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PREFACE.

This report has been written for the Rada Water Supply and
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.

From October 1990 till January 1991 I was in Yemen for this
project. Unfortunately I spent only 3 months (of the 6
months planned) in Yemen because of the Gulf-crisis. Because
of this I missed the rainy season and due to this I had to
change the subject of my thesis a bit. It has become more
theoretical.

I would like to thank the team members and DHV, Consultants
b.v. for helping me and making it possible to work at the
project and finally Louise M°Illwaine for helping me with the
English.
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SUMMARY .

Although the average rainfall in Rada is only 200 mm/year,
rain intensities can be very heavy. There is no satisfactory
drainage system. After heavy rainfall parts of the town are
flooded for several days. The rainwater mixes with the solid
waste and waste water on the streets. This mixture 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 systenm,
a solid waste collecting system and environmental health
education.

For reasons of cost and maintenance the rain water will be
discharged over the streets, which will be asphalted and
shaped in a manner suitable for conveying stormwater. A
typical cross section of a road is presented below:

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 agricultural
land east of the town.

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 egqualled or exceeded once in 2
years (averagely) can be discharged. A design storm
occurring with a return period of 2 years had been
determined 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 systemn.

The design of the drainage system has been changed where
necessary. Only minor 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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OBJECTIVE.
The objective of this study is:

to check the present design of the drainage system 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 mixture of solid waste, waste water and
stormwater 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 RWSSP is to improve the public health
situation in the Rada Urban Area (RUA).

A design of the drainage system has already been made and 1is_
presented in the Final Design Report of 1989‘". This is the
present design of the drainage system and is based on 11
years of daily rainfall data only. However, at the end of
1990, more rainfall 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 still acceptable; i.e
to check whether the present design of the drainage systen,
is appropriate or not. If not, proper adjustments in the
design have to be recommended.

1)
Final Design Repor% RWSSP "~ ~olunme 1, HMaln report, December 1989, [lit. 1
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INTRODUCTION.

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-line 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-Yemen.
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Figure 2: Cross-section Yemen.

Rada is located on the plateau at 2100 m above sea level,
155 km from the capital Sana‘a. The Rada Urban Area (RUA)
consists of two 0ld settlements 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 }s semi.desert with temperatures ranging
between 15°C - 30°C in the hottest months and 2 C - 22° in
the coldests. During the day, when the sun has warmed the
surface, dust devils are formed by the difference in air
temperature. 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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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 rainfall causes floodings.
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The RWSSP.

The Rada Water Supply and Sanitation Project (RWSSP) has got
the objective to improve the public health situation through
the implementation of a drinking water network, a sewerage
system, a solid waste disposal system and a drainage system
in the RUA, together with an Environmental Health Education
(EHE) and an institutional strengthening programme.

The project is carried out by a joint venture of
Euroconsult, DHV Consultants b.v. and Agrovision and the
Yemenite counterparts, consisting of members of the Ministry
of Municipalities and Housing (MMH) 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 Cooperation.

In this report the drainage situation and solutions for the
problems with the drainage of stormwater are discussed. In
annex A the other subjects of the project are presented more
elaborately.



STORMWATER DRAINAGE.

Problem survey.

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

Nowadays the combination of alleys, streets and depressions
is still the only means for the drainage of rainwater. This
0ld drainage system is not functioning well any more. LCue 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 o0ld drainage pattern is disturbed and after
heavy rainfall parts of the town are flooded for at least a-
week. The solid waste on the streets contributes to this
problem, by clogging the old drainage system.

Figure 4: Flooded streets in Rada.

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



In Rada almost all roads are unpaved‘*. These roads are
nowadays more affected by the rainfall than before. The
motorized traffic has increased. Because the drainage of the
roads 1is 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 out of town. At the moment the solid waste
is already being collected and dumped at a dump site, but
still a lot of garbage ends up in the streets.

Hence, for reasons of public health, protection of
buildings, road maintenance and comfort, a proper stormwater
drainage system will be needed. -
Note: In the following, the terms ‘present design report’
and ‘present design of the drainage system’ are used,
referring to the situation at the end of 1990; as presented
in the Main Report and annexes of the Final Design Report,
december 1989. It is emphasized that these are still only
designs and at the moment no drainage system has been
constructed vyet.

Separate versus combined drainage system.

The stormwater can be transported either combined with the
waste water, through a combined system, 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 1is needed to protect
them from being damaged. This would mean deep excavations.
Because of the rocks in the ground, the excavation costs
would be high.

The ratio between waste water and storm water is 1:100 to
1:300. So, in the long dry pericds only little water flows
through the large pipes of the combined sewer network, with
small velocities and consequently deposition ¢f solids, thus
requiring extensive maintenance.

2y

In figur= 2 the asphalted roads are shown (as far as I can remember;, Except for the

road tfrom Dhamar to Al-Bajyda, the asphalted roads are |n poor condlition.
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Finally, for a ccmbined system, 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. If
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
stormwater flow. Still, for a storm with higher intensities
than the design storm, untreated (but diluted) water will
have to be discharged.

Lay-out present design of drainage systemn.

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 some low areas in town are filled up. The town has been
divided into four separate sections: North-East, North-West,
Middle and South, each discharging the water to another -
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 falling 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
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 primary system. The
primary system follows the main roads. It collects the water
of the secondary and tertiary systems and discharges the
water out of town.

The design of the drainage system in this report only
concerns the primary systenmn.
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3.4 Type of drainage systemn.

The primary system can be of the following types:

1) Closed drain structure.
- Collector drain under the road surface.

—— £ i
———e

- Closed culvert structure in the axis of the roads or

at one or both sides of the roads.

L ]

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

3) Road Surface Drainage (RSD).
- asphalted road with kerbstones.

10



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

An extensive comparison between these options has been made
in "Considerations and recommendations for stormwater
drainage, RWSSP" [1lit. 3]. The conclusion is that for Rada
the road surface drainage is the best solution.

The considerations are listed in the table 1:

Closed Open RSD
Space required + - +
Traffic + - -
Safety - +
Maintenance - - +
Costs -- - + )

Table 1: Considerations type drainage systen.

Space required.

For the closed drainage systems and for the RSD no separate
space is reguired, whereas for the open culverts lack of
space gives problems with fitting the system in the densely
populated town.

Traffic.

A closed drainage system does not 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 rainfall
intensities exceeding the design intensities.

For the RSD, the surface 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 rainfall.

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 clogged by
solid waste, sand and stones.

To prevent sand and stones entering the closed system, the
surface should be asphalted. This makes it even more
difficult to carry out maintenance works. To keep the open
culverts open, maintenance will be necessary. There is some
experience with an open discharge channel through Rada: it
was clogged very quickly, and hardly any 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 maintenance costs are
estimated to be half of those for the culvert system, and
even 10 to 20 times smaller than for the closed drainage
system. .

Conclusion.

The RSD has been chosen for the drainage of stormwater in
Rada. The low costs and easy maintenance of this alternative
were the decisive arguments. This solution can be seen as an
improved old situation. Originally the stormwater was
drained over the streets too. The difference is, that now
the rcads 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 1s 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 system. To derive optimum profit of the paved
roads, additional roads will have to be paved by the local
authority. See annex Bl, figure Bl 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. If these are omitted, the people will
make them themselves, ruining the roads and the drainage
system.

Cross section primary system.

To ensure that the whole street will not be covered with
water after a small rainfall event, the roads should be
sloping towards the sides or the middle. In consultation
with the authorities concerned'’’ a cross section such as 1n

MHLP: ™inistr, ~f Housing and Urban Plannina

12



figure 6a has been chosen for the greater part of the
primary system. See annex B2. The side slope will be small
(i, = 1:100) to limit the side depth.

a) main roads:

b) small roads:

Figure 6: Cross section primary drain. a) main 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



PRESENT DESIGN STORM.

Introduction.

For the design of the drainage system, it is necessary to
kKnow how much rainfall can be expected and how much should
be drained. If the design is made for a very heavy rainfall,
which occurs very rarely, the system will be able to drain
all the water in most 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 Final Design
Report of the RWSSP, December 1989. It was accepted that the
drainage system had to be designed on a rainfall with a :
return period of 2 years. This is a commonly used return
period for urban areas like Rada. This would mean that
(according to the computations) 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
rainfall only. From these daily rainfall figures the
rainfall intensities for durations of 15 minutes and longer
were derived with the method as described in the paragraph
below. This storm is referred to as the present design
storm.

Rainfall intensities used for present design storm.

From 11 years of daily rainfall for each year the maximum
rain falling in 1, 2, 3 or 4 consequent days is computed.
This is the k-day rainfall for k = 1, 2, 3 or 4. Out of
these maximum rainfall figures it is computed how much rain
falls with a return period of T = 2, 5 or 10'Y years. This
has been done with the method of Gumbell (see annex C.4.1).
This way the maximum rain 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 into rainfall intensities for short periods.
The following commonly used intensity-duration equation 1s
used:

tan

Since only 11 ,ears of rainfall data were availables, the rainfall with a return period

of 1O ,aars 1% un<ertaln
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_a
(brty) "

with I, = average intensity in mm/hour
t, = duration of rainfall in hours
a, b and n are constants.
This equation is for periods smaller than 24 hours.

In the computations 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 the
values for a and n). The rainfall intensities for short
durations can now be found. Because rainfall intensities for
durations of 15 minutes are derived from daily rainfall
figures, the result is not too reliable and sensitive to
little changes in the four k-day rainfall figures. The
outcome is also uncertain, because the equation is meant for
a period smaller than 24 hours, while the input consists of
k-day rainfall figures.

According to the Final Design Report of the RWSSP, this
method resulted in the following intensity-duration equation

for a return period of T = 2 years:
I, - 27 __ ’ ]
(0.3+r, 7" %

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

With the computed intensity-duration equation a design storm
for T = 2 years was created, using the so called USA Soil
Conservation 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."

Conclusion RWSSP design storm.

The rainfall intensities as given in the Final Design Report
of the RWSSP, 1989 are not very reliable, because only daily
rainfall figures were used. Furthermore, it appeared that
the method as described in the Final Design Report had not
been applied correctly. The resulting intensity-duration
equation gives higher intensities than the theoretical
correct solution (best fit). See figure 7.

In figure 7 also the largest rainfalls in 60 minutes,
measured 1n Rada, are given. In the three years of which
pluviographs are available, the measured rainfall exceeded
the 30 mm in 60 minutes already 3 times. According to the
results and data as presented in the Final Design Report, a
rainfall of 30 mm in 60 minutes would correspond to a return

15



period of 5 years. It is very unlikely that a rainfall with
a return periocd of 5 years, is exceeded 3 times, within a
period of 3 years.

Consequently, it is concluded that the results as presented
in the Final Design Report, December 1989 of the RWSSP, are
probably too small.

Felun period T = 2 years

E Y =
5 /1 :
~§ ’/ J \\ -
@, 20 N ,
’ 10 4 \‘\ l
0 _ ]
¢ N 1 N 4
)’ ' tme [day].
’ R a k-day rainfalf . .
o f 2 \ N
35 4
8 RWSSP
30 o line
Eﬁ 25 4
: 20 B // best fit
3 a *
S / ,//
° 5 ///9/
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5
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twne [hour]

> measured rainfall in 3 years

Figure 7: Rain-duration curves: RWSSP-curve and best fit.
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NEW DESIGN STORM.

Due to the fact that more rainfall 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.

General.

In Rada the average yearly rainfall is about 200 mm. There
are two rainy seasons: The first, in which most of the rain
falls, is from January until May. The second rainfall period
is from July until September. See figure 8. In arid areas
like Rada, rainfall is mostly caused by convective

storms‘®. This means that the rain falls with a high
intensity during a small period. The rainfall 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. )

average monthly rawnfall [mm)

JAN FEB MARCHAPR MAY JUNE JULY AUG SEP OCT NOvV DEC

Figure 8: Average monthly rainfall Rada.

(%)
Warm air at the surface rises to higher levels, where

are formed. These ars transported by the wind and give local,
intensities. These shovers mainly occur in the afternoon.
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From the measured rainfall data of Rada it appears, that
indeed the rain mainly falls 1n a few heavy showers. These
showers can flood 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 Kknow the rainfall
intensities for short periods like 15, 30, and 60 minutes.
The design storm will be fed in a computer model of the
drainage system, by which the water levels on the streets of
the primary system and the discharges will be computed.

Methods of computing design intensities.

As pointed out in annex C.l, a long series of total daily
rainfall and 3 years of pluviographs are available for Rada.
Both series can be diverted into design intensities and a
design storm (though with some difficulties). The methcds
are described below:

Total daily rainfall.

The first method is to convert the total daily rainfall
figures into rainfall intensities for short durations. This
is the method applied in the Final Design Report and
described in sub--chapter 4.1.

As pointed out before, this method is not very reliable and
sensitive to little changes in the four daily points.

Pluviographs.

For the method using pluviographs, the rainfall in short
periods is directly read from the pluviographs. A drawback
is that the amount of data is limited to 3 years, making it
impossible to find the design storm with a reasonable return
period out of the pluviographs only. Another point is that
from the pluviographs rainfall in 30 minutes can be read,
but the rain falling in 15 minutes is not clear (see figure
C2 in annex C). Therefore an extrapolation to 15 minutes has
to be carried out anyway.

Combination.

To predict a storm with a certain return period, both the
long series of total daily rainfall and the pluviographs are
used. A relation between rainfall in a short period and
total daily rainfall is derived from the pluviographs. Next
the daily rainfall can be converted into rain falling in
shorter periods. With the Gumbell method (see annex C.2.2.1)
the extreme values for different return periods can be
computed. Finally an extrapclation using the same eguation
as in sub-chapter 4.1, gives the rainfall for periods of 15
minutes and longer.

This method is better than the former two, because of the
following three reasons: the extrapolation is executed less
extended and therefore more reliable. The equation is used

18



for periods smaller than 24 hours, for which it is meant.
Finally, in this way all the information is used.

Design intensities.

In annex C.2. the way the design intensities are computed is
given more comprehensively.

To be able to convert the daily maximum rainfall into
rainfall in short periods, first a relation between daily
rainfall and rainfall in short periods was derived from the
pluviographs. Next the intensities occurring with an average
of once every 2 or 5 were conputed (the extreme rainfall
intensities). Through these extreme rainfall intensities a
line according to the intensity duration equation is fit.

For periods up to 24 hours the average rainfall intensities
can be described with:
I, —a
(b+tp?® -

with I, = average intensity in mm/hour
t, = duration of rainfall in hours
a, b and ¢ are constants.

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

48.8
(0.5%E,) 103

I,(2) =

The value of constant a for T = 5 years is 67.5. The
constants b and n are equal for all return periods. With
this equation the design intensities can be conputed.

The results of the regression analysis is given in table 2
and figure 9.

Return period T
duration 2 years 5> years
[hour ] (mm ] (mm/h] (mm]) {mm/h]
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
1.0 32.1 32.1 44.5 44.5
2.0 38.0 19.0 52.5 26.3
24 43.4 1.8 60.1 2.5

Table 2: Resulting rainfall in [mm] and rainfall intensities
in [mm/h] for return periods of 2 and 5 years.
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Figure 9: Intensity duration curve.

Design storm.

The return period to be chosen for the design storm should
pe related to the damage caused, if water leaves the
drainage system, i.e. if the water levels rise above the top

of the kerbstones.

(a) ()]

Figure 10: Cross-section of streets.

For a situation as in figure 10a, the houses will not be
damaged 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. If the situation is
like in figure 10b, the houses will be flooded as socn as
the water leaves the drainage system (water levels above the
kerbstone). In that case the return period for the design
should be higher.
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It is not clear 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 commonly used for urban areas
like Rada, has been chosen for the design of the drainage
system. This means that, with an average of once every 2
years the water level is just below the top of the
kerpbstone‘®’.

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

[ 6.6 |
.L I -
50} |

S0+

al

320

hioh ot

Ramnfall imens:ty . [mevh)

g%

0 - L L 1 ) i

Tme In [min)

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

In figure 12 the 4 heaviest storms measured in Rada, as
derived from the pluviographs, are presented, together with
the 0ld 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 mm/h, while the average intensity of the
measured storms, for a period of 30 minutes is 43 mm/h.
Figure 12 shows, 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 mm/h. This is higher than the average peak for 30 minutes
of the measured storms (which is 43 mm/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 the

(6)
Minus a certain percentage of the kerbstone hight (freeboard) for safety rsasons. 3Sae
sub-chapter 6.2.
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measured storms, the new design storm might therefore be a
small overestimation. It is emphasized that the measured
storms are the storms of 3 years only. So from these data it -
is impossible to derive a design storm with a return period

longer than 2 years. -

=
70
W —— storm 1 -
storm 2 new design storm “-
60 1 _. storm 3 \
£ — storm 4
E o | _
> present design storm
g = -
= w0 - -
% —
0 S )
20 A I/ B
0 /. —
] //
7 /l,
N | llm
0 10 20 10 0 05 10 15
time [hour] tme [hour]
Figure 12: The 4 heaviest storms of Rada and present and new
design storm.
Areal reduction.
The design rainfall will be accepted to be homogeneous for -
the whole catchment. The rainfall figures used, are maximum
rainfall figures. If rainfall is the result of convective -
storms (as is the case in Rada), the difference in rainfall
in two close points can be quite considerate. Consequently, ‘
the average rainfall figure for the whole catchment will be
smaller than the maximum rainfall figures used. Generally a
reduction of the rainfall is not used for area’s smaller
than 2 square kilometre. The town is divided into four
sections, each not larger than 60 ha {(or 0.6 km?). Therefore
no areal reduction is taken into account. -
-
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PERFORMANCE PRESENT 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 system.
Because the new design storm (chapter 5) is much larger and
because some mistakes were made in the input of the model,
it is accepted that the present design is no longer
adequate.

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 combination of nodes and conduits.
The program transforms the precipitation on a catchment into
an inflow hydrograph at a node. For this purpose the
overland flow is computed, taking into account the slope,
length and roughness of the catchment. In the system of
nodes and conduits the varying water levels and discharges
are computed at the nodes and in the conduits respectively.
The input consists, amongst others of:

-catchment size, slope and typical length.

-roughness of conduits and catchments.

-surface and invert levels at nodes (see figure 13).

-length and shape of conduits.

-runoff coefficient.
See annex D for a more elaborate description of the model
and the input.

surface level

s al

Invert level

v

——

Figure 13: Cross section road. The surface level 1s the
ground level next to the road. The invert level
is the lowest point of a cross section of a road.

Critical water levels.
The input of the new design storm in the present design of

the drainage system!”’, showed that the system is not
adequate. Flooding occurs in the Middle and North-Western

"y
As given in the annexes of the Final Design Report RWSSP, december 1989
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section, and at the other sections relative water levels'®
are so high (>90%), that, regarding uncertainties in the
input and the modelling, flooding might occur (see table 3).

section relative
water levels

North-East 95%
North-~-West >100%
South 83%
Middle >100%

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

A freeboard of 15% (i.e. relative water levels < 85%) is -
accepted, because of the uncertainties in the input (design
storm a.o.) and modelling of the drainage system (see annex
E).

Difference in modelling.

As some errors were made in preparing the input to the
model, the input was controlled and where necessary changed.
For example:

Some node numbers were exchanged. To node 5331 of the middle
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
maps. The schematisation of the catchments 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 critical length of the
catchments were measured again,

The new input is given in the annex D.

(8)

the kard hight (surfact level - invert level) in percentages.

24

The relative water levels iz referred to as the waterlevels in a conduit dividad through




. -y
6715 6316 6329 T -

N--—
-*
, ~ 5380 T~
N\
\ //
- ~ i

—~—- primary drainage system
- ---- - border of catchment
. - - - Outlet

s331  Node number

Figure 14: Middle section.
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NEW DESIGN OF DRAINAGE SYSTEM.

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

Recommendations.

The alterations in the design are not radical. They are of
two kinds: The most important is to reduce the relative
water levels to acceptable levels, while the other is to
obtain limited sizes of kerbstones. The recommendations are
given in table 4.

For the construct.ion of the 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 S50 cm
high, with a kerbstone of 65 cm at one point. Because of -
this, some minor adjustments should be made to the present
design of the drainage systemn.

Middle section.

The largest problems occur in the middle section. The water
from nodes 5390 and 5392 is forced to the main street in the
north, from where it flows out off town 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 section (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 surface level of these nodes 5 to
15 cm higher. Now, to be able to discharge the water from
the whole connected catchment, the low areas round node 5331
should be filled up a little bit (about 10 cm).

The invert level at 5331 should be higher, while at 5333 and
6310 it should be lower. This solution reduces the relative
water levels to acceptable levels.

In the model, a node is added just before the spillway, to
be able to connect the corresponding catchment to that point
and to check the situation 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% only occurs at node 6315. This
is in the main street. The higher the kerbstone will be the
greater will be the hindrance to the many pedestrians in
this busy street. A kerbstone 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 following two reasons:
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4233 to Southern section
5205 to Southern section

Surface level| Invert level 4}
{cm] [em] (cm above ref.level)
Node new old new old
North East
4498 2962 2975
4489 2945 2943
5301 2980 2982
5448 2506 2504
6420 2503 2508
6494 2356 2341 *
6495 2355 2340 @
North West
3338 3428 3431
4466 328% 3290
4305 331% 3314
4316 3341 3331 -
4452 3222 3197 *
4453 3121 3096 @
4455 3122 3097 *
Middle

5236 left out of model, because very close to
5318 2646 2651 next node.
5345 2562 2560
5331 2470 2461 2455 2446
5333 2450 2444 2425 2429
6310 2435 2431 2410 2416
5346 2490 2491
5377 2503 2500
5390 2557 2547
6316 2426 2428
6339 2374 2349 *
6379 2395 2370 =
South
4210 3162 3160
4258 . 3071 3066
4233 3013 2998 from middle section
5205 2880 2865 from middle section
5261 2835 2830
5292 2740 2735
5297 2727 2722
6264 252% 2530
6286 2515 2520

*new node before spillway.
@Spillway displaced.

Table 4: Recommendations surface and invert levels and
nodes: differences between present and new design.
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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 model, results in an overestimation of 10%
of the water levels. Thus in reality the water levels will
be smaller than computed.

Secondly, before the start of the RWSSP the ground level at
that point was even 0.6 m higher than the surface level as
planned 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 immediately.

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

elavations in ¢cm above ref level

ground level 2490

N

surface level 2431

- Y

invert level 2381

yo e

) 6m
— -

0.5m

Figure 15: Cross section at node 6315.

North-Eastern section.

Only minor alterations in the design were necessary. The
freeboard is > 14%. At node 4479 (see figqure 16) the kerb
stone is even 65 cm high, because at that location the
primary drain is cutting through a small hill.

-

border of catchment
==~ 4 outlet

Figure 16: North-Eastern section.
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Southern section.

Nodes 4233 and 5205 of the middle section were connected to
node 5215. To prevent flooding or high relative water
levels, the surface level at nodes 5261, 5292, and 5297 have
been increased (increasing the conduit depth). See figure
17. At node 6264 the invert level is lowered. The results
are freeboards of about 15%.

Legend.

—+—— primary drainage system
-~ - - -border of catchment

- « o OUtlet

5205 ncde number

Figure 17: Southern section.

North-Western section.

The surface level at node 4316 can be 10 cm higher than the
surface level in the Final Design Report, without causing
problems for the over land flow. This results 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 RWSSP seems impossible. At 160 m from node
4466, an invert level of 32.06 m is too low to spill the
water on the surrounding fields with a ground level of
32.60 m. A solution would be to have the spillway 200 m
further to the north, with a conduit to it. This solution
was derived from maps only. A proper solution has to be
found by a visit of the location.

The water should not be spilled to the east, because then it
might enter the North-Eastern section at node 4483.
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Figure 18: North-western section.
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7.2 Results.

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

Relative water levels
at design:

section Present New
North-East 95% 86%
North-West >100% 81%
South 83% * 86%
Middle >100% 92% **

* Before adding 2 nodes of the middle section.
** At node 6315. The other relative water levels < 85%

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

The water levels can be quite high in some parts of Rada.
Especially between nodes 5346 and 6340 in the middle
section, the kerbstones of 50 cm are a hindrance to the
people, because the street concerned 1s one of the busiest
in Rada. Alternate solutions for the discharge of the water
to reduce the size of the kerbstones are: a retention
reservoir upstream 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 main 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 m?, 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
rainfall. i

However, a reservoir of 750 m® is difficult to fit in at that
location. Node 5377 seems to be the best node to discharge ~
the water to, but there is only 70 cm of fall available
between the empty space and node 5377. Conseqguently, 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 m? . This is not available.
Another option is to drain the reservoir by pumping, so the
reservoir can be deeper. This solution is rejected, because
then the drainage system would become 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 Middle section (from node 5346
or 6315 onwards). Nevertheless, an open channel will very
soon be clogged with sand, rocks and garbage. A sewer
requires a diameter of 1.5 m. This would mean excavations of
2.3 m to include 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 spill the water on the
agricultural land. Finally a sand and garbage trap should be
constructed at the beginning of the sewer, to prevent
clogging. All this would make this alternative much more

expensive than the Road Surface Drainage. The costs and the

fact that the sewer might be clogged, is an important
disadvantage of this solution.
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Wider roads.
If the width of the roads is 8 m instead of 6 m, the water
depth will be considerable smaller. Assume Cheézy:

Q = bhCYRI
with Q = discharge [m’/s]
b = width of road [m]
h = waterdepth [m]
C = factor of Chézy
R = hydraulic radius (m]
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 m. The equation
above can now be rewritten as:

2 2 -
Q-thC\/—LI—E - 0.92C/T+bh’ :

Then if is accepted that the discharge is constant, a rough
estimate gives that the waterdepth for a width of 8 m is
almost a factor (6/8)?° smaller than the water depth for a
width of 6 m:

1

o, -0 = bth = b,h,

N'u

or

2
3

b,
h, - (?i) hy

In the present design of the drainage system some roads at
critical locations are already 8 m wide. In figure B2 of
annex B the width of the roads of the primary system is
given. It is not possible to read from the maps whether
other roads can be made wider too. It is recommended to
investigate on site the possibilities of making some roads
wider, to reduce some of high kerbs.
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CONCLUSIONS.

As the present design storm‘® seemed to be too small, a new
design storm 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 system 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. On the other hand,
the duration of the high water levels, during which traffic
will be impossible, is short. After this period the water
levels will be small and the hindrance limited. Within 2
hours after the end of the storm all the water will be of
the streets. Upstream in the system the roads will be dry
even quicker.

Especially during the long dry periods with no rainfall at
all, the high kerbstones might seem odd to the people.

A heavier rainfall than the design storm will still cause-
flooding‘*®’., 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 rainfall.

The impression is often 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 secondly 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 nuisance to the people. Yet,
alternative solutions 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 alternatives. Wider
roads is an option, which still has to be investigated.

Conoluding:

With the new drainage system the water will be discharged
out of town in a few hours, whereas nowadays parts of the
town are flooded for several days after heavy rainfall.
Another advantage of the drainage system is, that the main
roads will be asphalted.

These will be great improvements and will compensate for the
high kerbstones and hopefully improve the living conditions
of the inhabitants of Rada.

("
as presentsd in the Pinal Design Repore, MISSP, Decamber 1%89.

(10)
A creatsd storm with a rsturn period of 3 Years and a mweasured storm with the sawe

returm period indeed showed that in the Middle section flooding would occur.
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Annex A: Background information.

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, irrigating 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-Yemen. In North-Yemen the Imam had the absolute power,
but in 1962 the military took over after a coup. In the
civil war following, 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 Saudi Arabians. 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 revolutian
in 1967, dismissing 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 inhabitants) and about 12 times as big as the
Netherlands. The so0il is reasonably fertile, resulting in
substantial rainfed agricultural activities where enough
rain is available. Besides, the exploitation of o0il (partly
on the former border with South~Yemen) has been started.
But until now the land has only a few revenues. Before the
Gulf-crisis, many Yemenite were working in countries like
Saudi Arabia, Kuwait, Iraqg, etc, bringing or sending money
home. Because of this money quite a lot of expensive goocds
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 Western 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 gat-session in the afternocon.
Qat is a stimulating (non-addictive) drug. The leaves are
chewed and stored in the cheek during the gat-session, which
can last until 8 o’clock in the evening. During gat-session
problems are discussed and arrangements made. Qat is said to
have a positive effect on the discussions. For gat a lot of
money is spent daily; about 15 Dutch guilders.



Yemen is an Islamic state. Of course some differences in
customs exist over the country, but specially between the
former South-Yemen and North-Yemen. In the former Socuth-
Yemen the Islamic rules were (applied) less strictly. In
Aden there even is a brewery. Now the two countries are one,
it is the question whether the more fundamentalistic North-
Yemen will demand that this brewery will be closed or not.
Also the women are freer in South-yemen, but even in North-
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
walls, the veils go off. The life of men and women is
separated. Even at the wedding ceremonies there are separate
parties for men and women.
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Annex A: Background information,

PROJECT.

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

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 falls 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 because of the intermittent
supply. Many pipes are above ground level and pass through
pools with stagnant waste water, (sometimes) rainwater and
solid waste. If the pressure is off, dirty water can enter
the system. Bacteria in the contaminated water, can multiply
if the water is in the storage tanks (on the roofs) in the
sun for longer periods.

The water consumption is estimated to be 45 - 50 1/c/d‘‘.
This is expected to increase, as the number of taps and
flush toilets increase. The water demand is estimated to be
100 1/c/d in the year 2010‘®. 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 needs a safety chlorination.

(1)
litrss per capita per day.

2)
Water consumption for the Netherlands is 150 l/c/4.
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Annex A: Background information.,

A.2.2 Waste water.

Previously, all waste water was spread out over the land
round the house, where it infiltrated or evaporated. In the
traditional toilets the fluid and solid excrements were
separated. The solid part was and is used as fuel for bath
houses etc. .
Because more houses are nowadays 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 increasing a
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 clogs the - s
topsoil and blocks the ways of discharge.
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Figure Al: Surroundings of Rada Urban Area.
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Annex A: Background information.

Nowadays some facilities to dispose the waste water are
available; such as soak-away pits and a small sewer system.
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 km north-east of Rada (see figure 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
improvements 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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‘o
Solid waste disposal.

It is common in Yemen to throw the solid waste over the wall _
round the house on the street. Previously, when almost all

the garbage was organic, this didn’t cause severe problems.

But since plastic bottles and bags were introduced, they are
everywhere on the streets. So problems as described above -
occur. . _
By the Municipality a solid waste disposal system had been ‘
introduced several years ago, but this was not 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 compactor truck and dumped at a dump site

out of town. To make solid waste collection successful, it :

is accompanied by a corresponding Environmental Health

Education (EHE).

Environmental Health Education.

To convince the people of the purpose of the project and to

make them confident with the works of project, an

Environmental Health Education (EHE) was set up. The

participation and the involvement of the population is .
important to prevent the failing of the project.

The EHE consists amongst others of information about the use

of water and the containers. Videos are made and shown and a
periodical is distributed. Schools, mosques and gat-sessions -
are used to give information. A considerable part of the EHE

is addressed to the women.
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ROADS TO BE PAVED.

The roads to be paved are in figure Bl. The additional
pavement will be done (financed) by the local Authority.

i
1
|

primary drainage system to be paved

secorndary drainage system
tertiary drainage system
aditional pavement
border of catchment

outlet

Figure Bl: Roads to be paved.
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CROSS SECTION PRIMARY SYSTEM.

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

Type 1l: convex; V-shape.

Type 2: concave; roof-shape. *“"“1{/’ﬂ’/”’A\- \(‘—*—“‘
%
\-‘s -

Type 3: sloping to one side. ’d,,:f—f”’J ) )
— s

o

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. If 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

by means of the Chézy formula (assuming stationair flow
conditions):

Q - ACY/RI
with wet (cross sectional) area
hydraulic radius = A/O
wet perimeter
longitudinal slope
Chézy factor

18*3)
K

13849

—
—_— e ~N

A
R
0
i
C

C - 12log(

n

with K = roughness of Nikuradse = 0.005

(m]

The wet perimeter O, the wet area A and the hydraulic radius

for the 3 types (with a side slope i, = 1/100) can be computed
with:
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Type 1:
1 |
| !
~ \ . -
\‘ i (_S/ T \ ¥ Dls
+ -—— -
b
Type 2:
A__W (_____
h ‘s -
i - \\\\\! ) Big
T R N
Type 3:
h ’,15/,,/' big

O
1

A - hb+%bzi

s

hb+ = b2i_
R~ _ &
2h+b
O ~ 2h+b
A - Jlb—%bzis
hb-Lp2i_
R- 4 -
2h+b

5

hb-Lp2i,
2 -
2h-bi+b

- 2h+2\J (2bi)2+(2b)? ~ 284D

2h-bi+/(big)%+b? ~ 2h-bi +b

A - hb—%bzi

For the critical rain events the waterlevels will be about 0.4
m. The most frequent road width is 6 m. 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 on the factor of Chézy, which can therefore be assumed
to be the same for all 3 types of cross sections. See table

Bl.

R (R,-R,) /R, C R" ((R,-R,)/R,)"

(m] % (m*] %
type 1 0.37 +8% 37 0.60 +4%
type 2 0.34 37 0.58
type 3 0.33 -4% 37 0.57 -2%
Table Bl: Cross sections 1, 2 and 3.

B=-3
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In the formula of Chézy the discharge is proportional to the
square root of the hydraulic 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 = constantx*Aa with constant = CJ/RI

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 is 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 m and a side slope i, = 1:100, the side depth
for roads of type 1 will be only 3 cm 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 the
side depth will be 3 cm smaller than for type 3 if i = 1:100.
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 combination 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 rain event only a part of the cross section will
be covered with water. For type 1 all the water will be in the
middle, dividing the dry, accessable space into two small
lanes. For type 2 the middle of the road will stay dry. Assume
that to discharge the same amount of water the wet cross
section A of type 1 and 2 should be equal. Then it appears
that if for type 2 a lane of 2 m is free, for type 1 only 2
small lanes of 1 m would be dry. However, if the drainage
system is working properly, the roads will be dry very
quickly.

Maintenance.

In the middle 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 middle than
at the side of the roads. For Type 1 garbage, sand and stones
on the roads will collect in the middle of the roads, whereas
for the other two types thesed will be at the sides of the
roads. After a rainfall small pools will be on the road.




Type 1 Type 2 Type 3
Side depth + * -
Experience - + +
Small - + +
discharges
Maintenance - + ¥

Table B2: Comparison 3 types of cross sections.

Choice.

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

(1)
MEUP: Ministry of Housing and Urban Plannlng.

B=-5
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AVAILABLE INFORMATION.

In the surroundings of Rada the total daily rainfall 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 rain gauges. However, it is not clear 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 rain gauges.

I
':1‘ :’ . Rainfall stations n operation

. A Mechanical recorders

1 A Rainiogs

_\\ v Ramlall stations-planned
. N ——.—-~ Topographic water divide
N\A == Main water divide

\ === Boundares study crea

\ \ Main road -

\

Yo km

J Jovf\.nr\\'-.f_duqobch . —-

Figure C1: Location rainfall stations.

The average yearly rainfall totals are given in table Cl.
The stations Al-Khabar 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 km 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. On pluviographs the mechanical recorders
register the rainfall continuously. From these the rainfall
can be read in 30 minutes. See figure C2 for an example of a
pluviograph.
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Station Average rainfall Number of
[mm/year] years
Rada 204 13
Al-Khabar 201 12
Al-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 rainfall.

Unfortunately only for a few years pluviographs are
available:

Rada: 1986 frcm July
1987
1988
1989 until July together 3 vyears.

Al-Khabar 1985 from July
1986 until May
1987
1988
1989
1990 until September together 4.5 years.

Al-Khadra 1984 from September
1985
1986
11987
1988
1989
1990 until August together 6 years.

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



METHOD OF COMPUTING DESIGN 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 rainfall for each year has to be
converted into rainfall in short periods. In the following
chapter first a relation between daily rainfall and rainfall
in short periods is derived from the pluviographs. With this
relation the maximum total daily rainfall figures can be
converted into rainfall in short periods.

In the subsequent chapter it is computed how much rain falls
in those short periods with a certain return period: the
Gumbell extreme values. Through the extreme values for a
return pericd of 2 years a line according to the following
(intensity-duration) equation (see sub-chapter C.4.3) is
fit:

a -
I, = —2— :
(b+ty)

with I, = average intensity in mm/hour
t, = duration of rainfall in hours
a, b and ¢ 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 intensities. -
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CONVERSION OF DAILY MAXTIMA.

The maximum daily rainfalls, ranging between 20 and 66
mm/day, have to be converted intc rainfall in short pericds.
Hence, from the pluviographs only the heavy rainfalls are
interesting for deriving the relation. For Rada only the
storms with a daily total of more than 10 mm are used. This
vields 15 showers or points. See figure C4. In table CCl (at
the end of annex C) rainfall read from the pluviographs is
given. Of these figures the maxima for each rain event'"

are given in table CC2.

Pluviographs used.

The rainfall from the pluviographs of the station Al-Khabar
and Al-Khadra are not used. Firstly, of Al-Khabar the rain-
falls 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 mechanical 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 staticns (which is hard to detect
with so little information), this storm is not used either.

Al-Khadra is 11 km from Rada. The rain in Al-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 rainfall in a short period and day
totals, are the result of rain events of 10 to 45 mm/day.
The maximum daily rainfalls are all in the range of 20
mm/day to 66 mm/day. If, however, only the rainfall bigger
than 20 mm/day is used to find these relations, just 5 of
the 15 points remain. There are 10 storms bigger than 14
mm/day registered in Rada. The results using only those 10
points are almost the same as the results computed with the
15 points.

1)
A rain event has ended when it ls dry for at least 6 hours.

C-5
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C.3.2 Maximum daily rainfall used.

The maximum daily rainfall 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 independent. Only for 1990 data of Al-Khabar

are available and not of Rada. In table C2 the measured
rainfall is given.

Rada Al-Khabar Al-Khadra

(mm/day ] [(mm/day ]} (mm/day] -
1977 20.5
1978 52.5 n
1979 39.4 38.0
1980 34.4 24.4 )
1981 24.5 24.3 38.8 b
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 rainfall 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 Al-Khabar
is multiplied by this factor to obtain a comparable rainfall
for Rada.

Rada and Al-Khabar are located only 4 km apart, hence the
difference in rainfall is remarkable. This might 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 Al-Khadra are not used.

According to the RIRDP (for which the rainfall was
measured), the registered daily rainfall figures are 10 to
15% to small. This is due to wind errors. Some comment on
this is given in chapter C.9. Therefore all day totals will
be increased with 10%. In table C2 the rainfall figures have
not yet been increased. In table C3 in the last column for
Rada the daily rainfall increased with 10% is given.
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C.3.3 Conversion maximum daily rainfall to rainfall in 24-hours.

In 24 hours mcre rain can fall than what is called the daily
rainfall. The meteorological day for the measurement of
rainfall is from 6 o’clock in the morning, until the next
morning 6 o’clock. It is however possible that if the daily
rainfall is measured during another 24 hours, more rain is
falls in those 24 hours. For Yemen no information about the
factor 24-hour rainfall divided through daily rainfall is
available.

Because the rainfall is mainly caused by convective
storms‘? and because according to figure C3 a factor 1.0
seems more likely than a factor 1.1, the 24-hours rainfall
is accepted to be equal to the day total.

Oavy value « > 4 hows vilue
30
49 11 % cay-vaive l
Y] - -
4 _acay vaue
a2 "| o = :
40 :] o B
E 38 -
= ¥ 1
|- :
w2
.
k] -1
2B -
26
24
22 o :
20 l T t T T T T T . 1
a 4 8 12 16 T 20 24

duration [(hours]

O Gumdell exirema rainfall figures, T = 2 years

Figure C3: Gumbell extrema 1.1l*day-value and day value

C.3.4 Regression.

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

2)
Convective storms mostly occur in the afternoon, so Within the meteorological day.

c=7



The straight line y = a*x is drawn through the points in
such a way, that the sum of the squares of the distance (in
y-direction) between the points and the line is smallest.
The constant a is computed with:

N
Y Gexey)
q - At )

Now for a given x-value, the expected y-value can be compu-
ted.

An indication of the correctness of the relation and
estimation 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 = a*x is used, the correlation
coefficient is computed with:

N
(Y y>y') -N=3?
1=1

N
1=

(Y y?) -Ney?
1

In which y’ is the expected y-value computed with y = a*x
and y is the average y-value.

The results are:

Rijamur = 0.51 * R 44 corr. r’* = 0.84
Rine =0.81 * R, corr. r = 0.94
Rinmours = 0.94 * R 4y corr. r* = 0.96
Ribows = 0.97 * R 4, corr. r* = 0.97
Regnouwra = 0.98 * R 4 corr. r* = 0.98

The correlation is reasonable for 1/2 hour. For the other
periods the correlation is good. In figure C4 the rainfall

in 172, 1 and 6 hours is plotted against the daily rainfall.
It is clear that the majority of the rain falls in the first

hours.

With these results the day maxima can be converted into
rainfall in short periods. In table C3 the maximum daily
rainfall of 14 years is converted into rainfall in short

periods.
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rainfall in [mm] D measuredg}
[hours] D.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
1588 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 dally rainfall of Rada
(+10%) into rainfall in shorter periods.

The fact that a daily rainfall of 0 mm also means that the
rainfall in a short period is 0 mm, might indicate that the
relations are of the type y = a*x. However, because for the
day totals a threshold of 10 mm 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 becone
physically impossible. The relation for 2 hours would be:
R,pws = 1.09 * R, ~ 4.5
For a daily rainfall more than 50 mm, the result would be
that in 2 hours more rain falls than the daily total. It
should be borne in mind that specially heavy rainfalls (up
to 65 mm a day) are interesting. Therefore b = 0 is chosen.
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DESIGN RAINFALI. INTENSITIES.

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

The extreme values are the quantities of rainfall, that are
equalled or exceeded with an average of once every T year,
with T is the return period. A set of measured 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 symmetrical distribution). Hydraulic extreme
values, however, have an asymmetrical distribution. A fre-
quently used method to compute the extreme values is
Gumbells method.

Figure C5: Normal and Gumbell density functions.

Gumbell distribution.

Gumbell defines a distribution of the extreme values x with
the following formula:

F(y)=exp(-e7)

And thus a density function (see figure C5):

£(y) = £§g§i.= e Yexp(-e7)

In these equations y is the reduced (and therefore
dimensionless) variable of the extreme rainfall 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.
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Figure C6: Density functions for y and arbitrary x.

If s, and o, are the standard deviations of x and y
respectively, then the parameter a is equal to s,/o,. This
parameter makes the sizes of the both curves equal. It can
be seen that

—  X-X
Y-y p - _—

In this equation X and y are the average values of x and y.
Consequently:

Vv = &(XxX-X)+y = ax—a()?—%_) = a(x-u) -

The parameter u is equal to X - y *s/o, and represents the
mode of the x-distribution (point of maximum density).

The total area below the density function equals 1:

Tf(y)=F(y)| = exp(—e‘y)T =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 left is the chance P that a certain value of y (extreme
rainfall) is equalled or exceeded:

P = 1- F(y) = l-exp(-exp(-y)).

12

O
[



0.4 ﬁl —]

|

02[— -

)

0. }—

W//ﬂ/ﬂlllnn-. o
4

y

Figure C7: Gumbell Density function. -

The return period is the reciproke of this chance (if the
chance that a rainfall is equalled or exceeded is 0.1l/year,
then the return period is 10 years). This gives:

1
l-exp(-e7)

T =

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

y = -In(ln(T -1n(7-1))

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

N+1
-

T =

In this formula N = number of values and

m = rank of value.
Thus the biggest maximum is on average equalled or exceeded
once every N+1 years and the middle maximum once in 2 years.

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

Numerically:

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

C-13
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Weibull) 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 = 0./s8
u=Xx -y *s/g,

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

Weibull
return per:iod

x = rainfall in [mm]

o A e

n T Yy 0.5 1l 2 4 6 1 day
1 15.0 2.67 36.9 58.6 68.0 70.2 70.9  -72.4
2 7.5 1.94 32.5 51.7 60.0 61.9 62.5 63.8
3 5.0 1.50 29.5 46.8 54.3 56.0 56.6 57.8
4 3.8 1.17 28.6 45.4 52.6 54.3 54.9 56.0
5 3.0 0.90 28.4 45.1 52.3 54.0 54.5 55.7
6 2.5 0.67 25.4 40.3 46.7 48.2 48.7 49.7
7 2.1 0.46 22.9 36.4 42.2 43 .5 44.0 44 .9
8 1.9 0.27 22.8 36.3 42.1 43.4 43.9 44.8
9 1.7 0.09 22.1 35.1 40.7 42.0 42.5 43.3
10 1.5 -=0.09 19.3 30.7 35.6 36.7 37.1 37.8
11 1.4 -0.28 15.4 24.4 28.3 29.2 29.5 30.1
12 1.3 -=0.48 13.7 21.8 25.3 26.1 26.4 27.0
13 1.2 -=0.70 13.0 50.6 23.9 24.6 24.9 25.4
14 1.1 =-1.00 11.5 18.3 21.2 21.9 22.1 22.6
avg 0.51 23.0 36.5 42.4 43.7 44.2 45.1
std 1.01 7.5 11.9 13.8 14.2 14.4 14.7
a 0.135 0.085 0.073 0.071 0.070 0.069
u 19.2 30.5 35.4 36.5 36.9 37.7
return period Gumbell extreme values
T [year] expected rainfall in [mm]
2 21.9 34.8 40.4 41.7 42.1 43.0
5 30.3 48.2 55.9 57.8 58.3 59.5

Table C4: Conversion of maximum daily rainfall and extreme

values.

Graphically.

The maximum rainfall figures and the return periods (see
table C4) are plotted on Gumbell paper.
got a linear vertical axis on which the rainfalls are

C-14
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plotted. On 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).

If the extreme rainfalls have a Gumbell distribution, all
points should be on a straight line. The equation of this
line is:

_An(In(T) -1n(T-1)) -
«

X(T) = u+Y(T)
[+ 4

= U

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

The numerical 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 maxima and the Gumbell line
are plotted for rain-durations of 0.5 and 24 hours. -

Confidence interval extreme values.

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

x/(ﬂ = .X_(L)-+u = ;‘F—S*M
[+ On

From the diversion of the points round the line x’(T), an
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/(T)) = fﬁz[(l+1.l4( Y17 ¥y Yr¥ny2(0.6+

Oy ay 1

Assume that the distribution of the points round the line is
a t-distribution. A t-distribution is, like the normal
distribution, a symmetrical distribution, but depends on the
degrees of freedom. 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 interesting. 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 =

In table CC3 for T =
confidence intervals are given.

x(T) = t(_la)u\/Var(xj(T) )
2

2 and 5 years the borders of the
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.
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C.4.3 Intensity-duration equation.

In figure Cl0 an arbitrary rainfall which is expected to be
equalled or exceeded with a certain return period (for
example T = 2 years) is plotted against the duration of the
rainfall.

y X
a X
= X
-
c x
o
—
8 x
Q@
=] X
=
@

X

duration t . -

Figure C10: Extreme rainfall-duration plot.

For a duration t = 0, the rainfall P will be zero. The
gradient of the line gets milder for longer durations, which
is logical, since the extreme rainfall in 10 hours is only
slightly larger than the rainfall in 9 hours.

The average intensity I, for rainfall P, and duration t, is
given by the tangents of the angle B in figure C11. I, =
tan(B) = P,/t,.

extreme rawnfall P

¢ 1 duration t

Figure Cl1l1l: Average rainfall intensity.
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For durations up to 24 hours, a commonly used equation for

the average intensity is:

I o= —2 )

2 (b+tJ;
with I, = average intensity in mm/hour
t, = duration of rainfall in hours
a, b and c are constants.

The extreme rainfall P then is:

P=Iat='_—a_t._'
(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 question is whether I, is infinitive for t = 0, or that a

certain start-value I, exists. The rainfall intensity for

durations going to zero (t | 0) is given by:

_ a
a for cli0 b

I

So if b = 0 then I, will be infinitive. Physically, the
rainfall intensity can not become infinitive, because for
very high intensities the rainfall is hindered by the air

which has to move upwards. Therefore a value for I, 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

rainfall points.

The constant n.

Physically the expected rain P should increase for
increasing durations. This means that dp/dt>0 for t>0.

dt (b+t)n b+t

dp _ a ;__4at )

dp/dt equals 0 if

nt =0 thus t= b .
b+t n-1

So, if the value of n is between 0 and 1, then for all

durations dp/dt will be positive. But, if n > 1,
= b/(n=1) there will be a maximum, and for t >1 dp/dt will

then for t

be negative. This is physically impossible, because that
would mean that the maximum rain becomes larger if the

duration t gets longer.
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So b should be positive and have a certain value (depending
on the maximum intensity) and n should be between 0 and 1.
Nevertheless for the calculation of the rainfall intensities
of Rada, b and n will just be chosen so that the fit of the
intensity-duration equation is best. As the smallest
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 not
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).

Rainfall intensities.

So the average rainfall intensities can be described with:

a

I = —2 .
(bet)"

a

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

log(I) = log(a) - n*log(b + t,),

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

log(I) =Yy
log(b + t,) = x
-n = A
log(a) =B

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

N
E (Xi*yl) -N)(__y_

1
A= ==
N

Y x?-Nx?

The equation for A is not the same as in sub-chapter C.3.4,
because there the second constant B 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 computed with:



N
E Xz*yz—N*@T
1=1

N N
\j (Y xi-NeX?) * (Y yi-N+7?)
1=1

1=

For b = 0.8 the fit through the points of extreme rainfall
was best. See figure Cl12 line 2. However, this line is
physically impossible, giving more rainfall in 6 hours than
in 24 hours (according to the intensity-duration equation
the maximum rainfall would occur at t = b/(n-1) = 8 hours
for b = 0.8). For b = 0.5 (line 1 in figure Cl2) the line is
about horizontal for t >15_hours, (in fact there is a mximum
for £t =.17 hours). B has been chosen as the best possible
fit for all return periods.

T =
s0 - 2 years
as ltne 1
Pran - YT ¥
a0 ////o—-’—"_.'v 7 e 2 = [
35
E 30
=
S 25
20
15
10
T T L T L] T T RE T T T T -
0 4 8 12 16 20 24

duration [(hours]

o Gumbell extreme values

Figure C12: Best fit through extreme values.

b r? a n b/(n-1)
[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.
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According to "manual urban drainage," DHV, 1lit. {71, it is
advised for Saudi Arabia and Dubai that b = 0.2 and 0.3
respectively. But Saudi Arabia is a large country and it is
not clear 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 neglect 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:

48.8
(O . S‘;'Fd) 1 03

1,(2) =

The value of constant a for T = 5 and 10 years is 67.5 and
79.9 respectively. The constants b and n are equal for all
return periods.

The results of the regression is given in figures C13 and
Cl4 and table C6.

Rada
120

1m0

100

90
80
= 0
£ w
=
@ S0
<)
c
- 40
s
2 B

20

10

Y T T T T T T
B 12 % 20 24
duration [hour]

Figure C13: Intensity-duration curve.
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measured ramfall of Rada, read from 3 years of pluviog aphs
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Figure C14: Rainfall-duration curve.

Return period T
duration 2 years 5 vyears
[ hour ] ( mm ] (mm/h] (mm] [(mm/h ]
©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
1.0 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 rainfall in [mm] and rainfall

intensities in [mm/h] for return periods of 2 and

5 years.
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Extreme intensities on log-scale
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Figure C15: Logarithmic 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 correlation between rainfall in this
period and the total daily rainfall was worse than for the
other periods. Also it was sometimes difficult to read the
rainfall in 30 minutes from the pluviographs. Therefore it
might be decided to drop the information of rainfall in 30
minutes. However, this does not have a great effect on the
resulting rainfall intensities (see table C7). It is decided
to use the information of 30 minutes.
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Return period T

duration 2 years 5 years

' [hour] [mm] [mm/h] [rmm] [mm/h] r
0.25 16.6 66 . 4 23.0 91.9 -
0.50 24.7 49.4 34.3 68.4 .
0.75 29.4 39.3 40.7 54.3
1.0 32.5 32.5 45.0 45.0 -
2.0 38.4 19.2 53.2 26.6
4.0 42.0 10.5 58.1 14.5
6.0 43.1 7.2 59.7 9.9 o
24 44.0 1.8 60.8 2.5

Table C7: Resulting rainfall and rainfall intensities for

return periods of 2 and 5 years, derived without
0.5 hours.

2 plot of the extreme rainfall intensities on logarithmic
scale does not have to result in a straight line. This is
due to the fact that for a small rainfall, the rainfall is
the result of a different process in the air, then for a
medium rainfall. And a very heavy rainfall 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. -

20

Out of so few points, a confidence interval for the design
rainfall is hard to compute. However, the confidence
interval cof the extreme values gives an indication. For a
return period of 2 years, it has been computed that with a
duration ¢f 0.5 hour there is 95% probability, that an
extreme rainfall is between the expected value plus or minus
4 mm. It is accepted that the confidence interval will be as
wide for the design rainfall. So there is a 95% probability
that the design rainfall is between the expected value plus
or minus 4 mm: between 20 and 28 mm.
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C.4.5 Alternative way of computing 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 rainfall directly from the
pluviographs. Since only three years of pluviographs are
available, this can merely be a control of the results of
the method using both sets of data.

For the extreme value distribution only the maximum rainfall
data of each year or period are used. If all rainfall data
is regarded, then hydrological data often has an
exponentional distribution. The exponentional distribution
is as follows:

R

-8 —a

n = bxNxe X

with: R = average rainfall
R = rainfall -
N = number of rainfall data
n = times of occurrence or exceedance.
a and b are constants to fit the exponentional
distribution through the real points.

The formula computes how often rainfall R is equalled of
exceeded. From the number 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 rainfall is expected.

It appeared that if all the half hours of rainfall from the
pluviographs are regarded, the exponentional distribution
doesn’t fit very well through the measured points. This is
because rainfall smaller than 2 mm behaves different than
the heavy rainfall. This rainfall is the result of
different meteorological conditions than those prevailing at
heavy storms.

However, the rainfall smaller than 3 mm can be omitted
because it is accepted that that rainfall does not
contribute to tne runoff. These small amounts of rainfall
will be lost because of infiltration, retention and
evaporation. So only rainfall > 3 mm is used. The
exponentional distribution now fits well through the
measured points.

All rainfall figures (23mm) are sorted from low to high and
numbered from high to low (to the smallest rainfall belongs
a ranking number n = N and for the biggest rainfall n equals
1). If these rainfall figures have an exponentional
distribution, then this ranking number is equal to n as
computed with the formula above. The measured and computed
rainfall figures are plotted in figure Cl6.
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Figure C16: Exponentional distribution.

From the pluviographs of Rada 34 periods of 0.5 hour with
rainfall 2 3 mm were read (N = 34). The average of these
figures is 8.53 mm. The exponentional distribution does fit
best for the following value of the constants a and b:
a = 1.26
b=1.40
The rainfall equalled of exceeded n times is given by:

47 .7
n

lrll:*IJ

R - — 6.77x1n
a

Let R, be the rainfall that is equalled or exceeded n times
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:; t£o the rainfall R,
belongs a return period T = 1/p = N/n. There are N rainfalls
in 3 years; N/3 rainfalls a year. So, a return pericd of T =
N/m (rainfalls) means a return period of T,. = N*3/ (n*N) =
3/n year.

The measured rainfall is accepted to be 10% to small.

Therefore the measured rainfall has been multiplied with
1.1, In takle C8 the alternative expected rainfall has been

C~26
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compared with the extreme values as is computed in sub-
chapter C.4.1, and the design rainfall as in sub-chapter
C.4.4. It appears that the results are slightly different,
but not very much. See also figure Cl17.

Alternative design rainfall versus

used cdesigQn rainfal| _ . R
40 -

39

£
21 T T . -
15 2 3 ’ s 10
RQturn pariod T Cyears]
+ alt>3mm ° extreme va lues ‘a design rainfal!
Figure C17: Alternative rainfall versus used design
rainfall.
Alternative expected
rainfall extreme design
value rainfall
T n r r+l10% (mm] (mm ]
[year] (mm ] (mm]
1.5 2 21.5 23.6

i
2 1.5 23.4 25.8
3 1 26.2 28.8
5 i 0.6 29.6 32.6 30.0 33.7
10 “ 0.3 34.3 37.7 35.9 39.9

Table C8: Comparison alternative rainfall and design
rainfall.




Annex C: Rain

Conclusion.

The difference between the rainfall as computed in this

alternative way and the design rainfall is very small. The

difference is only about 5%.

The results of the alternative method are closer to the

measured data than the design rainfall. Only 1 step is made

to derive the (alternative) rainfall for a certain return

period:

1 step: A direct fit of the exponentional distribution,
with which the expected rainfall is computed.

For the other method 2 steps are needed:

First: Relation daily rainfall =--> rainfall in short
periods.,

Second: Extreme values according to Gumbell.

Third: 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 method support the
results of the other method. There is no reason to change
the design rainfall.

(9]
|
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RESEARCH RAINFALIL INTENSITIES IN YEMEN.

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

Russian method.

In 1986 a Russian team published a research titled: Sana‘a
Basin Water Resources Scheme (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 rainfall in a short period and 24-hour rainfall is
given.

The results are given below:

Ro,, = 0.33%R ,,

R, = 0.38%*R,, :

R, = 0.57*R,, -

R, = 0.76*R ,,
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 rainfall of 23.6 mm/0.5 hour for T = 10
years was found, while for Rada 39.9 mm/0.5 hour is
computed!

Method RWSSP.

By the RWSSP the method given in chapter 4 of the main
report was applied to obtain the design storm. The
disadvantages of this method have already been discussed in
sub-chapter 4.1 of the main report and the results are
considered to be too small.

Method RIRDP.

The rainfall is measured for the RIRDP. This project is
mainly interested in rainfall intensities for long durations
(from 1 day up), but in one of its reports rainfall
intensities for small periods are computed. This has been
done with the same method as at the RWSSP, and also gives
too small rainfall intensities for small durations.

The average rainfall intensities (according to the RWSSP),
with a duration of 1 hour and for return period of 2 years
and 10 years, were 15 mm/h and 24 mm/hour respectively.
Undoubtedly, this is too small, because from the three years
with pluviographs of Rada it is read that in that period the
rainfall already exceeded 3 times the 30 mm/h for that
period.
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KINDS OF DESIGN STORMS.

A return period of 2 years is commonly used, therefore first
a design storm of that return period is created. Later, if
necessary, design storms for other return periods can be
created too.

There are different methods 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 falling on the edge of a catchment, needs to reach
the end of the drainage system (concentration time t_.). This
time consists of a time for flow over land to the system and
a time for flow in the system to that point.

However, such a storm is not likely to happen. In reality
the intensity of the rainfall will vary during the storm.
The rain will start with small intensities, then a peak and
from that the intensity decreases to zero.

Method WMO

The WMO (World Meteorological Organisation) prescribes a
distribution 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 longer 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:

hour cum %

1 83
2 22%
3 70%
-4 84%
5 92%
6 100%

Chicago design storm

Another distribution of the rainfall during the storm is
given by the Chicago Design Storm. The peak appears at the
moment that the ground is maximally moistened and the
depressions filled up and therefore all the water will be
discharged into the system.

If I, is the average intensity for a duration t,, then the
precipitation p, falling in a period t, is computed with:

C-30
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ast
D=t = e— oo [ mm]
' (pFoYC
With: p = rainfall in mm
I, = average rainfall in mm/hour
t, = duration of rainfall in hours
a, b and ¢ are constants.

The intensity at moment t then is:

. dp _ a(b+t(1-0))
T= 3 (b+ ) L/ b]

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

a = 5]1.9

b=20.6

c = 1,03
For t > b/(c~-1) = 20 minutes the intensity becomes smaller
than zero, but such long durations won‘t be used. -

A part of the total rainfall falls before the peak during a
period t,. The remaining part of the rain falls during t,
(afterwards). The total duration is t = t, + t,. The
distribution of the total duration over t, and t, depends on
the catchment area. This distribution is expressed in r =
t./t.. The course of the intensities 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 still to be determined.

INTENSITY,

tll c

Figure 18: Chicago Design Storm.
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c.6.3

Measured storms.

If a long series of heavy storm is available, then these can
be used to design the drainage system, by entering them into
the model and examining 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 measured are in table C9. It appears
that the peak is short and heavy, while the rainfall 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 ended, if for 6 hours no rain has
fallen.

The duration of a shower appears to be 1.5 to 3.5 hours with

an average of 2.25 hour.

heaviest measured storms [mm] +10%
Rada Al-Khabar Al-Khadra
time storm stkhab stkhad

hours| 1 2 3 4 5 6 |1 2 1 2 3 4
0.5 1.3

1.0 0.7 0.2

1.5 19.8 0.0 3.3 0.9 4.8 2.0

2.0 22.4 24.2 22.0 19.6 16.1 13.2{22.0 22.9]12.8 13.2 16.9 16.5
2.5 14.1 5.1 11.0 16.1 5.1 4.4 4.6 5.1 9.0 7.5 5.1 5.5
3.0 0.7 7.0 8.6 1.1 1.5 2.0 1.8 5.9
3.5 1.1 1.5 0.7 0.9 1.1 1.1
4.0 0.9 0.9 0.7

4.5

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 measured.

C.6.4 Composed design storm.

A third method 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 rain falls in the 15
minutes after the peak. This is the maximum rainfall in 30
minutes (T = 2 years) minus what fell in the peak of 15
minutes. What is left, falls with a constant intensity
during the next 15 minutes.

E
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4

Before this, again there is a period of 15 minutes of
rainfall with constant intensity. The rainfall in those 15
minutes is the maximum rainfall in 45 minutes minus what
fell in 30 minutes. This goes on until a storm of the chosen
duration is reached (1.5 hours). See table Cl10 and figure
Cl9.

Design storm T = 2 years
time duration | total rain rain intensity
[hour ] fmin] [mm) (mm ] [mm/h ]
0.25 15 16.4 16.4 65.6
0.50 15 24.4 8.0 32.0
0.75 15 29.1 4.7 18.7
1.00 15 32.1 3.1 12.2
1.25 15 34.3 2.1 8.5
1.50 15 35.8 1.6 6.3
1.75 15 37.0 1.2 4.8
2.00 15 38.0 0.9 3.8
" G656 : ) T
60 |-
— SOt
=
£
= 40}
g 3 120
&
= 0+
B . i
c 17 '
& 2 o o i
- 122
g5
10 | - 63
0] | | 1 1 1 _
0 15 30 45 60 s g
Time n [min}

Table C10 and Figure C19: Created design storm. T = 2 years.
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DESIGN STORM CHOSEN.

From the presented possibilities, a design storm has to be
chosen. Because at least a little information about the size
and shape of the real storms is known, the method of the WMO

is rejected. Six hours is far tooc 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 -

storms, by computing the water levels and the discharges. In
the following storms of constant intensity, the measured
storms and some created design storms are routed through the
model, but first the rational method is tried.

For the North-Eastern section of the drainage system only
the effect of these different design storms is investigated.

Rational method. . ; -

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

Q = cki*A

with c = runoff coefficient
i = constant intensity in m’/s*ha for a duration t_
and a return period T.
A = catchment area in ha.

From computations 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 mm/h or 0.125 m’/s*ha. The area‘® is 41.4 ha

and an average runoff coefficient of 0.55 is used'*’. This ,
results into a maximum discharge of 2.8 m'/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 reasons:

Firstly, in the rational method is assumed that all the
catchment contributes to the runoff at the end of the 35
ninutes. 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 will reach the end of the system at the

(3)
North-EFaktern sectlion.

(4)
The average of the runcff coaefficients as given in the annexes of the Final Design RNeport,

DecCambar 1989.

C-34
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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 computed with
the rational method.

In table Cl1l the result of the rational method is compared
to the results of computations with a computer model of the
drainage system (CYCLONE computations). For different storms
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 computaticns, it
can be concluded that the maximum discharge computed with
the simpler rational method does not differ much form the
other results. Compared to the measured storms, a design of
the drainage system based on the rational method, would be
on the safe (large) side, but not wrong.

An advantage of the CYCLONE computations is that they result
in water levels throughout the drainage system. The effect _
of certain changes in the design can be studied, to come to
an optimal design of the drainage systemn.

Constant intensity.

The computer model CYCLONE is used to compute the water
levels and discharges in the drainage systemn.

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:

48.8
I, - [mm/h
* (o.s¥Epre? /h)

In table Cll the results of these storms are given (for the
North-Eastern section). For a duration longer than 90
minutes, the discharge becomes stationary. So then water of
the whole catchmeni: reaches the end of the system. The
maximum water levels and discharges, do however occur at
much smaller durations: 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 cn.

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. If the peak
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Rational method

kind of total duration return | max water Qmax
storm rainfall period depth
[mm] [min] [year] [m] [m’/s]
const int 26 35 2 2.8
CYCLONE computations
kind of total duration | return | max water Qmax
storm rainfall period depth
(mm]) (min) [year] [m] (m’/s]
constant 15 15 2 0.26 1.6
rainfall
intensity 24 30 2 0.35 2.3
26 35 2 0.35 T2.4
28 40 2 0.34 2.3
32 60 2 0.32 1.9
36 90 2 1.5
Measured storms
Rada
storm 1 " 39# 150 2 0.34 2.2
stornm 2 |I 494 90 5 >0.40 ** 2.9
storm 3* 404 90 3-4 0.34 2.1
storm 4 484# 90 3-4 0.33 2.0
Al-Khabar
stKhabl || 324 120 <2 0.35 2.3
stKhab2 * ﬂ 304 120 <2 0.34 2.2
Design storms
new " 36 90 (>)2 0.37 2.58
RWSSP ﬂ—f 9 180 <<2 0.30 1.7

* gtorm At 22-4~‘120
e» flooding
f data from pluvioqraphs + 10t.

Table Cll: Maximum water depths 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 rain 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 main report)
vield 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 computed from
the duration of the biggest part of the shower and the total
rainfall in that period.

The second storm of Rada, storm 2, has got a probable return
period of about 5 years and (as the system 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 storms 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 nust 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 system, 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
Cl2 (first 5 columns).

Annex C; Rainfall.
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Result |
section storm storm storm | stkhab | created | cs - max
1 2 4 1 storm storm
(cs) % [cm]
North-East 80% . >100% . . _ 83% 90% 7% 2
North-West B6% " >100%  84% = 86% 95% 9% 2 -
South 90% >100% 92% 86% 93% 3% 1
| Middle 93%  >100%  92% 97% >100% 3% >1

Table Cl12: Fillings caused by measured ar created storms. -

In table C9 the heaviest storms of the 3 stations are given.
The measured showers have a peak of 1.5 hours, in which most

of the rain falls. The average distribution of the rainfall
over a storm is:

% rainfall period .
10% 0- 30 min
56% 30- 60 min
25% 60- 90 min -
7% 90-120 min
2% 120-150 min

So the storms have a peak fairly soon after the beginning of
the rain, and after that another period with reasonable high
intensities.

These measured 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 C10.

The results of this storm are water levels, a bit higher
than the results of the heaviest measured storms and the
storms with constant intensities (see table Cll1 "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 rainfall for T = 2 years. But
within that period of 1.5 hours, there is a period of 1.25
hours in which falls the maximum amount of rainfall (for T =
2 years) for a period of 1.25 hours. Again in this period a

Cc-38
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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 this 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 derived from 3
years of pluviographs and 11 years of daily rainfall
figures, the return period of 2 years is not too sure. More
pluviographs might change the design intensities. To be on
the safe side, a return period of 2 years should be
interpreted as meaning that the return period 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 Cl12 (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 storms is only small (table
Cl2 last two columns): only 3% for the middle 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 if necessary to give recommendations for
adjustments.

Not just one of the measured storms 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 between the water levels caused by the different
storms 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 system will be designed using the created
storm as design storm.
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RAIN GAUGES.

By the RIRDP a network to measure the rainfall was set up.
See figure C2. The equipment used are mechanical recorders,
standard rain gauges and rainlogs.

C.8.1 Mechanical recorders.

The mechanical recorders are of the tipping-bucket type. The
funnel has got an opening area of 1000 cm’ and is connected
to one of the 2 buckets. If the bucket is full, then it <ips
over, and the water pours out in a collecting reservoir The
other bucket is now under the funnel and the pen on the
paper registers 0.2 mm of rainfall. The water in the
collecting reservoir should be measured, to control the
registered rainfall, but it seems as if this hasn’t been
done.

In the area of Rada the paper in the mechanical recorders
had to be changed once a week. Often something went wrong
with changing the papers, or 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 rim 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 rain gauges.

Except for the mechanical recorders, also standard rain
gauges were used. It is however unclear when and where these
have been used instead of the mechanical recorders. The
standard rain gauge consists of a funnel with an opening
area of 200 cm’ 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.

Rainlogs are electronic recorders, which measure the
pressure of the column of water caught and the outside air
pressure. The pressure is intermittently registered at a
chip. The time step between two measurements can vary. It is
possible to have normally a big time step, but when it
starts raining the time step becomes smaller (for example 5
minutes). When the rain has stopped the time steps become
bigger again. After 14 months the rain log can be opened and
linked to a computer. With the right software the results
can be read.

Unfortunately no data of the rainlogs was avallable yet, at
the beginning of 1991.
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PROBLEMS WITH 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 months nothing was measured and no data is
available. Where possible, it was tried to fill up the
missing data. In comparing the 3 stations (Rada, Al-Khabar
and Al-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 rainfall gives a better result, but still not even a
reasonable relation between the stations.

For computing the intensities, the maximum daily rainfalls .
are used. If the rainfall 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. If this was
the case, this year was not used, otherwise the missing
period was assumed to 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 Al-Khadra 1990 were omitted.

C.9.2 Difference pluviographs and day totals.

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 storms are the same. See
figure C20, giving the difference between the daily rainfall
of the 2 sets plotted against the daily rainfall of the
pluviographs. From this figure no multiplying factor (for
example dependent on the total daily rainfall) can be deri-
ved. It is odd that for all years the results are different:

Rada: All the big rain events of the pluviographs
. are smaller than the given set day totals,
Al-Khabar: 198% 1986 1989 and 1990 exactly the same, but
different in 1987 and 1988.
Al-Khadra: Every year exactly the same!

Of course, it was only possible to compare the years of
which pluviographs were available. The maximum daily
rainfalls and the average yearly rainfalls of the other
years are however not significantly smaller, so it is
assumed that the data was always obtained in the same way.



Annex C:

Raoa arg. Al-Khapar

— e —aa - —

: = - = T T e
_ § ’°1 f
E & | : : l'
W
=
2 14 4’* —_ = = —— e
g
EY 12
a a
g 10 A *
=
2

J_“ 8 + - :— v A
s
& B A
- +
3 4 & % - = -
% T X, o]
- 2 4 %V

R RS + 0 !

A ) .

§ %xp"ou )
S 0 xa m—— T F = E e = v e —
2
8 2 A )

4 4

v
B T T T T T
0 10 S0

total daily ranfall from set of day-totals [mm]

0 Raga 1986

+ Rada 1987

¢ Rada 1988 ,
A Raga 1988 .

Figure C20:
rainfall.

The difference might be explained with the use of different

Difference pluviographs and given daily

X Al-khabar 197
v Al-Khatsar 1368

types of rain 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 rainfall

figures registered are 10 to 15% percent too small. This
loss was not yet accounted for in the day totals,

so they

still have to be increased. It seems likely that this loss

is caused by the wind.

For the relation between rainfall in short period and day
total, the loss of 10 to 15% is of some importance.

If it is assumed that the wind error is equally divided over
the storm, than this loss doesn’t have any impact on the
relations between rainfall in short periods and daily
rainfall. 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 rainfall for the short
periods. But the error, made by assuming the loss divided

C=-42
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proportional over the storm, is neglectible, as is shown
below.

The 6 heaviest rain storms of Rada had an average
distribution as given below.

If 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% + 10%*56/(25+56) = 63% 7 is 12.5% of 56.
25% --> 25% + 10%*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 clear.
For example the funnel was partly logged, so a storm was
spread over a long period, or the line on the graph was
drawn by hand. Sometimes 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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Annex C: Rainf-

Rainfall in [mm] for different durations (in [hours])
0.5 1 2 4 6 1 day
10.0 10.0 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 11.8 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 l6.4 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 43.4 43.4 43.4 —
Table CC2: Maximum rain read from pluviographs. -
0.5 uur _“m_r;‘;;-“"“"““"_"n“"— -------- -
T | vT X'T Adelta Xo xXb T | -;;“—“;_T"—:i;;;;“;:—h“;;:"—_—-
2 0317 10 42 177 361 2 0 137 ”’II’?""“;‘;"“;; e 7
5 1 SO0 20.3 78 22.5 38.1. s 15 578 118 43
10 2.25  1%.° 103  25.1 46.7 10 225 AR S 20 & 47
T Y eee T Y e e T
T ] ¥T X'T delta  Xo Xb T T o xj;—~;:;;:_—;; ____________
2 037 348 6 7 28.1 11 5 2 o.J§"‘I£‘I'_"Ef1'__§2"'
5 1.50 48 2 124 3158 60.6 5 1 50 S8.3 1S5S0 43
10 2.2% 7.0 17 2 Ja.g 74 2 io0 2.25 59 0 20 9 18
T e T Taag T
Tl ¥T x'T delta xo _ xn r "T"J%"'";'%";;IE;“;;"*T;_"]
2 0.137 10.4 7 8 12 6 4?.2_ 2 o 37 4; 0""';?']“"‘";1 ;--_‘;I-.;
5 1.50 55.2 144 41.5 70.3 s 1 50 59.5 15.1 44,2 71.8
10 2 25 A6 .1 20 0 a6 2 86.) 10 2.25 70.4 ?21.2 49 '} qipr,‘l

Table CC3: Results computation confidence intervals for

extreme values.
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Annex D: computer model.

GENERAL.

To compute the water levels in the system the computer model
CYCLONE has 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 systen 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
transform rain falling on a catchment into an inflow hydro-
graph at a node. For this the kinematic wave approach is
used.

If the water levels at a node rises above surface level,
then flooding is simulated.

Computational method.

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.

A , 90 .,

ot ds

@ _822_ .@- '+g_ol_o_|.=
3t T 3. \Ta) t9Agg T gALr 2 =0

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

S

Q = flow rate [m?/s]
s = distance [m]
A = wet cross sectional area [m?]
t = time [(t]
g = acceleration of gravity (m/s?]
h = water depth [m]
i = bottom slope (=]
C = Chézy coefficient (m"/s]
R = hydraulic radius [m]

The first two terms of the motion 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

(1)
Long wave (f wl (wave length) ?» a (waterdepth). wl = c%t, € (duration) » 1l hour. C =

(gera)y. a w 30 cm =-=-> wl 2 a.

D-1



Annex D: Computer mode’

the velocity distribution. This results 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, At,

2At, etc.) and at certain locations (at nodes for water

levels and between nodes for discharges). This way the

finite difference method is obtained. -

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

Atxc
s 1
Ax B
with, At = time step [(s] -
Ax = x-distance [m]
c = Jgh = velocity of long wave ' [(m/s]

If Ax is small, in order to give a correct schematization of
the drainage system, then, At has to be small too.

The implicit way has been chosen, because then the
computation is always stable and At is independent of Ax.
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.

The equations can be written as follows:
~ontinuity:

h(1) E'!'At—h(i) [+

(O F_ A+ (1-0)+F.] = AT

0+ [0,,+00-E+Pl 5.+ (1-8) *Y [0, +0,~E+P] .

J

with:
F = horizontal wet surface (on which water

is stored) [m*]
h(i) = water depth at node i [m]
Q. = Flow from node j towards node i m*/s]
. = external flow towards or from riode i [m*/s]
E = evapotranspiration from the wet surface

of the node [m®/s]
P = rainfall at node i ’ (m*/s]
e = weighing factor (=]




Motion:

8(ga,(h,-h,) +LA,gi-Lg—29 1,
g C2RA,©

(1-8) (gA, (h,-h,) +LA,gi-Lg—294 1 - o

C3*RA,
with:
h, = water level at node j {m]
L = length of conduit [m]

To solve the motion equation implicitly, it has to be
linearized. For open channel flow the discharge at time t +
At is calculated with:

Ocoar = Klj (h(1) COAc_h(j) t*Ac)
In this equation K, is the flow coefficient in [m*/s]:

-
g -MBUT-ATT) 4| R

7 h(i)-h(7) L
with:
A = wet cross section, average between nodes i and j. [m?]
C = Chézy coefficient, average between nodes i and j. [m‘/s]
R = hydraulic radius for conduit, average between
nodes i and j. {m]

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:

12R
.o

C=18log

or with Manning:

L
3

c-X
n
with:
k = Nikuradse wall roughness [m]
n = Manning’s roughness coefficient [s/m?]

Implicit means that all equations are solved simultaneously.
The linearized motion equation is filled in the continuity
equation. This results in one equation for each couple of
nodes. The equations are solved in matrices:

D=3



~ K, + K, . h, - S
B n
+ K, - K, h, + S
K, = flow coefficient for flow from node j to i (m?/s]
h = unknown water levels [m]
S = known terms of out of the equation of continuity [m’/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 +

At are derived. These are the predictor values. Next, with h

for t + At, the parameters F and K at t + 6At are computed

(the corrector values). With the corrector values the final

values for h at t + At are computed. .
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INPUT

For the use of the computer model, certain characteristics
of the drainage system have to be entered in the model: The
design storm, the lay-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 rain, 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 input items, it is possible to introduce
{amongst others) water level curves, evapotranspiration,
reservoirs, pumps etc. These possibilities are described in
the manual of CYCLONE.



Annex D: computer pod(

MODEL OF DRAINAGE SYSTEM RADA.

The modelling of the present design of the drainage system
is given in Main Report and Annexes of the Final Design
Report, 1989, of the RWSSP [lit 1 and 2]. As far as
possible, for the new design the same input was used. Only
for some points the input 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 some 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 D1l. The lay-ocut of the new design of the )
drainage system is just slightly differnet. See chapter 7 of
the main report.

Catchments

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).

N\ T~/
. &=

o—n-

NN

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 gocod result, but for
the water levels (at the nodes) an overestimation.

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

Another way of defining the catchments is like this:




Annex D: Computer model.

|

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 underestimation 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 catchments were measured again from maps.

The roughness of the conduits is accepted to be 5mm. 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 rain on that
area. During a storm the rain will be retained, infiltrate
and evaporate, so the coefficient will be smaller than 1.
The coefficient is found after determing the catchments and
the land use. For the rainfall 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
Commercial area (suq) 0.7 - 0.9
Industrial area 0.3 - 0.7
Paved areas (asphalt roads) 1

Table Al: Runof coefficientsu).

The walls surrounding the premises prevent the water to con-
tribute to the runoff. The retention is therefore the most
important factor for the runoff coefficient.

r2)
Haln Reporxrt, Final Desiqgn Report 1989, page 4-8.

D=7



Cross section. ’ - - - -
The cross sections of most of the 1100
roads will be like this: (I)

In front of shops and at parking —~._2z. )
places, the side of the road will N tweo T
have a different kerbstone: (I1I)

In the computer model cross sections - B}
are schematised as follows: (III) 1100 100

This schematisation does have some impact on the
calculations. If 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/0 with O is the wet perimeter.

For the width b = 6 m and side slope i = 1:100 the variablés

A, O and R are computed for a side depth h = 0.3 m and h =
0.5 m.

h =0.3nm h=0.5m
O=2h+b 6.60 m B 7.0 m
I: : ) 7 R =0.259m R = 0.416 nm
A = b*h -3bi_ib 1.71 m? 2.91 m?
0O = 2h!5 + b 7.34 m 8.23 n
II: R=0.297 m R = 0.414 n
A = b*h -%bi_}b+ 2h? 1.89 m? 3.41 m?
O=2h +Db 6.60 m ) 7.00 m
II: R =0.273 m R =0.429 nm
A = b*h + h*:100 1.80 n? 3.00 m?

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 I (most

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 m* for II
the side depth would be 0.45 m while for III this would be
0.5 m.

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

D-8
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SYCLONE,

chane

CARD

Middle section.

D B V CONSULTANYS,

LIsT ar

AMERSFCORT, THE NETHERLANDS

THE INPUTCARDSS seien

CoOLUKN 10 15 20 Nﬂ a0
! | ! |
~TEXT RWS3P RADA
*GENERAL O 50 -8Q
*«CALC as 1 2 1
=NODE O 4207 33130 o
*NODE O 4316 21331 o
“NODE 0 4345 3160 o]
«NODE 0 4369 3130 =3
“NODE O 4394 2961 o
*NODE O B206 2740 o
*“NODE O %241 2680 o]
*NODE O 5316 26%7 o]
“NODE Qo S$31.7 2785 o]
*RODE O 5318 2646 o]
*NODE 0 5320 3000 o
*“NODE O 5331 2470 Q
*NODE O %333 245%Q Q
«NODE 0O 3343 2450 (o]
*«NODE O 5345 21362 o
*NODE QO 5346 2490 o
“NODE O 81467 2678 o
*“NODE 0 5377 280} Q
«NODE O 85378 2650 o
*NODZX O %5390 2337 o
*NODE o S53®2 2%30 o
*NODE O 5394 2568 o
“NODE O 6210 2796 o
a¥woDE 0 6310 24238 o
«NODE 0 6313 2431 ]
apoDE O 6316 2426 [a]
aNODE 0O 6381 2822 o
*NODE O 6339 21374 o
“NODE O &379 2393 o
= ENODE 4207 a0 100
- ENODE 4316 20 100
“ INODE 4348 120 180
“« FNODE 4369 320 120
* FHCDE 4394 200 140
« ENODE 5206 100 50
~ZHODE 5341 250 140
«ENODE 5316 300 60
* ENODE 5317 120 100
= EZNODE 5318 180 10
« ZNODE 3320 240 120
« INODE 2331 220 920
* ENODE 5331 1s0 90
*EMODE 3343 100 a0
“«ENCDE 5349 200 40
« ENODE 3346 200 150
« EHODE 5367 200 60
*ENODE 8377 150 L00
- FNODE 5378 100 200
= ENODE 5390 260 a0
~ENODE 5392 joo 140
“ ENODE 3394 180 100
«ZNODE 6210 100 40
“« EMODE 6310 240 100
« ENODE €313 120 (.1}
* EDMODE 631lé 180 so
“«ZNODE 6351 100 20
« ZMODE 4319 300 230
“EZENODE 379 300 230
“SPILLUWAY 6340 2373 o
“SPILLWAY €380 2394 =]
«TRAPPROF 21 4316 4369 o
*TRAPPROP 40 4307 4369 o
4 TRAPPROP B3 4343 4369 ]
aTRAPPROP 358 4369 41394 o
*TRAPPROP 37 4394 8167 Q
*TRAPPROP 0 3206 5241 [«
*TRAPPROP 48 5241 Si92 [¢]
ATRAPPROP %8 3320 8116 o
«TRAPPROP 99 8316 83127 o
*TRAPPROP 100 8316 5318 o
sTRAPPROP 101 S318 53453 [+]
s TRAPPRCP 102 3331 831) (]
*TRAPPROP 106 3333 &310 =]
«TRAPPROT 108 53343 85146 o
«TRAPPROF 110 %343 €313 o
*TRAPPROPF 111 5348 5346 o
«TRAPPROP 112 8346 8377 o
“TRAPPROF 115 5367 5190 o]
*TRAPPROP 116 8377 8378 o
«TRAPPROF 117 %5377 8392 Q
*TRAPPROF 119 3390 5392 o
STRAPPROPF 120 5392 8394 Q
= TRAPPROF 121 %394 6210 o
«TRAPPROF 145 €310 €315 Q
*TRAPPROP 146 63135 6116 Q
“TRAPPROP 147 €316 6139 o]
«TRAPPROP 152 €339 6179 Q
s“TRAPPROP 1854 €381 €179 o]
“TRAPPROF 158 4339 6340 Q
*TRAPPROP 186 €379 €180 a
*OQUCONDUIT %7 118 119
*QUCONDUIT 147
“RAIN 1 1 1 o a3
“RAIN 1 1 2 46 120
*RAIN 1 1 3 L 28 a
«END

as AD
) 1
YEMEN
100 _100
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o
o
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o
o
o
a
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o
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15 (1]
1= 320

|

45 50 55 60 T &%
! | I | |
saQ Ao oL
-0 1 30 -
[P 1. 40 .
[o] - 4 40 -
ol 72 A0 .
[e] 48 80
o - - 7. 40
T oo 33 4O
(¢} 3% 60
¢} s 60 T
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CYCLONE,

D B V CONSULTANTS,

smwwa INPUT swedew

GENTERAL

DATA

E T L P

DIFFUSIVE WAVE EQUATIONS
IMPLICIT METHOD

LENGTH OF A COORDINATE-UNIT

ROUGHNESS ACCORDING TO
NIKURADSE
FOR OPEN CONDUITS

FoR CLOSED CONDUITS
ZFPECTIVE

RUN—OFF COEFFICIENT

(M)

CROSS~-SECTIONAL AREA
{DEFPAULT)

TOTAL CALCULAYTION TIME
TIME ATEP (CALCU
TIME STEP

or
or
or
or

LATION)
({OUTPUT)

TRAPEZIOM PROFILES
VARIABLE PROPILES
CLOSED COWNDUITS
WEIRS

NODES

SPILLWAYS

PUNPS

INFLOW RYDROGRADHS
RAIN CURVES
EVAPORATION CURVES
STORAGE CURVES
PROPILE CURVES
WATER LEVEL CURVES

HMOVARLE WEIR CURVES

AMERSFOORT, THE NETHERLANDS

(M) : 1.000
N .0050
: -00%0
1.000
' .38%0
(HOUR) 2
(HIN) 1
{MINY 5
' 30 B
Q
. e}
-0
x9
H 2
H [e]
‘ o
. 1
H o]
- [+]
H o
H o
H o

D-11
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NOoODE DATA

CtewaksATART e

CATCENENT ARPA (CODE 1) O~ = HA PUMP CAP. (CODE 2) O- = M3/S
1- =~ M2 - 1~ =« L/S - .
HODE GROUND  WATER X-COORD Y-COORD CATCEMENT RUN C URVE NUMBERS PUNKP 5P I L L
NUMBER LEIVEL LEVEL AREA OFF INFL STORGE EVAP RAIN WATLEV  CAP START STOP WIDTH LEY
(M) (M) (M) () (cope 1) crr (cope 2) "My (M) (%)
4207 31.80 - .00 0. 0- — .21 0a_.30 . _ R Z — - R [
4316 33.31 .00. . __oO. O~ L1 0= .40 — - =1 - = = -- -t -
4348 31.60 QD o. - 0. 4 0- _40 : -1 -
4369 31.30 .00 o. o. 7-2 Q40 _ P 1 I . i
4394 29.61 .00 0. Q. .3 0O- &0 “ 1 -
5206 27.40 a0 0. o. 7 a- .%o - R S - o - — -
5241 26.80 o0 o. o. 3.3 0~ AU - - e
5316 26.97 .00 0. 0. . 3.5 0- .6Q . — - B
5317 27.8% .00 0. 0. .6 0~ .60 . L - .
5318 26.46 .00 a.” o. - 1.370% T8O i T B .
5320 30.00 ~ .00 a. o 1.4.0~-_,60 . = _ -1 - o -l _ .
8331 24 70 .00 o. o. 3.3 o~ .80 - 1
5333 24.5%50 .00 o. o- 3.0 Q- _ .60 P A . .o -
5343 24,50 .00 a. 0. .8 0= .50 M 1 -
5345 a5.62 - .00 _o. 0. Z:1 O~ .60 . R Y . B B _
5346 24.90 .00 G. o. 2.0 0~ -I60 - == =1 o o I
5367 26.7% .00 o. o. 2.5 o~ .80 = .1 B . -
5377 286.03 .00 0. o, 2.2 0~ _ .60 . IS
5378 28.%0 -an a. oL . .5 0~ " .40 I Sl . -
5390 2s5.57 .oQ . oL Q. 450~ B0 - - 7 t
5392 25.130 .00 a 0. - 3.0 o~ .60 - p e - - - -
53194 25 68 .00 o. 0. 1.7 0~ .6Q = 1 -
6210 27.96 .00 0. 0. - T4 O~ .80 - 1 _ L
6310 24.38 .00 0. 0. 1.2 Q= [ - ooz -1 - -
6318 24.31 .00 0. 0. 1.3 O~ .60 - e .
6316 24.26 .00 o. Q. - 1.0 O~ _.40 . oo _ . . R
63181 2% .22 .00 c. o. .7 O~ .80 R
€339 23.74 .00 o. o. 2.5 0~ _40 - ~ 1 . . I
6379 23.98 .00 o. 0. .. 1.5 O~ .s&a oo Y - B oL _ o
6340 23.73 .00 o. a. - - - — et s s — - - - — 200
6380 23.94 .00 0. o. - - 20.0a@ 23. -
CONDUIT DATA
[P
CONDT NODE NUMBER INVERT LEVEL LENGTH ROUGR EFP. BOTTOM CATCHM. SIDE SLOPES PROFPILE CLOSED CONDUIT - CHARACTE
NUMBER BEGIN END BEGIH =D NESS CROSS wIDTH WIDTH COTGA COTGB CURVE  SNAPE MEIGHT WIDTH  LOSSE
(M) (M) (M) (=) COEFFP (") (M) HUMBER (M) (M) BEGIN r_
21 4316 435% 33,16 31.15 260 .00%0 1.00 & 00 o_ .o1 .01 !
40 4207 4369 31.6% 211.15 150 .Q0S0 1.00 &.00 g .ol .01 .
53 4345 4369 31.45 31.18 270 .0050 1.00 6.00 o .o1i .01 -_
S5 4369 4394 31.15 29.46 31% .0050 1.00 & 0O o~ .o .01 —
S7 4394 SIET 29.46 26.60 15% .0080 1.00 6.00 . 0I__.01 .o . P - e
80 5206 5241 27.25 26.65 220 .00S0 1.0Q 6.00 o~  .oL .01 . - =
85 5241 5392 26.65 23.08 230 .C0%0 1.00 6.00 oI .ov .01
98 5320 S316 29.85 26.82 108 .00S0 1.00Q 6.00 o .01 .01 .
29 5316 5317 26.82 27.70 80 .0050 1.00 6.00 o .01 .01
100 5316 5318 26.82 26.31 80 .00%0 1.00 6.00 a. .01 .oL o
101 5318 5345 26.31 28.47 120 .0080 1.00 6.00 o . .01 .01
102 %5331 $33) _24.58 24.25 126 .00%0 1.00 6.00 L) .01 .01
106 3333 6310 24.2% 24.10 100 00%0 1.C0 6.00 o .01 .01
108 5343 5346 24.2% 24.50 110 .00%0 1 OO 6.00 o .01 .01 -
110 3343 631% 24.28 23.81 %0 0080 1.00 6.00 ° .01 .0y
111 5343 9346 325.47 24.80 80 .00S0 1 OO 6 00 o .01 .01
112 S346 5377 24.50 24.63 100 .00%0 1 0O 6.00 o .01 .01
118 5367 %390 26.60 28.22 185 .0050 1.00 . 5.00 a~  .o1 .01
116 5377 3378 24.63 26 33 90 .00S0 1.00 s _00 ST .01 .0L . r-
117 5377 $392 24.63 218.08 160 .0080 .00 6:00 o .01 .01
119 %390 5392 2%.32 23.0% 90 .0050 1.00 6.00 o .01 .01
120 5392 5394 23.08 25.33 110 .0080 1 00 6.00 o .01 .01
121 5394 6210 26.53 27.81 290 .00%0 1.00 6.00 o- .01 .01
14% 6310 6315 24.10 23.81 40 .008%0 1.00 6.00 o .01 .01
146 6313 €316 23.8) 23.76 7% .00%0 1.00 6.00 o .01. .01 o
147 6316 6339 23.76 23.49 220 .00%0 1.00 s 0O Q. o2 .01
152 6339 6379 23.49 23.70 130 .00%0 1.00 &.00 [ .01 .01
154 6381 6379 2%.07 23.70 208 .00%0 1.00 6.00 0" o1 .01
188 6339 6340 23.49 23.48 1 .00%0 1.00 6.00 o o1 .01
156 6379 6380 23.70 23.69 1 .00S0 1.00 6.00 ) .01 01 . -
« ROUGHNESS ACCORDING TO NIKURADSE (XN)
RAIN CURVES -
wadmmanevananascaceen
RALM TINE (MIN) o 15 16 30 31 48 46 60 61 78
CURVE 1 [NTENS. (MM/H) s.5 s.S 18.7 18.7 65.6 65.6 -32.0 32.0 12.2 12.2
TIME (MIN) 91 -
INTENS. (MOU(/R) .0
D-12
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Annex D: Computer model,

aPI LLED vVoLUNXNES

TeeNsdadaAsAArACSORGRdNCaRBARE

HODE VOLUME SPILLING
NUMBER (K3 TIME (MIN)
6340 2331 92
$1380 247 2

W ATER BALANCE I N
L e T T T T Y T Y
IKPLOW (HYDROGRAPHS)

INFLOW (PIXED WATER LEVELS)
RAINPALL 1

TOTAL INM

OUTPLOM (SPILLWAYS)

CUTPLOM (PUNPSE) -
OUTPFLOW (FIXED WATER LEVELSX)
EVAPORATION .
TOTAL OOUT

STORAGE CHANGE

TOTAL OUT + STORAGE CHANGE
BALANCE ERROR -
aweman E N D or

N-1"

CONDT| NODE SURFACE WATER INVERXT CONDT FPFILLING TINE TINKE DISCHARGE VELO- GRADIENTS BOTTON REMARKS
NUMBR{ WWBR LEVEL LEVEL LEVFL DEPTH CITY WATER INVERT WIDTH
(M) (M) (M) M) () =\f (MIN) (MIN) (H3/S) (M/S) (L:x) {1:X) (M)
OPEN CONDUITS WITH TRAPEZIUM PROFILES :
21] <316 33.21 33 16 33 16 15 A . as a6 .ga7 .04 T1a4 139 6.00 ST
4369 31.30 31,23 31 1% .1s 51 63
40| <207 31.80 31.6% 31.65 .15 3 LT [T .00% .3 3sa 300 6.00 .
<369 3L.30 31.23 31.15 .16 51 63
s3] 434S 31.60 31.48° 31 4s .15 10 sQ 51 .021 .09 1138 a99 6.00
369 31.30 31 23 31.15 .15% 51 63
ss| 4369 3ir.30 31.23 31.15 .15 51 63 61 .263. .73 1a3 186 6.00
4394 29.61 29.51 29.45 15 3s 61
57{ 4394 29.61 29 51 29 46 15 1s 3% 61 .S518  1.27 EX Sa 6.00
8367 26.7% 26.68 26.60 1% 0SS . &1
s0] B20€ 27.40 27.28 27.2% .15 17 ) 7 a7 .QesI .18 163 366 6.00
6241 24.80 26. & 26.8% 1s 20 «3
os| B241 26 .80 26.68 26 .65 .15 20 as (Y] .208_ .31 161 143 6.00
5392 25.30 25.2% 25 .05 ci5 81 e —%2
%8| ®120 30,00 29.06 29 .88 18 [ 72 a6 -.11s. .83 as 3a 6.00
%316 26.97 26.89 26.62 15 .6 47
29| ®31le6 26.97 26 89 26.82 .18 . 7 46 -.060 .2s °7 20 6.00
8317 27.85 27.71 27 70 .15 [} 51
100| B316 26.97 26.89 26.82 .18 46 47 a7 .46 -2 173 156 6.00
5318 26.46 26.43 7e.31 .1 78 7
101| %31s 26.46 26.43 26.31 .15 78 7 7 276 1.09 133 142 6.00
6345 25.62 28.83 25. 47 .1s 39 7
102 8331 24.70 24.61 24.53 s 43 47 a7 .283 .44 592 416 &.00
5333 24.%0 24.40 24.2% L% 61 - 46
106| 9333 24.50 24.40 24.2% LY 61 46 a8 .58l .67 79a 666 6 .40
€310 24.35 24.28 24.10 .as 70 Se
108} 8343 24 .50 2448 24.28 .28 79 54 53 -2.45%0 1.81 27s 440 €.00 .
$346 24.90 24.85% 24.%0 .40 16 * 533
110{ 3343 24.50 24 43 24.29 .as 79 sS4 54 2.480 1.27 279 113 6.00
6318 24.31 24.27 23,81 . %0 92 e sS4
111 8348 2%.612 25.83 25.47 L) 39 «? 7 .772 70 117 82 6.00
3346 24.90 24.85 24.50 .40 16 « 53
112| 3346 24.90 24.83 24 .50 .40 86 = s3 Sa -1.684 .86 __1Q6€X 769 6.00
8377 25.03 24.94¢ 24.63 40 77 sS4
11%) 5367 26.7% 26.68 26 8O .18 56 61 ss .641 1.12 127 121 5.00
5390 25.567 25.47 25.32 .2s 60 49
116( 8377 29.03 24.94 24.83 .40 77 sS4 46 ~-.0%0 os L% 52 s.0Q
83178 26.50 26.316 26.135% .15 s 39
117 s3av77 2%.03 24.94 24.63 .40 77 se 52 -1.815 .99 812 380 6.00 -
33192 2%.30 a%.2% 2%.09% as 8L » 52
119| siso 15.87 25.47 2%.32 .as 60 Y] 50 269 .92 410 333 6.00
5392 2s.30 2s.21% 25.0s .25 82
120( B392 25.30 25.2as as.qQs .as 52 47 -.186 .28 3s0 229 6.Q0
8394¢ 28.68 23.37 25.83 .15 .
121( S3%4e 29.68 2%.37 23.83 .15 Y 46 -.042 .29 128 127 6 oo
€210 27.96 27.82 27.81 .19 .6
14%) 6310 24.3% 24.28 24.10 F1Y 54 as .877 -3s 4633 137 6.00
€318 24.31 24 27 23.81 .%0 sS4
146| €318 24.32 24.27 23.81 .30 L) 54 3.103 1.19 793 1800 6.00
6316 24.26 24.17 231.76 .s0 L3
147 €316 24.2¢ 24.17 23.76 .50 a1 « [13 ss 3.139 1.26 472 sla s8.00
€339 23.74 23.70 23.49 .as 88 & 6
182| €339 23.74 23.70 23.49 .28 25 56 46 -.061 .12 480S 619 .00
€379 23.96 23.73 23.70 .2% 12 52
1%4| @361 28.22 25.10 15.07 .18 18 46 a7 .074¢ .48 149 149 6.00 )
€379 23.9% 23.73 a3.70 .25 12 52
188| €339 23.74¢ 23.70 23.49 .28 " . 56 se 3.270 2.39 1 9?9 6.00
€340 23.73 23.69 23 a8 . 2% 83 » 56
156( €37y 23.9% 23.73 . 23.70 .29 12 52 L¥] .104 .8e °s 29 6.00
63180 23.9%4¢ 23.72 23.69 .23 12 L¥]
FREEBOARD COODE % ot ~ s3% PILLING OF CLOSED #4f 95t - 1008 POSITIVE DISCHARGE FROM LOW TO NIGH
OPEM COMDUITS .o 51 - 10% CONDUITS 1 90t ~ 95y NODE NUMBER
(t OF DEPTH) - 100 - 201 (t OP DEPTH\DIAM.) # 0t - 90t
TOTAL CATCHMENT AREA 57.6000 WA
THEE SANDWIDTE OF THE SYMMETRICAL MATRIX IS 1 POSITIONS



Annex D: Computer mode

North-Eastern section.

1 «TEXT RUSSP RADA YEMEN -
6 «GENERAL O 50 5Q 100 100 —_SO_. 30 - = o«
7 «CALC as 1 2 1 5 [¢) - -
8 «NODE O 4336 31%1 [} -0 -] 30 647 _ F—
9 =NODE 0 $47% 292% o [¢] o -28 70 1 “
10 “NODE C 4483 13035 o .3 - T.— 24 & ° Y -
11 «NODE O 4439 2945 o [+ e} - 27 €06~ ° h T 7 -
12 «NODE D 449% 13050 e} o a 26 &0 B 1 -
13 «NODE O 4498 2962 o o o 45 70 2 - 1 -
14 =NCDE O 4499 2970 o] o - o] -7 1 70 1 -
1% «jODE 0 5301 2980 o o -0 -10 60 - 1 ]
16 +NODE O 544% 2545 o a _ a sS4 60 1 «
17 «“NODE O 5448 23506 o a o 73 30 1 -
13 «NODE O 5470 2966 o] Q a 4« &6 1 .
19 “NODE O 5498 2416 o o o 4 60 : 1 -
20 =MODE 0 6420 25023 o [} o _ 23 1o . 1 .
21 «NODE 0 6484 2419 o a 0 42 40 B 1 -
22 “NODE O 6494 2156 o o a 70 20 1 -
23 “PENODE 4336 280 150 100 3o T - T = =- - .
24 *FNODE 79 160 1a0 100 10 -~ = - ~ -
23 ~EMODE 4483 240 110 1Q0 3o - - - = T et
26 «ENODE “s9 150 - 100 100 30 - s -
27 «ENODE 4498 200 (1] 100 - 30 - -2 - S— e
28 =ENODE 4498 170 a0 1Q0 3Q -~ - T -
29 «PNODE 4499 i0 so 100 30 - = = =
30 «ENODE 5301 100 200 100 3o h = - -
31 «E¥ODE 8445 300 €Q 1a0 30 H - - =
32 «ENODE 5448 280 40 100 30 _ S PR - E—
33 <ENODE 5470 100 5 100 30 R I _ -
34 “ENODE 5498 &0 120 100 30 - 2 -
33 eryoD2 6420 140 100 100 30 s -
36 +ENODE 6464 240 110 100 30 - : -
37 «gENODE Y1 Y} 300 130 100 30 B - -
38 *“SPILLWAY 6493 23158 [} o O 10000 2341189 -
319 «TRAPPROP 10 4336 4498 0 600 1 1L 3136 2937 - 20% 100 -
40 *TRAPPROF o0 600 1 1 2866 2910 140 100 -
41 *“TRAPPROr o0 600 1 1 2860 2310 - 280 100 -
42 *TRAPPROPF o 660 1 L 3020 2910 50 T 1 16 . e
43 «TRAPPROP o é00 1 1 3910 291317 “ 150 100 -
44 “TRAPPROP o 600 1 1 2910 2981 50 . a0 100 "
45 *TRAPPROF 0 600 1 1 3035 1937 567 170" 100 -
46 ~TRAPPROF o 600 1 1 29317 2938 50 . 40 100 -
47 *“TRAPPROY 0 &0O 1 1 2985 2981 40 100 -
43 “TRAPPROP 80 5301 %470 o0 &oU L 1 THES 2984 30 T 6% 100 -
49 *TRAPPROP 90 5443 S448 o 600 1 1 2510 2471 50 120 100 ~ =
S0 “TRAPPROF 100 S448 5498 o0 %S00 1 1 2471 2601 %0 260 100 "
81 *TRAPPRCP 110 5448 6420 o  saa 1 1 2471 2483 50 - - - 90 100 -
52 *TRAPPROF 120 6420 6464 o 800 1 1 2463 2379 50 = 24% 100 -
23 “TRAPPROP 13C 64864 Cive o 8060 1 1 2179 2341 50 ~ 160 100 -
S4 *TRAPPROF 140 6494 &49S o 800 1 1 2341 2340 50 1 100 -
45 ~OUMODE 4336 4479  448] 4489 4493 4498 4499 3301 B44S 5448 93470 ]
56 “OUNODE 5498 6420 6464 6495 _ -
87 ~OUCOMDULT 10 20 30 35 40 50 55 60 70 - 8O 90 ~
58 *COCOMDOIT 100 110 120 130 - N - L
59 “RAIM L 1 by o (13 15 . as 16 187 30 187 31 656 4% 636 *
60 ~RAIN 1 1 2 46 320 60 320 61 122 78 113 76 63 20 63 =
61 “RAIN 1 1 3 9?1 o -
62 «END -

DIFFUSIVE WAVE EQUATIONS

INPLICIT NETHOD

LENGTH OF A COORDINATE-UMIT (M) : 1.000 -

ROUGHENESS ACCORDING TC

HIKURADSE (M)

FOR OPEN COMNDUITS : . 0080

FOR CLOSED CONDUITS H .00%Q - -

EFPECTIVE CROSS-SECTIONAL AREA : 1.000 -

RUN~-OPF COEPPICIENT (DEFAULT) 230

TOTAL CALCULATIOM TINE (BOUR) : 2

TINE STEP (CALCULATION) (MIN) 1

TINE STEP (QUTPUT) (MIMN) : 5

NUMBER OF TRAPEZIUNM PROFILES 16

NUMBER OF VARIARLE PROFILES H o

WUNMBER OF CLOSED CONDUITS . o

NUMBER OF WEIRS : o

NUNBER OF NODES : 15 -

NUNBER OF SPILLWAYS : 1

NUMBER OF PUMPS X o -

NUMBER OF INFLOW NYDROGRAPHS - o -

NUMBER CF RAIN CURVES - 1

NUKBER OF EVAPORATION CURVES : o -

NUMBER OF STORAGE CURVES 1 o -

NUMBER OF PROPILE CURVES - o -

NUMBER OF WATER LEVEL CURVES T o -

NUMBER OF HOVABLE WEIR CURVES : o



Annex D: Computer model.
CYCLONE, D M V CONSULTANTS, AMBRSPFOORT, THE NETHERLAMDS DATE * 6-20-1991 PAGE [y
- IKPUT = -
P -
N ODE DATA
PN -
CATCHMENT AREA (CODE 1) ©O- = HA PUMP CAP. [(CODE 2) O~ = M3/S
1- = M2 1~ = L/s
NODE GROUND WATER X-COQRD Y-COORD CATCHMENT RUN & U R V ¢ R S PUMNMP S PILLWAY
NUMBER LEVEL LEVEL AREL OFF INPL STORGE WATLEV CAP START STOP WIDTH LEVEL COEr
(M) n) (M) (M) (CODE 1) Crr (cooe 2) M) (1) (M) )
4136 31.51 Qo o. [ ¥ Qf- .60 . -
4479 29 .25 .Qo o 0. 25 Q~ .70 T s
ass) 30.3% .oQ o. - o, 2.4 9= .60 — -
4489 29.4% .00 0. [s] 2.7 o~ .&1 T e - L o
4493 30,80 .o o. _ _ 0. 2.6 U~ ,g0 T T e - — = .
4498 29 62 .00 o. a. 4.5 0- .70 i B - )
4499 29.70 .oo o. o. .1 U- .70 - =
5301 _29.80 .00 0. 0. 1.4 0- .60
S445 25 .45 oo 0. o. 5.4 0- .50 - -
LYY 2% 06 .00 0. Q 7.3 O~ 30
5470  2%.66 00 a a. .4 O- .80 1 ) ) 7
5498 26.16 .00 o. o. .4 D- 160 ° - Rt - - = - - — - oL
6420 2%.03 00 . o. Q. 2 3 0- .30 S - o
6464 24 19 .00 O. 0. 4.2 0- .4D - I -
64%¢ 23 %6 .00 o. 0. 7.0 0~ .20 iy N
YT} 23.5%5 .00 a. o. 100.40 23.41 1.8%
- - [ S o R - . - - —
CONDUTIT DATA
SasesacsarsarannbhddhabRon
COMDT MODE WUMBER INVERT LEVEL LENGTH ROUGA EFFP CATCEM. SIDE SLOPES PROFILE CLOSED CONDUIT - CHARACTERISTIGH
NUMBER BEGIN END BEGIN (715 NESS CROSS WIDTH WIDTH COTGA COTGB CURVE SEAPE REIGHAT WIDTH LOSSES SILT
(M) (4.8 (M) (=) COErP (4.3] (3.3 NUMBER (ny (M) BEGIN END(L
10 4336 4498 31.38 29.37 20% .00S0 1.00 6.0 o .01 .01
20 4479 4489 28.60 29.10 140 .0ODS0 1.00 6.0 __ I - .01 .al
30 4479 5445 28.60 IS.10 280 .00%0 1.0O é.00 o .01~ .01 - .
35 4483 4489 10.20 29.10 110 .0OQ%0 _1.Q0 6.00 a oL .01
40 4489 44928 29.10 29.37 150 .0O0S0 1 00 6§.00 o .01 _ ol
S0 4489 5470 29.10 29.%1 80 .00%0 1.0Q .00 _ o .01 Ql 7
S5 4493 4498 10.33 29.37 170 ,00%0 l.00Q 6.00 o -.0X - QX -
60 4498 4499 29.37 .58 <0 00S0  1.Q0 6.0 Q o1t gL
70 4499 5470 29.55 29.51 40 .0050 1.00 6.00 <) .01 .01 - - —
80 S301 5470 29.65 29.%51 65 .00%0 }1.00 6.00 a .ot .01 R
%0 S4es  25.10 24.71 120 .00%0 I.00 4.00 o .01 .0
100 %498 24.71 2%.01 260 .0O0SQ 1.00 5.G0 o .01~ .01 )
110 S54e48 6420 24.71 24.6) 20 _00%0 1.00 8.00 .o .01 .01
120 6420 6464 24.63 23.7% 24% .00S0 1.00 s.00 o ol .01
130 6464 6494 23,79 23 .41 160 .00%0 1.00Q s.00 o .01 .0X -
140 6494 6495 23.41 23.40 1 0080 1.00 s.c0 o .01 .o
-k o~ o ——— -
+ ROUGHNESS ACCORDING TO NIKURADSEZ (M)
R AIN curveES
asssssensnscccnscnsun
RALN TIME (NIN) [+ 15 16 10 31 as Y 60 61 7 76 B
CURVE 1 INTENS. (MM/K) e s L.5 18.7 18.7 65.6 5.6 3z.0 1z 0 12 2 12.2 6.3 &
TINE (NIM) 91
INTENS. (MM/H) .0




M A XIMUM W ATER LEVELS A

N D DISCHARGE

s .

L T R R L R R T

Annex D: Computer mode

TOTAL CATCHMENT AREA

43.8000 HA

THE BANDWIDTH OF THE SYMMETRICAL MATRIX IS L. POSITIONS
aPILLED vVoOLUONES
P L e L L P T Y ]

NODE VOLUME SPILLING
NUNMBER (M3) TINE (MIN)

6134 b 4.3

4 aAaTEER B ALANCE IN (M3]
NG AN N AR AT AGE AN AR AN E SRR P LaEORY
INFLOW (HAYDROGRAPHES) H o
INFLOW (FIXED WATER LEVELS) H =]
BRAINFALL 1 7794
TOTAL IN : 7794
OUTPLCW (SPILLWAYS) H 61395
OUTPFLOW (PUMPS) : (=]
QUTFLOMW (FPIXED WATER LEVELS) : o]
EVAPORATION H [+]
TOTAL OUT H 6135
STORAGE CHANGE 2 1669
TOTAL OUT + STORAGE CHANGE H 7804
BALANCE ERROR H .13 ¢
XL X END oFr CY¥YCLONE LA 2T )

CONDT| NODE SURFACE WATER INVERT CONDT FILLING TINE TIME DISCHARGE VELO- GRADIENTS BOTTOM REMARKS
NUMBR| NMBR LEVEL LEVEL LEVEL. DEPTH CITY WATER INVERT WIDTH
(M) (M) (M) (M) (1) «\g (MIN) (MIN) (M3/8) (M/3) (1 X) (1 X3 (M)
OPEN CONDUITS WITH TRAPEZIUM PROPILES :
10| 4336 31.51 - 31.39 31.36 .15 1s [T 7 - 213 .38 110 103 6.00 _._ T
4498 29.62 29.53 29 .37 .28 66 9
20| 4479 29.25 28.70 28 60 1 16 51 51 ~1.32% 1.23 210 280 6.00
439 29.48 29.34¢ 29.10 .35 70 51
30| 4479 29.235 28.70 28.60 .65 16 s =1 . 1.543  1.87 2 8o 6.00
5445 25.45 25.33 25.10 -1} 64 52
38| 4¢s> 30.3% _.30.22 30.20 Y 11 40 46 .203 .28 125 _ 99 & .00
“as9 29.45 29.34 29 10 .as 70 s1 -
40| <489 29.45 29.34 29.10 .38 70 81 49 -.a54 .70 787 555 &.00.
s 29.62 29.53 29 37 .28 66 49
sc| 4489 29.43 29 .34 2%.10 .35 70 51 [T . -.137 .18 409 195 6.00
5470 29.66 29 .54 29.51 15 20 .7
35| <49s 30.%0 30.39 30.38 .15 24 47 46 .237 .41 199 173 otz
4498 29.62 29.83 29.37 .25 66 - ~
60| 4498 29.62 29.52 29.37 .28 66~ - £ 3] 37 -.Qo09 .04 1768 222 6.3 T
4499 29.70 29.56 29.55 .15 s 46
701 4499 29 .70 29.%6 29.55 .15 f - 46 Y3 . 004 .04_ 2254 1000 6.00° .
! %470 29.66 29.5%4 29.51 .1% 20 47 3
so| s301 29.60 29.71 29.65 1% 37 46 46 .096 .33 391 64 6.00
5470 29.66 29.94 29.51 .15 20 %4
90| %448 28.45 25.33 25.10 .38 64 82 52 _ _1.918 1.22 183 307 &.00
S448 25.06 25.01 24.71 .38 86 « LY -
100| %448 35%.06 2s.01 24.71 3s 86 « -1} 46 -.042 .06 as7 199 .00
3498 26.16 26.02 26.01 1% 9 46 - -
110| Sases 29.06 2%.01 24.71 .3s 86 = 84 S4 2.162 1.12 446 1128 8.00
€420 2%.03 24.81 24.6) .40 45 51 -
120| 6420 23.03 24.81 24.63 . 40 4s 81 sS4 2.249 1l.14 iso 291 s8.00
6464 24.19 24.11 23.7 .40 80 * 57
130| 6464 24.19 24.11 23.79 .40 80 * 57 87 .2.387 1.34 277 21 .00
6494 23.%6 23.53 23.41 .15 82 = s7
14GC] €494 23.56 23.53 23.41 .16 82 « %7 87 2.630 3.32 18 99 8.00
6498 23.856 23.47 23.40 .18 - 57 .
FREEBOARD CODE @&+ oy - 5% PILLING OF CLOSED {### 95% - l00% POSITIVE DISCHARGE PROM LOW TO
OPEN CONDUITS “e 5y - 108 CONDUITS (X 90% - 985% HODE
(1 OF DEPTR) - 108 - 20% (¢t OF DEPTH\DIANM.) ¢ 3Ot - %ot




Annex D: Computer model,

Southern section.

1 =TEXT RWSSP RADA YEMEM - -

6 *GCENERAL 0 SQ_ _ S50 100, 100 —=%Q -- 3Q- - — — LI e - - - - - -
7 «CALC 25 1 2 1 s [} -

8 “NODE © 3213 23517 o o o 23 a0 -~ - 1 .

% «NODE 0 324% 3231 Q o Q_ .. ___ 56 _10_ - ! -

10 *¥ODE © 3391 3317 — O o o 6% 30 - 1 -« -
11 ~MODE O 3393 3287 o o o . «a 310 —.z -1 « ”

12 e«pODE C 31398 3299 o o . - 0 . - - - A 3 _ __ ___  ___ 1 - B

13 «NODE O 4207 3180 ] o o 3é 1O - -2 1 -

14 *NODE O 4210 3162 o o [ 18 30 z 1 - - -
1S «MODE 0 4233 3013 o o o 0 <0 R -1 - [

16 «NODE O 4242 3037 o a o b f S Ve ) 1 .

17 =MNODE 0 42%4 _3aQ7) [} o — -0 T A0 .- - e -1 _.

18 *NODE O 42%3 3071 o o -0 - 4 30 __ —1 -«

19 +HODE O 4267 23201 o o o] S 30 z 1 - -

20 *NODE C 5107 2909 o o - o 2 40 1 "

21 «MODE O 3132 2800 o o a L a0 - - A - - -

22 4NODE O 520% 2880 o] o o 11 «o - 1 - ) )
23 =HODE O 3521% 2860 o] o . . o R ~ 9 _40 . B! -

24 «WODE O 5261 28135 o o o 98 40 I 1 - -
2% «NODE O 5172 2800 6] o o " 45 40 ) 1 -

26 «tODE 0 5276 2774 o o °o 22 SO z By -

27 «NODE O 5292 2740 o o ] 42 SO T T i 1 B T T I —
28 eNODE 0 5297 2727 ] o - Q as 40 = 1 -

29 «WODE 0 6109 2570 o o o 18 10 z 1 -

30 “NODE O 6264 21560 o o — o 3% %0 ——= 1 -

31 e«ENODE 3213 3Ja0 120 100 10 - -

32 *~ENODE 3249 300 160 100 10 .

33 «ENODE a3el 420 90 100 10 - .- - - _ _
34 <ENODE 1393 250 140 100 10 o . LI . R
38 «mODE 2398 120 100 100 30 - - -

3& «ENCDE 4207 380 170 100 30 ~ - L .

317 emyODE 4210 140 100 100 o - - . e

38 «E¥NODE 4233 jco 200 100 10 _ -

39 e-EMNODE 4242 250 190 100 30 - S Ll

40 *ENODE 4254 150 130 100 10 = - -

41 aFNODE 42538 260 110 100 10 = - .

42 epnODE 4267 180 180 100 3o - = -

43 «rHODE 5107 120 110 100 3o - : - ) B

44 eENODE 8112 20 200 100 o - ) - ) -

4% «ENODE 5205 120 90 100 3o ~ o - - -z ) . - . o
46 = ENODE 5215 150 LO0 100 E7s S B A

47 ~TUODE 5261 460 130 100 3o - -

48 =ENODE 5272 - 320 160 100 o = - -

49 «FNODE 5276 300 370 100 30 - - - - T T T T T Tt T a

S0 <ENODE 5292 300 3Joo 100 30 : -

51 «ENODE 5297 220 270 100 3o = -

32 <FMNODE 6109 340 170 100 3o . - - oo - ‘\ _ _
53 «EWNODE 6264 280 130 100 10 - _ _ I Y I -
S4 *SPILLWAY 6296 2%51% a o O 2000 2481145 -

S5 eTRAPPROP 10 3213 3391 o 60D 1 1 3502 3322 _%0 295 10Q )

36 «“TRAPPROP 15 3249 4210 0 600 1 1 3216 3117 %0 50 100 -

S7 «TRAPPROP 20 3398 3249 o 600 1 1 3284 3216 50 100 100 - - _

S8 “TRAPPROF 30 3391 3393 o 600 1 1 3322 3262 %0 220 100 -

59 «TRAPPROP 40 13393 4207 o 600 1 1 3262 J1e5 50 230 100 -

60 «TRAPPROF 50 €207 4210 0 600 1 1 3168 3137 50 80 100 -

61 «TRAPPROYF 60 4210 4258 0 600 1 1 3137 3046 50 230 100 .

€2 «TRAPPROP 44 4233 s20% o 60D 1 1L 2998 2865 50 98 100 -

€3 “TRAPPROP 6% 4242 42S5a o 600 1 1 1022 1086 %0 173 100 -

64 =“TRAPPROF 70 <242 521% 0 60D 1 1 2848 0 150 100 -

65 «TRAPPROP 80 4238 «267 o €00 1 1 3186 50 130 100 -

66 “TRAPPROP 90 4253 3261 0 €00 1 1 2810 s0 420 1100 -

67 «TRAFPROF 95 5208 521% 0 600 1 1 21845 S0 10Q . 100 -

68 STRAPPROF 100 %107 S272 0 600 1 1 2775 50 100 ., 100 .

69 *TRAPPROP 110 $132 5297 o 600 1 1 27032 80 20 _ 100 -

70 “TRAPPROP 140 5218 261 0 600 1 1 2810 %0 199 100 -

71 «TRAPPROPF 120 5261 3272 0 €00 1 1 2810 2779 %0 100 100 -

72 “TRAPPROF 160 %272 3292 o 600 1 1 2773 270% %0 280 10Q -

73 «TRAPPROP 163 $27¢ 5292 0 600 1 1 2759 2709 30 150 100 “

74 STRAPPROP 170 82931 5297 o 600 1 1 270% 21701 a0 40 . 100 . LI

7% ~TRAPPROP 180 €109 6264 o 600 1 1 1s%s asas 80 240 - 100 -

76 *TRAPPROF 188 $397 6264 o 600 1 1 2702 25258 _ 5O 158 ° 100 - -

77 STRAPPROP 190 6264 6286 0 60T 1 1 29525 2480 20 125 10Q -

78 “RALNM 1 1 1 o s 15 [ 13 16 187 30 187 31 656 43 6%6 +_ -

79 <RAIN 1 1 2 46 320 & 320 61 122 7% 122 26 83 20 63 = 3
80 <RAIN 1 1 3 91 o B - - -

81 «END

DIFPUSIVE WAVE EQUATIONS
INPLICIT METHOD

LENGTE OF A COORDIMATE-UNIT () = 1 000 — T 7 - T =T T oo \ 1““\‘

ROUGHNESS ACCORDING TO
NIKURADSE (M)

FOR OPEN CONDUITS QQs50 R - - - - - - - - - =
FPOR CLOSED CONDUITS Q050 B

EFTECTIVE CTROSS-SECTIONAL AREA
RUN-OFF COEPFICIENT (DEFAULT)

:

280 S = -

TOTAL CALCULATION TIME (HOUR) -
TIME BTEP (CALCULATION) {MIN)
TIME STEP (OUTPUT) (MIN)

NUMBER OF TRAPEZIUM PROFILES - 2
NUMBER OF VARIABLE PROFILES z
NUMBER OF CLOSED CONDUITS
NUMBER OF WEIRS

NUNBER OF NODES

NUNBER OF SPILLWAYS
NUMBER OF PUNPS T
NUMBER OF [NPLOW NYDROGRAPHES -
NUMBER OF RAIN CURVES 1
NUMBER OF EVAPORATION CURVES

HUMBER OF STORAGE CURVES -
NUNBER OF PROPILE CURVES -
NUMBER OF WATER LEVEL CURVES .
NUMBER OF HOVABLE WEIR CURVES

00000 +HOOrWOOPDW KN



Annex D: Computer mode-

-~
CYCLONE, D B V CONSULTANTS, ANERSPGORT, THE NETHERLANDS DATE - 6-19-1991
INPUT awawa
[P R .
MODE DATA
IR R LR RN 2] N
CATCHMENT AREA (CODE 1) O~ = HA PUMP CAP. (CODE 2) O- = M3/ .
L- = M2 1- = L,8 - -
NODE GROUND WATER X-COORD Y-COORD CATCHMENT RN C U RV E NUMBERS PUKP S PILL
NUMBER  LEVEL  LEVEL AREA OFF INFL STORGE EVAP RAIN WATLEV  CAP START  STOP WIDTH LEVE
(M) (K) (M) (M) (CODE 1) cCry (cobe 2) (M) () (M)
3212 35.17 .QD a, 0. .., 2.3 0D~ .30 . 1
3249 32.31 _ _o0._ __ _Q. o. s.6 g= .%o .3 Ty o Ab
3391 33.37 -Q0 o, o. 6.5 Q- .3 . _ = .1 N B R
3393 32.87 .00 c o. 4.0 0- .30 3 1 . -
3398 32.99 .00 0. 0. .4 O~ .10 -3 1 - S - - -
207 31.80 .00 Q. o. . i.6 Q- .wo . . 1
€210  31.62 .aa Q 0. 1.5 a- .30 B o'y 1 - - - e
€213 30.13 . oo 0. o 4.0 0~ .4Q ~ 1 - - -
4241 30.37 oo — 9. . o. 2.4 0- .30 - 3 1 . -
42%4 3071 .. .60 -~ O. — o __ _ .70- .3 Y : i
4228 30.71 .oa Q. . 0. I 4.4 0- .30 . L ST
4267 32.01 .00 Q. o. .8 Q- T.¥o - - 3 -1 -
5107  29.09 o0 0. .o, .Z 9- .40 N 1 -
5132 oo o. o. .1 a- .3qQ : o1 )
5205 ) a. o. 1.1 6-" .0 - T -
5218 .00 0. o. - .9 O~ .a0 i 1 N -~
5261 .co 0. 0. 9.8 0- .40 * 1
5272 . Q0 0. o. 4.% 0- .40 b Tl
5276 .00 0. o. 2.2 0- .%0 Y -
3292 .00 o. o. 4.2 0- .80 - -
5297 .00 o. a. 2.5 O- .sQ _ _ 1 B
6109 Qo 0. a. 1.8 o- .30 -7 = 1 S -
6264 oo o. 0. 3.3 0- .sQ . L B i
6286 .00 o. o. . . W - B = .00 TL_
INPUT smwww
cemcammennn - -
CONDUTIT DATA .
LA TR ERERN ELEE L 42
CONDT MODE NUMBER INVERT LEVEL LENGTHE ROUGE EPF. BOTTOM CATCHM. SIDE SLOPES PROFILF  CLOSYD CONDUIT - CHEARACTY
NUMBER BEGIN END BEGIN =D NESS CROSS WIDTH WIDTH COTGA COTGB CURVE  SHAPE HEIGAT WIDTH  LON
(M) 0 (M) (=) coerr (M) (M) NUXBEX (") (K} BEGIN
10 3213 3391 3%.02 33.22 29% .00%0 1.D0 6.00 o .01 .01
1% 3249 ¢3210 32.16 231.37 250 .00%0 1.00 6.00 o .01 .oy
20 3398 3249 32.84 3131.16 100 .00%0 1.00 6.00 ° .01 .03
30 3391 3393 33.22 32.62 220 .00%S0 1.00 6.00 o .01 .01
40 3393 4207 32.62 230 .00%0 1.00 6.00 o .01 .01
S0 4207 4210 31.6% 80 0080 1.00 8.00 [ .01 .01
60 4210 4238 31.37 230 .00%G 1.04 6.00 o .01 .01 -
44 4233 8203 29.98 98 .00S0 1.00 6.00 G- .1 .a1
65 4242 4284 30.22 17% .00%C 1.00 6.00 o .01 .01
70 4242 $11% 30.22 150 .00S0 1.00 6.00 o .01 .01
80 4288 4267 30.46 130 .00%0 1.00 6.00 C o .Q1 .01
90  42%8 5261 30.46 420 .cosa 1l.00 .00 --oz .01 .01 . o
93 5208 5218 28.45 100 .00SQG 1.00 6.00 Q. .01 .of
100 S107 33172 2s.%a 100 .00%0 1.00 6.00 o o1 .01
110 S132 5397 27.a% 27.02 90 .00SC 1.00 6.00 0. a1 .ol
140 5315 8261 28.4% 28.10 190 000 1.00 . 6.00 o .01 .01
L30 5261 %5272 -2¥.10 27.7S 100 .00%G 1.00 6.00 o o1 .oL
160 5272 5292 27.7% 217.0% 280 .00%0 1.00 6.00Q o .01 .a1
165 5276 5292 27.%9 27.0% 180 .00SQ 1.0Q 6.00 o .01 .01 =
170 5292 5297 27.0% 27.02 40 .00%0 1.00 6.00 0. .01 .01
180 6109 6264 25.3% 25.2% 240 .00%Q 1.00 6.00 @ 01 .01 -
185 S397 6264 27.02 23.2% 1%0 00%0 1.00 &.0Q oo 101 Pum .-
190 6264 6286 25.25 24.80 128 .0050 1.00 6.00 q L01 a = -
= ROUGHHESS ACCORDING TO NIKURADSE (M) .
RAIK CURVES -
AweacesdshaddhadNAlad
RALIN TIME (MIN) o 15 16 30 3 s .6 60 61 78
CURVE 1 INTEMS. (MM/H) s 3 als 18.7 18.7 6s.6 65.6 3z.0 3z.0 12.2 12.2
TIME (MIN) 91
INTENS. (NM/H) .0

D-~18



l Annex D: Computer model.,
' HAXIHKUMN WATER LEVELS AND DISCHARGES
PP R L R R R L L R R LR L L L L e e L L R R R R N
CONDT NODE SURFACE WATER INVERT CONDTY FILLING TIKE | TINE DISCRARCE VELO- GRADILENTS BOTTOM REMARKS
KUKBR| NuBR LEVEL LEVEL LEVEL DEPTN CITY WATER INVERT wroTra
(M) (M) (M) (M) (MIN) (MIN) (M3/5) TN/8)  (1-x) (1:%) [
OPEN CONDUITS WITH TRAPEZIUM PROFILES : _ .
10| 3213 35,17 7 3%5.04 38,02 .15 12 .8 .9 .o78 i 169 163 & Qoo
3391 33.37- 33.30  33.22 -1 s1 sS4
15| 3249 32.31 32.22 32.16 .19 38 .6 .9 .. Z48 50 361 36 6.00 -
4210 31.62 31.%2  31.17 .28 62 60
20| 3398 32.99 32.88 32,84 1% s _46 46 _Alo2m 2 LQ 158 147 & 00 .
3249 32.31 12.22 _32.16 15 38 46
30{ 3391 33.37 33.30 13.72 .18 sy 54 56 _281 59 371 366 &.q0
3393 32.87 32.70  32.62 .28 34 59
40| 3193 32.87 32.70 32.62 .28 2e 59 60 .99 . .78 238 237 & 0d
4207 3..80 3L.74 31.65 .18 59 62
0 4107 21.80 AlL.74 31.69% -19 59 62 61 496 (-3 3 37 285 6.00 oo
4210 31.62 31.%52 31.37 .25 62 60
60| 4210 31.62 31.52 31.37 .28 62 sa 62 .727 © 99 236 as2 -6 00 .
4258 30,7 30.55 30.4¢6 .25 37 - Y
ea| «13> 30.13 30,00 . 23.9s 18 15 66 46 176 60 74 71 6 0o
530S 28.80 28.73 28.65 .15 56 a6
€5| 4242 30.37 30.24 10 22 .18 12 « 52 -.024 .19 505 514 e 00
4294 30.71 30.58 30.86 .15 16 s3 o )
70| 4242 30.37 30.24 30.22 .15 12 a8 .8 167 .34 as se o ca
4215 28 .60 28.54 28 45 1% 61 50
so| «2ss 30.71 3G.8% 30.46 .25 ol - sa 7 - 021 . -la 98 $r - T&Iay
267 32.01 31.87 31.86 1% 5 .
20| «as5s 30.71 30.55% 30. 46 .29 37 64 64 -846 .97 186 177 6 00~
8261 28.3% 2€.30 28.10 .2% 80 63 .
*3] 3208 28 .80 28.73 28.65 .15 56 a6 | 47 .-1%6 .81 519 500 %.00
5219 21.60 28.54 28 a5 15 61 50
100| 3107 29.09 28.94 28.94 15 3 46 . o13 os 102 ' & 00
5272 28.00 22.97. 27.7S .25 86 = 64
110 s132 28.00 27.8% 27 &S .15 2 40 as o6 as 126 108 @.00
2297 27.27 27.14 27.02 .28 a8 66
140| sars 28.60 28.54 s .15 61 s0 52 .39& sz 785 542 5.00
4261 28.38 28.30 2s.10 .25 8o _ a1
150 S261 28.35 28.30 28.10 .28 s0 63 63 1.518 _1.22 299 288 6.00
5272 28.00 27.97 27 78 .25 .86 = 64
160| 83172 28.00  127.97 27.75 .25 86 o G4 65 1.669 1.09 s 399 6. - -
8292 27 40 27.3%  27.0% .3s 85 = . &6
168| 3176 27.74 27.62  17.59 .15 17 &1 a9 100 .17 sss 277 6.00
5292 27.40 27.3%  27.0% .35 85 s Y
170! %292 27.40 27 A8 27.0% .35 s - . 6f 66 1.916 1.53 193 1333 &.00 -
3297 27.27 27.14 27.02 .28 IS 66
180| €109 25.70 2S.58 25,85 .15 23 67 50 080 . .Q% 7%&1l sa0 %.00
6264 25.60 28.88  25.2% .38, 86 = 67
1ss| 8297 27.27  27.14a 27.02 .25 a8 66 66 1.996 1.58 %4a a4 600
€264 28 .60 25.58 as .23 .38 86 67
190| 6264 25.60 25.5%  25.25 .38 86 = 67 67 2.161 1.56 211 277 §.00
c286 25.15 24.76 24.80 ET3 s 67
PREFROARD CODE oy - st PILLING OF CLOSED #¢4 95t - 1000 POSITIVE DISCHARGE FRON LOW TO NIGH
OPEN CONDUITS sy - 10% CONDUITS " 90% - 95t HODE NUMBER
(Tt OF DEPTH) - 108 - 20% (% OF DEPTE\DIAN.) ¢ 80V - 90%
' TOTAL CATCEMENT AREA 66.7000 HA -
THE BANDWIDTE OF THE SYMMETRICAL MATRIX IS E POSITIONS
S P I LLED VOLUNES
IR RT R EAR PP RR R A RN LR LS AR X
NODE vo SPILLING
NUMBER (N3) TINE (WIM)
' 6286 5997 82
WATER BALANCE I N (M3
MabeccaNntatacsnacntatanenabadnasnnnnn
INFLOW (HYDROGRAPHS) B o E
INFLOW (FIXED WATER LEVELS) o
RAINFALL . 8736 - - - .-
TOTAL IM 8736 - - - ) -
CUTFLOW (SPILLWAYS) . 5997 .
OUTFLOW (PUNPS) : o
OUTFLOM (FIXED WATER LEVELS) o - = R - et B - T
LVAPORATION : o -
TOTAL OUT : - o T
STORAGE CHANGE -
TOTAL OUT +« STORAGE CHANGE : - -
BALANCE ERROR 18 ¢
' LA R KX ] EN D o r c Y C L © N E ed&dasw _



North—-Western section.

Annex D: Computer mode. .

1 «TEXT RUSSP RADA YEMEN - =
2 ~TEXT -
3 «TEXT DESIGN PRIMARY DRAINAGE SYSTEM -
4 =TEXT NORTH~EAST AREA - -
5% «TEXT december 1990 -
6 «GENERAL O S0 so 100 1o0 S0 . ~3a: Remged L - -
7 «CALC as 1 -3 1 5 ] . T o« o -
3 «NODE 0 2227 31936 o a- G2~ .- a3 30 o= N S - -
9 =NODE 0 2340 3972 o o o = 32 4o T - 1T e N ©
10 *NODE Q 2377 37sa o o o - 30 3o - o . 1L oL o _
11 «NODE 0 2393 3700 Q o o 1? 60 s 1
12 «NODE O 3307 21524 o} o o 33y IO -3 I B
1} eNODE 0 3310 3620 o} o [ 28 30 - 1 -
14 *NODE O 13321 13843 o o o -- 20 3ag M 1 .
1S =NODE 0 3321 3500 o - [ 73T m - - L . i
16 «NODE 0 3338 3431 o <] Q 16 30 - 17T e i
17 amoDE 0 3333 3is0 Q a. —Q . ol2s..ag” 1 T 1T . . B - B
13 «NODE 0 3343 340% o} o a Y . 1 < g
19 «NODE 0 3354 2SO o] Q s} 17 30 ] 1 - - -
20 =NODE 0 3492 3330 o o . s a0 1 e =
21 ~NODE O 4303 3314 o a o 11 s0 : 1 - -
22 *NODE C 4314 3331 o o Q 17 sQ 2 1 - -
23 +MODE O 4466 1290 Q - [¢] . O 25 &a - D S
24 “ENODE 2227 -27q s lQa .30 o oL el — e a— " im _ -
A3 & ENODE 2340 150 10 100 B 1 AR I I T e _ v e A STENETETE R ot e ene—
26 eENODE 2377 180 zu 100 _—30 I .z T - T T
27 «DNODE 23913 200 10 100 T30 - 3 I~ - T T
23 ~ENODE 33n? FLY 110 100 30 - - -0 =
29 =gNoDE 3310 280 80 100 30 - -
30 sENODE 3321 170 70 100 30 - -
31 «DwoDE 3323 1e0 300 10Q 30 L = = .
32 «ENODE 3338 300 270 100 30 - -z - oo -
33} «EmoDE 3333 azo 140 100 30 - - - -7 . M
34 *ENODE 3343 100 20% 100 30 - -
35 =~EMODE 3354 30Q 170 100 30 R . _ - B
36 «FNCDE 3492 280 130 100 30 . - -
37 e«ENODE 430% 129 10Q 100 a0 _ . __ - . P B )
38 *ENCDE 4316 100 100 100 3o - _ I _ - b o
39 «EnODE 4456 1%0 is0 100 .. _ a0 . T Lo _ == - ..
40 =SPILLWAY 4433 32285 o] a - QO _11Q0Q° 320718s . - _ -
41 *TRAPPROF 10 2227 I39) 0 600 1 1 3921 368% 30 - . 1887 10Q I - R
42 “TRAPPROF 20 2340 2377 D 600 T I 1 1957 3773 sa_. . 20Q° 10Q -
43 «TRAPPROT 3D 2377 I3I93 o 600 1 1 3771 1685 50 2160 100 - -
44 ~TRAPPROP 40 2377 3321 o  éna 1_ 1 2772 3528 _S0O _ - l8s 100 -
45 «TRAPPROP S0 2393 3354 0 60T - 1 1 368% 1508 50 23 1007 T e o - -
46 “TRAPPROF 60 3307 3310 D 600 1 L 3509 136Q5 s0 . 130. 1q0 -
47 “TRAPPROF 70 3323 3338 0 600 1 1 3475 3413 5Q T 28G7 100 -
42 «TRAPPROr 80 3307 3333 o 600 1 1 %09 3445 S0 : 29% 100 -
49 «TRAPPROT 90 3321 3323 0 600 1 1 3528 347% L2 2118 150 -
30 «TRAPPROF 95 3313 1338 o 600 1 1 3445 3413 sa 160 100 . = -
51 *TRAPPROP 100 3333 3492 0 600 1 1 3448 3315 50 160 100 -
52 *TRAPPROF 110 3338 3343 o 600 1 1 3411 3380 50 . . 108 104 -
53 “TRAPPROF 120 3343 1334 0o 600 - 1 1 3380 3%0% a0 1s0 o0 -
34 “TRAPPROF 130 3343 4316 o 600 1 1 3380 1304 50 108 100 -
58 «TRAPPROF -50 3492 4466 0 - &00 1 1 3318 3260 s0 i17% 100 "
56 *TRAPPROF .60 43035 4316 v 600 1 1 1290 330§ 50 Z 1as 100 -
87 «TRAPPROY 170 43035 4466 o 600 1 1 3290 3260 50 T 13% 100 -
S8 “TRAPPROP 100 445) 4466 o 600 1 1 3206 3260 50 168 100 -
SS9 «RAINM 1 1 1 o (1) 1s as 16 187 30 187 31 636 4% 4686 o
60 =RAIM 1 1 2 46 13120 60 320 61 122 7% 122 76° 63 0 63 o
&1 <RAIN L 1 3 [ 3% o_ _ . -
€2 ~END -
DIPPUSIVE WAVE EQUATIONS
IMPLICIT METHOD
LYNGTE OF A COORDINATE-UNIT (4.3 1 oo -
ROUGHNESS ACCONDING TC
NIKURADSE (N)
FOR OPEM CONDUITS 0050
FOR CLOSED COMDUITS - .00%0
EFFECTIVE CROS3-SECTIONAL AREA : 1 .-000 . e o — _ _ . R
RUN—OFP COEPPICIENT (DEFAULT) H . 350 - h o ”
TOTAL CALCULATION TINE (BOUR) : 2
TIME STEP (CALCULATION) (MIN) 1 1
TINE STEP (OUTPUT) (MIN) : s
HUMBER OF TRAPEZIUM PROFILES : 18
NUMBER OF VARIABLE PROFILES ' o
WNUMBER OF CLOSED CONDUITS . o
WNUMBER OF WELRS . [}
NUMBER QF NODES . 16
NUMBEZR OF SPILLWAYS : 1
WUMBER OF PUMPS : o .
NUMBEZR OF INTFLOW NYDROGRAPHS : o -
NUMBER OF RAIN CURVES : 1
WUNBER OF EVAPORATION CURVES : Q
HUNBER OF STORAGE CURVES a - - -z _ B
NUMBER OF PROFILE CURVES . o
NUMBER OF WATER LEVEL CURVES . o _
WUNBER OF MOVABLE WEIR CURVES [} =

D-20




Annex D: Computer mode

R AIN CURVES

csevassntbvensndhadsaa

RAIN TIME (MIN) [¢] 15 16 30 31 45 46 60 61 75 76 L1
CUzRvE 1 INTEMS. (MM/K) .5 8.5 18.7 1s.7 65.6 65 .6 32.0 32.0 12.2 12.2 6.3 &.
TIME (HIN) 91
INTENS. (MM/H) .a
M AXIHMHKUN WATER LEVELS A ND DISCHARGES -
LR R LR TR R RN P R R R R AR F LR R R R PR AL LR R R AR R R YRR R R MR A AR RN R R NN ]
CONDT| NODE SURFACE WATER INVERT CONDT PFPILLING TIME TIKE DISCHARGE VELO- GRADIENTS BOTTOM REMARKS
WUKBR| M®BR LeveL LEVEL LEVEL DEPTH CITY WATER INVERT WIDTHA
() (M) ) (M) (%) «\¢# (MIN) (MIN) (M3/S] (M/8) (1:X) (1l:X) (M)
OPEN CONDUITS WITR TRAPEZIIUM PROFILES . - - R - - _
10| 2227 39.34 19.24 39.21 15 17 a8 46 199 ~ 67 67 a5 6.0Q0 - -
2391 37.00 16.94 36.8% <15 60 2
20| 2340 39.72 319.64 39.37 -1s as 46 46 332 .79 106 108 6.00 _
2377 37.88 37.76 37.73 .18 20 a7
3o 2377 37.38 37.76 37.73 .15 20 47 46 L174 .56 121 113 6.00
2393 37.00 36.94 36.4% .15 60 42
40| 2377 317.88 37.76 37.73 .15 20 47 46 .196 .12 6 . _7% . . 6é.o0Q - —
3321 315.42 31%.135 35.28 .15 as 42
30| 2393 37.00 36.94 36.45 .15 60 42 4 666 1 11 134 13Q . 6 .00
33154 3%.20 35.19 3s.0% .15 94 == 47
60 3307 35.24 35.19 -15 (1] $7 46 -.Q9% .34 147 138 6.00 - -
3310 36.20 36.07 .15 13 45
70| 3323 3%.00 34.87 .as Y 49 s2 L3977 68 LYY 4% 6.00
3338 34.31 34.24 .18 61 59
sa| 3307 35.24 3%.19 .15 (1.3 57 57 .181 Y 416 460 6.00
33133 34.60 34.48 <195 19 61
20| 233a1 35.43 33.38 as.as .18 45 42 a3 <317 -70 240 216 6.08
3323 35.00 3 34.79 .28 48 49 “
8| 3333 34.60 34.45% .18 19 61 60 .10% J26 416 312 6.00
322 34.21 34.13 18 6l 59
100| 3333 34.60 34.45 is 19 s1 59 -142 ~55 128 123 &.00
3492 33.30 33.195 .15 40 52
110| 3338 34.31 36.13 1s 6L 59 a8 .46 .77 307 31s 6 .00
3343 34 0% 33.80 .28 39 33
120| 3343 34 QS 23.9Q 33.a0 .25 39 s3 49 -<712 1.06 193 200 6.a0 _
335%4 35.20 3%.19 15.05 .15 94 =n 7
130) 3342 34.05 33.90 33.80 .23 19 53 33 1.041 1.03 17s 141 6 .00
4316 33.31 33.30 33.06 .25 93 eew 53
1%0| 3492 33.30 _33.21 33.15 .15 40 - L3h 53 -33D .42 437 318 6.00
4466 32.90 32.82 32.60 .30 76 %7
160| 4305 33.1¢ 33.09 32.90 .24 80 55 sS4 -1.142 .89 609 781 6.GO -
4316 33.31 33.30 33.06 .45 9% sew S3
170| 430% 33.14 33.09 32.90 .24 0 = 53 56 1.183 -9¢ 506 4a9 6.00 -
4468 32.90 32.43 32.60 .30 76 57
180 <433 12.26 32.27 32.06 ,d0 100 wes= s se -1.6%7 1.27 296 303 6.00
4466 32.90 32.83 32.60 .30 76 87
FREEBOARD COODE #e= o% - 5% PILLING Of CLOSED #24¢ 5%t - 1LOO% POSITIVE DISCHARGE FROX [LOW TO HIGH
OPIN CONDUITS - 5% - 10% CONDOITS " 20% -~ 95t MODE NUNBEXR
(% OF DEPTH) - 10t -~ 20% (%t OF DEPTE\DIAN.) ¢ 80t - $ot
TOTAL CATCHMENT AREA 38.8000 NMA
TEE BANDWIDTNE OF THE SYMMETRICAL MATRIX IS L} POSITIONS
s PIrLLLED VOLUHKTES -
dhadavddadhdarddddacdadoawRen
NODE VOLUNE SPILLING
NUNBER (M3) TINE (MIN)
4433 Jsay 83
W ATER BALANCETE I N [§. &0 ]
adsadhehdendabvdbadoendbtdndaabacasannd
INFLOW (HYDROGRAPHS) . o
INPLOW (FIXED WATER LEVELS) : [¢] - -
RAINFALL : 4960 - — .
TOTAL IN 4960
OUTPLOW (SPILLWAYS) . 3830
OUTFLOW (PUMPS) - [e] -
OUTFLOW (FIXFD WATER LEVELS) : (] _
LVAPORATION - (o}
TOTAL OUT 3850 -
ETORAGE CHANGE : 1117 -
TOTAL OUT +« STORAGE CHANGE H 4966 -
BALANCE ERROR K .13 0%

waeasa END or C Y TLONE ceanemae






Annex E:

ERROR ANALYSIS

CONTENTS.

E.l1 Error analysis.
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Annex E; Error analvsis.

ERROR ANALYSTIS.

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

A simplified equation to compute the discharge is:

Q = CxA*xj with Q = discharge in [(m'/s]
C = runoff coefficient [~1]
A = Catchment area [m?]
i = rain intensity [m/s]

In this equation only the most 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.-

Rainfall.

Because of errors in the measurements of the rainfall the
rainfall figures have already been increased with 10%.
According to a study of the RIRDP‘*’ the measured rain
figures are 10% to 15% too low.

The relation between daily rainfall and rainfall 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 rain 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 rain 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 would be the value which
is exceeded only with a chance of 10%. This results in i =
22 mm/h + 10% = 24 mm/h.

A 10 % bigger extreme rain intensity results also in a about
10% bigger design storm. This has a big impact on the
relative water levels in the systen.

1
Rada Integrated Rural Development Project, by Furoconsult.
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E.1.2

Annex F: Error analys

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 walls built
round premisses, hindering the water flow) this coefficient.

Catchment area.

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

The runoff coefficient multiplied 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 with
an accuracy of 20% (taking futur changes into account)."

For the Middle section a 20% smaller and a 20% bigger factor
C*A were entered 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 occurred 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).

System 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 rain loss is accepted to be
3 mm. If 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
results in 1% higher water levels.

A roughness of the conduits of 0.1 instead of 0.5 mm makes
the water flow faster. This doesn’t make the water levels
higher higher. A bigger roughness of 1 mm results 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 assumed that these
variables are quite accurate (upto * 20%). The small errors
in these will therefore have a smaller impact on the
relative water levels.

.
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