 8.6 8.6 14.0

14.6 19.2 22•2 22.2 22.2 22.2
9.0 10.2 1L.8 11.8 13.0 15.3

20.4 33.2 34.8 35.6 35.6 35.6
7.0 10.0 11.8 12.4 16.4 18.8
6.6 11.6 13.8 14.8 14.8 14.8
9.2 9.2 10.4 12.6 13.0 12.8
3.4 4.8 8.6 10.4 10.4 10.4

22.0 40.0 44.6 44.6 44.6 44.6

12.0 16.0 17.8 19.2 19.2 19.2

3.4 5.8 8.6 9.4 9.4 10.4
7.0 7.2 8.0 11.0 11.0 11.0

20.0 30.0 36.4 36.4 36.4 36.4
17.8 32.4 41.6 J 43.4 43.4 43.4

Resul ts computation
extreme values.

Maximum ram z-ead from pluviog-raphs.Table CC2:

0.5 uur

T 1 YT X’T rIQita Xo Xb

2 0 3) 71 ~ 4 2 17 7 26 1
5 1 50 20.3 7 8 22~5 38.J.

10 2.25 15.’ to 0 25~L 16.7

1 uur --

T YT x~T d’lt.~i Xi~ Xh

2 0 37 31 8 6 T 28.1. 11 5

5 1.50 18 2 12 1 25 8 ).6
10 2.26 ~7.fl 17 2 )O.~ 712

2 uur

T ‘(T XT de1t~ Xo -- ~ch

2 0.37 40.4 7 8 37 6 l~.2
5 1.50 55.9 LI 4 41.5 70.3

10 7 75 ~6.E 70 0 46 7 86.1

Table CC3:

4 uur -—

1 X’T deJt~ ‘<o Xb

2 0 37 11 7 8 0 33.7 19 7

5 150 578 118 430 77.7
10 2 25 68 5 70 ~ 17 9 8°1

T vr x’Tcln:t, X~ xh -

2 0.17 42 1 8.1 14 0 50 7
S 1 51) 58.3 15 0 4) 3 73

10 2.25 6° 0 70 8 48 1 8° R
-

(leg

2 0 37 13.0 8.3 31.7 51.3

5 1 50 59.5 15.3 44 .2 - 71 .8
- 10 2.75 70.4 71.2 49 t

confidence intervals for

1
1
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Annex D: ColiDuter model.

D.1 GENERAL.

To compute the water levels in the system the computer model

CYCLONEhas been used.

Cyclone is a computer model, computing discharges and water
levels for unsteady flow conditions in sewerage systems and
systems of open water courses. The hydraulic system is
presented as a combination of nodes and conduits, with
storage in the nodes (water levels) and flow in the conduits
(discharges). The program deals with over land flow to
transforin ram falling on a catchment into an infiow hydro—
graph at a node. For this the kinematic wave approach is
used.
1f the water levels at a node rises above surface level,
then flooding is simulated.

D.2 Co~putationa1 ~ethod.

The flow conditions are described by the continuity equation
in the nodes and the motion equation in the conduits. For
long waves like in this case~, the vertical component of
the velocity can be ignored, resulting in an one-dimensional
flow.

at as

+ _~~(~2~)+ g.4~ - g’Ai + ~QIQl=at a5 A as c
2L~A

(1) (2) (3) (4) (5)

Q — flow rate [m2/s]
s distance [m]
A — wet cross sectional area Em2]
t time [t]
g acceleration of gravity [m/s2]
h — water depth [m]
i — bottom slope [-]

c Chézy coefficient [m”/s]
R — hydraulic radius [m]

The first two terins of the inotion equation (inertia and non-
uniform velocity distribution) are neglected. So only (3)
hydrostatic pressure, (4) gravity and (5) friction are taken
into account. For the use of sewerage systems this is
justified, because the friction is much more important than

(2.)

Long ld*V~ te wi (wo’rs ianqt~) t t (l.ratsrd.pth). vi — C*t, t (duratlon) 2. hour. C -

(g’~a)’u. & 30c.——’wi ~ t.
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Annex D: ComDuter mode~

the velocity distribution. This resuits in the diffuse wave
equations.
The equations represent the flow conditions at every moment
and place. To solve the equations: i.e. compute water levels
and discharges, an approximation is made. The water levels
and discharges are only computed on chosen times (t — 0, itt,

2i~t, etc.) and at certain locations (at nodes for water
levels and between nodes for discharges). This way the
firiite difference rnethod is obtained.

The equations can be solved implicitly or explicitly:
For the explicit. way of solving the equation, a condition
for stable calculations is:

~t*c � 1
L,~x

with, i~t = time step [S]

= x-distance [in]

c - — velocity of long wave - [in/s]

1f i~x is small, in order to give a correct schematization of
the drainage system, then, ~t has to be small too.

The implicit way has been chosen, because then the
coinputation is always stable and ~t is independent of i~x.
So a big time step can be chosen for small x—steps, which
saves time. This method is less accurate. Therefore, to
check the result also a run with a small time step should be
made. This way of computing is more complicated. 1
The equations can be written as foliows:

Coritinuity: 1
* h(i)~+~~-hU)c - - 1

o*~:[Q1J+QC-E+P] ~ (1-6)~ [Q13+Q0—E+P] 1
with: 1
F = horizontal wet surface (on which water

is stored) [in
2]

h(i) water depth at node i [in]

Q~ — Flow from node j towards node i [in3/s]
Q — external flow towards or from node i [&/s]
E — evapotranspiration from the wet surface 1

of the node [m3/s]
P — rainfal]. at node i - [m3/s]
8 = weighing factor [-:1 1

D-2 i
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Motion:

8[gA9(h2_hj)+I5gi-Lg9~]~~~ + -

(1-0) [gA~(h2-h~-L gi-Lg ] ~ - 0 -

with:
— water level at node j [m]

L length of conduit [in]

To solve the motiori equation iinplicitly, it has to be
linearized. For open channel f 10w the discharge at time t +

~t is calculated with:

— ~

In this equation KLi is the f 10w coefficient in [m
2/s]:

K Ih(i)-h(i)ACH -~ h(i)—h(j) ~ L

with:
A = wet cross section, average between nodes i and j. [in2]

C — Chézy coefficient, average between nodes i and j. [in’~/s]
R — hydraulic radius for conduit, average between

rtodes i and j. [in]

The flow coefficient is computed for each string. Each time
step the hydraulic quantities A, C and R are computed. The
program assumes hydraulic rough conditions. R is computed
either with White-Colebrook:

C-l8log 12R -

or with Manning:

1
p6

c- —

n
with:
k Nikuradse wall roughness [in]

n — Manning’s roughness coefficient

linplicit means that all equations are solved simultaneously.
The iiriearized inot.ion equation is filled in the continuity
equation. This resuits in one equation for each couple of
nodes. The equations are solved in matrices:

D— 3



1
Annex D: Computer model

+Kjj * h2. — -S 1
+K11 —K~~ h2.

— flow coefficient for flow from node j to i [m
2/s]

h = unknown water levels [in]

S — known terins of out of the equation of continuity [m3/s]

For each time step the water levels and discharges are
determined in a predictor and corrector phase. First K is
computed for time t, from which the water levels at time t +

i~t are derived. These are the predictor values. Next, with h
for t .i- ~t, the parameters F and K at t ÷eL~tare computed
(the corrector values). With the corrector values the final
values for h at t + ~t are computed.

D- 4
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D.3 INPUT

For the use of the computer model, certain characteristics
of the drainage systein have to be eritered in the model: The
design storm, the iay—out of the system; surface and invert
levels, lengths of conduits, etc. Also the roughness and
shape of the conduits are input for the model. For the
catchments the average slope and critical length, initial
loss of ram, and roughness of the ground for overland flow
have to be given. Finally the runoff coefficients and
spillways are input for the model too. These data are to be
put in a specially arranged input file. These input files
are given in annex D.5.
Except for these iriput items, it is possible to introduce
(amongst others) water level curves, evapotrarispiration,
reservoirs, pumps etc. These possibilities are described in
the manual of CYCLONE.

D-5
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D.4 MODELOF DRAINAGE SYSTEM RADA.

The modelling of the present design of the drainage system
is giveri in Main Report and Anriexes of the Final Design
Report, 1989, of the RWSSP [lit 1 and 2]. As far as
possible, for the new design the same iriput was used. Only
for some poirlt5; the irtput is different (and hopefully
better).
It takes just a few minutes to compute the water levels in
one section of the system, so by altering the input, it is
easy to obtain soine insight in the sensibility of the model
for certain changes in the input.

Design storm.
For the design storm, see annex E.

Lay-out.
The lay—out of the present design of-the drainage system is
as in figure Di. The lay-out of the new design of the
drainage system is just siightly differnet. See chapter 7 of
the main report.

Catchaents
In the Final Design Report of the RWSSP, the catchment area
at a node was determined as the area above the node and the

area round the node (see figure). -I
—~ - — w

In reality, a part of this area does not discharge its water
to that node. The water is discharged into the conduit
after the node. The result is that for the average discharge
(in the conduits), this method gives a good result, but for
the water levels (at the nodes) an overestimation.

It appeared that not all catchment areas were entered 1
correctly in the computer model.

Another way of defining the catchments is like this: 1

1
1

- 1
D-6 1
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So only the water, discharged at a node, will reach that
node. The rest of the water, will enter the drainage system
at the next node (in reality it will enter in the conduit
after the node). This method a gives more realistic water
level at the nodes, but an underestiination of the average
discharges in the conduits.

Because the water levels are important for the design of the
system and not the discharges, the second method is chosen.
Therefore all catchinents were measured again from inaps.

The roughness of t:he conduits is accepted to be 5nun. The
conduits are made of asphalt, but it is likely that sand,
small stones and litter will be on them. The rest of the
town is mostly unpaved, so the over land flow goes over sand
etc, consequently a bigger roughness coefficient has been
chosen. For over land flow a value of 10 mm has been
accepted. -

The runoff coefficient is the ratio between the amount of -

runoff from a certain area and the amount of ram on that
area. During a storm the ram will be retained, infiltrate
and evaporate, so the coefficient will be smaller than 1.
The coefficient is fourid after determing the catchinents and
the land use. For the rainfali conditions with a return
period of 2 years, the coefficient is accepted to be:

Land use runoff coefficient

Residential area:
-low density, modern set-up 0.1 - 0.3
-medium density 0.3 - 0.5
-high density (traditional
built up areas) 0.6 - 0.8

Cominercial area (suq) 0.7 — 0.9
Industrial area 0.3 — 0.7
Paved areas (aaphalt roads) 1

Table Al: Runoif coefficients12~.

The wails surrounding the premises prevent the water to con—
tribute to the rurgoff. The retention is therefore the most
important factor for the runoff coefficient.

Nam l.por% rioii Ds~jqTtlaport ~ paq. 4-S.
(2)
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Cross sectiori - - — - -- - - - -

The cross sections of most of the
roads will be like this: (1)

In front of shops and at parkirig
places,the side of the road will
have a different kerbstone: (II)

In the computer model cross sections - -

are schematised as foliows: (III) 1100 lOO

This schematisation does have soxne impact on the
calculations. 1f Chézy is accepted (see annexes B), then it
can be seen that the important factors are the wet cross
sectional area A and the hydraulic radius R, which has an
impact on the coefficient of Chézy C. The hydraulic radius R
= A/O with 0 is the wet perimeter.

For the width b 6 in and side siope i~ — 1:100 the variablès
A, 0 and R are computed for a side depth h = 0.3 in and h =

0.5 in.

- -- = - 7.Q -

- R=0.416m
2.91 in2

0 2h15 + b 7.34 m 8.23 m
II: R=0.257m R=0.414m

A b*h —½bi b+ 2h2 1.89 m2 3.41 m2

6.60 a - 7.90 m
R=0.213m R—0.429m

1.80 m2 3.00 in2

The hydrualic radius seems to be pretty constant for the
different cross sections. On the coefficient of Chézy, which
is a logaritmic funtion of R, the influence of the
schematisation is therefore negligible.
The difference in wet (cross sectional) area between 1 (inost

common cross section) and the III (schematisation) is not

very big. However, for II this schematisation introduces an
underestimation of the wet area. For h = 0.5 m the wet area
for cross section II is even 14% larger than for cross
section III.
Assume that the discharge is equal (for II and III) if the
wet area A is equal. To obtain a wet area of 3.0 in2 for II
the side depth would be 0.45 in while for III this would be
0.5m. -

1f the outcoine of the computer model gives a side depth of
0.5 in, the side depth for roads with cross section II will
therefore be only 0.45 cm (10% smaller).

2,
1100 - - - - ~--

1:
O 2h + b

= b*h -½bi.
1½b

h = 0.3 in

6.60 in

-- R=0.259m
1.71 in

2

h — 0.5 in 1
1

II:
O 2h + b

A = b*h ÷ h2:l00

1
1
1
1
1
1
1
1D-8
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Annex 1): Comvuter model.

CYCLOHE, 0 R V DUNSOLTANTS, AMERSFOORT. TSE HETSERLANDS DATE t M-24-1991

INPUT

CEMEPAL DATA

DIFFUSIVE WAVE EQOATIOHS
IPWLICIT

LENGTE OF A COORDIHATE-ONIT CM) t 1.000

ROUGEMESS A~RDING TO
NIKURADSE CM)
FOR OPEN CONDUITS - O050
FOR CLOSC COPDUITS - -0050
EFFECTIVE CROSS-SECTIONAL AREA 1 .000
RON—OF?COEFFICIENT (DE?AOLT) .250

TOTAL CALCULATION TIME (ROOS) 2
TIME STEP (CALCOLATIOM) (MIN) 1
TIME STEN (OOTPUT) (MIN) S

waan or TRAPEZIOM PPOFILES 30
NUXSEP OF VARIARLE PPO?1Lt2 0
MUMBEP OF CLOSED CONDUITS - 0
wtnan OF WEIPS - o
MUMSEPOF NOORS 29
MUMSEP OF SPILLWAYS 2
MUMSEP OF PW~S : 0
waan OF IN?LOW PYDROGS~AflS - 0
waan or RAIN CUPVES 1
NUMSEP OF EVAPOPATION CUPVES t 0
NUMSES 0? STORACE CURVES - 0
WOMSER OF PPOFILE CUEVES t 0
NUMSEP OF WATER LEVEL CUPVES t 0
NUMBES OF NOVASLE WEER CUEVES : 0
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Annex 0; Comøuter modefl

MAXIMUM WATER LEVELS AMD DISCHAPGES -

COWOT MODESORFACE WATER
MIJnS mat LEVEL LEVEL

(MC CM)

INVEPT QDMD’r
LEVEL DEflS

CM) CM)

FILLING TIME TIME DISaARCE VELO—
CITY

1%) \t (MIN) (MIN) (M3/S) (M/S)

CPADIENTS
WATEP INVERT
(1:1) C1:X)

SOTTOM lERARES
WID’TN

CM)

WITS TR.APEEIO1(

OPEN OOWDUITS PROFILES21 4316 33.31 33 16 35.16 15 a~. — 66 É6 .oor .O~I 14i £39 s.oÖ4369 31.30 3123 31 15 .13 51 6340 4207 31.10 31.65 31.65 .15 3 43 46 .005 .03 350 300 6.00 - -

4369 31.30 31.23 31.15 .15 51 63
33 4345 31.60 31.46 31 45 .15 10 50 51 .021 .09 1133 899 6.00

43t9

31.30 31 23 31.15 15 51 63
55 4369 31.30 31.2-3 31.15 .15 51 63 62 .243. .75 183 186 6.00

4394 29.61 29.51 29.46 15 35 61

57 4394 29.61 29 51 29 46 15 35 61 61 -51$ 1.27 34 54 6.00
$347 26.73 266$ 26.60 .15 - 53 =

$0 8206 27.40 27.28 27.25 .15 17 • 47 47 .0442 .21 364 - 366 6.00

I 5241 26.80 26.68 26.65 13 20 4$
IS $241 26.80 26.68 26.65 .15 20 4$ 4$ .20R .31. 161 143 6.00

$397 25.30 25.23 23.06 .1.3 aLS
9$ 5320 30.00 29.86 29.85 13 6 72 46 —.118- .33 35 34 6.00

8316 26.97 26.89 26.42 15 46 47‘ 99 $316 26.97 26 $9 26.82 .13 46 47 46 -.060 .25 97 90 6.00
3317 27.83 27.71 27 70 .15 $ 51

100 $316 26.97 26.89 26.42 .15 46 47 47 .461 .82 173 136 6.00
531$ 26.46 26.43 19.31 13 78 47

101 331$ 26.46 26.43 26.31 .15 7$ 47 47 376 1.09 133 142 6.00
5345 25.62 23.53 25.47 .15 39 47

102 5331 24.70 24.61 24.55 .13 43 47 47 .3R3 .44 592 416 6.00‘ 9333 24.50 2-4.40 2-4.25 .23 61 - 46

106 9333 24.30 24.40 24.23 25 61 46 4$ .581. .67 790 666 6.00
4310 24.33 24.28 74.10 .25 70 64

10$ 5343 24.30 24.45 24.26 .25 79 54 33 —2.450 1.51 275 440 4.00
5346 24.90 24.83 24.50 .~0 $6 • 53

110 3343 24.50 24 45 24.23 .25 79 34 54 2.488 1.27 279 113 6.00‘ 831$ 24.31 74.27 23.81 .50 92 “ 84

111 3343 25.62 23.53 23.47 .15 39 47 47 .772 70 11’ $2 6.00
3346 24.90 24.83 34.30 .40 $6 — 33

112 3346 24.90 24.85 24.50 .40 $6 • 53 54 -1.614 .t6 1061 769 6.00
5377 23.03 24.94 74.50 40 77 34

115 3367 26.73 3.6.68 26 60 .13 59 61 5$ .641 1.12 127 121 5.00‘ 3390 25.37 35.47 75.32 .23 60 49
116 6377 23.03 24.94 74.63 .40 77 34 46 -.050 04 63 32 5.00

537$ 26.50 26.36 76.35 .15 S 39
117 3377 25.03 24.94 24.63 .40 77 54 32 —1.515 .99 312 380 6.00 — -

5392 23.30 23.23 33.05 23 $1 • 52

119 3390 33.37 28.47 25.32 .35 60 49 50 969 .92 410 333 6.00‘ 5393 23.30 33.33 35.05 .23 $1 — 62
120 8392 25.30 25.33 35.05 .35 $1 S 32 47 —- 1$& -2$ 330 fl9 6.00

8394 29.68 35.37 25.33 .15 24 4$
121 5394 26.68 23.37 23.53 .15 24~- ---4$ 46 —.042 .29 128 127 6 00

8210 27.96 27.82 27.S1 .15 9 46

145 6310 24.33 24.28 24.10 .25 70 34 4$ .677 .35 4655 137 6.00‘ 6315 24.31 24 27 23.81 .50 92 —— 54
146 6315 24.31 24.27 23.81 .30 92 —. 54 54 3.103 1.19 735 1300 6.00

6314 24.26 24.17 22.76 .50 82 - 33

147 6314 24.26 24.17 23.76 .50 $2 • 55 58 3.139 1.24 472 $14 8.043
4339 23.74 23.70 23.49 .23 $3 • 54

152 4339 23.74 23.70 23.49 .23 $3 - 56 46 —.061 .12 4805 619 6.00‘ 4379 23.95 23.73 23.70 .23 12 32
194 6361 28.22 25.10 35.07 .13 1$ 46 47 .076 .45 149 149 6.00

$379 23.93 33.73 23.70 .25 12 32
158 6339 23.74 23.70 23.49 .25 IS - 36 56 3.270 2.59 68 99 4.0e

4340 23.73 23.69 23 4$ .25 $3 • 36
134 4379 23.95 23.73 - 23.70 .23 12 32 32 .103 .58 9$ 99 6.00‘ 6380 23.94 23.72 23.69 .23 12 52

FSEESOAPD CODE •‘* 0% - 3% FILLING OF CLOSED fl9 93% - 1043% P0SITIVE DISCSARCE FROM L044 TO 5105
OPEN COWDCITS • 5% - 10% COMDUITS St 90% - 95% NODE MUM5EP
(t 0? DEPTI) • 10% - 20% (t OF DEPTS\DIAJ() S $05 - 90%

TOTAL CAT~(EIIT AREA 3~. 6000 PA‘ TRE SANWIOTE OF TER SYIOIETPICAL M.ATNIX IS 6 POSITIONS

SP 1 LLED VOLOMES

NODE VOLUME SPILLIWC
NflaES (1(3) TIME (MIN)‘ 4340 $331 92

4380 247 92

WATER SALANCE IN )M3)

INFIn4S (RYD500RAPSS) t 0‘ INFLOW (flXfl WATER LEVELSI 0 -

RAINFALL 11035 - -

TOTAL IN 11033

OUTFLOW (SPILLWAYS) $578
OUTFLOII (POleE) 0‘ 04JTFLOII (FIXED WATER LEVELS( 0 -

EVAPOPATLOM 0

TOTAL 007 - $373
STORACE ~ANGE 2470 - - - - -

TOTAL OUT • STORACE CEANCE - 11049
SAI..AJICE ERROR . - j3 t -

END OF CYCLON E•~•” — - - --

r)_3 ~
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Annex D; Computer model.

CYCLONE, 0 S V COtISULTAIOTS, AMERSFOORT, rEE METHESLANDS DATE 6—20-1991 PAGE 4

114POT

MODE DATA -
CAT~aNT AREA (CODE 1) 0- - PA P1J)0~ CAP. (CODE 2) 0- - ((3/S

1- - fl.2 1- - L/S -
NODE gROUND WATER 3-GOOt)) Y—OD0ftD CAT~ÇENT RUN C 0 R V t M 0 Pl S Ç S S P U M P S P 1 L L t- A 7

NIJMBES LEVEL LEVEL AREA 0FF INPL 6TO*CE EVAP PArK WATLEV
CM) (14) (MC ((4) (CODE t) CE? — —

CAP START Stgp WIOTS LEVEL Cotr
(CODE 2) fl4) (14) )M) 14)

4336 31.31 00 0. 0 ~ 0 0- -60 . -1
4479 29.25 .00 17 0. 2 S 0- ~‘O :1 =
4413 30.35 .00 0. - 0. 2.40~ .0 -

4489 39.45 .00 )j 27 D- .60 —
4493 30.50 .00 0. - - 0. 2.6 0- .60 - ~

--
~

--- ~-- =

-- - —-- -

—
- - —-

4498 2962 .00 0. 0. 4.50 ~7fl — -— 1
4499 29.70 .00 0. 0. .1 0- .70 -(
3301 Z9.t0 .00 0. 0. 1.0 0- .60 - 1
5443 23.43 00 0. 0. 5.4 0- .60 — - 1;
344$ 2306 .00 0. 0 730’- ~0 I - -

-6470 29.66 .00 - 0 0. - - .60 1.

549$ 26.16 .00 - 0. 0. .40- I~0~ - -

6430 25.03 .00 0. 0. 330- .30 — — -

6444 24 19 00 - 0. 0. ‘.2 0- .40 - — 1
6494 2356 .00 0. 0. 7.00- .20 C - -

6493 23.55 .00 0. 0. 100.00 23.aj r ts
-----------

t———— INPUT ‘——t—

RAIM CURV ES

tAIM TIME (MEN) 0 15 16 30 31 45 46 60 61 ;; 76’
CURVE 1 INTENS. (30E/S) $ S 1.5 18.7 11.7 63.6 65;6 - 32.0 32 0 13 3 12.2 6.7 &

TIME (MIN) 91
INTENS. (30E/El .0 = -

0-15

C0(4DUIT DATA

CeIIDT NODE NU~ER
NU,aER SEGIN END

10 4336 449$
20 4419 4489
30 4479 3445
33 4443 4419

40

4489 449$

50 44$, 3470
55 4493 449$
60 449$ 4499
70 4499 3470
$0 3301 3470

90

S*’3 644$
100 544$ 349$
110 644$ 6420
120 6420 4464
130 6464 6494

510E SLOPER PRO?ILE
COTGA COTOS CURVE

INVERT LEVEL LENOTS
SEGIN DID

(Ml (M)

31.36 29.37
28.60 29.10
28.60 25.10
30.20 29.10
29.10 39.37

29.10 29.61.
30.35 39.31
39.37 29.55
29.36 25.31
29.63 29.31

26.10 24.71
24.71 28.01
24.71 24.63
24.43 23.79
23.79 23.41

23.40

NIICURADSE

50005 EFF
KERS CROSS

CM) (•) ODE??

303 .0050 1.00
140 .0050 1.00
380 .0050 12(30
110 O050 -1=00
150 0050 1 00

$0 0050 1.00
170 .0030 100

40 17030 1.90
40 .0050 1.00
63 .0050 1.00

120 .0030 1.00
260 0050 1.00
50 .0030 1.00

243 .0030 1.00
160 .0030 1.00

1 0050 1.00

CLOSED LONDUIT — CEARACTESISTICI
StAPt flIGHT WIDTE LOSSF.S SILt

CM) CM) fl0111 (310(1

50rr01 cArn
WIDTS WIDTE

— (14)

6.Q0 0
- .Ç)

6.00 0
6.0-0 0

6.00 - 0

6.90 0
6.00 0
6.170 0

0
6.00 0

6.00 0
5.90 0
8-00 - 0
$00 0
$00 0

$00 0140 4494 6496 23.41

• R000S3IESS ACCORDING TO

.01 -

.01. -

.01
01

.01

.01
- .01 -

:02
.01
.01

.01

.01 -

.01
T. 02
.01 -

.01

.01

.01

.01
.01
01

01
.02
.0-t
.01
.01

.01

.01

.01
.01
.01

.03.

(14)



SPI LLED VOLOMES

1*00E VOLUME SPELLING
NUJ0EER (fl3) TIME (MEN)

6493 6134 93

WATER SALAMC5 IN tM3]

INFLaI (EYDROCRAPES) 1
11171.0W )FIXC WATER LEVELS)
RAIM?ALL

TOTAL IN

OUT?L0W (SPILLWAYS)
OUTELOW (POMPS)
OOTFLO(4 (FIX~ WATER LEVEI.S)
EVAPORATEOM

TOTAL OUT
STORAOE CS.AHGE

TOTAL OUT • STO$.AGE CSÂMGE

SAL.A1(CE ERROR .13

0fl 93% — 100%
II 90% - 96%
S 503—90%

L0(4TOI
(400E

Annex D; Computer modë

MAXIMUM WATES LEVELS AND DISCHARGES -

COMDT NODE SURFACE WATER INVER’I COMDT FILLING TIME TIME DIScSARGE VELD- GRADIE)ITS »071DM REMAJUCS
NUJ0ER (0(65 LEVEL LEVEL LEVEL DEPTH CITY WATER I?IVEST WID’IS -

(14) (14) (MC CM) (%) ‘\S (MEN) (MIN) (M3/S) (MIS) (1 1) (1 XC CM)

OPEN OONDUITS 131fl TR.APEZIUM PRO?ILES

10 4336 31-51 - 31.39 31.36 .15 18 49 47 - 213 .35 110 103 - 6.00 —-

4498 29.62 29.53 29.37 .23 66 49
20 4479 29.23 28.70 2$ 60 63 IS 31 31 —1.725 1.23 21$ 230 6.00

4459 29.43 29.34 29.10 .33 70 61
30 4479 29.23 21.70 23.60 .65 16 51 51 -1.543 1.37 $2 $0 60G

3443 33.45 36.33 26.10 .33 64 52
33 4453 70.33 -30.22 30.20 .15 11 40 46 .203 .35 125 - 99 6.00

4439 29.43 29.34 29 10 .33 70 51 -

40 4439 29.43 29.34 29.10 .33 70 31 49 —.634 .70 757 553 6QO
449$ 29.62 29.53 29 37 .25 66 49

30 4419 29.43 39.34 39.10 .73 70 31 46 —.137 .3.3 409 195 6-00
3470 29.66 29.34 29.31 15 20 47

36 4495 30.30 30.39 30.35 .13 24 47 46 - .237 .41 199 173
449$ 29.62 29.43 29.37 .23 66 49 =

60 449$ 29.62 29.33 29.3~ .36 66 - 49~ 37 009 .04 1766 - 222 6.-a --
4499 29.10 39.66 29.SS .15 5 46

70) 4499 29.70 29.56 29.33 .13 5 --46 46 .004 .04 2234 1000 - S.00 - -

S40 29.66 26.54 29.31 .IS 20- 47 1
$0 6301 29.30 29.71 29.65 .15 37 46 46 .096 .33 391 464 6.00

6470 29.66 29.54 29.51 .15 20 47
90 9445 25.46 26.33 26.10 .35 64 32 32 - - 1.916 1=22 333 307 6.120

544$ 23.06 35.01 24.71 .36 $6 - 54 -

100 644$ 33.06 26.01 24.71 33 $6 ~ 54 46 —.042 .06 237 199 6.00
1 6498 26.16 26.02 26.01 j$ 9 44

110 644$ 35.06 23.01 24.71 .36 $6 • 34 54 2.163 1.13 446 1125 3.00
6420 28.03 24.31 24.63 .40 45 51 -

120 6420 33.03 24.31 24.43 .40 46 $1 54 2.249 1.14 350 291 3.00
6464 24.19 24.11 23.79 40 $0 S 57

130 6464 2419 24.11 23.79 40 $0 37 67 . 2.337 1.34 277 421 5.00
4494 33.56 23.33 23.41 16 $2 • 67

140 6494 23.56 33.53 23.41 .16 $2 t 57 37 2.330 3.37 13 99 5.00
6495 23.66 33.47 23.40 .13 46 67

- 5% FELLEMG 0? CL0S~ »0SITI’.’E OESaARGE FROMFREEROA.R12 CODE 0%
OPEN CONDUITS 5% - 10%
(1 OF DEPTE) 10% - 20%

TOTAL CAT~(ENT AREA

THE 3ANDIJIDTH OF TSE SYJO4flSECAL MATRIX IS

GOMDUETS
(% OF DEPTS\DIAIO.)

45$000 NA

6 POSTTEONS 1
1
1

0
0

7794

7794

6136
0
0
0

6135
1669

7304

*~t* END OF CYCLONE

1
1
1
1
1
1
1
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t MOM WATEP LCVELS AND

TOTAL cat~cnrr flEs

DIE SÂ1(~4IDTI OF THE snO4ETIICÂL NATStE IS

Annex 1): Computer model

S P t LL ED VOL UMES

16)0E VOLUME SPELLIIIO
NtTMBER (643) TIKt (64114)

6216 5997 $2

WATER NALAI4CE Ik (1(31INFLO44 LEYDIOCPAPNS) 0ZNFLO44 (FIXED WATEP LEVELS) : 0RAENFALI. $736‘ TOTAL IN . 6736

OUTFLOW )SPILLWAYS) - 5997
OUTFLOW (PI.114P5) 0
OOTFLCM (FIXED WATER LEVELSI 0
EVAPOL1T1064 0

TOTAL OUT 5997STOR.AOE 054240E - 2765TOTAL OUT - STORAOE aAI4OE : $752
SALAJICE ERROR 16 t

END OF CYCLON

CO6IOT NODE SURFACE WATER I14VERT 03Hfl) FELLINO TIME TIME DISCEARCt VELe— ORJ.DIENVS 5&TTOn REN.ARKS

I NUI~R

PO4ER LEVEL
(M)

LEVEL
)M)

LEVEL
CH)

DEn
CM) 1%) ‘\I (MIN) (MIN)

CITY
(fl315) IN/S)

WATER ENVEST
(1-1) (1:1)

WEorn
1(4)

23$

375~

236

74

6 00

6.00

--4 00

6 00

OPEN C)WDUITS WITt TRAPEZIUM PROFILES : - -

to 3213
3391

15 3249
4210

20 339S
3249

30 3391
3393

35.17
33.37
32.31
3162
32.99
32.31
33.37
32.67

35.04 35.92
33.30 33.22
32-22 32.16
31-.52 31.17

32.6% 32,14
22-~22
33.30 23.22
32.70 32.62

.15 12

.15 51

.15 3$
21 62
15 S

—15 3$
.15 51
.25 34

4$
54
46
60
46
46
14
59

49

49

46

56

.011 .zr

-146 50

-~020 t 10

-261 59

169

361

15$

371

163

316

141

366 -

6 00

6.00

6 00

600

40 3393

4207
30 4207

4210
60 4310

425$
44 4233

5206

32.67
31.60
31.60
31.62
31.62
30.71
3013
36.60

32.70 32.62
31.~4 31.65
31.74 31.65
3152 31.37
31.52 31.37
30.65 30.46
30.00 - 299$
26.73 26.66

-25 34
.15 59
.15 59 -

.25 62

.25 62

.2)5 37 -
15 15

.15 66

59 1
62
62
60
60

- 44.
66
46

60

61

63

46

.190 .73

496 66

.727 ‘ 99

176 60

t 00

S 00

-

6 0O

15.00

6 00

s.O13

- 6.00

66 4242
4254

70 4242
5215

$0 425$
4267

90 425$
5261

30.37
30.71
30.37
21.60
30.71
32.01
30.71
25.35

1024 30 22
30.66 30.56
3G~24 30.22
26.34 2$ 45
30.56 30.46
31.67 31.66
30.53 30.46
26.30 21.10

.15 12

.15 16

.15 12

.13 61
.25 37 —

.15 5

.2% 37

.2% $0

4$
52
4$

30
64
46
64
63

52

4$

47

64

.024

tô~

- 021 .

.646

95) 6206
6215

100 5101
5272

110 5132
5297

140 5215
5261

25.60
25.60
29.09
26.00
36.00
27.37
26.60
26.36

26.73 21.66
25.54 2$ 45
23.94 21.94
17.97- 27_IS
27.65 27 $5
37.1.-4- 270-2
25.54 26.45

26.30 26.1.0

.15 56
15 61
15 3
25 66 -

.15 2

.23 -*6

.15 61
-25 $0 -

46 1
50
46
64
40
66
50
63

4~

46

45

52

013

006

.396

150 5261
5372

160 5273
6292

16$ 53)6
5292

170 3392
3297

26.36
26.00
26.00
27 40
27.74
27.40
27.40
27.27

21.30 26.10
27.97 27 75
27.97 27.75
27.35 27.05
27~63 27.59
27.35 27_OS
27 35 27.01
27.14 27.02

.35 $0
.25 --$6 -
.25 $6
.35 $5 t
.15 1~
.35 $5 ‘—

.35 $5 •

.25 4$

43
64
64
34

-61
64

66.
66

63

65

49

66

1.51$

1.669

100

1.916

[$0 6109
6264

165 6297
6264

190 6264
6266

25.70
25.60
27.27
25.60
25.60
26.15

25.56 25.55
25.65 25-25
27.14 37.02
26.55 IS.fl
2555 23.25
24.96 24.50

.15 23

.36- $6 -

.35 4$

.35 $6 •

.35 $6 *

.35 46

67
67
66
67
67
67

50

66

67

.050. .09

1.996 1.56

3.162 1.56

756L

94

211

$00

$4

277

4.00

6.00

6.00

.19 5O5~

.34 1$

.14 9$

.97 116

.51 519

OS 102

05 126

52’ 765

23~

235

211--

71

514

$4

9T~

500

$4

106

542

235

399

277

1333

1 .22

1 . 09

17

1 .63

299

453

55$

193

FREflOA.RD coat
OPfl O3WDUITN -.
(3 OF DEPTE)

6.00

6.00

6.00

6.00

0% — 5%
3% - 10%

10% — 20%

FILLII4G or CLOSED Ptt 96% — 100%
COWDUITS St 90$ - 95%
(t OF DEPTR\DEAH.) t 60% - 90%

66.7000 NA -

S POSITIONS

P0SITIVE DISaASOE fl064 WW TO NEON
NODE MUMEER

D—19
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Annex D: ComDuter mndr~

RAIX CORVES

t—— 0% — 3%
-— 5% — 10%
- 10% — 20%

SPILLED VOLUMES

NODE VOLUXE 391 LLING
I4UJIDES (643) TIME (HEN)

4433 3649 63

ctostoFILLXNG 0?
OOWDUETS
(t oF D~DI\DtA.X.)

36.6000 LA

POS ITIOn

WATER RALANCE EN (643)

- ENFLOW (IYDMOCRAPES) . 0
INFLO44 (FIX~ WATER LEVELS) T 0
RAINFS.LL t 4960

TOTAL IN 4960

- O0TFLO4I (SPILLWAYS) ‘ 3630
OUTFLOW (PUPeS) ‘ 0
O0’lFWW (FEXC WATER LEVELS) t 0

EVAPORATION - 0

TOTAL OUT 3630
STORAGE CIAJIGE t 1117

TOTAL 04fl - STOLkOE CXAWOE t 4966

- 3AL.PJ4CE ERROR t 13

- END or CYCLOW

R.AIM TIME (MXX) 0 15 16 30 31 45 46 60 61 75 7451
CURVE 1 INTENS. (601/3) 6.5 6.5 16.7 16.7 63.6 65.6 32.0 32.0 12.3 12.2 6.3 6,

TIME (MIII) 91
ENTE3(R. (60(/E) .0

NAZI MUM WATER LEVELS 6140 DISCHAROES -

OOVDT NODE SURFACE WATER INVERT Q3NDT FILLINO TIME TIME DIScSAROE VELO- ORADEDI’ES SOTTON REMARICS
604)01? NXER LEVEL LEVEL LEVEL DEPTE CITY WATER INVERT WIDTR

(Ml (1) (M) (M) (t) \t (MIN) (XIX) (1(3/S) (M/S) (1:0) (1:X) (N)

OPEN CONDOITS WETS TRAPEZIU14 PROFILES - - - - - - - - - —

10 2227 39.36 39.24 39.21 .13 17 46 46 199 .67 67 63 6.00
2393 37.00 36.94 36.13 .15 60 42

20 2340 39.72 39.34 39.57 .13 43 g6 46 .233 .79 106 106 6.00

2377 37.66 37.76 37.73 .13 20 47
30 2377 37.66 37.76 37.73 .15 20 47 46 fl74 .56 131 113 6O0

2393 37.00 36-94 36.63 .15 60 42
40 2377 37.16 37.76 37.73 .15 20 47 46 196 .72 76 ~73 . - 6.00

3321 35.43 35.35 35.21 .1.5 45 42

50 3393 3700 36.94 36.15 .15 60 43 44 666 1 11 134 130 -- 600
3354 35.20 23.19 35_OS .15 94 -- 47

60 3307 33.24 33.19 33.09 .13 63 57 66 - 019 34 147 133 6.00
3310 36.20 36.07 36.05 .15 13 44

70 3323 33.00 34,57 34.75 .23 46 49 33 .397 63 444 431 6.00
333$ 34.31 34.24 34.13 .16 61 39

60 3307 33.34 35.19 35.09 .13 65 37 37 .151 .41 416 460 6.047
3333 34.60 34.46 34.43 IS 19 61

90 3321 33.43 35.30 33.31 .15 43 42 43 .337 .70 240 216 6.00
3323 33.00 34.67 34.73 .23 46 49

90 3333 34.60 34.16 34.43 .13 19 61 60 .106 ~26 416 312 6.00

333$ 34.31 34.24 34.13 .16 61 39
100 33.33 34.60 34.46 34.45 15 19 61. 39 .142 .33 125 123 6.00

3492 33.30 33.21 33.15 -15 40 51
110 3336 34.31 34.24 34.13 16 63. 59 51 .46* ~77 307 31% 6.00

3343 34 03 33.90 33.60 25 39 33

120 3343 34 05 13.90 33.60 .25 39 53 49 —-712 1.06 193 200 6.00
3334 35.20 33.19 35.05 .1.3 94 ‘ 47

130 3343 34.03 33.90 33.10 .23 39 53 33 1.041 1.03 175 141 6.00
4316 33.31 33.30 33.06 .25 95 •-— 33

150 3492 33.30 -33.21 33.15 .13 40 - 11 33 .330 .42 457 316 6.00
4466 72.90 32.63 32.60 .30 76 57

160 4305 33.14 33.09 3290 .24 60 • 35 34 —1.142 .69 609 761 6.00
4316 33.31 33.30 33.06 .25 93 •“ 33

170 4305 33.14 33.09 32.90 .24 60 - 55 36 1.165 .94 506 449 6.00 - -

4446 32.90 32.13 33.60 .30 76 57
160 4433 32.36 32.27 32.06 .20 100 59 36 —1.637 1.27 296 305 6.00

4464 32.90 32.63 32.60 .30 76 57

FREESOARDCODE
OPEN CONDU ITt
(3 OF DEPTI)

TOTAL CAT~4nIT AIEA

TIK SAMDWIDTX oF ‘rEE SYJO4ETZICAL NATStE IS 4

gss ~s% — 100%
tt 90% — 93%
t 60% — 90%

POSITIVE DISCIARGE fl061 (.011 TO 5105
NODE NUMEER
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Annex E: Error afla1ysj~.

E.1 ERRORANALYSIS.

The resuits of the computations are not as accurate and
certain as they may seem because of uncertainties in the
input and the inodelling. Therefore a freeboard of 15% is
taken into account.

A siinplified equation to compute the discharge is:

Q C*A*i with Q discharge in [m3/s]
C = runoff coefficient [‘—]

A Catchment area [in2]
i = ram intensity [m/s1

In this equation only the inost important factors for the
discharge are present. These factors have the biggest impact
on the water levels. They will be discussed further on. The
sophisticated computer model of the drainage system also
takes less important factors into account; such as slope and
roughness. These have a smaller impact on the water levels.-

E.l.1 Rainfail.

Because of errors in the measurements of the rainfali the
rainfail figures have already been increased with 10%.
According to a study of the RIRDPW the measured ram
figures are 10% to 15% too low.
The relation between daily rainf all and rainfail in short
periods was derived from 3 years of pluviographs only. This
makes the outcome uncertain.
From the measured rainfall figures a 95% confidence interval
was derived. This interval indicates that 95% of the extreme
values of the ram intensities for a duration of 0.5 hour
are between 18 and 26 mm/h and therefore that 97.5% of these
extreme are below 26 mm/h. So there is a 2.5% chance that a
2 year ram intensity for this duration is below this value
(the expected value is 22 mm/h for a duration of 30
minutes). A more reasonable value wou1d~be the value which
is exceeded only with a chance of 10%. This resuits in i
22 mm/h + 10% ~ 24 miu/h.

A 10 % bigger extreme ram intensity resuits also in a about
10% bigger design storm. This has a big impact on the
relative water levels in the system.

Oat1~ Int.qrot.d R,Ixa1. Dsvs~op,nt Pro~.c-t, by ruroeonauj,t,
1
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Annc~,R! ~rrnr~ inil ~

E.l.2 Runoff coefficient. -

The runoff coefficient depends on the soil type and use.
Values for C are given in annexes D.4. The soil type and use
have been read from maps. Development of the town might
increase (more paved areas) or decrease (more walis built
round premisses, hindering the watér f 10w) this coefficient.

E.l.3 Catchment area.

The catchinent areas are read from maps. The catchment size
at a node can change if houses, walis or roads are
constructed, because they can block or change the current
water flow.

The runoff coefficient inultiplied with the catchment area
(C*A) gives the area of which all the water will be dischar-
ged. It is assumed that in this case C*A is estimated wi.th
an accuracy of 20% (taking futur changes into account).
For the Middie section a 20% smaller and a 20% bigger factor
C*A were ent.ered in the model.
The 20% smaller factor C*A resulted in floodings at node
6315 and high relative water levels (95%) at node 5346 and
6339. By filling in a design storm for T 1.5 years,
comparable water levels o~curred to the normal design
situation (T 2 years).
For a 20% smaller factor C*A, the return period could be
about 3 years without flooding (maximum filling of 93% at
node 6315).

E.1.4 Syste Characteristics.

The other input data in the model is read from the maps or
obtained from books in combination with experience and site
visits. In the model the inital ram loss is accepted to be
3 mm. 1f this would be only 1 mm, then the water levels
would be about 2% higher.
Decreasing the roughness of the catchments, from 1 to 0.5 mm
resuits in 1% higher water levels.
A roughness of the conduits of 0.1 instead of 0.5 mmmakes
the water f 10w faster. This doesn’t make the water levels
higher higher. A bigger roughness of 1 mm resuits in 4%
higher water levels, because the water is longer in the
drainage system.

The conclusion is that changing these variables does not
have a great impact on the (relative) water levels. The
model is quite insensitive to errors in these variables.

The length of the conduits, length and slope of a catchment
are obtained from the maps. It is assuined that these
variables are quite accurate (upto ±20%). The small errors
in these will therefore have a smaller iinpact on the
relative water levels.

E-2
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