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ABSTRACT

Because of ever increasing human activities 1n the
flood plains, the river environment gets affected. The
movement of flood along the flood plains is quite complex.
The flood plains act as conveying as well as storage medium
for passage of floods. The valley storage anaturally regulates
the flood flow as it moves towards the downstream end of
the reach. The flow over the flood plains is relatively
slower than the main channel. This is mainly due to relatively
low depth of flow and also due to the increased frictional
resistance.

Civil constructions affect the flood plain accessi-
bility, i.e. the relative ability of the water to leave or
enter the flood plains. There are a few studies, made on
the effect of encroachments on floods. Some studies suggest
that flood height would not be substantially changed by urban
development; since actual development is such that significant
floodplain storage is still available for the passage of
floods.

Routing of floods can be achieved either through
black box models or through mathematical models. The
data requirements for these modelling approaches differ
significantly. Accuracy-wise both the methods are comparable.
If channel processes have not altered the river environment

very much from the past and if the available record of floods
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of this period covers the movement on flood plain also,

then black box method can be prefered. The Muskingum Cunge
method appropriately takes into account the geometrv of flood
plains and channel while establishing the routing parameters,
and hence it can be prefered over conventional Muskingum
method. The Kalinin-Milyukov method is much simpler to use
than other methods and at the same time it involves a phy-
sically meaningful establishment of parameters making it
somewhat better approach for dealing with movement of floods
in flood plains.

Sometimes, one dimensional mathematical models are
used to route the floods in rivers with flood plains. The
data requirement is largely on cross-section and roughness
coefficients. There are three different approaches used
to treat floodplains, viz. (i) Off channel storage, (ii)
Composite channel, (iii) Channel-plain model. The off
channel-stofage model attenuates the hydrograph much more
than the other two models.

The complexities involved in a meandering river with
flood plain create problems in modelling. Experimental studies
oh tﬁe floodplain effects have been carried out at Hydraulic
Research Laboratory in Belgrade. Certain empirical relation-
ships on the channel flood plain interactions have been esta-
blished by these studies.-These, however, have limited scope
in their application onlv to the river systems for which they

have been developed.

iii



1.0 INTRODUCTION

The floodplain is the area adjoining the main river
channel which gets inundated when the water level increases
beyond the bankfull stage. The floodplains have two main
functions, viz. (i) transport of flood, (ii)} temporary
storage of flood discharge. It is this latter function
which attenuates the flood significantly. The nature of flood
flow in floodplains also causes the attenuation.

The human activities and encroachments in the flood
plain affect the flood flow. Embankments are constructed in
order to avoid disastrous inundations. But such activities
drastically change the river environment, which has to attain
new equilibrium under changed conditions. For instance, the
floodplain level of the yellow river in China, at many
locations lies more than three metres above the protected
terrain.

During flood season, when the stream is in spate
{sudden rush of water), the water level increases, the flow
overtops the river channel banks and moves into the £lood
plains. In the case of wide floodplains the flood water gets
stored and causes large attenuation. Over the floodplains
the flodd moves in relatively shallow depths. The vegetation
and bed reoughness of the plains retard the flcw and as such
energy loss_is different in the flood plains than that in
the channel.

The streamflow measurement with flcats in the case



of large floods which inundate flood plain involves lot of
error in the records. While using such records, care has to be
taken to assess and possibly to remove such errors from the
data used for the analysis. A careful analysis of stage-—
discharge relations would help tc this end. A report entitled,
‘Rating Curve Analysis' - UM-5 prepared by National Institute
of Hydrology explains the relevant aspects.

The application of any flood routing method has to
properly account for these factors, when dealing with high
floods. The methods used to route a flood can be broadly
classified info two categories, viz. (i) Black box models,
(ii) Mathematical models. The Muskingum method belong to the
former category and is used in many countries. This method
uses the information on flood hydrographs observed in the
past to arrive at the neceséary routing parameters. If the
observed floods are not large so as to include measurement
in floodplains also, the parameters thus derived are of
little use in routing large flood involving flood plains. The
Kalinin-Milyukov method and Muskingum-Cunge method are also
used for.flood routing. These methods involve a physically
meaningful establishment of flood routing parameters and
would be somewhat more appropriate for routing of high floods.

The mathematical models involve geometry of river
" channels and do not need past flow records as much as the
black box models. These models require data on the cross-
section and bed roughness etc. to define river channel geome-

try and flow characteristics. Different approaches used in



mathematical modelling have also been explained@ in subsequent
sections.

Experimental works have been conducted to establish
certain empirical relationships on the flood plain and channel
interactions. These relationships have been used in flood
routing models. Similar works carried out at the Hydraulic
Research Laboratory, at Belgrade have been briefly given in

section 7.0.



2.0 PHYSICAL ASPECTS OF FLOOD FLOW

There are several reasons for the floods to occur
like heavy rain in the upstream catchment, landslides, daﬁ
break etc. Whatever be the cause of flood, its movement
generally follows a similar pattern as it moves down. At a
given site, the water level rises to reach a peak and then
slowly decreases. As the water level increases discharge of
water also increases, together with an increase in the storage
of water in the channel and adjoining plains. Hence the flow
éntering in a reach may pass through the reach or may go into
temporary storage. From this storage it will be released
slowly. It is necessary that the continuity equation used in
flood routing accounts such balance between inflow and outflow
In this process of flow the peak discharge entering a reach
gets lowered before leaving the reach. This acts as a natural
regulator of flood, moderating it. Such decrease in peak flow
is known as attenuation. This occurs in all cha-nels, although
at varying extent. This aspect of the flow can be made clear
from the figure l.a to d.

The figqure l.a depicts the observed hydrograph at
both the ends of a reach. The difference between inflow and
outflow goes into storage until the time of maximum storage
T as marked S. After this time T the outflow exceeds the in-
flow until both are equal at H for a singlelflood peak. During
this period flood water is released from the temporary storage
In general S should be egual to R but it may be noted that
depending on the topographic nature some part of S may escape
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the river system. This kind of escape is not treated in this
report. The attenuation can be expressed as follows in per-

centage of inflow:

Qatt

= 100.(PI—P0)/PI

Theoretical works on-Attentuations in the case of prismatic
channels can be found in Forchheimer (1930), Hayami (1951),
Hayashi (1965) and Di Silvio (1969).

The figure 1l.b explains how flood waters enter into
storage in the longitudinal point of view. The figure 1.4 ex-
plains the plan view of flood movement.

Except for prismatic channel the superimposed cross-
sections at various sites of a reach would look very similar
to figure l.c. This figure is only a typical situation.

Number of tributaries may join the river and the dis-
charge increases as one moves downstream unless large with-
drawals are made in between.

Any obstruction in the waterway causes backwater
effect which may even extend upto 60 Km upstream and water
spread area may get increased. Floodplains provide ample
space for storage of flood water.

| The velocity of flow in the floodplains are much
different from that of channel. This is due to the fact that
roughness present in floodplain is much larger and the depth
of flow in the plains is shallower than that of channel.

These characteristics complicate the flood routing.



3.0 EFFECT OF FLOOD PLAIN ENCROACHMENTS

Land development results in occupation of flood plains.
This affects the functions ( as given in section 2.0) of the
same. In some countries limits are establisigd to encroachments
into flood plains to reduce damages due to flooding. The
problem is of world wide concern. But no simple solution is
available in the literature. The full unsteady flow equations
are to be solved using numerical techniques .to understand the
effect of encroachments. In some cases physical models are
used.. Although costly, they permit the study.of detailed flow
pattern. |

Some observations of flood plain on flood waves for
Russian rivers dare reported by Grashevsky (1967). His studies
indicated that flood plain 'accessibility' i.e., the relative
ability of the water to leave the river and enter the flood
plain, was an important factor in flood wave attenuation. If
a flood wave moves part areas in which large amounts of poten-
tial flood plain storage exist, but the movement of water into
these areas is restricted by high hydraulic roughness in over
bank areas or by limited openings to the flood plains, thus
full available storage of the flood plain may not be utilized.
Grashevsky also observed that in channels with slopes of the

order 0.001 the attenuation of the €locd wave was observed to

be less than with channels with flatter slopes.
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Johnson and Senter (1977) evaluated the loss of flood
plain storage on the Ohio river for long river reaches. They
simulated different-amounts of storage loss ranging from comp-
lete removal of valley storage with levees to_partial loss. They
also examined the effect of varying Manning's n vélue by 20%.
They concluded that for the reach of the Ohio river the flood
height would not be substantially changed by complete loss of
valley storage or by substantial variation in Manning's n.
Effects of encroachments in the flood plain of the Connecticut
river were studied by Dewey and Kropper (1964}. They examined
the consequences of removing major volumes of wvalley storage
along 40 miles of the Connecticut river. Their general findings
are as follows:

1. A 10 to 40 per cent increase in peak discharge down-
stream as a result of the loss of 10 to 30 per cent

.of'the valley storage.

2. An increase in water surface elevations for major
flood discharges as a consequence of the decrease

in waterway cross-sectional areas.

There are number of hydraulic model studies involving the
effects of levees and other types of encroachments on river
water levels have b;en made by the US Army Crops of Engineers,
Waterways Experiment Station (WES).

De Vries (1980) analysed the effect of effects of
encroachments on floods. He used a one-dimensional mogel to
solve complete equations of motion. He has routed a hypo-

thetical flood input in the form of a triangle. As a result



the following are found:

- 1.

The narrow valleys the hydrograph shape is an imp-
ortant factor in flood wave attenuation for a flatter
river slope ( S=0.0001). An early peak gets attenuated
more than the peak occuring later in the flood. This
is precisely because major portion of the flood plain
storage would have already been occupied by earlier
flows, leaving less room for later peak.

Water depths on the flat plain are greater for flatter

slopés and the narrower valleys. But water depths are

‘greater for steep slopes in the case of wider valleys.

The flood peak is strongly affected by the encroach-
ments. In general, the flood peak arrives significantly
earlier as a result of a reduction of flood plain
storage.

In general a maximum rise of 1 foot in water level is
noticed due to encroachments. It has béen pointed

ouf that the actual development on a flood plaip is
such that significant flood plain storage is still

available.



4.0 FLOOD ROUTING MODELS

Routing of floods can be achieved either through black
box models or through mathematical models. The black box
models require data of a number of past high floods involving
movement in flood plains. More the availability of data of
such floods, better is the establishment of the routing para-
meters, assuming that channel processes have not significantly
altered the river environment. The mathematical models require
data on cross-section of the river at close intervals and
estimates of roughness coefficient. Their requirement on data
of past floods is minimal. Based on the data availability any
one of the methods can be choosen, since accuracy wise both
‘are similar.

4.1 Black Box Models

Muskingum method is widely used in many countries.
This makes use of the past recorded floods and finds the
set of routing_parameter that would best produce the out
flow given the inflow. These parameters takes.care of the
translation and storage characteristics of the flood and the
gecmetry of the river. In case the floods, used in computing
the parameters are large such that movement in flood plains
occurred, the parameters could conveniently be used to
route the flood taking flood plains into account. Otherwise
the routing parameters cannot be used and Muskingum method is

of little use. In such cases, a variance of this method,

10



originally proposed by Kalinin and Milyukov (1958) can be
used which involves use of physically meaningful approach for
estimation of the parameters. The Muskingum Cunge method takes
the geometrical features of the flood plain and channel for
establishing the flood routing parameters, and is therefore;

preferred over Muskingum method.

4.2 Mathematical Models

There are three kinds of models available in the
literature to treat flood plains. They are described briefly
below:

1. Off-channel storage

This model assumes that floodplains function only
as a storage. The velocity of flow in the floodplain is assumed
to be negligible and momentum effects are not considered.

2. Composité channel

This treats the channel and flood plains as one unit.
A single Manning's n value is assumed. An excellent text on
this Manning's n is given in Chow (1959). This model takes
the éarrying capacity of the plains also in lumped form.

3. Channel-plain model -

This model distinguishes the two functions of the flooad
plains and accounts both of them. These functions are storage
and conveyance. As such the wetted area A is the sum of area
of flow in the channel, area of flow in the plains and the area

of dead storage.

11
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5.0 FLOOD ROUTING IN MEANDERING RIVERS WITH FLOOD PLAINS

The natural rivers always have a tendency to meander.
No river can be found to be straight more than lO.time its
width. River channels meander throuah wide.flood plains. In
addition to the complexities mentioned in section 2.0, the

following further complications are associated with meandering

rivers:

1. The flood flow over the plains heed to travel only
short distance to reach the downstream site where as
the flow in the chamnnel need toltake longer route
through meanders to reach the‘same siﬁe.

2. The slope of the flood ﬁlain will be larger than the
main channel.

3. The lateral exchange of flow between them.

4. The presence of helicoidal flow at river bends

and the travelling eddies.

At present there is no model which could simulate
unsteady flow with above complexities. A one dimensional
mathematical model has been proposéd by Fread f1976). An
approximate ratio (y) of flow was defined using Manning's

equation applied to channel and flood plain as follows:

v Qf/Qc . eeo (1)

where, Qf is flood filow through the flood plain and Qc is
fiow through channel. He derived following one dimensional

equations:

12



-g__g_'_ A(eQ) . __ATQ) ~q=0 - . e (2)
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3h TR : e
+gAf{—5~§f+Sf}-qV1x =0 eee (3)

whe;e,
Q is discharge;'L3/T
'q ié'lateral flow, LZ/T
A is the cross- sect10na1 ared of . flow L2 and'A=Ac+Af+AS

AS is the off channel dead . storage L2

1x is distance along the longltudlnal axis of either
flood plains or channel

g is acceleration due to gravity L/T?
is friction slope - :

le_isthe velocity of lateral flow L,;T

¢= 1 oc-(d)
1+ ¥
. o
ee={5
T =357 - )

Thé subécfip C denotes variables pertaining to the chanhel_and'
f denotes similarly the'flood plain. The equation 3 neglects
the momentum excnange between channel and flood’ plalns. -These

quatlons (2 and - 3) are hyperbollc type. Finite dlfference

13



schemes were used to solve them toqether with approprlate
'boundary condltlons. ‘The 1deallzed meanderlng river with a
significant flood—plaln used by Fread_(1976) is shown'in

the figure 2.

Figurelz - Idea11sed meander1ng river w1th flood
plains used by Fread

Fread (1976) has used all_the three models'mentioned
in the section'4.0. The compesife model'prodnced computational
problem when 51mulat1ng the sudden change in top width as the
flow spills onto the flat flood plains. The. results of Fread' s-
analySLS are briefly menthned here. Detalls can be seen from

the orlglnal paper. | |

The offlchannel—storage attenuates the hydrograph
much more than.other twe models. This can be an obvious
conclusion. The composite channel behaved very 51m11ar to
channel-plaln model for sinuosity ¢ Length of the channel/
length of the valley) equal to unlt. However, as this ratio
increases the compoeite channellmodel attenuate more than the

other. Ae far as the travel time is concerried, the off channel-

14
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sto:age fequired'larger travel.time,_ The other two modeis_ére
.cOmpared in £he similar'wag as in ﬁhe-case of attenuation.
‘3A1th0u§h-coﬁposite sectibn model has certain'computational
problem of.simuléting when the flow spills onto‘é wide flat
flood plaln, its SLmulatlon characterlstlcs approach 'to those
of the channel ~flood plaln model as per Fread when the

sxnuosxty 1S one and when the flcod plaln width is small.



6.0 THE PARANA-PARAGUAY MODEL

A mathematical model has been developed jointly by
Delft Hydraullc Laboratory and NEDECO (Netherlands Engineering
Consultants) for a flood control study of the rivers Parana
and Paraguay. This model was used to study the fivers and flood
plains under different floods with elemeﬁts of human inter-
ference. Impllclt flnxte dlfference scheme is used to solve
contlnulty and momentum equatlons in a one dlmenslonal form.
| The cross-section w1th flood plain is divided into
number of subsectlons as shown in Figure 3. The slope of the
water surface is taken to be. the same for the whole cross-

section.

+ 3 - . E B ]EL——?
3| jm2 Y ind ils Isf l j=2

Figure 3 - Non-uniform flow in a Cross-section

The hydraulic radius is defined { Engelund 1964) as follows:

2
{?clA/R } |
rR=iLo cer (6)
c‘ a
=.Q2/( c? R a?) e (7)

16



where,

.R'is an equivalent hydraﬁlic radius,

C is Chezy's.coefficient,

A is the area of flow,

Q is the discharge, and

S¢ is energy slope.

'The subscript ‘i denotes'subsedfion values.
The equatlons 6 and 7 are valid only fOr quasl steady flow
situations. | |

6.1 The bescription of the River

The studies by Grijsen and Meijer (1979) covered a

length of 1700 km of the river Parana as shown in Figure 4.

hy

}
)
I
)
|
L

CHANNEL - FLOOD PLAIN

Figure 4 - Composite section

They have treated. the flood plalns and the méln river as
_separated channels. The river was defined by 475 cross
sectlons. The crogs—sectlon details of plains have beeﬁ
derived from topographic maps. Large portion of the river
in. the upper reaches éonsisﬁed of narfow deep chanﬂel. In

these part compoéite sections have been used with two roughness

17



coefF1c1ents. Downstream of Corrlentes, small streams run
parallel to the main rlver as shown in flgure 4., These
sec0ndary channels are sald to be dry during 1ow ‘river stages

and hence requlre special numerical treatment.

6;2 -Interactlon Between Flood Plaln and Channel

Introduc1ng short transverse channel connections flood '
.plalns and river channel theseé 1nteractlons c0u1d be modelled
But because of 1ncreased complexlty an expllclt scheme 1s
used by Grijen and MEljer. This is to compute the exchange
flow using the results of the last time step, to 1ntroduce
them as lateral flows into and from the channels during the
‘next time step. Two physical sltuatlons have been notlced in
the fleld as follows. The flood plalns are sloplng -outward from-,
_the river as shown in flgure 4. The second sxtuatlon 1s that ‘
the narrow plalns slope towards the rivers, This 1ater
51tuat10n is seen along the rlver Paraguay. A time lag of
.ﬁt is- assumed between water levels in the rlver and the valley
in the same locatlon- | | |

The storage in the plalns are also accounted by the
following equatlon-‘ o

Here,.

q is the storage in flood plain,

18



'B is the width of flood platur ef |
. h2 is the depth of . flow in. the flood plaln,_

'f}7b* 15 the flow in- flood plain._
c 2 : - : L FEI SE

S 6.3 Appllcatlon ‘
’ . | & 'f) 4--:"?:' -.:n r-:ll ‘;H*"

“‘a‘-‘""‘“ﬂ""ﬂmrf’téncﬁ s

'-Lfor the flood plains. It was’ found by Grljen and Heljer thatit--
_the attenuation of normal prolOnged floods by storage in

the plains is rather small and partly compensated by 1nflows
'from trlbutarles. It is expected that the opposite may occur-

| ;1n éase of extreme floods.vffdv"
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7.0 HYDRAULIC LABORATORY MODELS

'Movement of fiood in_fivers ﬁith flood plain is highly
compligated as éxplainediearlier dué to fluid and thé.associa-
ted energy ekchangé between_plaihs-and thg channel. A number.
of studies mainly on hYPchéticai-river system have been made
in the past.'ThéSe studies aim at throwing light up on the
underlying the physigal.prinéiples of'flowl:At few.places-
experimental works héée begn-coﬁducted'to eéfablish certain
empirital relationships on,the flood plain and chanhel'_

interactions.

7.1 Hydraulic Research Laboratory Belgrade-

The quantitative analysis_df energy transfer process
between main channel and flood plain has been carried out
through experimental siudy at HYdraulic Research Léborato;y_
at the Faculty df Civil Engineering-in‘Belgrade, fugoélaﬁia.
In these studies méasurements of'shée: stress aiong thé
walls of the main channel and flood plain in uniform flow
were maid..The following paiameters were-propdsed by

Miodrag Radojkovic (1976).

Brnc T Tmc / YRmc So e {(10)
T YR, S ' ce. (11)
pr = fp/ . fp o o
. — - B e a e w
and wmc (1 'mc)/ me (12)

-where,

20



where, T , T are mean boundary sheer stress along solid

boundary of channél'and flood plain respectively,

Y is specific gravity of water,
R&c, pr are hydraﬁlic.radius of channel and flood
plain respectively,'
So . is the bed slope, and

-

¥mc ’emdefp are empirical parameters defining the-energy

transfer processes.

Now using the Manning's equation the following are derived:

2/3 6 1/2
One nﬁp Amc Rmc - me (13)
fp "mc  Afp szp:3 %% B

These above parameters could be used in flood-routing models
while the following equations are solved. These equations

"“fare ds given in Miodrag Radojkovic {1976).

Momentum equation:

main channel:

é.dthc , -Vﬁc avhc . nc
g a t g aix 3 x
Tmc v :
- - 6+ (1-m) —mCS oo (14)
YR nc )

e
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Flood plains:

IV, V_BV_ . dz

1 °“fp “fp_ fp _’fp

g t"'E’P'.ax-"'-Bx
Continuity:

Main channel

azmc ' ' : azmc

: gmc st * Vac Bmc Tx

+V JA )z=c
X
mC
" Plood plain:

o2z -z
B, —2fP 4+v__ B —iP

fp it fp fp 9x

A4 V| ai )z-c

fp

T ol fp q
=R 0 em— — (15)
YRfP fp . - g Afp
3y
+ %;_-,'_ Ex‘:
+ kg . .e(16)
3
| Veo
+ afp 3xfp
+ kg | ee e (17)

where, the index mc refers +o main channel and fp refers to

flood plain,

A is area of cross-section

B is width

V is mean velocity

g is gravitational acceleration

k is parameter defining lateral flow

~N

q is lateral flow per unit length determined separately

as spillway discharge

- is water level

22



Further details of the deviation of these equations can be

seeri in Strelkoff (1969).
7.2 Waterways Experiment Station, Vicksburg

In order to study geometric parameters that influence
fiood plain flow, experiments were conducted by Maurice James
at the US Army Engineer Waterways Experiment Station at
Vicksburg. The investigations.consisted of three basic parts.
The first was stage-discharge relationship for various channel
flood plain configurations. The second was determining the
parameters that describe increased flow resistance. Finally to
characterize the general flow in channel\meanders outside.

Oor separates from the flood plain and returns.

Tests were carried out in a tilting flume. The
configurations used include symmetrical, asymmetrical flood
plain of different dimensions and meandering channel within a
flood plain. Different roughness. characteristics were used.
The venturi meter, pitot tube were used to measure discharge,
velocity respectively. Surface current pattern, velocity
vectors were recorded by time lapse photography.

Treating channel and plain as single channel the
Manning's n was computed and plotted from the measurements.

Tt is found from the plots that the value of Manning's n at
'just bankfull flow decreasedISuddenly to some minimum value
and then increased with depth approaching a constant value whié;

was nearly equal to that of bankfull stage.

23



8.0 CONCLUSIONS

The effect of flood plain complicates the routing
of high floods mainly due to the following characteristics:

i) Larger roughness than that of channel bed

ii) Shallow depth of flow.

The problem of flood plain encroachment have heen
studied by hydraulic models as well by mathematical models.
Studies on Connecticut river showed that a 10% to 40% increase
in peak discharge downstream as a result of the loss of 10
" to 30% of the valley storage. It has also been noticed. that
the flood peak is strongly affected by the encroachments and
in general the flood peak arrives significantly ea;lier as
a result of a reduction of flood plain storage due to encroach-
ments.

For routing of floods in rivers with flood plains,
two kinds of models are used viz. (i} Black base models
and (ii) Méthematical models. The data requirements are
different for each of the above models. The Kalinin-Milyukov
method or the Muskingum—chnge method may’ be preferred to
conventional Muskingum method since physicaliy meaningful
establishment of routing éarameters are done in these two
methods.

Mathematical models for flood routing differs -in
the.manner in which they treat the effect of flood plains.
Some models treat-thé flood plain as a storage space only,
while some other as a conveying medium aiong with channel.

There are also models where flood plain and channel are
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separately accounted. For instance the mathematical model
developea by Delft Hydraulic Laboratory and NEDCO for flood
control study of the river Parana énd Paraduay is a channel-
_piai# model using finite difference approach.

Because of the complexity of the flood flow
mathematical formulations are usually inadequate to describe
all physical pfocesses. Modelling-studies invdiviné_scale
models of river systéms haﬁefalso.been;conducted to establish
certain empirical relationships. Resﬁits of such studies are
however only useful for particﬁlar situation and can nct be
applied elsewhere. There is a need to develop numerical models
to deal with the complex flow involving movement of floods
in flood plain as well as channel section. Embankments are
needed to be designed to cater for the increase in flood level
as a consequence of reduction in flow section. The studies
made at U.S. Waterways Experiment Station regarding effects
of flood plain encroachment'indicaée suitable procedure for

similar studies in India.
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