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SUMMARY

This advisory visit by the Institute of Hydrology to the Tihama
Development Authority concentrated on the estimation of flood discharge
in steep wadis, with the aims of training staff in the slope-area
gauging method and modifying the method to suit the conditions of the

Yemen Arab Republic.

Volume 2 of the report is essentially a manual for the slope-ares
method, It begins with description of the mathematical equations,
field technique, office procedure and associated problems, presented in
a step by step manner to aid application. Following that, simplifications
for reducing the amount of work are discussed. These consist of flood
marker posts to minimize the fieldwork and charts of channel creoss-
secrional details and a computer program for calculating discharge to
rediuce the office work. Again the procedures are introduced in a step

by step manner.

Several appendices enlarge upon aspects of the method and present
the results of the training exercises carried out during the visit.
These can be used as examples for familiarisation with the office

prccedures,

Volume 1, which has its own summary, provides a more general
dis~ussion ol tecanical and unow-techuicar problems, along with

recnoanendations on ways of overcoming them,

The visit was funded by the UK Overseas Development Administraticon.
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INTRODUCTION

Aims of this Report

Although this volume is written as the second part of the report on
my visit to the Tihama Development Authority (TDA), it has been designed
to be used separately. Its aim is to describe the basic slope-area
technique of discharge gauging, the modifications adopted to cope with
the conditions of the Yemen Arab Republic (YAR) and the results of the
training exercises carried out during my visit., With the theory, prac-
tical details and examples included, the report should be able to form
the basis of a guide for future work by TDA. The only major assumption
made is that a competent surveyor is available to carry out the field-
work and it is therefore recommendeé that, before beginning slope-area
operations, members of the TDA Hydrology Section be thoroughly trained

in surveying techniques and analysis.

It is stressed that the slope-area method provides only an estimate
of the discharge, not an accurate value. Generally it is used for the
peak discharge of a flood, although it can be used for lesser fliows if

a measure of the water surface level is available.
1.2 Guide to this Report

The first sections of t“he report form a revised and updated version
of the description of the slope-area method given in Appendix F of the
report on my last visit to TDA (Bathurst, 1980). They cover the mathe-
matical equations, field techniques and office procedures, information
which is well described in the published literature (Barnes and
Da;idian (1978); Benson (1968); Dalrymple and Benson (1967)). They are
followed by a brief analysis of some of the problems which hamper applica-
tion of the method in the YAR. The main body of the report then concludes
with a detailed description of the simplifications made to the method for
ease of application under the conditions of the YAR. Finally various

aspects of the procedure are enlarged upon in the appendices, which also




contain the results of the training exercises. These results should be
useful as examples with which to familiarize TDA staff with the office

procedures. However, with the exception of the example in Appendix D,

the exercises are not based on observed floods, so the way in which

the flood levels are determined in the examples of Appendix E is not

that which would be used for an observed flood.

Sections 6 and 7 can be used for simplifying the field and office
procedures. However, Section 6, describing the flood marker posts, is
not worth following unless the slope-area method 'is to be apnlied

frequently at the same site.




THE EQUATIONS
2.1 Discharge Equation

The method assumes that flow depth and velocity are determined by
channel cross-sectional shape, channel slope and bed roughness and uses
theoretical or empiricel relationships between these terms to calculate
discharge. In order to allow for nonuniform flow effects, caused by
variations in cross-~sectional shape, measurements of the various
gquantities should be made at three c¢ross sections along the chosen
reach. Representing cross-sectional area by A, the energy loss coeffi-
cient by ¢, conveyance by K (defined below) and denoting'the three sections
by subscripts 1, 2, 3 (moving in the downstream direction) then discharge

is celculated as:

Q Ah
K
.3
k. M2 * Lz.s-)
1
A ’ A
(1 - Yy o+ = (c c ) - c ) 3
2, A €2.3 N 2.3 1.2 1.2\
a8 2 1
Here Ah the difference in water surface elevation between sections

] and 3 (the fall, not the slope)

L1 2 = the distance between sections 1 and 2
L2 5 = the distance between sections 2 and 3
C1.2 = 0 if Al A2

acceleration due to gravity.




The conveyance K is calculated as

1/2 8 1/2
K = A(gR Q) (2.2)
where
R = hydraulic radius (which can be replaced by mean

depth, with little error)
= the Darcy-Weisbach resistance coefficient (see below).
Further details of the theory are given in Appendix A.
2.2 Flow Resistance Equation

Estimation of the resistance coefficient remains the principal source
of error in the method. Relatively 1little work has been carried out on
equations suitable for steep wadis witbh coarse bed material and high
sediment discharge but, based on the little that has been done, the follow-

ing equation is suggested:

3
(%) = 5.62 log(%;;) + (2.3)

where d = mean depth; D84 = the size of median axis of the bed material
which is bigger than 849 of the material in a sample; and log is logarithm

to the base of ten.

This equation is by no means perfect and is likely 'to be in error by
25 - 30%. As it is based «n data from boulder-bed channels it may be
even more in error if the relative quantities of sand and coarse material
{gravel and boulders) are similar, as is the case at some of the TDA wadi
sites. Nevertheless it seems to be the eguation which is simplest and

fits the available data best.

If it is obvious that the bed is largely sand (as for example at Wadi
Harad), a set of equations reported by Simons and Sentlrk (1977, pp. 334-335)
can be used. Considering the likely range of conditions in steep wadis,

the relevant equations are those for bedforms comprising either a plane bed

with sediment movement or antidunes.




For the plane bed:

3
(8 - 14 1e() (2.4)
85
and for the antidunes:
3
(%) = 7.4 log<E§L-) {2.5)
85

£ is a correction term which is not well defined for steep flows but is

likely to have a value between 0.1 and 1. D85 is the sand size :and

may typically be 2 mm for coarse sand.




FIELD PROCEDURE

This section describes the procedure to be followed in the field,
from choice of site to measurements, It should be read carefully before

golng into the field and a checklist should be taken to the field site.
3.1 Choice of Site

1) The site should be as close as possible to the stage recorder.
There should be no major tributaries between the slope-area reach and

the recorder.

2) The reach should have well defined banks which can exbibit

reliable high-water marks such as trash lines or xzud lines,

3) The channel should be approximately striight and uniform,

preferably contracting ratber than widenirg in th: downstream direction.

4) The total flow should be confined to one channel at all stages
with no flow bypassing the site as subsurface flow. Check that at high
flow there is no overflow channel behind rock outzrcyps. Banks should be

permanent and free of vegetation.

5) The wadi bed should not be subject to scour and fill and
should be free of vegetation. Scour is must likely to occur at narrow,
constricted reaches and is least likely to occur in wide sections with
stable alluvial banks. At the latter sites changes in the bed level
during a flood are probably related more 1o the passage of bed-forms
such as antidunes than to any overall lowering of the bed profile
(Foley, 1975). Note that evidence of s¢our is difficult to find since
scour holes developed during a flood are usually filled during the flood
recession. Scouring to depths of over 1 metre has been measured in Wadi

Rima by staff of the Hydraulics Research Station.

6) The longstream bed profile should be even with no sharp chnngeé
and no pools or bars. If the bed is uneven, the assumption that depth
and velocity depend on channel shape, slope and roughness only, may not

be satisfied.




7) The fall in the water surface along the reach should be greater

than the range of error in measuring the high-water profile. Ideally the
fall should exceed 0.15 m, which for slopes of 0.5% or so means that the
reach length should be at least 30 m. However, the length should also be
at least two times the channel width and preferably five times the width.

This suggests reaches of at least 100 m length.

8) The wadi bed should be covered with gravel and boulders, although

occasional sand bars can be included.

9) I{f the site is to be used on a regular basis, it should be

relatively accessible.
3.2 Survey of Cross Sections

1) Once the slope-area reach has been selected, mark out three
cross sections at the upstream and downstreanm ends and the centre of
the reach. The centre section does not have to be exactly at the centre

but should be near it.

2) Draw a sketch map of the reach, noting the position of the
sections and any special features such as rock banks, sand bars and

vegetation.

3} Measure the distances between the sections using a tape measure

along the centre of the channel. Do not measure the distances by pacing.

4} Set up the surveying level somewhere near but not exactly on
the centre section. 1f possible site the level so that it can view the
surveying staff at all points of each section, including high-water marks
and the lowest peint of the channel. Make sure that the level views
horizontally in all directions. If the level has to be adjusted or moved
during the surveying, a temporary datum point should be established. This

procedure requires a fully trained surveyor.




5) If the site is to be used several times, set up a reference
datum, such as a convenient rock on the bank. Choose a permanent
feature, not a boulder which can be washed away, and one which is
easy to find. Mark the datum point with paint and survey its
elevation, Use of the datum to relate surveys carried out on different

occasions requires a fully trained surveyor.

6) Note the length of the survey staff and whether iv reads
from bottom to top (zZero at the bottom) or from top to bottom (zero

at the top).

7) Survey each cross section in turn, noting pairs oi distances
and elevations. The distances across the section should be measured
on a tape measure with zero being at any convenient point on the left
bank (looking downstream). The tape should be anchored or :ixed to
a stake so that the zero point does not change. To prevent the tape
from flapping in the wind and being stretched, wrap it tigh:ly but
without too many spirals around a rope stretched across the sectior.
Using the surveying staff, elevations should be noted at every break >f slope
(such as the top and foot of the bank). A less accurate bu! scometiger more

convenient method is to take elevations at fixed intervals of distznce, such
as every 5 metres, across the section (Fig 1).

8) I1f the survev is being carried out for a particulur flooc,
the elevation measurements should begin and end at the high-water
marks on the left and right banks respectively. (These two measurements
should have similar values). Make sure that the high-water elevations are
marked as such on the note pad being used, in order to distinguish them
from the other surveyed elevations. (See example in Appendix D.) [f
the.survey is being carried out for more general purposes it should be
coniinued sufficiently far up the banks to. cover all expected flows.

This may entail moving the surveying level (see point 4).

9) The high-water mark may be indicated by a trash line of drift-
wood, vegetation, plastic bags and other rubbish. On rock faces it may
be a line below which the rock is covered with a film of mud. On sandy
ground the area below the mark may seem fresh and undisturbed, or perhaps
covered with ripples, while the area above may seem more dusty and covered
with footprints. If several trashlines are evident, the one for the most
recent flood is the lowest. There can be no lower ones because they will

have been washed away, while higher ones will not have been reached. Higher
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trash lines should be ignored.

The current level of the water surface at the time of the survey
is irrelevant since it is not connected with the flood conditions. It
is the high-water mark which is important and should be thought of as

the water level.

10) If a particular flood is to be surveved, the work should be
done as soon as possible after the passage of the flood, preferably on
the following day. This is to ensure a clearly marked trashline.

3.3 Sample of Bed Material

Once the surveying is completed, the bed material size should be

. measured as follows:

1) A sample of 100 elements 1is required, collected from the full

vidth of the channel between the trash lines.

2) To cover the area representatively, sampling should be
carried out by walking across the channel several times, measuring
approximately the same number of elements on each crossing. For example,
if five crossings are made, about twenty elements should be measured on
zach crossing. Ensure that successive crossings are upstream of each

other so that the material to be sampled is undisturbed (Fig 2a).

3) During each crossing an element should be picked up every one
ar two paces. The sampler must not look at what is to be picked up but
should pick up the first element which is touched by his or her fingers

in the vicinity of his or her foot,

43 Measure the median axis in millimetres with a ruler (Fig 2b).
Note the value in one of the boxes on the special data sheet, examples

of which are shown in Appendix E. There are 100 boxes on each sheet.
3.4 Stage

Check that the stage recorder measured the flood hydrograph. The
peak stage, ie the hydrograph peak, should be noted so that it can be
paired with the estimated discharge for later use in constructing the
stage-discharge rating curve. If the stage was not measured, the.

estimated discharge will be of no use for the rating curve and merely

provides information on the magnitude of the flood in question.




3.5 Résumeé

The data to be brought back from the field are:

2)

3)

4)

3)

6)

A sketch map of the reach

Pairs of tape distances and elevations across each of the

three sections the high-water points should be carefully

notec.

Longetream tape distances between sections.

Elevation of the surveying reference datum, if used.

Bed material sizes.

Details of theé surveying staff.

Peak stape i recorded.

Finally, all problems which may have occurred during the survey

should be noted.

Examples cf collected data are given in Appendices D and E.
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OFFICE PROCEDURE

Once the field data have been collected, the peak discharge is

calculated as follows.

2)

3)

For each section, plot the surveying data to show the cross-
sectional shape. Plot the tape distance on the horizontal
axis with zero at the left hand side. Plot the.surveyed
elevations on the vertical axis. If the surveying staff
used in the field read from top to bottom, with zero at

the top, then the vertical axis of the plot should read
upwards with zero at the bottom (Fig 3a). 1f the surveying
staff read from bottom to top, with zero at the bottom,

then the vertical axis of the plot should read downwards

with zero at the top (Fig 3b}.

If the survey at each section includes high-water marks on
both sides of the channel, join the two levels with &
straight line. If marks were observed on only one side of
the channel, draw a horizontal line across the channel at
the level of the mark. The line indicates the water surface
elevation at the peak flow. .Note this elevation for each

section.

If no marks were observed, the mean bed elevation at each

section is used instead. See point 6 and Appendix C.

Calculate the cross-sectional area A of each section. This
may be done graphically (counting squares) or mathematically
by the trapezoidal rule. See Appendix B.

Calculate the surface width w for each section. This is

the distance between the high-water marks at each section

or the distance along the line of the water surface (Fig 4).
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5)

6)
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Calculate mean depth d = A/w for each section. This is

assumed to be similar to the hydraulic radius.

Calculate the overall fall in the water surface level
from the upstream section (section 1) to the downstream
section (section 3). The fall is tﬁe,difference between
the respective high-water levels. If the surveying staff
used in the field read from top to bottom, with zero at
the top, the fall is the upstream level minus the down-
stream level. If the surveving staff read from bottom

to top, with zero at the bottom, the fall is the downstream
level minus the upstream level. The final figure should
be positive, 1If a negative value is calculated, there is
a mistake in either the field measurements or the

calculations.

If no high-water levels are available, use average bed
levels instead and calculate the fall in the bed level.

See Appendix C.

The slope of the water surface {(or bed) is then the fall
divided by the total length of the reach, from section 1

to section 3.

Using the bed material data sheet, obtain the cumulative

size distribution and thence the D84 size of the bed
material. For each element size put a tick or mark against
the appropriate size range in the column headed "NUMBER IN
RANGE"., For example, if the element size is 32 mm put a tick
against the range 30-35 mm. If the size is equal to one of
the boundary values, eg 30 or 35 mm, the tick should be
placed against the rxange for which that value is the upper
limit. Thus for 35 mm tick the fange 30-35 mm and for 30 mm
tick the range 25-30 mm.

Add up the number of ticks for each range. Then in the column headed

"CUMULATIVE TOTAL" add these figures to give the cumulative total at each

-size, The final figure should be 100. Plot 8 graph of cumulative total

against size, using the upper limit of each size range as the size. For
example, use 35 mm for the range 30-35 mm. Extract the size corresponding

to 84 on the axis for cumulative total. This size is Dgg. See

Appendix E for examples.




Fig 4.

- 16 -

’ 5»\.0'0 a

C\'\c;.f\r\e\, CoOss Sec'ﬁcq

Definition diagram for the surface width of the peak flow.




8)

9

10)

11)

12)

At this stage,
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the following information should be available:

cross-sectional area A for each section;

width w for each section;

depth d for each section;

the fall Ah for the whole reach;
distance L1.2 from section 1 to section 2;
distance L2.3 from section 2 to section 3;
median axis size D84 for the bed material.

Distances and D84 should be in metres and areas should be in

square metres.

Section 1 is the upstream section, section 2

is the centre section and section 3 is the downstream section.

Calculate

(8/f)*

and Eq 2.4 or 2.5 for a sand bed.

Calculate

hydraulic

Calculate

should be

for each section using Eq 2.3 for a gravel bed

conveyance K for each section using Eq 2.2 with

radius R replaced by depth d.

the peak flood discharge using Eq 2.1. This value

paired with the peak stage measured by the stage

recorder and used in constructing the stage-discharge rating

curve.

Examples of the calculation are given in Appendices D and E.
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PROBLEMS WITH THE SLOPE-AREA METHOD IN THE YAR

It must be stressed that the slope-area method o0f estimating discharge
is approximaté and can be in error by 30%. However, if direct gauging
cannot be carried out, it is the best that can be done. Particular problems

with the metbod which 1 noted during my visit include:

) Poor sites. The wadi morphology does not seem to provide very
good slope-area sites. The Wadi Zabid site at Kclah suffers from
overbank flow at high flows, the Wadi Rasyan site is rather
nonuniform and the Wadi Siham site widens in the downstream

direction. Only the Wadi Harad site came near to being ideal.

2) Lateral variation in the water surface level. The methcd assumes
that the high-water mark is the  level of the water surface right
across the section. However, because of projecting rocks and
channel bends which may cause piling up of water at the bGanks,

this assumption may not hold in the steep wadis.

3) Scour. The degree to which this occurs is unkno>wn but, if it
occurs, the flow cross-sectional area at peak discharge will
be greater than that measured on the basis of a survey :ade at

low flow.

4) Lack of surveying practice. TDA hydrologists ca.rying out
this method should be properly trained in the tezhnique of
surveying and in the analysis of the results. A surveying

level, staff, tripod and tape measure should be tought for

use with the method.

5) Inflexible response. In order to use the method successfully
it will be necessary to carry out the surveying as soon as
possible after a flood, before the high-water marks are
destroyed. This means that a surveying team should be sent
out the morning after a flood has been reported. During the
flood season it may therefore be necessary to change plans at

short notice.
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6) Unmeasured stage levels. Unless the stage recorder is working
properly the effort of estimating discharge will be wasted as

far as development of the stage-discharge curve is concerned.

A more detailed discussion of the technical and nontechnical problems

of slope-area gauging in the YAR is provided in Volume ) of this visit

report.
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SIMPLIFIED FIELD PROCEDURE

6.1 Simplified System

If the slope-area method is to be used several times at one site,
there is no need to repeat the field measurements at each visit. Once
the initial survey has been made, the only field measurements required
at subsequent visits are the peak flocod levels or high-water marks at
each section. These can be obtained using a system of flood marker post:
installed at the reach during the initial survey. Office work, too, can
be minimised by the use of specially prepared charts which give cross-

sectional details for each flood level and bv the use of a pocket computer

for calculating the discharge.

Tests of the twin simplifications (flood marker posts and computer
calculations) are currently being carried out for the Kolah gauging stat:..on
in Wadi Zabid. The aim is to reduce the work involved, minimize the man:
possibilities for error inherent in the field and office procedures, ove:-
come the deficiency in surveying and mathematical expertise at TDA and
generally increase the reliability of the method in the context of the

problems typically encountered in the YAR.

Trhe syvstenm installed during my visit is experimental and its perforiiance
ove:r a flood seascr must be chetked., However, 1f i*% pa2rforns sctisfacteril:,
the scme approach could be applied at other wadi sites. This Section deucribes
the siuplifications in the field procedure while the office procedure is dealt

with in Section 7.

6.2 Installation of Flood Marker Posts

The purpose of the posts is to record peak water surface levels more
reliably than does a trash line and without having to resort to surveying.
Posts should be installed at the banks of each of the three cross-sections

in the slope-area reach as follows:

) The flood posts should be able to record the likely range of
moderate to high floods. At the Kolah site in Wadi Zabid, a
range of flood levels of § to 6 m is covered. The posts
themselves are erected in sets of three at each section, each

post being only about 2 m high so that there is pno difficulty
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2)

3}

in reading the flood level. There is a small overlap between
posts (Fig .5). The base of the system is high enough that
low flows cannot be measured. (At low flows, a water level
measured at the bank may not be representative of the section
because of lateral nonuniformities introduced by bed features

such as bars.)

The posts record the flood level by the film of mud deposited
on them during the flood. The top of the film, which could

be on any of the three posts, marks the peak level., To

ensure that the mark is not washed away by rain, the actual
record is made con an inner post protected inside the main
outer post. This main post is a pipe with holes to let

water in and out -and a large hole at the bottom to aid

removal of sediment. It i1s planted in a cement foundation

and is held against the force of the flow by tw; side supports

(Fig 6e). Whether such a system is strong enough is being

studied as part of the experiment.

The inner post is held in place by a small plate at its top end
which also effectively caps the main pipe and prevents rain from
entering (Fig 6b). It should be locked or clipped to the main

pipe so that it cannot be stolen or pulled out when submerged

during a flood.
At present the scale is marked on the outside of the main pipe,
50 the inner post must be taken out and laid against it to

measure the flood lcvel.

Once the main pipes have been erected at each section, a
surveying level is used to mark a common benchmark on one

of the pipes at each section (Fig 7) This benchmark is

the basis of the scale to be marked on the pipes and ensures
that the scales at each section have the same datum level,

The value given to this elevation can be quite arbitrary:

at Kolah, for example, it was convenient to set "it at 2.1 m.
After the benchmark value has been assigned, the scale can be
completed at each section, marked in. tens of centimetres. The

scale should be carefully transferred between successive posts

at each section using a level.

o rp o prorzorg
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Fig 7. Surveying the common reference level or henchmark for the markcr post scales at each section.

This level is
the basis of the scale at each section and ensures that water levels measured at each section are directly
conparable with e¢ach other.
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4) The exact details of the scales .at each section at Kolah are
shown in Fig 8. Note that the levels increase upwards. Each
10 cm mark is indicated by a hacksaw cut and a figure written
with a magic marker. These figures should be replaced as they
fede but if they are lost altogether they can be rewritten

using Fig 8 as a guide.

5) The initial survey of each cross section (Section 3.2) and the
survey of the posts should be carried out in such a way that
the elevations of the flood marker posts and the elevations of
the section can be reduced to the same reference datum level.
Then a level measured on a marker post corresponds to the same
level on.the surveyed cross section. The way to ensure this
is to use a surveying datum, such as a convenient rock projection.
At Kolah the datum is a rock about 2 m above the wadi bed
level on the left hand bank just downstream of the centre section.

It was marked by sprey paint at the end of my visit.

6) The initial survey should provide all the data mentioned in
Section 3.5, Use of these data is discussed in Section 7.

The system is now ready for operation.
6.3 Operation of Flood Marker Post System

1) After a flood has passed, only three simple measurements need

to be made, namely the peak flood elevations at each section.

2) Find which of the three posts at each section shows the high-
water mark. If there has been recent rain, the mark may have
washed off the main post but should be retained by the inner.
Check that the level corresponds roughly with a trash line of
litter and vegetation: If a high-water mark is not immediately
obvious check to see whether the mark is at the overlap
between posts, ie at the very top of one and the very bottom
of its higher neighbour. 1If that is the case, small pieces
of vegetation may also be lodged at the respective ends of

the posts.
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Pull out the relevant inner post and suspend it against the
outside of the main pipe with its end plate resting on the
top of the main pipe (Fig 9). 1In this way it should be at
the same elevation as it was inside the main pipe. Make
sure that any projection or flange on the end plate does not
intrude. Measure the elevation of the flood mark on the
scale of the main pipe. Use a ruler or tape measure to
measure values between the 10 c¢m cuts on the scale. Note
the level and note to which section it refers. Do not

yet clean off the mud.

Compare the three measured flood.elevations. The upstrean
value should be higher than the centre value which in turn
should be higher than the downstream value. At the Kolah
site the difference in each case should be about 0.4 m.

If the comparison does not agree with these requirements,
check the measurements. If the reliative values of the
levels are still unsatisfactory {(for example, if the
downstream value is higher than the upstream value), it

is likely that some confusion of flood levels has occurred.

If this cannot be resolved, the data should be abandoned.

Clean out any sediment which may be silting up the main

pipe above its cement base.

After the flood levels have been satisfactorily dealt with,
clean the mud film off both the inner and main posts,
including any lower posts of the system which were fully
submerged. This is very important since, if the mud is
not removed, it will be very difficult to find the level
of any later flood.

Replace the inner pi;e, remembering to lock or c¢lip it

into place.
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8) Periodically resurvey the cross sections and resample the

bed material. This does not have to be done after each
flood but, say, at the beginping and end of the flood
season or after a major flood. Small changes in bed
geometry will not greatly affect the flow cross section
but an accumulation of changes over a long period could

be important.

6.4 Résume

Once a system of flood marker posts has been installed and a survey

of the slope-area reach has been carried out, the only field measurements

needed in connection with a subsequent flood gauging are the peak water

surface levels at each of the three sections.
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)
} SIMPLIFIED OFFICE PROCEDURE
7.1 Prepasration of Data

As with the full slope-area method, the basic gquantities needed to

calculate discharge are:

cross-sectional area at each section;
surface width at each section;
bed material size D84 for the reach;
distance between each section;

flood levels at each section.

The difference in the simplified method is the way in which some of thes:

terms arc derived from the field data.

The flood levels are the only quantities actually measured in
connection with a gauging, using the system of flood marker

posts.

The distances between sections and the bed material size D84
are measured during the initial survey and are assumed to be

the same at subsequent visits.

Area and width are obtained from charts which show those
terms as functions of flood level, based on the initial

survey data.
The charts are prepared and used as follows.

1) For each cross section, use the survey data to calculate the
cross-sectional area and surface width for a series of
specified flood levels. The levels might be separated by
intervals of, say, 0.5 m, so that area and width would be

calculated for levels of, for example, 1, 1.5, 2, 2.5 and 3 m.
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2) For each section, use these values to plot two graphs,
one of area against flood level and one of width against
flood level. AS an example, the completed chart for Kolah,
containing the information on area and width, is shown

in Fig 10.

) When a flood level has been measured on a flood marker
post, the area and width for that section are cobtained
simply by reading the values corresponding to the flood
level on the chart. In other words it is no longer
necessary to calculate them from the surveying data each

time.

Once the data have been assembled, discharge can be calculated using
a Specially designed computer program. The program applies to reaches
with or without a system of flood marker posts but requires that the data
be presented as for reaches with marker posts. In particular, the upstream
section flood level shoild be higher than the centre section level which
should in turn be higher than the lower section value. This ought to be
the case if the levels were measured using flood posts or a surveying staff
reading from top to bottom, with zero at the top. However, if measurements
were made with a surveying staff reading from bottom to top, with zero at

the bottom, the following correction should be made.

y Calculate the difference between the centre and upstream level

= Al (a positive value in metres).

2) Calculate the difference between the downstream and upstream
levels = Az (a positive value in metres).

3 Set a new upstream.level with an arbitrary value, say 5 m.

4) The new centre level is then 5 - Al.

5) The new downstream level is then 5 - 62.

6) Use these new values with the program. It is the difference
between levels and their signs (positive or negative) which

are important to the program, not the values themselves,




Fig 10, Relationships between cross-sectional area and stage and between width
and stage for the Kolah site. These charts enable values of area and
width to be obtained for given stage levels on the marker posts.
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7.2 Discharge Calculation by Program SLOPE-AREA

The program: ."SLOPE-AREA' confines the calculation of discharge to

the SHARP PC-1500 pocket computer loaned to TDA by IH, so avoiding the

complexities of hand calculation of discharge. 1t follows the slope-

area procedure. .exactly as described in Sections 2 and 4 and according

to the listing in Table 1. However, it applies only to reaches with

gravel beds and data for three cross sections.

The program should be run as follows:

2)

3)

5)

6)

8)

9)

10)

Switch the computer on and connect it to the tape recorder

as indicated in the SHARP manual or the guide by Dr. Green
(1983).

Transfer the program "SLOPE-AREA" from its tape to the
.computer using the CLOAD function as indicated in the SHARP’
manual or the guide by Dr. -Green.

Disconnect the .tape recorder.

Make sure that the computer is in RUN mode and type "RUN".

The program is now in operation and the computer will

begin to ask for data and - information.

To the question "YOUR NAME?" enter your name eg BATHURST.
To the question "NAME OF SITE?" enter name of site eg KOLAH,

To the question "DATE QOF FLOCD?" enter date of flood eg
28/7/83 or AUG 1983.

To the question "UPSTREAM STAGE?" enter the flood level at

the upstream section in metres.

To the question "CENTRE STAGE?" enter the flood lcovel at

the centre section in metres.

To the question "DOWNSTREAM STAGE?"” enter the flood level

at the downstream section in metres.




11)

12)

13)

14)

13)

186)

17

18)

19)

20)

21)

The computer then checks to make sure that the flood levels
decrease in the downstream direction. If there is an error,
for example if the centre level is higher than the upstream
level, the computer will indicate this with a message on the
screen and ask for the data to be re-—-entered, beginning at
step 8. If subsequently the check continues to show an error,
the computer will eventually stop the program. If not the

program continues with step 12.

To the guestion "UPSTREAM AREA?" enter the cross-sectional area
at the upstream section in square metres. For the Kolab site
this is the area which corresponds to the upstream flood level

in Fig 10.

To the question "CZNTRE AREA?" enter the cross-sectional area

for the centre section as in step 12.

To the question "DOWNSTREAM AREA?" enter the cross-sectional

area for the downs:ream s=ction as in step 12.

To the question "UPSTREAM WIDTH?" enter the surface width at the
upstream section ia metres. For the Kolah site this is the width

which corresponds to the upstream flood level in Fig 10.

To the guestion "CINTRE VWIDTK?" epter the surface width at

the centre section as in step 15.

To the question "DMWNSTREAM WIDTH?" en<er the su-face width

at the downstream .ection as in step 15.

To the question "DISTANCE 17" enter the distance between the

upstream and centr2 sections in metres. At Kolah this i3 59 m.

To the question "DISTANCE 2?" enter the distance between the

centre and downstream sections in metres. At Kolah this is 44 nm.

To the question "GRAVEL D84 IN M?" enter the D84 size of the

bed material in metres. At Kolah this was 0.113 w at the

last check.

The screen will now go blank and the discharge calculation begins.

If there are no serious mistakes in the data the results will
appear on the printer. ‘If, however, the screen flashes an error

message it 18 likely that a mistake was made while entering the

data. In that case press the button BREAK/ON and begin again at step 4
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22) The computer prints the original data which were entered,
various parameters calculated for the slope-area method and
finally the estimated discharge. Examples are shown in
Appendices D and E. Check all these data carefully. In
particular check that the original data were entered correctly.
Check that the slopes are reasonable (between about 0.002 and
0.02). Note that if the slopes in the upper and lower reaches
differ by a factor of two or more, the computer will print a
warning. This does not necessarily mean that there is an error
but it means that the flow is apparently not very uniform and that
there could be a mistake in the flood levels or distances between

sections.

Finally check that the discharge- seems reasonable. Was it a
high or a moderate flood and does the estimated discharge tally?
At the Kolah site it is likely that a flood which stays within
bank and does not flow .over the, fields on the right hand bank

has a discharge of less than 300 m3/s.

23y The program ends with a short "beep".

24y If you have no more digchargesto calculate, turn the computer
off or plug it onto tﬂe adapter to recharge as required. The
program "SLOPE-AREA" will be retained until the command "NEw"
is typed in. Thus it can be used at a subsequent time simply
by switching on the computer and beginning at step 4.
Finally, the data assembled for the Kolah site, including Fig 10, refer
to the main channel only. No allowance has heen made for overbank flow.
1f the flood level is such that overbank flow would have occurred, the
program will still calculate only that discharge which flowed along the
channel. The estimated discharge will therefore underestimate the
total dischargg. A separate slope-area calculation can be carried out
for the overbank flow with a»resistance.coefficient appropriate to vege-

tation. However, training in this aspect was not carried out during

my visit.

7.3 Résumé

Once a flood marker post system has been installed, discharge may be

estimated with & minimum of work.

In the field, measure the flood levels at each of the three

sections as indicated in Section 6.3.




Table 1,

18:

29.

21B:
228:
238:
248:
Z258:
268.

278;

289:
298:
280:
318:
328:

338:

348:

359:
368

CLEAR :WAIT 18
(%)

DIM H(2), AL2),
DC2), WC2), FF(2
), Ke23,LC1),0D
(2

:REM H 15 STAGE
:REM AR 1S ARER
:REM D 1S DEPTH
REM W 1S WIDTH
:REM FF 15 I8/F
!REM K 1S CONUE

YANCE

:REM L 1S DISTA
NCE

REM DD 1S DsDB8
a

IC=B: 1D=p
INPUT "YDUR NA

ME?" :NAs

INPUT "NAMe OF
SITET";S8!s
INPUT "DATE OF

FLOOD?";DTs

$INPUT "UPSTRER

M STABE?";4H(8)
INPUT "CENTRE
STAGE?";4(1)

PINPUT "DOWNSTR

EAM STAGE";H(2
)

IF HBICH(DD
THEN GOTO 24D
IF HCIJCH(2)
THEN GOTO 388
COTC 3%
if=1C+1

1F 1L 22THeN
GOTD 368

PRINT "UPSTREA

M STAGE ":H(B)
PRINT "LESS TH
QN CENTRE ";H(
12

PRINT "REENTER
DATR"

GOTO 189
10=1D+1

IF 1D>2THEN
GOTO 36@

PRINT "CENTRE
STAGE ";HC(1)

PRINT "LESS TH

AN DOWNSTREAM
"IH2)

PRINT "REENTER
DARTR"

GOTO 188

PRINT "INCORMPA
TIBLE STARBE DA
TA"

378:

388:
398.

4P98:

419:

428:
438:

448:

459:
468:
476:

4BB:
499:

49]:
5pp:

518:
S528:

S538:

548:

S68:
S578:
580:

658.
668:

6/8:
688:
6398:

/BB:
/18:

’28:
’38:

732:
734:
736:

735:
748:
742:
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PRINT "PROGRAM
WILL END"
GDTD 2PPP
INPUT "UPSTREAR
M ARER?";A(B)
INPUT "“CENTRE
RREA? ;A1)
INPUT “DOWNSTR
EAM RREQA?";Q(2
)
INPUT "UPSTREA
M WIDTH?": W(B)
INPUT "CENTRE
WIDTH?":WC(1)
INPUT "DOWNSTR
EAfM WIDTHY ;W2
)
INPUT "DISTANE
E 177,LCB)
INPUT "DISTANE
E 27";LC1)
REM LT 1S T0OTA
L LENGTH
LT=L(B)+L (1>
INPUT "GRAVEL
DE4 IN M?7;0DB
CLS
REM CALCULATI)
NS
REM SLOPES
Si=(H{RI)~-HCI M
L
S2=(HC1)-KB(2)
sLCI)
S=(H(BI)-H(Z2) ).
LT

:REM TOTAL FALL

DA
DH=H(B)-H(Z2)
FOR 1=9T0 2
REM SECTION Di
PTHS
DCI>=RCII /WD)
REM Ds/084 AND
I8/F
DD¢1>=0(15,D8
XX=LOE DDCI)>
FF(1)=(5.B2%Xx
>+4
XX=8,81¥DC(1)
KCI)=ROII¥CIXX
YKFF (1)

NEXT 1
REM SLOPE-AREA

ME THOD
X2=A(2)/AC1)
K2=8
IF X2>1THEN
LET K2=0.5
X1=AC1)/ACB)
K1=8
IF X1>1THEN
LET K1=B.5

/44
746:

/48:

758:
BB

788B.
gpe:

g18:

g20:

B30:
grep:

B5R:
B5A:
878:

5E8.

BSH:

9pg:

w
\]

S2B:

348:

ese:
862

8970:
958.

881.
982:

Listing for the program "SLOPE-AREA" in Basic Language

XY=QL{2)/7A(B>
XX=(XYr20%(]-K
12

K= (X222 ¥ (K2~
Kl>
XY=1=-K2+X2-XX
XZ=C(K(2)/R(2))
~2
XX=XZ2%¥XY/18.62
XY=(L(BI¥K(2)/
K(BX)+L (1)
XZ=(K(2)7K(1))
xXY

XY=DHs (XZ+XX)
O=K{Z2)%IXY

REM PRINT REZSU
LTS

COLOR £

£S12E 2

LPRINT TAB 6:5
1s

LPRINT TA2 1;:°
CARUGING STATIO
NYILF 1

LPRINT TAB 5;
ELCO0 OF"
LPRINT TRB 550
T$:LF )

LPRINT TARB 1; "

PEAK DI1SCHARGE
By"

LPRINT TRB 1;°
SLOPE-AREA MET
HDD":LF 1}

SLPRINT TAB 15"

PATA ENTERED R
v

LAFKRINT TAB 1;N
As: LF 2

COLOR 1

LPRINT TRB &:
RESULTS"

LF 1:LPRINT
TAB 3;"FLODD L

EUELS™

FOR 1=RT0 2
USING "&&"
J=1+1

1888 LPRINT TARB )

18]

;"SECT "3 J v
“JUSING "#8
B OEETHAD

BINEXT I

1828:LF 1:LPRIJNT

TAB 3;'"DI1STA
NCES™

184p:FOR 1=BTO 1}
1B41:USING "&8"
1842: J=]+1

continued
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Table 1

Ips|.

ip6n:
1pra:

1pgn:

18398

1128:

L T
L b
o W
oOM®

1168:

11e8:

1138:

continued

LPRINT TAB |
°DIST *jJ;”
“iUSING "H#

#E. 8, LC)1); "
n

NEXT )

LF 1:LCURSOR

3

LPRINT USING
THE HEERET

SLOPE ";5

LPRINT " (UPP

ER = ";S1;™)

DLPRINT " (LOW

ER = ",;S2;")
"JLF )

IF S1>2%52

THEN GOTO 11}
4P
IF S252%51]

THEN GOTO 11
1%

:GOTOD 1288
:COLCR 3
(LF 1:LPRINT

TAB 1; "WARN]
NG"

LPRINT TARE 1
; “"SLOPES 1IN
UPPER"

LPRINT TAB 1

; "AND LOWER
REACHES™

LPRINT TREB 1
s "ARE NOT S

MILAR, ©
LPRINT TAB 1

"3 "CHECK ABOU

1298:
1218.

1228

123:

1248:
1241]:
1242:
1259:

12689:
1278:
1281):

E DATA. "
COLOR !
USING “#H. 4
£°

LF 1:LPRINT
“GRAVEL D84~
;0B; MU:ILF
1

JLPRINT TAB 3

:"SECTION AR

EAS”

FOR 1=BT0 2

USING “HE"

J=141

LPRINT TAB |
;USECT '35
“JUSING vE#

B . 8";0Q0])0; "
F2"

NEXT ]

LF

LPRINT TAB 3
:"SECTION DE

PTHS"

128B:FOR 1=BT0 2
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128]:
1292
JBBB;

et ber Lne
W W
DN —
[s v ]

1358:
1351

136E:

1378:

1388:
14B8:

lq)p:
Yq11:
}412:
1428:

1438:
1448:
1458:

1468
1461:
1¢62:
1478:

USING "g#r

Jj=1+1

LPRINT TaB 1
$OBECT "yt
"TUSING "E#

B EEY:DC(]);
M

INEXT I
JLFE O
{LPRINT TA2 3

PTSECTION W]
DTHSE"
FOR 1=BTQ 2

IUSING "%
1352:J=}

=i+1

LPRINT TAB 1
y CSECT vid;v
"USING e

HHOE U]
M

NEXT )

LF 1}

LPRINT TAB 3
: SECTION D

DBar

FOR 1=2T0 2

USING “#&"

J=1-1

LPRINT TAaB. 1
s USECT g
TSUSING “HE

€ _8EY,0DC]D

NEXT )

LF 1

LPRINT TRAR 3
"SECTION !'B

sFE"

FOR 1=8T0 2

USING “HE"

J=1-1

LPRINT TaB |
FUSECT iU
“JUSING "84
H_ HH";FFC])

NeXT I

LF 2

COLOR 2

ENg="+++4454

At b

LPRINT TA8
tENS:LF )
COLCR 3

USING "HHEEHS

(LPRINT TAB 6

; "DISCHARGE "
LPRINT ThRB 5
;Q; mnM3s5e
COLOR 2

LF 1:LPRINT
TAB 1;ENS
BEEP i, 158, !
1517 )%

PEND
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In the office, obtain the values of cross-sectional area
and surface width which correspond to the measured levels

at each section, using a diagram such as Fig 10.

Run the program "SLOPE-AREA" to calculate discharge as
indicated in Section 7.2.

Check that the data were entered properly and that the

results are reasonable.
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APPENDIX A THEORY OF SLOPE-AREA METHOD
Al Uniform Flow Equation

The central assumpticn of the method is that the flow depth and
velocity are determined by channel cross-sectional shape, channel slope
and bed roughness. Calculation of discharge can then be based on a
uniform-flow equation such as the Manning, Chézy or Darcy-Weisbach
equation. Here the Darcy-Weisbach equation is used since it is
dimensionless:

3 8, 4% (A1)

Q = A(gR S 92

where { = discharge; A = flow cross-sectional area; g = acceleration due

to gravity (9.8 m/s? or 32 ft/s?); R = hydraulic radius; Sf = friction
slope: and f = the Darcy-Weisbach resistance coefficient which is calcul 1ted
as chuan in Section 2.2. Hydreulic radius can be replaced by mean depth d

(calcuiated as A/w where w = flow surface width) if w/d exceeds about 15.

1, the flow were uniform, with friction Slope equal to hed slope and

with 10 longstream changes in cross-sectional geometry,.data from just
one c:ro0ss sectiopn would be sufficient for the calculation of discharge
via Ez A.1. However, uniform conditions are rarely attained in natural
rivers anc the method must be modified to incorporate data from several
cross seciions and to ipclude thc change in velocity head in the frictiou
slope. These modifications are described here in conjunction with Fig Al

which is a definition diagram of a river reach between two sections.
A.2 Friction Slope

In order to calculate the friction slope, it is necessary to consider
the longstream change in the total energy of the flow. A flow possesses
potential energy by virtue of the elevation of the bed and the depth of
flow and kinetic energy by virtue of the flow velocity. Total energy H

at a section is therefore (see also Fig. Al}
H = 2z + d 4+ h (A.2)

where z = bed elevation; d = depth; hy = velocity head defined as

o V2 /2g; V = mean velocity; and a = the velocity head coefficient, a
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mathematical term approximately equal to 1. The quantity (z+d) can be

replaced by h which is the elevation of the water surface or stage. Then
H = h + hy (A.3)

As the flow moves along the channel it loses energy in overcoming
the friction »f the bed, through expansion and contraction of the flow areas
and through other processes. The loss in energy between two sections is

obtained from the energy equation (see also Fig Al)

hl + hvl = h2 + hv2 + hi + ¢ (ﬁhv)- {A.4)
where subscript 1 refers to the upstream section; subscript 2 refers to
the downstrea< secticn; hf = the energy loss caused by boundary friction;
Ahv = the upstream velocity head minus the downstream velocity head

(ie hvl - h;2) and is used es a criterion of expanding or contracting
flow,;c¢ = th? energr loss coefficient; and ¢ (Ahv) = the energy loss
due to accele-ation ¢r deceleration in a contracting or expanding reach

respectively. It is {rom this equation that the friction slope is defined,

being the gralient o©f the energy loss due to friction between the sections.

< ) Eﬁ i A+ Ahv - ¢ (énv)
f L L

(A.5)

where &h = 1, = L_: :h = h - h and L = distance between

1 2 v vl vz’
sections. Th: terms involving the change in velocity head, Ahv, distinguish

the friction slope from the water surface slope, which is simply Ah/L.

In order that this definition of friction slope can be easily incorporated
into Eq A.l, the following modifications are carried out. By continuity the

discharge Q is related to velocity V by gross-sectional area A

Q = AV (A.6)

Therefore the velocity head can be given as

2 2
o _ e 9
2g ~ 2g (A) (A.7)




Making the assumption that the velocity head coefficient & is 1, the

change in velocity head is

2
2 2 A
. 9 1 Ay 1 /e 2
h = = 2g (57 Az§ T 2g (A ) [:[A ) 1} (A.8)

(A.9)

If A2 exceeds Al, the reach is expanding and c takés the value 0.5.

Ir A2 1s less than Al, the reach 1s contracting and ¢ is zero.

A.3 Average Cross-Sectional Values

As a simplification, all the terms on the right hand side of Eq A.1,

apart from Sf, may we considered together as the conveyance K. Thus

LA (g R)i (%)é (A.10)

-]
I

and
Q =V K § LA (A.1D1)

For a nonuniform reach, X i1s not coprstant so an avérage value,
based on data from the two sections, must be used. Discharge is
then
3
sf) (A.12)

Q = (KK,

A.4 Discharge Calculation

Final calculation of discharge involves the solution of Eq A.12
(which is a modified form of the basic Eq A.1l) incorporating the definition
of friction slope in Eq A.9. Sclution is complicated because the discharge
term is also contained in the friction slope. For a reach with two cross

sections it is
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Ah
Q - K2 K2 KZ A . (A.la)
2 _— [1-—«3)](1-c)
Kl 2g A2 Al

For a reach with three cross sections, the solution is

~ NN BN BN BN BN BN BN BN BN BN B N ]

Q:
2
) ¢y 3 .2
A?
3
- (2)
-y J\2 J (A.1
1
Here An = the difference in wz.er surface elevation between
sections 1 ard 3 (thae fell, not the slope)
L1 2 = the distance between sections 1 and 2
L2 3 = the distance betweer sections 2 and 3
= i > £
C1.2 0 if Al 12
= 0, A < f
5 if 1 2
= i b
c2.3 0 if A2 !3
= i < 4
0.5 if A2 3

Further information on the slope-area method can be obtained from

Barnes and Davidian (1978) . Benson (1968) and Dalrymple and Benson (15967).
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APPENDIX B CALCULATION QOF CROSS-~SECTIONAL AREA

This appendix shows how to calculate the cross-sectional area of a

flow from surveying data, as required fot Section 4.
B.1 Data Requirements
The necessary surveying data (Section 3.2) are:
Corresponding pairs of:

tape distance across the channel;

surveying staff elevation.

2) Water surface elevation.for the flood in .question. This
must have the same surveying reference datum as do the staff

elevations.

The data can be plotted as described in Section 4 to show the shape
of the cross section. This provides a convenient illustration but is

not in fact necessary for the calculation.
B.2 Distance at Water Edge

If the tape distance at the edge of the flood flow at one or both
banks is not known (ie it was not measured), it must be obtained by
interpolation. This can be done either graphically from the plotted

cross section or mathematically as follows.

Let the water surface level be eo

»

e e e .

Let the staff elevation readings be el, 20 €3 4

Let the corresponding tape distances be zl, 2 %3 i

measured from the left hand side.

For the bank in question find the two staff readings which straddle

the water surface level. Suppose for example that eorlies between e, and

ei+1 Then the tape distance of the water edge z' is given by
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(e, -~ e)
i 0
= z + (z. z) —mm——— (B.1)
i i+l i (ei ei+l)

and is a distance from the left hand side of the section.

B.3 Calculation Procedure

1) Prepare a table of corresponding tape distances and staff readings,

beginning at the left hand water edge and finishing at the rigbt hand water

edge. Thus

Tape Distance Staff Elevation
2, € left hand edge
2 2
%3 €3
i
z, e. right kand edge

Note the water surface elevation eo. If the Hanks are gently shelving,

this should equal 01 and er

2) The total area is to be calculated by dividing the section into

the segments between each set of distances zi and zi,_. obtaining the area

ri

of each segment by the trapezoidal rule ard then summing the segment areas

(Fig. B1).

3) The area of each segment is

(e -e, ) + (e -e.)
o i+l (o] i7) _
[_ P } (zi+1 zi) (B.2)

Make sure that the difference between e, and the staff reading is

positive. If thbe surveying staff read from top to bottom (with zZero at

the top) use (eo - el), (eo - ez), etc. If the surveying staff read

from bottom to top (with zero at the bottom) use (e1 - eo), (62 - eo),

etc.
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4) The total area is the sum of these areas

A=%[(e—e)+

[ (eo - e.) +

-

1
i 2 [ (eo - er-l) *

5) Surface width is (zr

width.

B.4 Example

(eo - ez)] (22

(eo-e)] (z

(eo - e4) ] (=

(e - e )] (z
O r T

- zl) and mecan

_Z)

- zr-l)

depth 1s tota: area/surface

The following data were surveyed at a section at the Kolah sirte,

Wadi Zabid,

Tape Distance Staff Elevation
m ! m
i
0 2.415 l:2ft hand side
1 1.738 ... high-watecr level
1.7 0.823
3 0.903
5 0.825
10 0.583
15 0.739
20 0.700
25 0.515
30 0.308
35 0.289
40 0.592
41.5 0.730
43.6 1.361
44.0 2.052
46.0 2,162 ...... right hand side

(B.3)

® O G000 00000 0O 00000 OO0 OO OO OCOOOEOEOTOEOS® O OO
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The water surface elevation of the flood was estimated to be 1.738 m.

The surveying staff read from top to bottom (with 2zero at the top).

") The tape distance for the water edge at the left bank was
measured (1 m). However, the distance at the right bank

must be calculated.

For water surface elevation = 1.738 m, the two straddling
staff readings at the right bank ‘are 1.361 m at a distance

of 43.6 m and 2.052 w at a distance of 44 m. 'Thus for Eq B.1

fl

1
fl

1.361 m e

. = i
i 141 2.052 m eo 1.738 m

. 43.6 n z, = 44 p
i i+l

N
fl

and the distance at. the water edge is then

(1.361 - 1.738)
(1.361 - 2.052)

= 43.6 <+ (44 - 43.6)

43.8 m.

2) The table of data for the area calculations should therefore

be rewritten as

Tape Distance Staff Elevation

o ol

1 ’ 1.738.. left hand edge
1.7 0.823

3 0.903

a1.5 0.730

43.6 1.361

43.8 1.738 .... right hand edge
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3 By Eq B.3 the total area is

A = [ (1.738 1.738)

N =

[ (1.738 - 0.823)

o

+%[ (1.738 - 0.730)

[ (1.738 - 1.,361)

N

= 47.9 m°.

4) Surface width 1is (43.8 - 1)

Therefore mean depth

(1.738 0.823))
(1.738 0.903)]
(1.738 1.361))
(1.738 1.738)]
= 42.8 m
= 47.9/42.8
1.12 m ,

(1.7

(3

(43.6

(43.8

1)

1.7)

- 41.5)

- 43.6)
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*APPENDIX C CALCULATION OF BED SLOPE

This appendix shows how to calculate the bed slope along a reach from

surveying data. Bed slope may be needed where there is no. means of

measuring water surface slope,

water surface.

Data Requirements
The necessary Surveying data are:

) For each of the cross sections in the reach, corresponding
pairs of:
tape distance across the channel;

surveying staff elevations.

The surveying elevations must all have the same reference

datum.
2) Distance between sections.

Calculation Procedure

) Plot the surveying data to show the shape of each cross
section. and use the result to define the width of the
channel bed. This is effectively defined by the base of

the bank on each side of the section (Fig. Cl).

2) For each cross section prepare a table of corresponding
tape distances and staff readings, beginning at the base
of the left hand bank and ending at the base of the right

hand bank. Thus for each section

Tape Distance Staff Elevation
z1 e1 left hand bank
2 €2
“3 3
z e right hand bank
by T

for example from a trash line or the actual




o

Fig Ci.
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3) Calculate the mean bed level e of each section as

4)

1 (e, + &) (z, - 2z))
_ 2
(z zl)
(e, » &30 (z5 - 2))
2
F (e -1 + er) (z =- 2z _1)
2

The bed slope along the reach between two sections

is then

where eu is the mean bed level at the upstream section,
Ed is the mean bed level at the downstream section and

L is the distance between the two sections.

The difference between the two levels must be calculated
1f the surveying staff read from

e 11
ed)

as a positive figure.
top to bottom (with zero at the top) use (Eu -
the surveying staff read from bottom to top (with zero

at the bottom) use (é - e ).
. d u

(C.1)

(C.2)




C.3 EXAMPLE

The following data were surveyed at the Kolah site, Wadi Zabid.

UPSTREAM CENTRE DOWNSTREAM
SECTION SECTION SECTION
Tape Staff Tape Staff Tape Staff
distance level distance level distance level
m m m m m m
0 0.59 0 0.41 0 1.10
1 1.26 1 1.55 1 2.07
1.7 2.18 3.5 3.12 3.5 3.3
3 2.1 6 2.87 10 3.15
5 2.18 10 2.49 15 2.94
10 2.42 15 2.49 20 3.02
15 2.26 20 2.61 25 3.13
20 2.30 25 | 2.88 30 3.05
25 i 2.49 30 | 2.92 35 3.02
30 2.69 35 3.04 40 3.2
35 2.71 40 2.92 43.9 2.81
40 2,41 45 2.8 47 2.02
41.5 2.27 46 .2 2.67 49.4 1.16
43.6 1.64 47.9 2.18
44 0.95 50.5 1.00
46 0.84 ' i

The surveying staff read frow bottom to top (with

Distance from upstrean to centre section 50
Distance from centre to downstream section = 42
Total reach length = 92 m

1) From the plotted duta (see Fig Dl) the bed of

is defined roughly as follows,

At the upstream section z1 1.7 m
2z = 41.5 m

r
At the centre section z1 3.5 m
z = 46.2 m

r
At the downstream Section zl 3.5m
z = 43.9 m

r

zero at the bottom)

the channel

Data values for distances outside these ranges are ignored as far

as the bed slope calculations are concerned.
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2) For the upstreasm section the mean bed level, by Eq C.1, is

- 1 (2.18 + 2.1) (3 - 1.7)
U (41.5 - 1.7) 2

+ (2.1 + 2;18) (5 - 3)

2

+ (2.71 + 2.41) (40 - 35)
2 N

+ (2.41 + 2.27) (41.5 - 40) }
2

2.42 o.

For the centre section the mean bed level, by Eq C.1, is

s - 1 (3.12 2.87) (6 - 3.5)
T (46.2 - 3.5) 2

+

4

{2.87 2.49) (10 - 6)

2

. (2.92 + 2.8) (45 - 40)

(2.8 + 2.67) (46.2 - 45) ]
2

2.79 m.

1) For the downstream section the mean bed level, by Eq C.1, is

™1
L}

1 (3.3 + 3.15) {10 - 3.35)
d (43.9 - 3.95) 2

(3.15 + 2.94) (15 - 10)
2

(3.02 + 3.2) (40 - 35)
2

(3.2 + 2.81) (43.9 - 40)}
2

3.08 m.
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Slope is based on the difference (éd - éu) since the surveying

staff read from bottom to top.

For the reach from upstream to centre section

slope = (2'795; 2.42) 0.0074

For the reach from centre to downstrean section

slope = (3°084; 2.79) 0.0069

For the overall reach

- 7
slope = (3'0892 2.42) 0.0072 .
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APPENDIX D EXAMPLE OF SLOPE-AREA GAUGING

This appendix presents the results of the only slope-area exercise
based on real flood level observations. The flood occurred on the night
of 27-28 July 1983 in Wadi Zabid and the measurements were made &t the
Kolah slope-area reach, upstream of the stage recorder. The choice of
sections differs slightly from that finally adopted for the installation

of flood marker posts (Appendix E}.
D.1 Surveying Data

The high-water mark consisted of a mudline along the rock bank on the
left hand side of the wadi. (No high-water mark was noted on the right
hand bank.) On the day after the flood, the marks at each of the three
sections were reinforced with spray paint, so that they would not be lost,
and surveying was carried out on July 29 and again on August 10. The data

from the latter -occasion are used here.
All surveying measurements were made with a Wild automatic level and
a metric surveying staff 3 metres long, reading from top to bottom (with

zero at ‘the top). Distances were measured with a tape measure.

Cross-sectional data for the three sections are as follows,

Upstream Section Centre Section Downstream Section
Tape Staff Tape Staff Tape Staff
‘distance level 1 -distance level distance level
m m m m m m
0 2.42 0 2.59 0 1.90
1 1.74+ 1 1.45% 1 0.94*
1.7 0.82 3.5 -0.12 3.5 -0.3
3 0.90 6 0.13 10 -0.15
5 0.83 10 0.51 15 0.06
10 0.58 15 0.51 20 -0.02
15 0.74 20 0.40 25 ~0.13
20 0.70 *25 0.13 30 -0.05
25 0.52 30 0.09 35 -0.02
30 0.31 35 -0.04 40 -0.2
35 0.29 40 0.08 43.9 0.19
40 0.59 45 0.20 47 0.98
41.5 0.73 46 .2 0.34 49.4 1.84
43.6 1.36 47.9 0.88
44 2.05 50.5 2.00
46 2.186

* Observed peak flood level or high-water elevation

Elevation at datum point on left hand bank = 2.83 m
Distance from upstream to centre section = 50 m
Distance from centre to downstream section = 42 m
Total reach length = 92 m
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The data are plotted in Fig D1. Also shown in that figure are the

bed widths referred to in Appendix C,.

D.2 Bed Material Data

The bed material sample and size distribution are as shown in
Appendix E.l1. The bed consisted mainly of gravel and boulders but also

contained some sand.

D84 = 0.113 »

D.3 Flow Data

Cross-sectional area, width and depth calculated for each section

(Appendix B or Fig 10) are as follows.

Section Cross-sectional Surface Mean
Area width Depth
m? m m
Upstream 47.9 42.8 1.12
Centre 56.3 48.0 1.17
Downstream 43.6 45.8 l 0.95

From the surveying data:

Upstream flood level 1.74
Centre floud level 1.5 m
Downstream flood level 0.94 o

The water surface fall and slope are therefore calculated as:

Fall in Water Surface Level

From upstream tc centre section 1.74 - 1.45 = 0.29 m

From centre to downstream section 1.45 - 0.94 = 0.51 m

Total &h 1.74 - 0.94 = 0.80 m
Water Surface Slope

From upstream to centre section 0.29/50 0.0058

From centre to downstream section 0.51/42 0.0121

Overall 0.80/92 0.0087

1
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D.4 Discharge Calculations

The calculations are completed as indicated in Section 4 or else
using the computer program "SLOPE-AREA" (Section 7.2) to give a peak
discharge of 135 m®/s. Details of the calculation are shown on the
computer printout in Table D1. A warﬁing is given after the slope
values because the slopes in the upper and lower halves of the reach

differ by more than a factor of two.




Table D1,
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Computer printout of the discharge

calculations for the slope-ares

exercise at the Kolah site, Wadi Zabid.

KOoLAH
BAUGING STARTION

FL00D OF
28,2783

Peak DISCHARGE BY
SLOPE-AREA METHOD

DaTA ENTERED BY

JCB

RESULTS
FLO0D LEVELS
SECT i 1,24 n
S5eCT 2 1.¢5 n
SeCT 3 .34 I

DISTANCES
DIST 5. N
D1sT 2 42.p 1
SLOPE B.8BBES
(UPPER = B.BB5EB)
(LOWER = 8.81214)
WARNING

SLOPES IN UPPER
AND LGOWER REACHES
ARE NOT SIMILAR.
CHECK aB0UE DAaTA,

CRAVEL DB4 B. 113 N

SECTION AREAS

SECT ] 47.8 M2
SECT 2 56.3 h2
SECT 3 43.6 M2
SECTION DEPTHS
SECT ) 1.1l n
SeCT 2 1.12 n
SECT 3 B.35 n
SECTION WIDTHS
SeCT 1 47.8N0
SECT 2 ¢g. B N
SeCT 3 45.B N
tCTION DrD2e
SeCT 1} 8.98
SECT 2 1€.37
SECT 3 .42

SECTION J8/F
ScCt 1} 8.58
SECY 2 .71
SECT 3 3.28

----- A

DISCHARGE
135 n3ss




APPENDIX E SLOPE-AREA EXERCISES AT WADI SITES

This appendix presents the results of the slope-area exercises
cerried out at the various wadi sites. Because they are not based on
real flood level observations, the calculations involve a characteristic
discharge defined by either the bankfull geometry or the boundary of the
vegetation along the channel. (See Section 5 in Volume 1 for further
details.) Some modifications to the method, relative to Sections 3 and 4
and the example in Appendix D, are therefore apparent. In particular the
lack of high-water marks means that the bed slope has to be used instead
of the water surface slope (see Appendix C). This would not of course be
necessary in the gauging of an observed flood with well defined high-
water marks. The exercises are therefore presented to enable TDA staff
to familiari::e themselves with the various mathematical analyses, while

Appendix D is a better guide to actual fiood discharge estimations.

For the six exatcples a uniform style of presentation is adopted,

copsisting o:l:
A tketch mep of the site.

2) Th« cross-sec:iopal surveying data, all corrected to the same
re: erence datum at each site and with distances reading from
le:'t to right.

3) Griuphs of the cross sections.

4) Th-: bed material sample.

5) A graph of the bed material size distribution.

6) Calculated flow data (using the methods of Appendices B and C),

7y Calculated discharge.

8) A printout of the calculation by the progream "SLOPE-AREA"

The relevant diagrams and tables are given at the end of the secticno

on each wadi.
All surveying measurements were made with a Wild automatic level and

5 metric surveying staff 3 metres long, reading from top to bottom (with

zero at the top). Distances were measured with a tape measure.
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E.1 WADI ZABID AT KOLAH EXPERIMENTAL SLOPE-AREA SITE

E.1.1 Slope-Area Site

i
This is the site at which the experimental flood marker posts were

i
installed. The reach is 103 m long and is just upstream of the Kolah

stage recorder (Fig E1l).

1t is not ideal since it is quite short and

the flow is likely to be affected by the sharp bends imﬁediately upstream

and downstream. Alsc there is a smal]l tributary wadi between the stage

recorder and the slope-area reach, although this is norﬁally dry.

However,

the site is the best available in the vicinity of the existing gauging

station. The survey was made on 17 and 1B August.

E.1:2 Surveying Data

.

Upstream Section

Centre Section

Downstreamn Section

Tape Staff Tape Staff Tape | Staff

distance level distance level distance’ level
m m m m m m

- 4.5 5.20 4.7 4.41 - 8.8 3.65
- 4 4.49 - 4.2 4.16 - 8.2 3.478
- 2.8 4.668 - 3 4.012 - 6.5 1.97
- 1.4 3.190 2.2 2,42b -5 1.94
0 1.74C 0 0.94¢ - 3.25 2.07b
1 0.96 0.6 -0.11 -1 1.10
3 1.11 2.3 0.21 0 0.60¢

5 0.93 3.5 -0.02 1.5 -0.74
10 0.83 S 0.495 2.5 -0.61
15 0.95 10 0.69 ] ~0.14
20 0.84 15 0.63 10 -0.26
25 0.70 20 0.39 15 0.16
30 0.53 25 0.26 20 0.14
35 0.52 30 0.26 25 0.14
39.8 0.92 35 0.19 30 0.13

41.2 1.31 40 0,25 35 0.0
42.3 1.79 42,7 0.51 39.2 0.34
42.6 2.27 44,8 0.70 40.5 0.59
44.5 2.35 45,9 1.24 42 0.84
47 1.74 44.6 1.50

49 2.75

base of upper flood marker post

base of middle flood marker post

0

base of lower flood marker post
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All surveyving levels bave been corrected so that at the reference

datum point the equivalent level is zero.

Distance from upstream to centre section 59 m
Distance from centre to downstream section 44 o
Total reach length 103 m

The data are plotted in Fig E2.

E.1.3 Bed Material Data

The bed material sample is shown in Table E1l and the size distribution

0.

E.1.4 Characteristic Flow Data

Mean Bed Level

Upstream section over i to 39.8 o 0.78 o
Centre section over 0.6 to 44.8 n 0.37 nm
Downstream secticn over 1.9 to 39.2 m 0.0l m
Fall in Ped l.evel
From upstream toc centre section 0.78 - 0.37 0.41 m
From centre to downstream section 0.37 - 0.01 0.36 m
Total 0.78 - 0.01 0.77 o
Bed SloPe
From upstream to centre section 0.41/58 0.00695
From centre to downstream section 0,36/44 0.00818
Overall 0.77/103 0.00748

The characteristic flow is chosen to be the natural bankfull flow. The
right hand banks at the centre and downstream sections are affected by
field bunds and all the left hand banks are rock cliffs. The only more or

less natural bank level is at the right hand bank of the upstream section.

Using this bank top to give the bankfull level at the upstream section, the

® 0O 0000000 0000000000 00 00 00O 00 0O O 0O 0 0 0




corresponding levels at the other two sections are found by-subtracting

the fall in bed level from the upstream level. Thus

Upstream bankfull level 2,27 m
Centre bankfull level =  2.27-- 0.41 1.86 n
Downstream bankfull level - 2.27 - 0.77 1.50 m

For these levels the corresponding cross-sectional areas and widths

for each section are as follows, 4

Section Cross-sectional ‘Area Surface Width
m? o

Upstream 60.5 ‘ 43.3

Centre 68 48.5

Downstrean 63.5 46

E1.5 Characteristic Flow Discharge

Using the above data the bankfull discharge is calculated to be
208 md/s. Details of the calculation are shown on the computer printout

in Table E2.
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Wadi—Zabid-

Size distribution curve for the bed material at Kolah experimental

Elope—area  reach

Fig E3.

ifl MM._V_._F..LEE.:.._:.._m_r_.:-t_.h E:m_ﬁ__ A HUTIS S FT TR | A I B
FZLS NAIAID 01 IVADID YO NV T2 Mt w5 40 LSO N D AMILVINWAD




Tebe EVL

- 69 -

ScuﬁP\fL .

WADI

S\TE

&e_r.\ matb(\a\a

_AABID

KOLAH

S‘LoPE PcREA SlTE'

HE I LA IR I T IR AR R LD |

o FaBeY R guw, RET DT T

14 72 [\ | 4 [ 44 [ wo } oS lve | g [ 37 1
e 5 ag | o0 | 4y | oa 7o | AS | 238 | 24 |
o2 | Av. | ©\R S M 3¢ so | ¢ 53 |

L0

Lo

b3 s

dv. | £q

|45

g3

64

3%

2/ 74

Y \o7

{5

75

3\

o

V2.0 25

SIS \A\

T

4%

\770

A<

1 5¢ 24

<4 | gg

S

45

z [ 25 4.0 2. 135 as !.70 Sk 44 | |
@20 [ \s2 | 24 | 5% | 58 | to5 | 145 | AT [ = 47 | ;
o2 \oo | 44 28 | 125 ibo | 40 SS. §S 1o a

e . — -

__'517—_5 AN G NUMBE R___,___C-_u_mQ_géjuE _____
[ S aYon IN_ RANGE TOTUAL
AP m s s
.1-5 - 5 &
@S - T-5 e N R _

1.5 — 10 : &
flo - 15 | | S ]
®.s - .o w_ kS . S I SR - P . _
@2 — 3% AL 3 1L _ ’

I Y o I S R . S A = 55.3 me
___3..0 - 35 I 5 | \9 = _
@ 35 - 4o b S_ A& .. | D, 2.5 e
@ 1O — A4S BATTEALERY IR A ¥ S e

4% - 50 b 3 4\ .
® so - ko |mwupnititn (7 | sg \%(5&1_95 _Q.308 .. _
@_¢co = 0 ALK LA LS R Y S Dso. _

70 - o jnildb_ 6 |70 _.._ ]
! ¥c_ - 9o il U< 0 (SR .- S
® Go - ico i s 79 _
@00 - 120 muvivy & & - L
120~ _\4O dunoo S I N e
® .. - L6O T 4 _.9s N .- I
@ o - 8O 1 3 s S

18C — 200 973
_t_;o_o_h_-__y_o ______ L R 20 B (-1 e
.__259 T AXQ

180 - 330 | -




Table E2.

Computer printout of the discharge
calculations for the slope-area
exercise at the Kolah experimental

slope-area reach, Wadi Zabid.

KOLRH
GRUGING STARTION

FLOOD OF
AUG 1983

PEAK DISCHGREGE BY
SLOPE-ARES Mg THDD

DaTs ENTERED BY
JEzZ
RESULTS
FLI0S Levwels
SECT ¢ 2.2 M
SeCT 2 PEE M
SECT 3 Lo N
DISTANCES
olst i SE.8 M
DIST 2 <4.9 M
SLOPE B.287242
(UFPER = 2.2BBS«<¢.
(LOWER = B.2DEiB:

CRAVEL B¢ £.113 N

SECTION RRERS
SECT 1} 6.5 nr
SECT 2 '
SECY 3 £z.3 nr

SECTION DEPTHS
SETT ¢ j.38 M
SECT 2 1.4 I
SECT 3 J.38 N

SECTION WIDTHS
SECT ) 43.3 N
SECT 2 4.5 N
SECT 3 46.8

SECTION DrDB4
SECT 1 12.36
SeCT 2 12.4P
SECT 3 12.21

SECTION JBrsF
SECT 1 18,13
SECT 2 18.14
SECT 3 18.18

B e A s

DISCHARGE
2838 ni3-/s

R R O N R R,

® O 0000000 000000000 00O O”OOGOEOTOOOOOEO®EEO® OO



E.2 WADI RASYAN

E.2.1 Slope-Area Site

Measurements were made along a 60 m reach at a narrow rock gorge
section a few hundred metres downstream of the gauging station (Fig E4).
The site is not a very good one since the lateral bed profile is uneven
and a line of bamboo bushes runs down the middle of the gorge. However,
it Seems to be the best available in the vicinity of the gauging station.

The survey was made on 9 August.

E.2.2 Surveying Data

The walls of the gorge are assumed to be vertical. The staff levels
at the ends of each section therefore refer to the bed levels at the bases

of the walls.

Upstream Section Centre Section Downstream Section
Tape Staff Tape Staff Tape Staff
distance level distance level . distance level
m m 1} m m m
6] 1.92 o 0.55 0 0.30
0.5 1.35 2 0.50 2.3 0.46
1.5 1.75 4 0.65 5.4 0.51
3 1.69 6 0.95 2] 0.67
5 1.56 9 0.99 11.3 0.85
7 1.13 11 1.18 . 21 2.27
11 1.07 12.8 1.27 22.8 2.37
14 .17 15.8 1.25 26.1 2.58
16 1.24 18.7 1.69 27.3 2.00
18 1.44 23.4 2.43 27.8 2.03
21 1.47 24.8 2.03 '28.8 2.61
22.5 1.47 25.5 2.01 32.6 2.54
24 1.72 26.6 2.42 35.8 2.53
26 1.68 30.1 2.75
27.8 1.58 .
Distance from upstream to centre section = 30 m
Distance from centre to downstream section = 30 m
Total reach length = 60 o

The data are plotted in Fig ESJ.

E.2.3 Bed Material Data

The bed material sample is shown in Table E3 and the size distribution
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is plotted in Fig E6.
0.08
D84 m

E.2.4 Characteristic Flow Data

Mean Bed Level

Upstream section over 5 to 22.5m = 1.26m
Centre section over 0 to 14 m = 0.98 o
Dewnstream section over O to 14 m = 0.65m
Fall ir. Bed Level
From upstream to centre section 1.26 ~ 0.8 = 0.28 m
From centre to downstream section 0.98 - 0.65 = 0.33 m
Tctal 1.26 ~ 0.65 = 0.61 m
Bed Slc.pe
From upstream to centre section 0.28/30
Fiom centr2 1o downstream section G.33/30 0.011
Overall 0.61/60 0.0102

The chsracteristic flow is chosen to be contained by the channel within
the flood deposits and the line of bamboo. The relevant 1loud level is
defined mos1 accurately at the downstream section so the corresponding
levels at the other two sections are found by adding the rise in bed level

from the downstreawm level. Thus

Downstream flood level = 1.25 m
Centre flood level = 1.25 + 0.33 = 1.58 m
Upstream flood level = 1.25 + 0,61 = 1.86 m

For these levels the corresponding cross-sectional areas and widths

for each section are as follows.

Section Cross~sectional Area Surface Width
m? m
Upstream 12.7 27.8
Centre 10.4 18
Downstream 8.43 14

®
®
®
®
o
®
®
@
®
[
®
®
[
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o
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E.2.5 Characteristic Flow Discharge

Using the above dats the flow within the vegetation level is
calculated to be 18 m3/s. Details of the calculation are shown on

the computer printout in Table E4.
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Computer printout of the discharge
calculations for the slope-area

exercise in Wadi Rasyan.

RASYAN

GAUGING 5

FLOSO
auG |

TATION

or
83

PEAK OISCHARGE BY
SLOPE-ARESA METHOD

DATA ENTEReD BY

Jce
RESU
FLODD L
SECT )
SECY 2
ScCT 3
DisTANC
DIST 1
pIsST 2
SLNPE
{UPPE!R =
CLOWER =
GRAVE._ D84
SEZTION
SECT 1
SECT 2
SECT 3
SETTION
SECT 1
SECT =2
SECT 3
SEZTION
SeCT )|
SECT 2z
SECT 3
SECTION
SECT 1
SECT 2
SECT 3
SECTION
SECT 1)
SECT 2
SECT 3
TR AR
plsc
18
FREREAEIE O S RS

LTS5

EVELS
i.gs n
1.58 N

E

p.21gl6
g ngs33)
£.2i188.

2.898 M

A=IE
2.7 N2
g« N2
g.4 N2

LEPTHS
©2e5 M
m.37 1
£.68 M

LHIDTHS
27.8 N
i8.8 M
14,8 n

-D84
5.82
5.4)
.69

J8/F
7.956
8.53
B.63

4444+ 4

HARGE
M3ss

-+ b
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E.3 WADI SIHAM AT MAHAL AL SHAMIKI
E.3.1 Slopeé-Area Site

Measurements were made along a 100 m reach confined within the walls
of the wadi (Fig E7). The left bank is a steeply rising cliff while the
right bank is less steep and is vegetated with scrub and bushes., The
reach widens slightly in the downstream direction. The survey was made on

11 August.

}

“

E.3.2 Surveying Data

The left hand bank is assumed to be vertical. The staff levels at
the left hand ends of each section therefore refer to the bed levels at

the base oflthe cliff.

- =

Upstream Section Centre Section Downstream Section
Tape Staff Tape Staff Tape Staiff
distance level distance level distance level

m m m m jul m
0 0.0 0 1.25 4] 0.69
5 0.63 5 0.60 5 0.31
10 1.04 10 0.58 10 0.30
15 1.23 15 0.32 15 0.40
20 1.25 20 0.37 20 0.41
25 1.37 25 0.52 25 0.39
30 1.46 30 0.62 30 0.27
35 1.89 35 1.14 35 0.25
‘40 2.05 40 1.23 40 0.31
45 2.07 45 1.26 45 0.50
50 2.85 50 1.46 50 0.82
55 3.2 55 1.51 55 1.12
56 3.2 60 1.94 60 1.37
65 2.18 73 1.61

68 2.67

A datum point was set on a rock on the left hand bank, marked by blue
and white spray paint. 1Its surveyed level was 1.632 m with the automatic

level positioned as for the above data.

I
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Distance from upstream to centre section 100 m
Distance from centre to downstream section 100 m
Total reach length 200 m

The data are plotted in Fig EB8.

E.32.3 Bed Material Data

The bed material sample is shown in Table E5 and the size distribution
is plotted in Fig E9. The bed was moderately sandy but also contained

84

E.3.4 Characteristic Flow Data

¥Mean Bed Level

Upstream section over 0 to 50 m 1.44 m
Centre section over 0 to 60 m 0.93 m
Downstrean section over 0 to 60 m 0.51 m

Fall in Bed Level

Fron upsiream to ventre section 1.44 --0.93 = (€.51 n

From centre to downstream section 0.93 - 0.5 = 0.42 n

Total 1.44 - 0.51 = 0.93 n
Bed Slope

From upstream to centre section 0.51/100 = 0.0051

From centre to downstream section 0.42/100 = 0.0042

Overall 0.93/200 = 0.00465

The chaeracteristic flow is chosen to be contained within the vegetation

linre on the right bank. Examination of the data suggests the following levels.

Upstream flood level = 2.43 m
Centre flood level = 1.93 m
Downstream flood level = 1.50 n




For these levels the corresponding cross-sectional areas and widths
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for each section are as follows,.

Section Cross-sectional Area Surface Width
m? m
Upstream 50.1 48
Centre 58.9 60
Downstream 59.2 60

E.3.5 Characteristic ‘Flow Discharge

Using the above data the flow within the vegetation line is

calculated to be 102 m?/s.

the computer printout in Table E6,

Details of the calculation are shown on
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Size distribution curve for the bed material at the slope-area reach
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Computer printout of the discharge
calculations for the slope-area

exercise in Wadi Siham.

SIHAM
GAUGING STATION

FLOOD OF
AUG 1883

PEAK DISCHARGE BY
SLOPE-RREA HRETHOD

DATA ENTERED BY
Ji8

SECTION DEPTH

RESULTS
FLOOD LEVUZLS
SECT Z.43 N
SECT 2 1.93 n
SECT 3 .58 n

DISTANCES
0IST 1 1€8.8 N
DIST 2 18B.B N
SLOPE B.88465
(UPFER = B.88588)
(LOWER = B,88438)
GRAVEL DB4 B.174 N
SECTION ARERS
SECT 1 38.1 N2
SECT 2 338.8 N2
s5cCcr 3 58.2 n2

S

SeCT ) 1.8a n
ZECT 2 B.93 n
SeCT 3 .88 n

SECTION WIDTHS
SECT 1 48.8 h
SeECT 2 6B8.8 N
SeCT 3 68.86 N

SECTION DrD8a4
SECT ) 5.88
SeCT 2 5.73
SECT 3 5.67

SECTION J8/F
SECT 1 8.37
SECT 2 B.26
SECT 3 B.23

RO S S YIS

DISCHARGE
182 nM3,/5

TR Y e
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E.4 VWADI YALUL AT GOU REYZ
E.4.1 Slope-Area Site

Although the wadi is called Yalul locally, it may be shown as Balul

on the map. It lies between Wadis Zabid and Rasyan.

Measurements were made along a 180 m reach within well-defined but
low banks. The site was immediately upstream of the confluence with Wadi
Byreck, which is about 1/2 to 2/3 of the size ¢f the main wadi. Surveying
could not be carried out downstream because the wadl bed was disturbed
by small diversion dams and canal works (Fig E10). The bed at the site
was also uneven as a result of naturally formed bars and troughs. The

survey was made on 9 August.

E.4.2 Surveying Data

Surveys were made at only two cross sections.

-Upstream Section Downstream Section
Tape Staff Tape Staff
distance level distance level

m m m m
0 5 0 1.55
3.3 2.60 1.5 0.02
5 2.60 5 -0.02
10 2.61 10 0.73
15 2.30 15 0.49
20 2.70 20 0.58
25 3.30 25 0.81
30 2.40 30 0.82
35 2.53 35 0.78
40 2.57 , 40 0.83
45 2.46 45 0.73
50 2.25 50 0.89
55 2.26 55 0.95
60 2.61 60 1.39
65 2.73 65 1.41
70 1.97

72.2 3.05

73.1 3.40

Total reach length = 180 m

The data are plotted in Fig El1l.
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E.4.3 Bed Material Data

The bed material sample is shown in Table E7 and the size distribution

is plotted in Fig E12,

D84 = 0.085m

E.4.4 Characteristic Flow Data

Mean Bed Level

Upstream section over 3.3 to70m = 2.549 m

Downstream Section over 1.5 to 55 m = 0.66m
Fall in Bed Level

Total fall 2,54 0.66 1.8 m

Bed Slope

Overall slope = 1.88/180 0.0104

The characteristic flow is chosen to be the natural bankfull Ilow,
which is best defined by the right hand bank levels. Th: left rand side
is affected by flnod diversion emhankmerts. Examinatior of the oata

suggests the following levels.

Upstream flood level 3.4 n

Downstream flood level 1.5 m

For these levels the corresponding cross-sectional areas and widths

for each section are as follows.

Section Cross-sectional Area Surface Width
m? m

Upstrean 60.1 71

Downstream 47.6 60
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E.4.5 Characteristic Flow Discharge

Although only two .cross sections were surveyed, the computer program
(which requires data for three cross sections) can be used if data are typed
in for an imaginary centre cross section. These data values should be the
exact average of those for the two surveyed sections. Details are shown
on the computer printout in Table E8 and the discharge is calculated to
be 141 m®/s. This result may be checked using Eq A.13, in Appendix A,

which is derived specifically for reaches with only two cross sections.
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Size distribution curve for the bed material at the slope
in Wadi_Yalul.
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Tabe E7. Red maleral Sample -
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Computer printout of the discharge

calculations for the slope-area

exercise in Wadi Yalul.

YALUL
FAUGING STATION

FLOJD OF
AUG 1883

PEAK DiSCHARGE BY
SLOPE-AREA METHOOD

DATA ENTERED BY
Jce

RESULTS
FLOOC LEVELSZ
SECT ] 2.2 n
S5eECT 2 2.43 1
SECT 3 1 38 N

OISTANCES
DisT i S2.8 h
olst 2 S56.8 M
3L0PE B.811B55
(JFPER = R.8185%)
(LOWeR = P.a)ess5»

GRAVUEL DB¢ £.885 M

SECTION RRERS
SECT 1 6ad.1 n2
SECT 2 53.5 nz
SECT 3 7.6 N2

SECTION DERTHS
SECT 1} .84 N
SECT 2 £g.g2 n
SECT 3 2.73 N

SeCTION WiDTHS
SECT i s,k n
SECT 2 65.5 N
SECT 3 6.8 n

SECTION DrDE4
SECT ) 3.95
SECT 2 S.68
SECT 3 9.33

SECTION JS8/F
SECT 1 9.60
SECT 2 9.534
SECT 3 8.45

e TR R B Y

DISCHARGE
141 M3,5S

N N A E L L e T

L B BN BN B BN B BN I N N N N NN NN NN NNNNNNNENNNNNNNEX]
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E.5 WADI IBRAHIM AT DHUHRA

E.5.1 Slope-Ares Site

Although the wadi is now called Ibrahim locally, it apparently used
to be called Abu Salah and may be shown on the map as Asalah. It lies

between Wadis Rima and Siham.

Measurements were made along & 100 m reach within well-defined banks.
The left hand bank is artificially raised by a field embankment and the
bed is partially covered by scattered scrub and weeds (Fig E13). The

survey was made on 13 August.

E.5.2 Surveying Data

Upstream Section Centre Section Downstream Section
Tape Staff Tape Staff Tape Staff
distance level distance level distance level
m m o m m m
-0 5.50 0 4.10 0 3.61
2 3.80 1.5 2.79 0 0.81
4 2.09 2 2.37 2 0.33
6 1.93 4 1.60 4 0.32
8 1.91 6 1.40 6 0.39
10 1.84 8 1.34 8 0.47
12 1.75 .10 1.16 10 0.48
14 1.62 12 1.02 12 0.52
16 1.73 14 0.92 14 0.45
16.7 2.10 16 0.74 16 0.76
18 4,13 18 0.83 i8 1.40
20 1.00 19.3 2,92
22 3.33
Distence from upstream to centre section = 50 m
Distance from centre to downstream section = 50 m
Total reach length = 100 m

The data are plotted in Fig El4.

E.5.3 Bed Material Data

The bed material sample is shown in Table ES and the size distribution

is plotted in Fig EI15.

D84 0.11 o
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E.5.4 Characteristic Flow Data

Mean Bed Level

Upstream section over 4 to 16 m

Centre section over 4 to 20 m

Downstream section over 2 to 16 m

Fall in Bed Level

From upstream to centre section

From centre to downstream section

Total

Bed Slope

Fromn upstream to centre section

From centre to downstream section

Overall

The characteristic flow is chosen to

data suggests the feollowing levels.

Upstream flood level 4.27 m
Centre flood level 3.53 m
Downstream flood level 2.90 m

for each section are as follows.

1.83 m

1.09m

0.45 m

1.83 - 1.09 0.74 m
1.09 - 0.45 0.64 m
1 B3 - 0.45 1.38 m
0.74/50 0.0148
0.¢4/50 0.0128
1.78/100 = 0.0138

e the natural bankfull flow, which

is best defined by the right hand side ban< levels. Examination of the

For these levels the corresponding criss-sectional areas and widths

Section Cross-sectional Area Surface Width
m? m
Upstrean 35.2 16.5
Centre 45.5 21.3
Downstream 43.5 19.3
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E.5.5 Characteristic Flow Discharge

Using the above data the bankfull flow is calculated to be 301 m? /g,

Details of the calculations are shown on the computer printout in

Table E10.
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Size distribution curve for the bed materisl at the slope-area reach

in Wadi Ibrahim,

Fig E15.
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Computer printout of the discharge

calculations for the slope-area exercise

in Wadi Ibrahim.

[BRAHIM
GAUGING STATION

FLOOD OF
AUG 13983

PEAK DJSCHARGE BY
SLOPE-AREA METHOD

DaTa ENTERED BY
JCE

RESULTS

FLOGCD LEVELS

SECTION RREARS

SECT ] 35.2 N2
SECT 2 45.3 N2
SECT 3 43.5 M2

SECTION DEPTH
SECT ) 2,13
SECT 2 2.13

SECT ) 4.2 N
SECT 2 3.53 ¢
SECT 3 2.80 n
BISTANCES
DIST 1 22.8 n
pist 2 58.8 N
SLOPE £.Bi378
(UPPER = £.8i4649)
(LOWER = £.81268)
GRRUZL DB4 £2.118 N

S
r
m

SECT 3 Z2.25 t

SECTION WIDTHS

SECT ) 16.5
SECT 2 21.3
SECY 3 19.3

SECTION D.D84
SECT 1 1S.2§
SECT 2 19.4)
SECT 3 28.48

SECTION J8/F
SECT 1 11,23

SECT 2 11,23
SECT 3 11.27

R A T SRRy

DISCHARGE
381 M3ss

B e e L N

M
M
!
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E.6 WADI HARAD

E.6.1 Slope-Area Site

A kilometre or so before it passes through i1ts final mountain gorge,
the wadi undergoes & transition in which it changes from a narrow channel
with rocky banks to a wide sandy channel with poorly defined banks., Just
upstream of this transition is the reach selected for slope-area surveying

(Fig E16).

The 200 m long reach used for the measurements is one of the better
sites investigated 1in the slope-area exercises, having straight, well
defined banks which are moderately steep with rock outcrops and a grass
covering. It bas a mainly sandy bed although deposits of cobbles and boulders
occur at thessides and on bars. Sand bedload transport occurs at low flows
with bedforms including ripples, low dubes, flat bed and antidunes. The
main large-scale bed features are wide, low bars., The survey was made on

7 August,

E.6.2 Surveying Data

The survey did not extend far up the bank slopes, especially at the

downstream section where surveying was obstructed by tall grass.

Upstream Section Centre Section Downstream Section
Tape Staff Tape Staff ‘Tape Staff
distance level distance level distance level
m m m m m m
4 2.65 4 2.68 0 1.07
6 2.35 6 2.18 5 0.87
8 1.99 8 1.75 10 0.88
10 1.99 10 - 1.58 15 0.85
15 2.08 15 1.30 20 0.87
20 2.17 - 20 1.38 25 1.15
25 2,14 25 1,43 30 0.94
30 2.08 30 1.42 35 0.55
35 1.92 40 1.44 40 0.75
40 1.90 45 1.32 45 0.82
45 1.91 50 1.05 50 0.64
50 1.92 52 .2 1.20 53.5 1.47
55 2,28 55 1.80
58.5 2,83 60 2.91
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Distance from upstream to centre section 100 m
Distance from centre to downstream section 100 m
Total reach length 200 m

The data are plotted in Fig E17.

E.6.3 Bed Material Data

The bed material sampleé which is shown in Table Ell was made on several

bars which contained gravel and boulders. The corresponding size distribution

is plotted in Fig E18 and D84 = 0.0775 m. Much of the bed, though, was

sandy, at least at low flow,

E.65.4 Characteristic Flow ['ata

Mean Bed Level

Upstream section over & to 50 m = 2.02m
Centre section over 15 to 52.2 n = 1.39 m
Downstream section over 5 to 50 m = 0.84 m

Fall in Bed Level

From upstream to centre secticn = 2.02 -1.39 = 0.63 m

From centre to downstream section = 1.56 - 0.84 Q.50

Total = 2.02-0.8¢ = 1.18m
Bed Siope

From upstream to centre section = 0.63/100 = 0.0063

From centre to downstream section = 0.55/100 = 0.0055

Overall = 1.18/200 = 0.0059

The characteristic flow is chosen to be contained by the channel withinp
the vegetation line. The relevant level at the centre section is about 2 m,
from which the corresponding levels at the other two sections are found

using the change in bed level from the centre section. Thus




Centre flood level = 2 m
Upstream flood level = 2+ 0.63 = 2.63 m
Downstream flood level = 2-0.55 = 1.45 m

For these levels the corresponding cross-sectional areas and widths

for each section are as follows.

Section Cross-sectional Ares Surface Width
m? m
Upstreanm 29.7 53.5
Centre 29.1 49.2
Downstream 31.2 53.5

E.6.5 Characteristic Flow Discharge

Because it is not clear whether the wadi bed acts as a sand bed or e
gravel bed at high flow, the characteristié discharge was calculated for
both circumstances. For the gravel:bed, tPe flow resistance was calculated
as usual by Eq 2.3 while for the sand bed it was calculated by Eq 2.4
(assuming a plane bed). These two approaches should indicate the limits
within which the real discharge is likely to lie. The results are, for the
gravel bed case, 48 ma/s and, for the sgnd_bed case, B3 p’/s. Details of

.the_calculations .are shown on.the computer printouts in Table E12.

/..................................
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Size distribution curve for the bed material sampled on bars at the

slope-area—reach—in-VWadi—Harad.
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Table E12. Computer printout of the discharge calculations for the slope-area

exercise at Wadi Harad:

a) assuming a gravel bed b) assuming a sand bed

HarAp HARAD
GRUGING STATION GAUGING STATION
FLOQYD OF FLOOD OF
nUG 1983 AUG 1983

PeAK DISCHARGE BY
SLOPE~AREA METHQC

PEAK DISCTHARGE BY
SLOPE-ARLA METHOD

DATA ENTERED BY DATA ENTERED BY

JCB JCB
RESULTS RESULTS
FLODJ LEVELS rLO0D LEVELS
| SECT ! 2.63 n SECT 1 2.83 N
| Sclr 2 2.886 N 5eCT 2 2.8 N
I SECT 3 .45 M SECT 3 1.43 N
' DISTANCES DISTANCES
D15t 1 1BR.B M DIST i1 18B.B N
G157 2 188.8 N pistT 2 188.8 n
SLOPE  9.8BB539 SLOPE  B.28558
(UPPER = 8.88538) (UPPER = B.88638)
(LOWeR = £.e855a) (LOWER = 9.28558.
LRAVEL D84 B.8/°7 N oRAVEL DB4 8.885
SECTION ARERS SECTION RREGLS
SECT 1 23.7 N2 SECT 1 28.7 N2
SECT 2 28.1 n2 SECT 2 29.1 h2
s>eCT 3 31.2 M2 SECT 3 31.2 n2
SECTION DEPTHS SZCTION DEPTHS
SECT ] Bp.35 M ScCT ) B.55
SECT 2 B.38 n SECT 2 B.38
SECT 3 .58 N SECT 3 B.5B N
SECTION WIIDTHS SECTION WIDTHS
SECT 1 53.5 M SECT 1 53.5 N
SECT 2 49.2 M SECT 2 43.2 N
SECT 3 53.5 n SECT 3 53.5 n
SECTION DrDB4 SECTION D-sDB4
SECT 1 7.16 SECT 1 11).82
SECT 2 /.63 SECT 2 118.28
SECT 3 7.52 SECT 3 116.63

SECTION JIB/F SECTION JB/F
SECT ) B.BB SECT 1 15.13

SECT 2 8.36
SECT 3 B.382

POE I RC I PR g

DI1SCHARGE
48 M35

R e

SECT 2 15.33
SECT 3 15.28
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DISCHARRGE
B3 M3rS
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