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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
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hnical standardization.

The procgdures used to develop this document and those intended for its further maintenance-
described|in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed-for {
different fypes of ISO documents should be noted. This document was drafted in accordance with {
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

Storage reservoirs built across rivers or streams lose their capacity on account of deposition of sediment.
Surveys indicate that world-wide reservoirs are losing their storage capacity, at an annual rate of about
one percent, due to accumulation of sediments. The impacts of sedimentation on the performance of the
reservoir project are manifold. Some of the important aspects are the following:

a) reduction in live storage capacity of the reservoir;

b) _accumulation of sediment at or near the dam may interfere with the functioning of water intakes
and hence is an important parameter in deciding the location and level of various outlets

c) | increased inflow of sediment into the water conveyance systems and hence to be considgred in the
design of water conductor systems, desilting basins, turbines, etc;

d)| sediment deposition in the head reaches may cause rise in flood levels;

e) | the location and quantity of sediment deposition affects the performance of the sediment sluicing
and flushing measures used to restore the storage capacity.

Helnce, prediction of sediment distribution in reservoirs is essential ifi-the following:
a) | feasibility studies during planning and design of various coemponents of new projects;
b) | performance assessment of existing projects.

Thie most simple and earliest models to predict the ‘sedimentation processes in reservoirs are the
en]pirical ones. The trap-efficiency curves derived ffom records of existing reservoirs are gmong the
mqst commonly used empirical methods. Recently,*due to better understanding of the funglamentals
of [reservoir hydraulics and morphology, along 'with the rapid growth of computational| facilities,
deyelopment and application of mathematical models have become a normal practice.

Compared to empirical methods, the mathematical approach of the sediment distribution engbles more
tinhe and space dependent and more:accurate modelling. A large number of mathematical m¢dels have
been developed during the past féw decades. Flow in the reservoir can be represented by| the basic
eqpations for conservation of momentum and mass of water and sediment.

© ISO 2015 - All rights reserved v
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Estimation of sediment deposition in reservoir using one
dimensional simulation models

sed

N

th¢

th

upstream of a reservoir using numerical simulation techniques through one-dimensiona
liment transport equations.

merical simulation models for predicting sediment distribution are applicable for'reservo
length of the reservoir greatly exceeds the depth and width and the resefyoir has a §
ough flow.

ton within

| flow and

irs, where
ignificant

Thiis Technical Report includes the theoretical basis and fundamental assimptions of the technique and

pr
eq
pr
as
de
tha

2

Thi
ind

references, the latest edition of the referericed document (including any amendments) applieg.

IS(
IS(

IS
std

IS(
IS(
IS(
IS(

vides a summary of some numerical methods used to solve the unsteady flow and sediment
lations. Also provided are details on the application of the medel, including data reqy
pcedures for model calibration, validation, testing, applications\and identification of ung

yelopment of a computer program for solving the equations, but rather is based on the af
it an adequately documented computer program is available.

Normative references

e following documents, in whole or in part;are normatively referenced in this documer]
lispensable for its application. For dated\references, only the edition cited applies. Fo

748, Hydrometry — Measurement-0fliquid flow in open channels using current-meters or flo
772, Hydrometry — Vocabulary and symbols

1100-2, Hydrometry —.Measurement of liquid flow in open channels — Part 2: Determina
lge-discharge relationship

2425, Hydrometry =~ Measurement of liquid flow in open channels under tidal conditions
2537, Hydrometry — Rotating-element current-meters
3454, Hydrometry — Direct depth sounding and suspension equipment

4363,"-Measurement of liquid flow in open channels — Methods for measurement of charac
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ISO 4364, Measurement of liquid flow in open channels — Bed material sampling

ISO 4365, Liquid flow in open channels — Sediment in streams and canals — Determination of concentration,
particle size distribution and relative density

ISO 4373, Hydrometry — Water level measuring devices

ISO 6416, Hydrometry — Measurement of discharge by the ultrasonic (acoustic) method

ISO 18365, Hydrometry — Selection, establishment and operation of a gauging station

ISO/TS 3716, Hydrometry — Functional requirements and characteristics of suspended-sediment samplers

[SO/TR 9212, Methods of measurement of bedload discharge
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3 Defi

nitions

For the purposes of this document, the terms and definitions given in ISO 772 apply.

4 Units of measurement

The units of measurement used in this Technical Report are SI units.

simplific

ion provided by this approximation often justify the error introduced/However, because

he

quasi-unsfeady approach does not route water, it can be difficult to implement for reservoir modellipg.
Quasi-undteady models have been used successfully to model reservoir sedinientation but they requjire

external
iterative

ydrologic routing computations to define reservoir stage. This process often has to

changes with sediment deposition. Therefore, an unsteady approachi.can be advantageous.

6 Pringiples of unsteady flow models

6.1 General

be

ecause the hydrologic routing parameters change in time/as the capacity of the reservpir

Numerical models are used to solve sedimentation problems in river engineering, especially for long-
term simylation of long river reaches. The modelling cycle is schematically represented in Figure 1. The
prototypgq is the reality to be studied and iscdefined by data and by knowledge. The data represe
boundary| conditions, such as bathymetry,»water discharges, sediment particle size distributions,

vegetatio
system'’s
Understa

ding the prototype and.data constitute the first step of the cycle.

nts

types, etc. The knowledge contains the physical processes that are known to determine the
}ehaviour, such as flow turbulence, sediment transport mechanisms and mixing processes.

Mathematical _
Interpretatio model Solution
Numerical
Protot
rototype ol
Interpretation Results of Solution
modeling

Figure 1 — Modelling cycle

In the first interpretation step, all the relevant physical processes that were identified in the prototype

are trans

2

lated into governing equations that are compiled into the mathematical model.
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A mathematical model therefore constitutes the first approximation to the problem. It is the prerequisite
for a numerical model. At this time, many simplifying approximations are made, such as steady versus
unsteady and one- versus two- versus three-dimensional formulations, simplifying descriptions of

turbulence, etc. In water resources, one usually (but not always) arrives to the set-up of a

boundary

value problem whose governing equations contain partial differential equations and nonlinear terms.

Next, a solution step is required to solve the mathematical model. The numerical model embodies the
numerical techniques used to solve the set of governing equations that forms the mathematical model.
In this step, one chooses, for example, finite difference versus finite element versus finite volume
dlscretlzatlon techmques and selects the approach to deal with the nonlinear terms. Thls is a further

e choice of model for each specific problem should take into account the requirements of the
the knowledge of the system, and the available data. On one hand, the model must take into 3
the significant phenomena that are known to occur in the'System and that will influence t}
that are being studied. On the other hand, model complexity is limited by the available datg.

nofuniversal model that can be applied to every problem. The specific requirements of eacl
should be analysed and the model chosen should reflect this analysis in its features and comp

Governing equations

Thie governing equations are the one-dimensional, cross-sectionally averaged expressio
th¢ conservation of mass (or equation,of continuity), (2) conservation of linear momentu
continuity of the bed material.

The following one-dimensionalflow equations are solved to get the hydraulic parameter
engrgy slope, velocity and dépth of flow at each cross-section at each time step. The sediment
capacities at each cross-section are then computed and compared with the sediment inflow.
or [deposition at each,section is computed using sediment continuity equation and new cro
befl levels are determined accordingly. The computations then proceed to the next time ste
cy¢le is repeatedswith the updated geometry.

pquations,

vides the
| as those
sediment

This last

e problem,
ccount all
le aspects
There is
h problem
lexity.

hs for (1)
m and (3)

s such as
transport
The scour
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p and the
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Conservation of mass (or equation of continuity),

0A  0Q
04 0Q _ 1
ot 0Ox a (0

Conservation of linear momentum

@
ﬁA

oQ 0
R + -
ot 0Ox

9
+9A8y+gA6f—So>:qu' ()

X

Equation pf Continuity of the Bed Material

oG, | 9G. & )
_axb s axs + o (CSA) P50 (de) -0 3)
where

A idthe cross-sectional area of the channel, and varies with x, t, and z;
t idthe time;
Q idthe discharge, and varies with x and ¢;

u’ iglongitudinal component of the lateral inflow velocity an@varies with x and ¢;

x igthe longitudinal position along the channel axis;

y  iJthe depth of flow, and varies with x and ¢;

g i9the acceleration of gravity;

B i4the momentum coefficient and varies with x, z, and ¢;

q idthe lateral inflow per unit length of channel, and varies with x and ¢;

So iJthe bed slope, and varies with x;

St i the friction slope, and ¥aries with x, t and z;

Gy idthe bed load;

Gs idthe suspended load;

Cs idthe averagé spatial sediment concentration in the cross-section;

p+ i9the density of sediment in the bed;

Bq idthe deformable bed width and varies with ¢;

z is the bed elevation and varies with t.

4 © IS0 2015 - All rights reserved
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The momentum coefficient may be computed using Formula (4):

244
p= [~ 4)
f U2a

where
u isthe velocity in some elemental area dA4;

U isthe mean velocity in the same cross-section having a total area A.

Thle friction slope, Sf, accounts for the resistance due to external boundary stresses. Theridtion slope
is generally represented by Chezy or Manning’s equations.

For the Chezy equation, the bed resistance term in the momentum formula is described as:

9Q\Q
2
C°AR
where
Q isthe discharge;
A isthe flow area;
R s the resistance or hydraulic radius.
For the Manning description, the term is:
9Q|Q
St = ‘ 4‘ 3 (6)
M?ARY

Thie Manning number, M, is equivalent-to the Strickler coefficient. Its inverse is the more corfventional
Mdnning’s, n. The value of n is typically in the range 0,01 (smooth channel) to 0,10 (thickly vegetated
channel). The corresponding values for M are from 100 to 10.

Thie Chezy coefficient is related to Manning’s n by

B R1/6
n

c = MRN® (7)

Bofth R and n-can vary as a function of x, z, and t. Formula 6 is based on the assumption that the
M4gnning equation for steady, uniform flow provides a reasonable approximation for S¢ injunsteady,
nop uniform flow.

Fofmula (2) can be modified to include a term accounting for the momentum imparted to th¢ water by
a temporaily and spatiatly varying wind. Formutae (1) and (2) atso can be written with (1) depth and
velocity, (2) stage and velocity, or (3) stage and discharge as the dependent variables.

Formulae (1) and (2) apply to the unsteady, spatially varied, turbulent free-surface flow of an
incompressible, viscous fluid in an open channel of arbitrary cross-section and alignment. The
equations are solved simultaneously for the unknowns, z (depth of flow) and Q (discharge) as a function
of time (¢) and longitudinal position (x).

Formula (3) accounts for the sediment transport and thus the changes in bed levels. Various equations
are available for the calculation of sediment transport rate and alluvial roughness, e.g. the Meyer-Peter
and Muller and the DuBoys’ transport function for the calculation of bed load; the Engelund and Hansen
model, the Ackers and White model, the Yang model and the Smart and Jaeggi model for determination
of the total load and the Engelund and Fredsoe and van Rijn models for the computation of bed load

© IS0 2015 - All rights reserved 5
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and suspended load separately. All these models/equations can be applied using a single representative
grain size or using a number of grain sizes representing grain size fractions in graded material.

Formulae (1) and (2) are derived from first principles and may be obtained directly from the three
dimensional equation of mass continuity and the Navier-Stokes equations, which are general, three
dimensional statements of the conservation of momentum for any fluid flow. A number of assumptions
are required to derive Formulae (1) and (2). An unsteady flow model should generally be applied to those
conditions in which none of the major assumptions is severely violated. The assumptions are as follows:

a) flow isapproximately one-dimensional, meaning that the predominant spatial variation in dynamic

conditions-of hvdraulicparameters (discharge velgcitvand stage)isin the lonoitudinal direction:
Y T T 57 o4 57 S ’

b) fluid gensity is homogeneous throughout the modelled reach;
c) vertidal accelerations are negligible, i.e. the hydrostatic pressure distribution is applicable;

d) velocity is uniformly distributed in a given cross-section. Inclusion of the momentum coeffici¢nt
in Formula (2) allows this assumption to be violated somewhat, however, there should be no flpw
separption and streamlines should not be highly curvilinear;

e) neithe¢r aggradation nor degradation of the river bed occurs during computational time step;

f) turbullence and energy dissipation can be described by resistance~taws formulated for steady,
unifofm flow [required for Formula (4)];

g) therelare no abrupt changes in channel shape or alignment;
h) velocity is zero at the channel boundary;
i) therelis no super elevation of the water level at any cross-section;

j) surfage tension and density of air at the free surface are negligible.

6.3 Numerical techniques for solution of governing equations

No known} analytical solutions exist for Fermulae (1) and (2). Consequently, numerical techniques are
used to cqnvert Formulae (1) and (2) into algebraic equations that may be solved for z and Q at finite,
incremental values of x and t. Thisrsolution depends on the proper description of the cross-sectiohal
area as a flunction of x and ¢, and @n the availability of accurate boundary condition data.

A variety jof numerical technigt€és have been proposed and used to solve the unsteady flow equatiopns.
The technjques of interestare those based on some type of gridded discretization of the problem at hapd,
in which the continuous.variables for which the solution is sought are solved only at specific discrete
locations pf the physicdl domain. The algebraic equations that form the numerical model are functigns
of those dfiscrete gliantities. For the same problem (i.e. the same set of differential governing formulae
and bounglary cenditions), it is possible to obtain very distinct sets of algebraic numerical equatiopns,
depending on_ the technique used to discretize the equations. The broad categories of numerical
techniques @re method of characteristics, finite differences, finite elements and finite volumes. Generally,
finite-difference techniques are preferred for the solution of the one-dimensional partial differential

equations describing unsteady open-channel flow. The finite difference method includes

a) explicit finite-difference methods, and
b) implicit finite-difference methods.

Numerous variations of each of these general categories of techniques exist. The methods are briefly
reviewed to provide some perspective on advantages and disadvantages of each method.

6 © IS0 2015 - All rights reserved
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6.3.1 Explicit finite-difference methods

Finite-difference methods are probably the most simple and most common methods employed in fluid
flow models, as well as in other disciplines requiring the numerical solution of partial differential
equations. They are based on the approximation of the individual derivative terms in the equations
by discrete differences, thus converting them into sets of simultaneous algebraic equations with the
unknowns defined at discrete points over the entire domain of the problem.

Explicit numerical schemes convert the governing equations to a system of linear algebraic equations
from which the unknowns may be solved directly (exp11c1tly) w1thout 1terat1ve computations.

Dep
an
me
dis
res

In
thg

il condltlons at the present or previous tlme levels Explicit schemes are only condltlon
aning that errors may grow as the solution progresses, and the errors are a function(f th¢

tance step sizes. Explicit schemes are generally stable when the Courant condition is
ults in limitations on the distance step and maximum time step, which can be usSed.

order to meet numerical stability requirements, the computational time.step must ddg
 hydraulic depth increases. Consequently, computational time steps mdy-be required to

ordler of a few minutes for unsteady flow models of large rivers, which make the models

co
dis

6.3

mputationally inefficient. Explicit finite-difference schemes also-tequire that the com
tance steps be equal throughout the model domain, which may be.a-disadvantage for some

.2 Implicit finite-difference methods

|

licit numerical schemes convert the governing equations to a system on nonlinear

eqpations from which the unknowns must be solved iteratively. Consequently, a system of 2N
eqpations is generated for a model having N cross-sections along the x-axis. All of the unknow
th¢ model domain are determined simultaneouslyxather than point-by-point as with explicit

Weighting factors are typically required in the‘application of implicit schemes. These factors
the¢ time between adjacent time levels at which (1) the spatial derivatives and (2) functional
ar¢ evaluated; functional quantities are such features as cross-sectional area, top width and

ra
thd

pr
thg

Fe

ius, all of which are functions of the computed depth of flow. Some judgment is required iy

bse weighting factors and the wgeighting factors often are adjusted as part of the model g
pcess. The accuracy of the numerical scheme generally decreases as the factor approaches d
 terms in the governing equations are expressed entirely in terms of the future time step.

Numerical instabilities'can occur when modelling rapidly varying flows if the time step is 13

the
by

b spatial derivatives-are not sufficiently weighted toward the future time step. Nonlinearit
irregular cross=sections having widths that vary rapidly along the channel or with dept

calise numericdllinstabilities in implicit models.

6.3

Fix

.3 Finite element methods

ite.element methods have been used successfully for fluid flow problems since the 1960s

ver numerical stability problems are encountered with implicit schemes than with explicif
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grid system needed in finite difference techniques. In an unstructured grid, the computational nodes
do not need to be defined in an ordered manner, as opposed to structured grids where each node is
identified by an (i - j) pair.

There are two main approaches for the formulation of finite element methods: variational methods and
weighted residual methods. In variational methods, the variational principle for the governing equation
is minimized. In general fluid mechanics problems, exact forms of the variational principles for the
governing nonlinear equations are difficult to find (unlike in the linear equations encountered in solid
mechanics); therefore, weighted residual methods are much more popular. Residual methods are based
on minimizing some sort of error, or residual, of the governing equations.
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6.3.4 Finite volume methods

Finite volume methods use conservation laws, i.e. the integral forms of the governing equations. The
domain of computation is subdivided into an arbitrary number of control volumes, and the equations
are discretized by accounting for the several fluxes crossing the control volume boundaries. There are
two main types of techniques to define the shape and position of the control volumes with respect to
the discrete grid points where the dependent variables are calculated: the node-centred scheme and
the cell-centred scheme. The node-centred scheme places the grid nodes at the centroids of the control
volume, making the control volumes “identical” to the grid cells. In cell-centred schemes, the control

volume is formed by connecting adjacent grid nodes.

The main|advantage of finite volume methods is that the spatial discretization is done directly, fimthe
physical space, without the need to make any transformations between coordinate systems. It {s\a véry

flexible mlethod that can be implemented in both structured and unstructured grid systems.\/Beca
the meth¢d is based directly on physical conservation principles, mass, momentum and,energy :
automatidally conserved by the numerical scheme.

Under cerftain conditions, the finite volume method is equivalent to the finite difféetence method or
particulat forms of lower order finite element methods.

6.4 Sediment transport

Sediment|transport rates are calculated for each flow in the hydiegraph for each grain size. T
transport| potential is calculated for each grain size and multiplied by the corresponding fract
present irf] the bed at that time to obtain the transport capacity-component. Computations of sedim
transport|are carried out using control volume concept.

The basis|for adjusting the bed levels for scour or deposition‘is the continuity equation for sediment,
the Exner|equation. The sediment continuity equation is‘written for the control volume for each cro
section. The control volume width is usually equal to the movable bed width and its depth extends fr
the water|surface to the top of bed rock or other geological control beneath the bed surface. In ar¢
where no ped rock exists, an arbitrary limit called the model bottom is assigned.

The solution of the continuity of sedimentequation assumes that the initial concentration of suspend
bed matefial is negligible. Therefore, no initial concentration of bed material load needs to be specif
in the comtrol volume. The hydraulic\parameters, bed material gradation and calculated transp
capacity dre assumed to be uniform_in the control volume. The inflowing sediment load is assumed
be mixed piniformly with sediment-existing in the control volume. The model accounts for two sedim
sources, the sediment in the-inflowing water and the bed sediment. The inflowing sediment load

the inflowing sediment load and the reach’s transport capacity is converted to a scour/deposit
volume.

se
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The process of scour and deposition is converted for numerical algorithms for computer simulation.
The basis for simulating vertical movement of the bed is the continuity equation for sediment material

viz., the Exner equation.

o6 oY
ax "Boge =0 )
where

Bo is width of movable bed;

t istime;
is average sediment discharge rate during time step;
X isdistance along the channel;

Ys is depth of sediment in control volume.
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Figure 2 — Computation grid

The following formulae represent the Exner equation expressed in finite difference form for point P
shown in Figure 2

Gg—G By Yip ~ V) _
0,5(Lg +uLu) i At -0 )
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/ — —
Ysp = Ysp (0,5) Bsp (Ld " Lu) (10)
where

Bsp is the width of movable bed at point P;
Gy, Gg are the sediment loads at the upstream and downstream cross-sections respectively;

Ly, Lq__are the upstream and downstream reach length respectively between cross-sections:

Ysp, Ylsp is the depth of sediment before and after time step, respectively at point P;
0,5 is the ‘volume shape factor’ which weights the upstream and downstream reach lengths;
t is the computational time step.

The initial depth of bed material at point P defines the initial value of Ysp. The sedifiient load, Gy, is the
amount of sediment, by grain size, entering the control volume. For the uppermost reach, this is the
inflowingfload boundary condition. The sediment leaving the control volume;Gg; becomes the G, for the
next downstream control volume.

The sediment load, Gq, is calculated by considering the transport.capacity at point P, the sediment
inflow, avhilability of material in the bed and armoring. The difference’between Gq and Gy is the amoynt
of materidl deposited or scoured in the reach and is converted teya change in bed level.

The trangport potential of each grain size is calculated forcthe hydraulic conditions at the beginning
of the tinje interval and is not recalculated during that<interval. However, the gradation of the Qed
material is recalculated during the time interval because the amount of material transported is véry
sensitive fo the gradation of bed material.

7 Datdrequirements

In general, the basic data requirements forloose boundary hydraulic models can be grouped in three
broad cat¢gories: geometric data, hydraulic data and sediment data. These data establish the boundary
condition$ necessary to solve the goyerning equations and are an integral part of a model. The tefm
“model” t}us refers to the ensemble of the set of governing equations, their numeric solution techniqpe,

their implementation in a computer program, and the data that define the prototype. Data are requiied
to constriict, calibrate, test;validate and apply unsteady flow and sediment deposition models. Data
collection|and preparatien-eften play the dominant role in determining the accuracy and applicabiliity
of the findl numerical salutions generated by the computer.

The geomptry data.defines the topography of the reach to be simulated, i.e. the channel bed, banks and
flood plaips. Initwo and three-dimensional models, the data are most often presented as a set of points
given by its X'y and z coordinates. The data are then interpolated to the locations of the grid nodes uged
in the discretization of the problem. In one-dimensional models, the geometry is usually defined|by
cross-sections. Each cross-section is a line representing a particular section of the modelled reach and
is given by a set of points, each defined by a lateral distance and a bed elevation above a common datum.
This line provides the information about the section shape and the locations of the sub-channels, and
should be taken between locations above the highest stage levels. It should be perpendicular to the
flow streamlines. Additionally, the distance between the cross-sections needs to be specified, and this
distance should be measured along the flow streamlines. In addition, the movable bed portion of each
cross-section and the depth of sediment material in the bed are required in some models.

Hydraulic data encompasses the necessary upstream and downstream flow conditions, as well as
friction factors and local head losses. Subcritical flows require the flow discharge at the upstream
boundary and the stage at the downstream end, while supercritical flows require both the discharge
and the stage at the upstream boundary.
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Stage-discharge rating curves, an elevation hydrograph, or a water-surface-slope hydrograph are
common ways to define the stage. In the case in which the downstream boundary is a dam, the reservoir
operational scheme may be used to define the stage. When the dam outlet works are used, relationships
for the gates and spillways may have to be employed. These relationships are a function of the head at the
dam, and more complex iterative schemes need to be used. Some models include capabilities to specify
gate operations either a priori or as a user specified function of simulated hydraulic parameters (e.g. gates
are opened and closed during the simulation in response to the reservoir stage in the previous time step).

Friction factors play an important role in determining stages and flow velocities. They can vary
spatially (laterally and longltudlnally) and temporally asa functlon of flow, hydraullc depth season,

préscribed or may be calculated, and they commonly require iterative procedures which many software
pafkages automate. It is also important to note that bed roughness generally changes dramatically
during the course of a reservoir simulation as the substrate fines due to'fine sediment seftling and
cogrsens due to the formation and advancement of the delta. Therefore;it is important to eifher select

ethod that computes a roughness parameter based on the substrate-during a simulation gr to select

a rfjoughness parameter that represents conditions during most of.the simulation (not neces
initial conditions).

Sedliment data encompass all the necessary information for/sediment transport computa
sedliment inflow hydrograph shall be defined at the inflow boundaries. It is also necessary
the sediment concentration distribution along those boundaries. This data are rarely avai
rafing curve is commonly used and honed during thé calibration process. The sediment pa
didtributions of these sediment inflows are also required. The particle size distribution of
bopndary condition often varies as a function of'the load (e.g. larger loads may have a higher p
of $and and gravel). However, this data are rarely available and often has to be generated by er]
judgment. Because it is usually among the deast certain parameters, the gradation of the inflg
is ¢ften an effective calibration parameter:

Be
cr
be

d material gradations also need to be determined for each computational grid node (o
pss-section, in the case of one-dimensional models). However, it is common practice to
l gradation samples with-fnultiple nodes or cross-sections or to interpolate gradationg
these that have data. Additienally, especially in the case of scour computations and bank
it s also necessary to provide the underlying bed-material size distribution. Alluvial sedi
often stratified so the~sampling process should be informed by the modelling objectives.
befause reservoir sediment models tend to be depositional models, they are often far less s¢
the starting bed‘gpadation and bed mixing dynamics than other types of sediment models.
sufficient to simply estimate the original bed gradations within the backwater region of the 1

Water temperature variations should also be prescribed or modelled because they have a
impact omrsediment transport via the fall velocities of the sediment particles. Reservoir sedi
mqdels*tend to be more sensitive to temperature data than other sediment modelling ap
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In practice, it is difficult to determine a priori some of the hydraulic parameters necessary for a
successful simulation. For that reason, usually there is a model calibration stage in which stage and
discharge observations along the study reach are used to adjust the values of those parameters, such
as bed roughness, discharge coefficients or other parameters particular to the model employed.
Similarly, there should be a calibration stage for the sediment transport calculations. Observations of
the sediment outflow quantities, of variations in channel width and bed elevation, and of changes in
sediment particle-size distributions can be used to properly adjust model parameters.

International Standards for the measurement of velocity (ISO 748) and discharge (ISO 6416), for
collection of water level and discharge records (ISO 4373), measurement of bed load and suspended
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load transport and bed material, bed load and suspended load, gradation curve (ISO/TS 3716, ISO 4363,
ISO 4364, 1SO 4365, ISO/TR 9212) should be followed.

In general, data are required at model boundaries for the entire period for which flow and sediment
deposition is to be computed using the simulation model. Short-term records and discrete measurements
are needed at locations within the model domain for the period, which are used for model calibration,
testing and validation.

7.1 Selection of model boundaries

Reliable, P q
of stream| flow and sediment deposition using the model. In a river system, there are three type§ of
boundarigs: upstream, downstream and internal. The upstream and downstream boundayiesiare| at
the crossq{sections that are at the upstream most and downstream most cross-sections, nespectively.
There arq three types of internal boundaries: a local inflow point, a tributary junctiei_point and a
hydraulic|control point. Model boundaries should be selected prior to the installation of.data-collectjon
instrumentation. Boundaries should be in locations where there are a minimum of, flow disturbandes,
such as sHarp bends, rapid changes in cross-sectional geometry and major inflows.“<I'he modelled reach
length aldo should be sufficiently long to permit accurate determination of-the longitudinal water-
surface slppe so that adverse effects of measurement errors are minimized.(Moreover, as subsequenitly
discussed| discharge records are preferable as the upstream boundary cofidition to the extent possilble.
Thus, it thay be expedient to extend the model domain beyond the reach for which stream flpw
computatfons are actually needed in order to obtain the necessary data for model boundary conditions.

There arg two common methods of modelling the dam itself. The dam operation can be built intp a
downstrepm stage boundary condition. In this case, the time séries of reservoir stage just upstream of
the structjure is the downstream boundary condition of the.imodel. However, if the downstream effefts
of the danp (e.g. scouring or armoring) are of interest the dam can be modelled as an internal boundary
conditionfoften using customized routines for simulating dam operations.

A common error in reservoir sediment modelling isyto select an upstream boundary condition that is oo
close to the reservoir. Many reservoirs generate backwater effects far upstream of the flat water portjon
of the hydraulic profile. A mild backwater.effect can generate substantial deposition, particularly] of
sand and gravel, far upstream of the reservoir itself.

7.2 Cross-section data

7.2.1 General

fixed poi

The exact spacmg of the computatlonal nodes however depends on crlterla of the numerlcal scheme of
convergence testing and stability.

Physically, there should be a sufficient number of cross-sections to define adequately the variation
in channel shape along each model branch. Numerical solutions of the governing equations generally
use the average of the measured cross-sections at the upstream and downstream ends of a reach to
represent the cross-sectional geometry of the entire reach bounded by the two measured sections.
Further, measured cross-sections should be fairly representative of conditions upstream and
downstream of the measurement. The measured sections also should be spaced sufficiently close so
that large changes in channel geometry do not occur between the sections.

Longitudinal distances should be measured along the centerline of the channel.
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Cross-sections should be measured in accordance with ISO 748. Cross-sections should be referenced to

the same datum as the stage records.

7.2.2 Manning’s n values

The Manning’s n values for each subsection are to be specified. The variation of n values either with
discharge or elevation of water surface in the main channel and overbank/flood plain areas can be
specified. In some models, a relative resistance can also be specified for each pair of coordinates.

7.2.3 Movable bed and dredgin

The movable bed limits, the bottom elevation and lateral limits of dredged channel, as wellas
of pdvanced dredging can also be specified in the input records.

Stage data

Stdge data are required at all external boundaries of the modelled system itrDorder to specify
cohditions. Stage data are not required at internal junctions, where channels join within

domain. In case of a hydraulic control point, three options are available to specify the st3
inlernal boundary condition. The first option is to specify a rule-curveto establish a constant
ation of a reservoir/navigation pool within the model domain.This is accomplished by §
ater surface elevation and a head loss. The second optionlallows users to specify a rat

the depth

boundary
the model
ige as the
operating
pecifying
ing curve

as fan internal boundary. The third option, available in most\generalized models, is to use cfistomized

ro

sp
log

tines to simulate the operation of hydraulic structures: This option is used for modelling wi
llways and drop structures. Stage also should be medsured in at least one, and preferably
ations within the model domain to provide data formodel calibration and validation.

Iti
da
thg
of

5 critically important that all stage measurements be referenced to a common datum. Error
fum translate into errors in water-surface slepe which greatly affects computed stream floy
 third term in Formula (2). The use of discharge as the upstream boundary condition rem
the uncertainty associated with potential errors in gauge datum.

Ex
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thd

Cept in very large rivers (widths efiseveral hundred meters or more), stage should be meast
ervals or less for reliable modelling of flow transients. If possible, the stage measuremer
uld be a whole multiple of the computational interval, and should not be more than about
b computational interval.

hchronous measurenient of stage at all recorders is also required for application of unst
dels for computing-stream flow. Asynchronous measurements, like datum errors, tran
ors in water-surface slope and, hence, errors in computed stream flow.
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Measurements of velocity in the study reach are required to (1) evaluate the assumption of one
dimensional flow and (2) compute the momentum coefficient [Formula (3)]. Stream velocities obtained
during discharge measurements generally are adequate for these purposes.

Velocities should be measured following procedures outlined in ISO 748 or ISO 2425 using equipment
described in ISO 2537 and 1SO 3454.

7.5 Discharge data

Discharge data are required for model calibration, and are needed as boundary data. Discharge data
may be either (1) a continuous time series obtained from a stage-discharge rating or by using the in
situ velocity meters, such as ultrasonic velocity meters or (2) discrete measurements. Time series of
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discharge are generally required only at the upstream boundaries. Discrete measurements are made

within the model domain for the purposes of model calibration and testing.

Discharge should be measured using methods described in ISO 748, ISO 1100-2, ISO 2425, ISO 6416

and ISO 18365.

7.6 Lateral inflows and withdrawals

Time-varying records of major inflows into and withdrawals from the modelled reach must be included
in the model to maintain mass balance. Inflows or losses which are relatively constant throughout the

modelled feac g 9]

reach or ¢an be included at each computational node. Inflows from major streams should be gatge
Inflows ffom minor streams and local areas along the channel can be estimated using data fr
nearby gauged streams and drainage area ratios. In the absence of flow data, watershed or.hydrolo
modelling can be utilized if there is a rainfall record.

7.7 Sediment data

Sediment|data required for the simulation model includes the incoming sediment load data, sedim
propertief and the grain size distribution. The transport capacity relatiefiships and unit weights
deposited|material are also required to be input in some models.

The sedinpent load (total load) entering the upstream boundary of the‘ model and at local inflow poi
can be expressed as a function of water discharge vs sediment load or as a time series of water a
sediment [discharge data. When expressed as a function of water discharge vs sediment load, t
data are dpecified as a table of sediment load by grain size class for a range of water discharges. T
dischargep should encompass the full range found in the infléw hydrograph. When expressed as a ti

specify a Joad series and then the gradation is picked eff*a rating curve keyed to the load.

The basic|sediment properties to be specified in(the input data are grain size, specific gravity, gr
shape facfor, unit weight of deposits and fall velocity.

Dependinf on the software used for simulation, different methods are available for the calculation
sediment [transport rate of clays, silts, sand and gravels. Some of the relationships available for sa
and grave] transport in different models are listed below.

a) Engelund and Fredsoe (1976);
b) van Rlijn functions (1984},

c) Toffaleti’s (1968) transport function,

d) MaddLn’s (1963) modification of Laursen’s (1958) relationships,

e) Yang'$ (1973) stream power for sands,

he

bnt
of

nts
nd
his
he
me

, grain sizes representing grain size fractions are to be specified separately. Some modgls

hin

of
nd

f) DuBoYstransportfunction {Vanoni19753

g) Ackers-White (1973) transport function,

h) Colby (1964) transport function,

i) Engelund and Hansen Formula (1967),

j)  Smartand Jaeggi model (1983),

k) Toffaleti (1968) and Schoklitsch (1930) combination,
1) Meyer-Peter and Muller (1948),

m) Toffaleti and Meyer-Peter and Muller combination,
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n) Copeland’s (1990) modification of Laursen’s relationship(Copeland and Thomas 1989), and
o) User specification of transport coefficients based on observed data.

However, it should be noted that most of these relationships were developed to compute transport of
sand and gravel in cases of unobstructed river flow. For small reservoirs and debris basins, results can
be highly sensitive to the selection of a transport equation (Gist et al. 1996). However, deposition in
large reservoirs often involves settling of silt and clay at flow depths and velocities outside of the range
of these transport functions, they are useful for the reach upstream of the reservoir, but do not tend to
be applicable within large reservoir pools. Sediment dynamics within large reservoirs with cohesive

de

dy
an
ve

8

Md
of

im|
for

a)
b)

‘)
d)

All
On
pr
wh
pr
nu
ap

8.

T
di

1

sediment

nasits tend to he driven hy fall vn]nr‘ify more than francpnrf r‘apar‘ify Thnrnfnra’ fine

hamics can either be simulated using a dedicated cohesive method like the coupled Krg

ocity limiter should be added to the capacity calculation.

Formulation, calibration, testing and validation of models

delling is based on abstraction of a physical system to a mathematical expression and 1
the system using theses expressions and appropriate field data. The analyst should id
portant features of the flow system and ensure that these features afe reflected in the mods
application to the study reach. Important general model attributes include the following:

ability to simulate a wide range of flow conditions;

ability to represent a range of complex channel condijtions and geometries;
stable, numerically-convergent, efficient computational scheme;

system for processing model input data and eutput simulation results.

numerical models should be mathematically verified first by analytic solutions linear or
ce the model is proven mathematically:eorrect, it should be evaluated through a series d
bcess validations, which are based onlaboratory experimental results for the purpose of de
ether the model is capable of reproducing the basic physical processes relevant to th|
bblems to be studied by the selected model. Before a mathematically correct and physical
nerical model is to be applied to an investigation of a real-world problem, one more
plication case and site-spécific validation, is required.

Formulation ef numerical models

behaviour of the sediments in the reservoir is mainly determined by the various forms
ensional water circulation and the characteristics of the sediment and water mixture (e.g

ne (1962)

1 Parthenaides (1965) method (which essentially uses fall velocity to compute depasition) or a fall

eplication
entify the
] selected

nonlinear.
f physical
termining
e real-life
ly capable
step, the

of three-
. chemical

regimes, grain'size distribution, stratification and three dimensional density currents, floccujation and
consolidatien of clay, re-entrainment of fine particles). Many varied dynamic forces and mechanics are
inyolved’and many of the phenomena are still not well defined. The use of mathematical models makes
it passible to analyse the time dependent processes and spatial behaviour of flow and sedimepts.

A large number of mathematical models for the time and space dependent sediment distribution
are available. Almost all models that are developed for practical purposes are one-dimensional, i.e.
cross-sectional averaged. The main aspects of preparing and calibrating one-dimensional models are
outlined below.

8.1.1 Hydrology

In most one-dimensional models, the inflowing hydrograph is specified as a series of constant discharge
intervals. Since sediment transport is concentrated in periods of higher discharge, low flows may be
simulated by a long period of constant discharge.
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8.1.2 Geometry

To represent the behaviour of a fluvial system in a one-dimensional model, the system geometry should
be specified such that, it reproduces the essential prototype hydraulic behaviour. Model geometry should
be configured to simulate a one-dimensional flow path followed by sediment and water moving towards
the dam, and cross-section locations should be selected to reflect reach averaged hydraulic conditions.

The distance between the cross-sections should be selected to reproduce the hydraulic characteristics
of the reach. Cross-section geometry at a specific point may require adjustments to better simulate the
hydraulic characteristics of the reach. Hydraulically ineffective areas of the reservoir lying outside the
main flowpath-sheuldbeidentified-and-designated-aszero-flowzones—-Most-modelshave-the-capability
to identify portions of the cross-section that are ineffective. If the model does not include this capabillty,
the cross{section can be truncated, but this will introduce an error due to the loss of storagéin that
portion of the cross-section.

In additiop to defining the initial hydraulic geometry of the cross-section, it is also necessary to define
the width|and depth of the movable bed. These should be defined based on field inspection.

8.1.3 Se¢lection of transport equation

The use df different bed material transport equations in a numerical model can produce significant
differencds in the simulation results. When measured bed material load~data are available, transpprt
equations| should be compared to the measured values to select the‘applicable equation. If historical
depositio patterns are available, the transport relation that bestreproduces the observed historical
pattern sﬂ:ould be selected. Some models use parameters of the classic transport equations, like the
referenceshear, that allows the user to refine the behaviour @f'the best available equation during the
calibratioh stage of the project.

A customjzed sediment transport equation can be used, if none of the equations provide a good fit.
Using exi§ting data collected from a river station, sediment load or concentration can be plotted af a
function qf water discharge, velocity, slope, depth, shear stress, stream power and unit stream power.
The best flitting curve should be selected as sediment rating curve for the station.

When no field data or historical deposition-patterns are available, transport equations may be selected
based on the comparison of conditions in the study area against the data set used in the development
of each euation. While selecting the\correct transport equation will be essential to represent the
sediment [dynamics upstream of thie reservoir, sediment models are often relatively insensitive to the
transport|equation selected in the reservoir itself. Because the water velocity in most reservoirs is{so
low, the capacity calculated bytall equations approaches zero. Therefore, the sediment dynamics in the
reservoir fis more dependerit en simulation of how fall velocity limits deposition in these low capadity
cross-secfions.

8.1.4 Beged mixingdnd armoring algorithm

Most modgls subdivide the bed sediments into layers (e.g. active and inactive layers) in order to comptite
transport| capacity based on the sediment most likely to be transported. This is most important for

i dale co racarzolie denacition tc ot oy canmcitin o b o i o Sl b calacrad T oy
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erosion downstream of the dam will be strongly affected by bed mixing and armoring processes. If these
processes are of interest, a bed mixing algorithm should be selected that is capable of simulating them.

8.2 Preliminary tests

In many cases, it is appropriate to conduct preliminary tests using simplified channel geometry and
boundary conditions.

16 © IS0 2015 - All rights reserved


https://standardsiso.com/api/?name=89f468975f6df0ac8ba06b5afb6cd38a

ISO/TR 11651:2015(E)

Tests should be conducted using a channel which has a uniform, rectangular cross-section, and with
the model configured for the study reach. Tests using the rectangular cross-section model could include
the following:

a) Noinflow and no bed slope-no flow should be generated within the model domain.
b) Steady and unsteady inflow-mass should be conserved.

c) Triangular-shaped inflow hydrograph in channel with no bed slope-peak flow should not be
significantly attenuated.

Affer the model for the study reach has been formulated using the measured cross-sectional {lata, tests
to pe performed include the following:

a) | Noinflow or water surface slope — no flow should be generated in the model domain; this test also
determines if unintentional openings in the boundaries are present.

b)| Steady and unsteady flow — mass should be conserved.
c) | Rapid change in inflow boundary conditions — no numerical instabilities should be genefated.

d)| The ‘robustness test’ is used to find numerical oscillations or*Computational artefacts. A long-
term sediment simulation should be conducted with the project geometry (without the dam) and a
constant flow and sediment load. Generally the channel fotming discharge and the corr¢sponding
sediment load is used. This simulation should converge£oja stable solution if the chann¢l forming
discharge is correct and the original channel is in equilibrium.

e) | Change in boundary conditions from one steady\flow to another flow — the amoumt of time
required for all flows within the model domaifY to reach the new steady-state condition is an
indication of how long initial conditions persist within the model domain; model results| generally
are not accepted until effects of the initialconditions are transported out of the model dlomain so
that model is responding to boundary conditions only.

Other tests may be performed as needed, but these simple tests can be used to document general
mddel performance and should allow:dsers to gain a better understanding of model capabijlities and
linjitations prior to application to the study reach.

8.3 Computational grid and time step

Thie computational grid is'used to represent the physical system in the simulation model. ffunctions,
hyflraulic structures;.inflows and outflows shall be represented by the computational grid.

Selection of the-camputational grid is an important task in the modelling process. A carefully selected
computational,grid will avoid many problems during the calibration and application phase. The design
of the computational grid should be based on a thorough insight into the hydraulics of the area to be
mddelled“and understanding of how the model works. Some general guidelines for selectjon of the
computational grid are given below:

a) topographical/bathymetric data should be available for the entire study area,
b) atthe model boundaries time series of water level or discharge or a rating curve should be available;

c) the boundary should be located at a sufficient distance from the area of interest to ensure that
changes in the area of interest being investigated do not affect the boundary.

The channel system is subdivided into a number of finite segments for solution of the numerical
approximation of the governing equations. The solution points are either at the end or the midpoint
of each segment. The computational grid should be established such that computations of stage and
discharge coincide with locations of data collection, or at locations where computed data are required.
Measured cross-sectional data should be available at the end of each computational grid cell.
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Some models allow non-uniform segment lengths, but others require that all segment have the
same length. Segment lengths should be at least three times greater than the width of the channel
and are frequently 5 to 10 times the channel width. Exact segment length is determined during
convergence testing.

The computational time step should be sufficiently small to accurately represent flow transients, which
occur in the modelled system. Generally, the computational time step is reduced to meet stability
criteria rather than adjusting the spatial discretization interval. However, cross-section interpolation
is sometimes used to improve the spatial discretization when both need to be reduced. As with the
computational grid, convergence testing helps to define the maximum time step that can be used.

8.4 Convergence testing

A finite-djfference solution to a partial-differential equation is spatially convergent if the ntimerital
solution gpproaches the true solution of the differential equation, as the finite-difference spatial
discretization approaches zero. Spatial convergency can be tested by repeatedly applying the moglel
with a fijed set of boundary conditions for successively smaller computational discretizations. The
model is gpatially convergent if no further change in model results is observedsas the spatial step is
refined. Ljkewise, a model is temporally convergent if model results remain substantially unchanged
as the computational time step is decreased. Convergence testing should bé-conducted prior to moflel
calibratioh to determine the effects of spatial discretization and time stepon model results.

8.5 Boundary and initial conditions

Two initidl conditions (Q and z for the formulation of the unsteady flow equations used in this Technigal
Report) afe required at each computational node in the model domain. For the initial application| of
the model to a study reach, common initial conditions are:@-steady flow, equal to the initial boundafy-
condition|flow, and a water surface, which slopes lingarly from a measured upstream stage t¢ a
measured downstream stage. It is more common irZmost generalized models to simply compute a
steady flgw backwater based on the boundary conditions at the first time step. This gives a Q ang a
z at every node and is usually a better approxiimation of the Q and z for the first time step. Output
from a pr¢vious unsteady flow model application also may be used to determine initial conditions far a
simulation that follows sequentially in time.

The modgl may only be applied for.periods, which have measured boundary conditions. Boundary
condition$ include a time series of fneasured stage at the downstream boundaries, measured stage| or
discharge|at the upstream boundaries, measured lateral inflows, and measured sediment dischargg at
the upstr¢am boundaries and.inflow points.

8.6 Caljbration

The cominon practiee of applications of numerical models to the investigation of sedimentatjon
problems|relies ieavily on the calibration of model parameters using the measured data from the
site undey inyestigation. Therefore, before the application of a model to the investigation of a real-life
problem ihmature, it has to be tested by field data. The application of a model to each real-life problem

haS to ha‘ Mo mararantarce panpeacantingtha i sl oo ot ot oe Aftb o ot dy cdbn dot i d ey d hta
S ParaetersFeprese Rt gttt tHH R e earacte S tHeE s 8rtRe-StHay-Stee-aetereauBy&

measured at the site. This is called site specific calibration. The user should not use all measured data in
calibration. Instead, at least half or more data should be kept for validation to confirm whether and how
close or adequate the model can predict the natural phenomena. Because of the uncertainty inherent in
the sediment transport processes, data and equations it is essential to calibrate a sediment model if is
expected to make useful predictions of the future.

Calibration is accomplished by adjusting model parameters until model results agree with observations
within the specified tolerance. Essentially, all components of the model are subject to adjustment during
model calibration. Components that are directly measurable and physically well defined, however, are
typically less subject to adjustment than are the parameters that might not be directly measured. This
results in a non-unique solution. Therefore, the calibration process should target a few highly sensitive
and highly uncertain parameters to adjust. The most common calibration parameters for a reservoir
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sediment model are the coefficients (i.e. m and b in Qs = m Qb) of the flow-load curve, the inflowing
sediment gradations, and the temperature. Measures for quantifying the calibration are discussed in 8.7.

Before attempting a sediment calibration, a good hydraulic calibration should be completed. Use
fixed bed model to perform hydraulic calibration for low, bankful and high flows before calibrating
for sediment. Initially, the resistance coefficient, momentum coefficient, and weighting coefficients for
the numerical scheme should be varied, because these parameters cannot be measured. In order to
achieve an acceptable calibration at low and high flows, a vertical variation (or flow dependence) in
the resistance coefficient is often required. Boundary gauge datum may be adjusted slightly if there
is some uncertainty about the accuracy of the datum. Cross-sectional geometry also may be adjusted
dufi ' ' j Tsjustifi measured
cr nt, rather
th{ erformed
pr dard step
hy the model
an hm end of
thd ch having
st3

ss-sections are used to represent the average conditions within a computational segre
in the actual conditions at the measured cross-section. Calibration adjustments shouldbe |
bceeding in the same direction as the computational sequence. Thus, for sub-critical stan
raulic computations, one may start hydraulic adjustments at the downstreannlimit of
 proceed upstream. When calibrating for sediment, adjustments can startiat-the upstre
b model and proceed downstream. The upstream limit of the model should censist of a reg
ble characteristics throughout simulations under existing and proposed‘¢onditions.

In

ch
be
ma
mg
an

bxisting reservoirs, calibration may be performed using the available\data of grain size and
hinge over time. In rivers lacking transport data and at proposed'teservoirs sites, the mo
calibrated by simulating the existing condition. For proposed reservoir site, the numeri
y be used to simulate a similar existing reservoir in the region. This exercise can demon
del’s ability to simulate the pertinent processes and aid-in-the selection of the transport
] parameters values.
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Thle most common approach to reservoir model calibration is to collect repeated cross-sectio
to pimulate the change in sediment mass or volume:associated with each computational node.
sedliment calibration proceeds in two iterative steps. First, the flow load curve is adjusted tq

thd
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 total mass or volume change in the reserygir. Second, the gradational distribution of the
d is adjusted to match the longitudinal-distribution of the deposited sediments. Coarser
1 deposit upstream and finer sediments will deposit closer to the dam, so the relative di
the sediment can be adjusted to match the spatial depositional pattern in the reservoir.
Cessary to iterate between thesé two steps a few time to refine the calibration. Finally, if
Fa of the sediment deposits is available the gradational distribution of the computed depos
bd to check and refine thegradational break down selected for the inflowing load. It is

inflowing
sediment
stribution
[t is often
gradation
its can be
mportant

note when the reservoir gradation data was collected however, because reservoir deposits are the

ult of a prograding frent'which is coarse at the top and fine at the bottom. So these depos
atify and the surficial-gradations change over time (coarsening at a given location).

f  Validatien
appropriate portion of field data collected at the study site is used to calibrate the sif
ues of the model parameters. Then, the calibrated model is used to predict field character
bcesses under prescribed forcing. The predicted results are then compared with those

ts tend to

e-specific
istics and
measured
the model

fa-at the same site under the same forcing conditions. If a reasonable agreement between

simulations and the field measurements is achieved, the numerical model is validated for the application
to the study case at the specific site. During the validation test(s), it is very important that the calibrated
model parameters cannot be changed or tuned.

To conduct an application case and site-specific validation successfully, one should have a sufficient
amount of high quality field data collected at well-designed locations with proper spatial distribution.
Due to the fact that the numerical model represents an idealized and simplified system of the real-life
problem, it is not expected that the numerically simulated results and the field measurements are in
perfect agreement. The more important or useful results are the trend of spatial and temporal variations
of the natural systems. Therefore, one should make certain that the trends of spatial and temporal
variations of the system predicted by the computational model are reasonably accurate and reliable.
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Graphical comparisons of measured and simulated information are often used for validation of
numerical models, but these may be misleading. Measures of deviation between model results and data
include absolute and relative error and root mean square deviations.

Statistical tests of significance are necessary to determine whether deviations are meaningful or
whether they are simply related to variability in data. However, statistically independent data are
needed to test for significance. Consequently, data and model results should be sampled at intervals

greater th

an the correlation time scale before applying certain statistical tests, such as the t-test.

If possible, the model should be Valldated over the range of flow conditions for Wthh the model is to

be applied

tested, as

Since the
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uncertainfy in a reservoir sedimentation study. It is common tosimply repeat historic flows to repres
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8.10 Spe

long as condltlons do not change apprec1ably

sediment transport model has more physical parameters than the flow model,) such

A'as

ransport capacity, and they most likely vary in different river reaches in different seasops,

odel should pass the above verification and validation tests first, and thenthe sedim¢

model should go through a similar procedure.

dictive simulation

model is calibrated and validated, it can be used to predict with some confidence. Predict
modelling usually poses management questions about the rate‘of reservoir sedimentati
usually long term simulations (commonly 30 to 50 years) thiat predict the sediment elevat
ke or the changes in the hydrologic capacity (e.g. storage-volume curves) over time. T
election of a representative future hydrologic time series; which is often the largest source

irology. However, this approach can under or over, predict deposition if the historic recd
resentative of the system hydrology. Thereforg, it is generally useful to perform statisti
as well as a regional and historical analysisito evaluate how representative the histori
'd is. Stochastic time series can be generated to approximate the expected future deposit
ify the uncertainty of the results related+to the uncertainty of the future hydrology.

sitivity testing

y testing consists of evaluating the change in model results to changes in selected mo
rs. Parameters, or conditions, which should be included in the sensitivity testing incly
ance coefficient, the weighting coefficients used in the numerical scheme, the moment;
[, sediment transport function and channel geometry. The usual procedure is to successiv
the parameters by small amounts, apply the model, and compare the results with resy
alibrated model{Amodel which is highly sensitive to small changes in one or more paramet
me unstable for.conditions outside those used for model calibration, and greater care must
bn applying stich a model. The generalized sensitivity of one-dimensional sediment transp
input pdrameters are given in Table 1.
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Some of the specific models and case studies of their application where they have been successfully

applied fo

20

r reservoir sedimentation are given in Annex A along with their references.
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Table 1 — Relative influence of input parameters on sediment simulation models

Description of data Relative importance of data

High Medium Low

Physical parameters:

Roughness coefficients X

Sediment inflow X
Water inflow X

Vdriation of bed evaluation X
Sediment size distribution (bed) X

Sediment size distribution (Inflowing load) X

Whter temperature X

Crfoss-section geometry X

Adtive layer thickness X

Cdefficients of losses X

Operational parameters:

Sediment transport equation X

Time step duration X

Number of time iterations X

R@ughness equation X

9 | Uncertainties

9.1 Model parameters

A jnumber of physical processes-that are not explicitly expressed in the momentum| equation
[Formula (2)] are combined .into the channel rugosity coefficient (Manning’s n, in this ¢ase). The
Mdnning’s n is an empirically“derived coefficient which approximates channel rugosity iff a steady
unfform flow. The parameter in Formula (2), however, is applied to unsteady flow, and, from thle physical
pefspective, includes the effects of turbulent dissipation of energy by several processes.

Thie Manning’s n_value, as well as weighting factors used in certain numerical schemes, fannot be
mdasured, and these parameters are adjusted during model calibration to obtain agreement between
mqdel results;and prototype measurements. Consequently, these model parameters also may include
the¢ effects®of’(1) the deviation of the modelled system from model assumptions; (2) the [effects of
numerieal dpproximations to the governing equations, and (3) errors in field measurenients. The
ungertainties associated with combining these processes into a few model parameters is difficult, if
not_impossible, to quantify. However, model parameters selected during the calibration and testing
phase of model development should be within the range of previously published values. Otherwise,
the unrealistic model parameter values may be masking some serious errors within the model errors
which may result in poor simulations for conditions, which were not evaluated during model testing.

9.2 Data for model development, testing and application

The collection of hydraulic and sediment field data are subject to a number of uncertainties.
Quantification of uncertainties associated with the measurement of stage, velocity, discharge,
suspended and bed load discharge, bed material grain size distribution and cross-sectional data are
discussed in previously-published International Standards.

Uncertainties associated with estimation of lateral inflows and withdrawals should be minimized by
accurately measuring as many of the inputs and losses as possible.
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The effects of uncertainties associated with sediment transport function can be minimized by selecting

a transport function developed using parameters suitable for the reservoir system.

9.3 Governing equations

Formulae (1), (2) and (3) strictly apply to an infinitesimally small volume at an instant in time. For
the development and application of unsteady flow models, the equations are assumed to apply to some

finite volume, which may have a length on the order of hundreds of meters, a width of tens of meters, a

nd

a depth of several meters; the equations are also assumed to apply to some finite duration, which may
be as much as one hour. Uncertainties associated with the extrapolation of the differential equations

to these flnite volumes and times exist and are difficult to exactly quantify. However, the previou
described| convergence testing does provide an indication, along with the satisfaction of numeri
stability driteria, that the appropriate time and distance discretization has been selected.

Flow in open channels is three-dimensional in nature, but is approximated by the governing equatid
as having|only variations in the longitudinal direction. In addition to assumption of one dimensio

sly
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flow, a nymber of other assumptions were used in the development of the unsteadyflow equatiops.

Some of these assumptions are restrictive and deviations from the assumption (such as no chan
geometry| change and no density gradients) are likely to produce erroneous simulations. Ot
assumptigns, such as negligible surface tension effects, might not be violated in open-channel fl
All deviatiions from model assumptions should be clearly documented. And model testing should
used to agsist in quantifying the effects of the deviations on flow computations. Further, the sedim
transport|parameter of Formula (3) has uncertainties inherent due tothe assumptions made during {
development of the transport function used in the model. A generdlizéed idea of the range of paramet
used for development of some of the sediment transport functjons is given in Table 2.

9.4 Numerical approximations to governing equations

Formulae| (1) and (2) are simplified mathematical.@xpressions for the complex three-dimensio
turbulent|flow field in an open channel. The expressions are further simplified by making numeri
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approximptions of the partial differential equations. These approximations introduce further

uncertainty into the computations. The uncertainty, which is difficult to quantify for any giy
application, can be evaluated through testing'and documentation of the numerical scheme.

Clear dochimentation of the numerical'scheme, including equations, discretization and results of te
of the schleme, should be available(Certain numerical schemes, including variations of the method
character|stics, explicit and implitit schemes for one-dimensional unsteady flow modelling, hg
general tgsting and documentation that is widely available. However, many schemes, which have be
devised fdr specific problems;may require extensive evaluation by model users.

Documentation of a numerical scheme should include a discussion of the relations among grid size, ti
step, and [the stability~and accuracy of the scheme. Numerical dispersion introduced by the scher
which can result.n the damping of a steep wave front, should be quantified. The uncertainty in {
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governing equations and numerical approximations is generally small compared to the uncertainty

inherent ip the sediment algorithms and parameters.
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