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The validity of the model was checked by application to the
Coralville reservoir on the Iowa river near Iowa City, Iowa. The total
period of simulation was 10 years (1958-68) and the intervals of correction &
for compaction and slump was varied from one week to 10 years. Close agreement
was observed between the model results and the actual survey data. Larger
intervals of correction were found to give better agreement with survey
data. It has been demonstrated that the procedure for compaction and

consequent slump corrections, as incorporated in the present model, sigm.ficantly
improves Borland's original procedure. i
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PREFACE

This study was performed as part of a comprehensive investi-
gation of reservoir operations for the Coralville reservoir, near Iowa
City, Iowa. The change in the reservoir profile due to sedimentation
with continued operation of the reservoir is an important consideration
in the planning and design of various reservoir outlet works as well as
in formulating an optimum operation plan for a reservoir. So, a need
exists to develop a computer application technique to account for the en-
trappment and distribution of sediments in reservoirs, for use in con-
junction with optimization techniques for reservoir operation. The com-
puter model ''SEDRES', developed and presented herein, will, hopefully,
help fill this need. The present model incorporates a modification of
existing empirical methods and procedures to account for continued compac-

tion and sediment slump. The model has been generalized for application

to other reservoirs.
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ABSTRACT

\QA comprehensive reservoir simulation scheme has been developed
to estimate changes in the reservoir profile due to sedimentation over
any length of reservoir operation. The model includes several input sub-
models, e.g., time series models for generating sequences of water inflow,
sediment inflow, and evaporation, and an operating submodel to supply
necessary input data to the sedimentation submodel, which forms the heart
of the simulation scheme. The sedimentation submodel estimates the
total volume of sediment trapped in the reservoir in a selected time
interval, and then distributes this over the height of the reservoir, based
on a modified version of Borland and Miller's (1960) empirical area-
reduction method. This modification enables the use of the model for any
interval of sedimentation, while Borland's original method is applicable
only for large (10 years or more) sedimentation periods. Deposited
sediments are compacted and necessary corrections are applied to remove
anomalies caused by slumping due to differential compaction of different
sediment components (sand, silt, and clay) in the vicinity of the ''zero"
elevation and at the sediment zone interfaces. The simulation model,
at the end of each time interval, outputs the water outflow, the
reservoir pool elevation, the volume of deposited sediment with its
distribution over the reservoir height, the resulting new zero elevation,
and the adjusted elevation-area-volume relationship.

The validity of the model was checked by application to the
Coralville res’rvoir on the Iowa river near Jowa City, Iowa. The total
period of simﬁlation was 10 years (1958-68) and the intervals of correction
for compactiﬁn and slump was varied from one week to 10 years. Close
agreement was observed between the model results and the actual survey
data. Larger intervals of correction were found to give better agreement
with survey data. It has been demonstrated that the procedure for
compaction and consequent slump corrections, as incorporated in the present

model, significantly improves Borland's original procedure.
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RESERVOIR SEDIMENTATION MODEL WITH CONTINUING
DISTRIBUTION, COMPACTION, AND SEDIMENT SLUMP

I. TINTRODUCTION

The various phases of the sedimentation process are: erosion,
entrainment, transportation, differential settling, deposition, and the
compaction of sediment. The chief agents governing sedimentation are
rainfall, runoff, streamflow, and wind. The problems resulting from
sedimentation are many and varied. Of these, the present report deals with
the consequences of sedimentation in man-made reservoirs.

As a sediment carrying stream enters a reservoir with still
water, the flow depth increases with progressive reductions in velocity.

The reduction in velocity causes loss of sediment transporting capacity

e ——

resulting in the deposition of sediment, along the reservoir bed. The

coarse grained components (sand and gravel) of the sediment begin to de-
posit in the higher reaches of the reservoir and the fine grained components

(silt and clay) are transported further into the pool. The actual loca-

tion and manner of deposition of sediment along the reservoir bed depend on

factors like the longitudinal slope of the original streambed, the shape of

T

the reservoir, the particle size-distribution of the incoming sediments,

the mineral characteristics of the clay-size sediments, the chemistry

of the water, operation plan and outflow characteristics of the reservoir.

Usually, artificial lakes and reservoirs are provided with out-

L ok g g
I gy AT i e

lets for various purposes, including the sluicing of sediment. But ex-

- g

perience with these reservoirs, during the last several decades, has shown

that it is not possible to effectively release all the sediment entering

the reservoir. As per Brune (1953), more than 90% of the incoming load is
generally trapped. The obvious consequence of the entrapment of sediment

is the loss of storage capacity of the reservoir. The sediment accumulation
also adversely affects the functioning of reservoir outlets, recreational

facilities and important installations in the backwater regions, if any.

] 1 i Until 1940, reservoir planners held the view that the sediment

. invariably travels all the way up to the dam face and settles there. Following

e e L
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this assumption, the designers provided what is known as ''dead storage"
f in the reservoir extending from the original river bed up to a certain ele-
vation, sufficient to accommodate the estimated inflow of sediment over

the useful life of the reservoir. In some reservoirs 'scouring sluices"

were provided, for washing out the incoming sediment periodically. These
reservoirs were neither able to confine the trapped sediment to the dead
storage nor able to release it satisfactorily through the sluice gates.
Some of the big reservoirs that were constructed during the
early part of this century had completed several years of operation by

| 1940. The extent and rate of sedimentation in some of these reservoirs

s 4

were found to be alarming. In order to estimate quantitatively the loss

of storage in the reservoirs,sedimentation surveys were initiated. The

U U 35 - 7,

Miscellaneous Publication No. 1143 of the United States Department of
Agriculture (1969). This publication covers the surveys up to the year 1965.
Some of the subsequent studies relating to sedimentation surveys are indexed
with abstracts in the National Technical Information Service publication NTIS/

PS-75/886. Pais-Cuddon and Rawal (1969) carried out some qualitative studies

results of these surveys and those conducted earlier are summarized in |
relating to sedimentation in Indian reservoirs. Szechowycz and Qureshi (1973),
utilizing some of the existing procedures, estimated the extent of sedimen-
tation in Mangla Reservoir in Pakistan. .

The findings of the sedimentation surveys have been very infor-
mative. The important conclusion drawn was that sediment starts settling
right from the head waters down to the dam face, and is not confined to

the lowest portion of the reservoir. Furthermore, most of the sediment that

i ;ohm e -.?1‘.1»-_“»,..; o

| flows into the reservoir is trapped in the reservoir. Based on the informa-

g

tion furnished by these surveys, empirical procedures for estimating sedi-
ment entrapment (Brune, 1953), distribution along the reservoir height (Bor-
land and Miller, 1960; Moody, 1962), and compaction with time (Lane and
Koelzer, 1943), evolved.

Recent research in the modeling of reservoir sedimentation con-
centrated on the solution of the governing equations of flow, e.g., the
| equations of motion and continuity for sediment-laden flow and the equation
' of continuity of sediment. Various numerical techniques, using finite dif-

ference schemes, were used to solve the governing equations for estimating

changes in bed profile. However, the models developed so far in this category
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do not take into account all the factors (e.g., density current, variable
specific weight, compaction, transverse distribution, etc.) responsible for
deposition or erosion of sediments in reservoirs. Murray, et. al,(1974) used
a simplified technique to solve the governing equations in two parts,
independent of each other: (a) backwater profile and (b) sediment transport
computations. The method consists of the application of sediment transport
equations at each successive reach and the amount deposited in each reach

is computed as the difference in the sediments transported at the beginning
and at the end of each reach. They used only bed load deposition and three
different bed load equations. The model results showed good qualitative

agreement with the shapes of deltas observed in some reservoirs. Fowler

g (1957) used a simplified relation of the form C /C; = K uy (C,, C; = sus-

pended sediment concentrations at section n and open river, respectively, u, =

shear velocity at section n; K,n' are constants) to estimate deposition from

M A3 v 3
e

suspended sediment between two sections. He estimated values of K,n for sand,

MR S an il ol

silt and clay, based on observed data. This method was suggested for pre-

—

dicting development and growth of deltas. Thomas and Prasun (1977) solve the

energy equation by the standard-step method and the sediment continuity

equation by a finite-difference scheme. The model was verified with hydraulic

models and field data and good agreement was observed. Chang and Hill (1976) 1

developed a computer model to estimate aggradation and degradation of a flood

i

channel. The energy equation and the continuity equation of flow were solved

oo

by the standard-step method for water surface profiles; the sediment conti-
‘ nuity equation was solved by a backward finite-difference scheme. They also
Jt developed a program for simulation of delta formations. Combs, et. al, (1977)

developed a model for computing sediment transport throughout a reach of

e

river and for determining areas of scour and deposition. Chang and Richards
(1971) solved the equations of continuity and motion by the method of charac-

teristics and the sediment continuity equation by a finite-difference scheme. %

Computations of water-surface profile and sediment deposition were made in two
parts. They applied the method to a hypothetical case and obtained reasonable
patterns of deposition. Mahmood and Ponce (1976) developed a computer model
of sediment transients, considering both bed load and suspended load. A

" coupled solution of the momentum and sediment continuity equations enables

| the numerical solution with longer time steps than are possible for uncoupled

models. A linearized implicit numerical scheme was used to solve the governing

||
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equations. The model has been applied to hypothetical examples, but not
checked with observed field data. All the mathematical models mentioned
] { so far are one-dimensional models; transverse distribution of sediments

across sections were not accounted for.

The most recent work in the area is due to Lopez (1978), who has
developed a mathematical model for flow and sediment routing through reser-
voirs. His model includes a jet flow theory which simulates the incoming
river flow as a two-dimensional plane jet discharging into the reservoir.
The model takes into account non-uniform grain size distribution, and trans-

verse distribution of sediment (not well explained). Flow and sediment

routing is done in a sequential mode. The numerical solution of the flow-
{ routing model was developed by using a fully implicit finite-difference

scheme. For sediment routing, an explicit finite-difference scheme

selected, for stability and convergence, by careful numerical experiments.

ﬁ‘ was used. The time and space intervals for the numerical scheme must be
i . . . . . . .

| Application of the model requires calibration for selection of resistance
)

|

coefficients and sediment parameters. The model has been applied to a flume

model and to the Colorado River, upstream from the Imperial dam, with rea-
sonable agreement.

Experience in the operation and maintenance of various kinds of
reservoirs, over the years, has indicated that the extent of sedimentation
depends chiefly on the quantity of sediment that flows in and on other factors
like operation rules, size and shape of the reservoir, water inflow,
water outflow, evaporation, etc. The interaction of these factors is too
complex to permit an analytical approach to estimate quantitatively the order
of sedimentation in a reservoir, over any desired length of time. However,

R it is found practicable herein to develop a computational procedure to simu-
late the process of sedimentation in reservoirs. The simulation provides

for the representation of all aspects and phases of reservoir operation that
influence sedimentation. The inputs to the model are water inflow, sediment-
inflow, and evaporation. During each time interval of reservoir operation,
¥ water inflow is routed through the reservoir as per the desired operation

E | rule and the outflow is estimated. The sediment entering the reservoir is

5 B distributed over the height of the reservoir and compacted. The distribution

takes into account the particle sizes of sediment components, reservoir size




and shape, pool level, compaction of each layer of sediment with regard to
its composition, age, etc. At the end of each interval of time, after the cor-
rection for reservoir evaporation is applied, the revised profile of the
reservoir with regard to the elevation-area-volume relationship is computed.
The model, constructed for computer use, is quite general and provides for
application to any storage reservoir, with a choice of time interval of op-
eration (weekly, monthly, etc.), total length of simulation, and operation
rule. The details of the procedure are described in the ensueing sections

of this report.

To illustrate the practical application of the procedure, the ;
model is applied to a real life problem relating to the Coralville reser-
voir near Iowa City, Iowa. The Coralville reservoir on the Iowa River went
into operation during the fall of 1958. Since its construction, three
sedimentation surveys were conducted by the reservoir operators: the U.S.
Army Corps of Engineers. Advantage was taken of these surveys to compare
the results of the study with the actual sedimentation.

To implement this scheme of simulation,a computer program is writ-
ten in FORTRAN IV for use on the IBM 360/65 computer at the University of
Iowa. All phases of the computations in the program are explained sequen-
tially in the ensuing sections. A listing of the program together with

a sample output is included in appendix B.

II. SEDIMENTATION IN RESERVOIRS

The calculation of sediment accumulation and deposition and the
resulting changes in the elevation-area-volume relationship with time is
complex. The basic models are briefly described below in the order they
are used in the computer calculations. These models are used to estimate
the trapment, distribution, differential settling into zones, zero eleva-
tion, compaction of current amounts and all previously deposited amounts,
correction to zero elevation due to compaction, sediment slump due to com-
paction at zero elevation, alterations of the reservoir elevation-area-
volume relationship due to sedimentation, sediment slump at zone inter-

faces, redistribution of all earlier sediment layers to agree with the

slumped profile, redetermination of sediment zones for each layer of compacted

sediment after the current compaction, determination of 'equivalent' uncompacted

Ny R S <
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sediment in each layer for use in the next time-period compactions, and redeter-

mination of sediment zones for each layer of equivalent uncompacted sediment after

decompaction for use in the next time-period compactions. These models are
applied in each time period of the reservoir sedimentation simulation and

they are detailed in this section as they are used during one such time

period.

A. Sediment Entrapment
As sediment flows into the reservoir, a large fraction of it is

trapped. In an attempt to predict the amount of sediment trapped, Brune
(1953) has plotted an empirical relationship, based on records of 44
normally ponded reservoirs, between trap efficiency of the reservoir and

the capacity-inflow ratio (see figure 1).
Ep = £(C/1) (1)

where ET = trap efficiency of reservoir (fraction); f(:) = functional

form of empirical relation; C = capacity of reservoir, acre-ft; and I =
annual inflow into the reservoir, acre - ft. This relationship is used

for estimating the average trap efficiency for a year. As an approximation,

for periods of time other than a year, the following relation may be used:

Ep = £ - 1) (2)
where I = inflow into reservoir in the time period, acre-ft; N = number
of time intervals in the time period; and Ny = number of time intervals in
a year. The result is the same as finding the average annual inflow over
the years for N > Ny or extending the inflow from a smaller period over
a year for N < N . The estimated volume trapped is calculated from the
trap efficiency and the amount of accumulated sediment inflow in the time
period:

Q. - 2000

- S
BEeorumen B (3)

where E = estimated volume trapped, acre-ft; Qs = accumulated sediment in-
flow in the time period, tons; and y = overall specific weight of the
sediment, 1b/cu-ft. The actual volume trapped may also be affected by

sluicing operations for the reservoir. In this case the estimated volume
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trapped is reduced by the amount that is sluiced through the reservoir. ‘
However, in the example application to the Coralville reservoir, the above '
proccedurc to estimate trapped sediment was not used. The sediment entrap-

ment model was built by using a regression analysis on recorded data as

explained in section IV. Such a model, if available, is more reliable than

Brune's procedure to estimate trapped sediment. When applying this model

to other reservoirs, the sediment entrapment model, as used in this computer

program, will need replaced by the relevant regression model. If sufficient

data for such a model are not available, Brune's method may be used.

B. Reservoir Zero Elevation

The reservoir may be characterized by its elevation-arca-volume
rclationship which gives arca or volume as a function of elevation. In
discrete form, index clevations are established which may or may not be
cquidistant. The bottom clevation (index, i=1) E1 should correspond to a
point at or below the foot of the dam in the reservoir at time zcro, hefore
any sediment calculations are to be performed. A zero elevation, I should

-
&

then correspond to the foot of the dam where the volume below is zero. For {1

ecach indexed clevation, Ei’ there corresponds a volume for the reservoir

AV, referred to here as the original volume (prior to any sedimentation) and an
area of the water surface (at this elevation) AAj, referred to here as the
original area. Thus, the physical characteristics, as ascertained from in-
spection of the reservoir and topographic maps, may be approximated by threc
arrays of numbers; the first contains the ordered indexed elevations (i=1 is
the lowest eclevation and increasing i represents incrcasing elevation.) The
second and third arrays contain the indexed areas and volumes corresponding

to the indexed elevations. In gencral, the prismoidal rule is held to

apply for arbitrary index, i.e.:

e J : :
AV, = AV, ;=5 (AA + AR, ()(E, - E; ;) (4

i-1
For the areca and volumec just above the zero elevation, the prismoidal rulc

looks like this originally:

- 1 . . g
AV, = 5 (MM, + M) (E, - ) (5)
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where AAz = area (horizontal) of reservoir water surface at the zero ele-
vation. AAz may be greater than or equal to zero. It should be observed
that all three arrays are monotonically increasing with the index i for
practical reservoirs.

In each time interval, a fresh volume of sediment enters the
reservoir. A portion of this incoming sediment fills the '"dead storage"
establishing a new '"zero elevation' (elevation of sediment at dam face).
It is necessary to determine this new zero elevation to estimate the dis-
tribution of sediment over the height of the reservoir (discussed subse-
quently). The new zero elevation is determined from a known value of sedi-
ment volume to be placed into dead storage and a knowledge of the eleva-
tion-area-volume characteristics of the reservoir (refer to figure 2).

In figure 2, AV = volume of sediment above elevation Ej, to be placed into
dead storage; E; = previous (prior to current period) zero elevation; DV = i
total volume of sediment to be placed into dead storage; gz = new zero ele-

vation, to be determined; Ei and Ei+ = indexed elevations just below and

1
just above the new zero elevation; Ai’ Az’ and A; = reservoir surface areas

P P e

(prior to current period) at elevations Ei’ E and E;, respectively; and

z’
Vi = previous (prior to current period) volume of reservoir at elevation Ei‘

Ai and V.1 are determinable from the original array of elevation-area-volume

(before any sedimentation) if the past sediment volumes are known. This is

R

hescbialiihia ks vy -
g T oy -..cn.,‘.-_.._...-..--...w_, s

discussed subsequently. Linear interpolation is used throughout between

elevations E.1 and E.1+1 to determine intermediate areas and volumes at

intermediate elevations.

There are two cases for determining the new zero elevation. The

first case corresponds to figure 2 where E; is below Ei' By using linear

interpolation,

E ’
P By = By * By = Fphlhy = {0 ) 6)

& By using the prismoidal rule,

AV =

(ST

(Az + Ai)(Ez - Ei) (7)

By substituting Ez from eq. (6) into eq. (7) and solving for Az,

2 1/2
Ry = W * SR, - A Ba - B (8)
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| By substituting A, from eq. (8) back into eq. (6), EZ may be determined in

F | : terms of known quantities:

{
& E, = E, + g[ A] + 20Vb - Ai] 9) |

where b = (Ai+1 - Ai)/(Ei+1 - Ei)' Furthermore, from inspection of fig-

'

ure 2:

| A BV~ N, (10)

’

The second case is where E; is above or equal to Ei'

;
{ 1 2
B, = E] + g, [, /A; + 2AVD' - A{l (11)

L
where b' = (Ai+1

= ' -
AZ)/(Ei+1 E;). Furthermore,

AV = DV (12)

! With known values of E., E E', A., A A!, and DV, the new zero

e i i+1?
elevation (Ez) can be determined from eq. (9) and (10) or from eqs. (11)

and (12). The computer program uses these equations as appropriate to de-

termine new zero elevations after sediment is trapped but before distribution

and compaction takes place for the current time period.

C. Sediment Distribution

The distribution of sediment volumes along the reservoir height

is a complex phenomenon which has had some attention. in the past. Borland and

B it e, 3»”.

; Miller (1960) devised a procedure called the "Empirical Area-Reduction
' Method" for distributing sediment that incorporates empirical distribution
curves based on the type of reservoir. Moody (1962) has revised the pro-

: cedure and fitted Beta functions to the empirical curves. According to

| this method, reservoirs are classified according to four basic standard

,5 type curves that were developed from actual resurvey data. A trial and error
| type computation is made using the "average-end-area' or prismoidal formula
| until the capacity computed equals the predetermined capacity. The resurvey
data for 30 reservoirs were used to develop four standard type curves as

shown in figure 3.
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Based upon the analysis of the resurvey data, reservoirs are
classified (Borlund and Miller, 1960) by the slope of the reservoir depth
Vs reservoir capacity plotted on log-log paper. Type I reservoirs have a
slope between 0.22 and 0.28 and are typified by shallow lakes.. Type 11
reservoirs are found in floodplains and foothills and have a slope between L
0.28 and 0.40. Type 1II reservoirs are found in hilly topography and have
a characteristic slope on the log-log plot between 0.40 and 0.67. Type
IV reservoirs are reprecsented by narrow gorges and have characteristic slopes ]
between 0.67 and 1.0. This information is summarized in figure 4 on L
which the data for the Coralville reservoir is also plotted with a slope
of 0.34, indicating that it is a type Il reservoir. The beta curve
fit for a type 11 reservoir is (after Moody, 1962)

g 2 AEY d0.57 (l—d)0'41 (13) !
where p = the dimensionless relative sediment area at a relative distance d +
above the zero elevation. The non-dimensionalization is made by dividing .
actual area by the area at the zero elevation and by dividing the actual

depth by the total height of the sediment distribution in the reservoir

(difference between maximum or average water surface elevation and the

zero elevation). The procedure as outlined by Borland and Miller (1960)

has been used here with minor modifications. After the amount of sediment

to be distributed is determined, a portion of the sediment is placed in the
dead storage against the dam, determining the new zero elevation of the reser-
voir. Then the remainder of the sediment is placed in increments along the
remaining reservoir height according to the empirical area - reduction re-
lationship for that particular reservoir type. The actual amount placed

along the reservoir height depends upon the surface area of the reservoir at
the zero elevation. The area of the reservoir at each elevation (relative
height) is reduced by the empirical relative area, times the arca of the
reservoir at zero elevation. A modification here enables the use of a smaller
area times the empirical relative area, thus decreasing the volume of sedi-

ment stored above the zero elevation.

Mg, -E (14) 3
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= = 15
d, = (E; - E,)/H (15)
p; = c,dja(1 - )% (16)
= 17
%5 pi(Az/pz) (17)
= al 8
vy 5By - B)E, L 802 (18}
where ET = top elevation of sediment distribution; Ez = zero elevation of

the reservoir; H = height of sediment distribution; i = index of i-th
elevation above original stream bed; Ei = i-th elevation of reservoir; di =
i-th relative reservoir depth; p; = i-th relative reservoir area lost to

sediment; €15Cys Cg = empirically determined constants of type equation

. (after Moody; 1962); Az = reservoir area at zero elevation or reduced area

for reduced sediment volume above zero elevation; P relative reservoir
area lost to sediment at zero elevation; as = i-th reservoir area lost to
sediment; and ¥y = i-th reservoir volume lost to sediment (between eleva-
tions Ei and Ei+1)' The index, i refers to the elements of the arrays of
the elevation-area-volume relationship.

The portion of sediment placed in dead storage must be balanced
with the portion placed along the remaining reservoir height. Borland and
Miller (1960) used an iterative scheme. First a zero elevation was selec-
ted and the relative reservoir area and the actual reservoir area at that
zero elevation were determined. If the total amount of lost volume (below
zero elevation and that lost above zero elevation) was the same as the volume
of trapped sediment (determined apriori) then the distribution was accepted.
Generally, if the total lost volume was too great, a lower zero elevation
was chosen and vice versa. The new trial zero elevation could not be pre-
dicted exactly from the previous calculations because of the complex re-
lationship among the empirical type curves, the original elevation-area-
volume relationships of the reservoir, the amount of sediment to be distributed,
and the previous zero elevation used. Moody (1962) has also developed a
non-iterative procedure.

For the model at hand, a small modification was made in the above
procedure. A small dead volume was first selected, determining the zero ele-

vation, and the volume of sediment above zero elevation determined. If the

total volume was too small, an incrementally larger dead volume was used.

The process was repeated until the total volume calculated was too large.
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Then the area of the sediment at zero elevation was reduced (reducing the

amount stored above zero elevation) until the total volume stored was cor-
rect. In effect, this means that in some instances, the sediment does not
slope all the way to the dam face but intersects the dam face horizontally.

It is thus possible to use a predictor-corrector equation to determine the
distribution.

D. Differential Settling

After the overall distribution of sediment in dead storage and
along the remaining reservoir height is accomplished as just outlined, the
proportions of sediment between successive indexed elevations that belong
to different sediment zones (clay, silt, sand)must be determined. As an
aid to determining these fractioms, % is defingd as the elevation of the top
of sediment zone j and it corresponds to Gj = mgl szE on the Ei Vs v, array,
where Xj is the fraction of incoming sediment that is sediment component j
(j = 1 clay, 2 silt, 3 sand). It is determined by interpolation with Vj
between appropriate values of v, to obtain zj between appropriate values of
Ei' Note that 2) 22,52 and z, = E_ [see Eq. (14)]. There are six

3 3 1t

general cases to consider in determining X. s fraction of sediment vol-
b4

ume between indexed elevations Ei and Ei+1 that is sediment component j.

Case I:
T bl
Xl,i =|;X2’i = 0; X:,,,i = 0; (19a) 1
o bl B T Bt
Xl,i = 0; X2,i =0 x3,i = 0; (19b) rﬂ
Z, f-Ei < Zg i
xl,i = 0; )(2’i = 0; X:,,’i =1 (19¢) |

“
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Case II:

Case III:

Case IV:

Case V:

Case VI:

16

R By Sy d
Xl,i- - (:1 = Ei)/(Ei+1 =, Ei); xz,i * (Ei+1 5] zl)/(Ei"’l = Ei);

= (20)
Xg ;= 0
E.l < z1 < 22 < E.“_1 5.z3
S BB n BV B s B By o F G2, - 2 ., - Bl
xz’i = (Ei+1 - zz)/(Ei+1 -E2 (21
22 b Sep B e
By ok s Eia BB g n Bl Ko n B Ly 5 B
B, C 8 (22)
Ei <z1 < z2 < z3 < Ei+1
1,8 (3 - Ej)/ (25 - Bj)s Xy 5 = (25 -2))/ (25 - E;); Xy 4 =
(z5 - 2,)/(z5 - E,) (23)
L R L

(24)

Ryi =0 X5 4 = (25 <By)/zg - B)j Xg g = (25 - 25)/(25 - By)

E. Sediment Compaction

The density of aged sediment components used in compaction de-

pends upon the age, composition, sizes, condition of submergence or non-
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submergence, etc. Lane and Koelzer (1943) have proposed the following

equation for compaction of sediment:

AR [(v/1 + K 1°g10 T)P1 + (yz + l(2 1°g10 T)P2 +

(vz + Kg log, T) P.] (25)

where Y, = mean specific (dry) weight after time T, 1b/ft3; Y; = mean spe-
cific weight of sediment component i, 1b/ft3 (1 = clay, 2 = silt, 3 =
sand) ; Ki = compaction coefficient of component i, 1b/ft3; Pi = fraction
of sediment in each soil class (component i); and T = time in years.

In the distribution of sediment, one may define three zones. Zone
one is predominantly clay, zone two is predominantly silt and zone three
is predominantly sand. For each distribution of sediment in each time
period, the zones may be different in location. In each zone there is
some fraction of sediment components other than the predominant component
due to incomplete separation of the sediment components during settling. In
addition, two submergence zones are defined: submerged and occasionally
unsubmerged (or subject to normal reservoir drawdown). Thus, a sediment
portion may be classified in two different ways with a total of 6 different
classifications. Each of these classifications will then be represented
by a particular density which will depend on the relative amounts of the
sediment components in that zone, the condition of submergence, the specific
weights of the components and the compaction coefficients of the components
under different submergence conditions:

3
wj,k(T) =35 [Yi,k + Ki’k log, \T] Pi,j (26)

where wj,k(T) = mean specific weight after time T in sediment zone j and
submergence zone k (1 = below the water surface, 2 = above the water sur-
face); Tik specific weight of sediment component i in submergence zone k;
Ki,k = compaction coefficient of component i in submergence zone k; and

P, .
1,)

fraction of sediment zone j that is component i.
The development of eq.(26) proceeds from eq. (25) by considering
sediment portions that are in a particular sediment zone and in a particular

submergence zone.

-
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One further modification of e¢q. (26) is necessary to account for
the length of the time period used. When the sediment distribution and
compaction calculations are performed other than every year, adjustment
must be made for the time, T, in eq. (26). The age of sediment is taken
as all past time that the sediment had been deposited up to the middle of
the current time period. For example, if the time period used is 104 weeks,
and the current calculations are in the fourth time period, then the oldest

sediment is taken as 3(104) + 52 = 364 weeks = 7 years. So ¢q. (26) be-
comes:

3
Vinnh = ik o 2 Ky glom T (27)

where T = number of the time period and
Y = N/N. © (T - .5).
/ y i ) (28)

The overall specific weight of the sediment used in eq. {3) is as follows:

3
IO I (29)

where Y(T) = the overall specific weight of the sediment at time period

T; and Xj = fraction of incoming sediment that is sediment component j.

After the sediment is distributed along the reservoir height and
after the various zone assignments are made based on predominant type of
material and degree of submergence, the sediment is compacted. All older
sediment distributions from previous time periods, their zone assignments
and their ages are sufficient information to compact all sediment portions
with respect to age, material, size of sediment, degree of submergence and
position in the reservoir. In the following treatment, all symbols are
retained as previously defined with the addition (where not already present)
of the time variable, T. Thus, for example, xj,i(T) is fraction of sediment

volume between indexed elevations Ei and Ei+ that is sediment component j

1
in time period number T and vi'T) is i-th reservoir volume lost to sediment
in time period number T. The compacted volume at time period T of sediment
[which arrived earlier (say at time period number N) between elevations

p N
hi and Ei+1’ vi(N)] is vi(T).

3
Vi) = 3y V0 X (1) vy (/b (T-Ne) (30)

ey 8
ol .
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where k = 1 for submerged and 2 for occasionally submerged sediments. The

accumulated total compacted sediment at time period number T rcesulting from

all earlier inflows between clevations ﬁi and Ei+l is v;(T): j
: e AN T 3 =
vi(T) = (E vi(T) = it v, (N) Xj,i(N) q:j’k(l)/q;j’k(l—NH) (31)

F. Corrcction to Zero Elevation for Compaction

After calculation of the accumulation and compaction of scdiment,
corrections to the zecro clevation for compaction of scdiment must be made.
Because of the uncertaintics in the above model of sediment distribution
as to cxactly what takes placce ncar the zero clevation, the following scheme
was sclected as a reasonable approximation of the change in the zcro cleva-
tion duc to compaction. After compaction of all scdiment components in all
zones of differing densitics, the total dead volume is taken as the com- i
pacted amounts corrcsponding to those that werce deposited in dead volume
in all time pecriods before compaction. The new dead volume and zero clevation

arc computcd as follows:

k2-1 B 4B ¥y (1
; ONET i By ) s Wl M) g (2)
i 8 3 2 !
= k2+1 k2 nE1 Vo (N 1
é‘ where k2 = index of indexed clevation just below EZ before compaction. After

the compacted dead volume is calculated in Eq. (32), the ncw zcro clevation

is intcrpolated from the original clevation-arca-volume rclationship (“i‘ AAi’

ﬁVi) with DV (T) between AVi and AVi+ to detcrmine I between Hi and Ei
&

1

+1°

e s s :

G. Scdiment Slump Correction duc to Compaction at Zcro kElcvation

Sometimes the compaction of scdiment at the zero clevation may

causc an anomaly in the reservoir surface arca in the immediate neighborhood

of the zero clevation. The anomaly occurs in the form of a rceverse slope

at the scdiment surface. In practice when such a situation occurs the sedi-

| ment slumps to a natural slopc. The occurrence of this phenomenon is checked

1 and, when nccessary, the scdimentvolumes in the vicinity of the zcro cleva-

tion arc readjusted over the next upper few clevations. Let Ek% be the

aasl
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indexed elevation just below the new zero elevation after compaction and
k3 is the index of this elevation. Compacted sediment volumes between Ek3
and Ekz are redistributed in proportion to the available reservoir volumes

between the relevant indices; this guarantees that reverse slopes will not

exist.
k2
S =5z, vi(T) - DV(T) (33)
R = Avk2+1 - DV(T) (34)
2 S
Vi (T) = [AVy 2,1 - DV(T)] i pv(T) -~ AV, 5 (35)
& S
vi(T) = (AV1+1 - AVi) pi= k3+1, k3+2,...,k2 (36)
1
fesin T Plemar ~ Mg ~ Vg Gy = 80 ki

A = [AVi - A\li_1 - Vi-l(T)]/(Ei - Ei_l); i = k3+2, k3+3,..,k2 (38)
Sediment volumes computed by eqs. (35) and (36) are used to re-
compute reservoir surface areas given by eqs. (37) and (38). These reser-
voir areas are checked for consistency: i.e., the area at each indexed ele-
vation must be larger than that at or immediately lower indexed elevation.
If not, sediment volumes are redistributed upto the next higher elevation by
incrementing k2; sediment volumes and reservoir areas are again recomputed
using egs. (33) through (38) with k2 = k2+1 and consistency in areas is checked

again. This process is continued until consistency is achieved.

H. Adjustment of Elevation-Area-Volume after Sedimentation

After the losses in volume are calculated, corrections to the
elevation-area-volume relationship are made. Adjusted reservoir volumes are
calculated by subtracting the compacted sediment volumes from the original
reservoir volumes.

i-1

- 3 '
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Note:
i-1
gE1Ve (T) = AV, E; < Epq (40)

After the adjusted reservoir volumes are obtained by ¢q. (39), the average

reservoir surface areas are calculated:

1

0, i < k3 (41)

A!
i

"

A= O SN O, - By L) (42)
where Ai = average reservoir area between indexed elevations E;_; and
Ei' Equations (41) and (42) are simple prismoidal equations. At this
point, the average reservoir areas as computed by €q. (42) are checked for
consistency, i.e., the average area between indexed elevations must be
greater than that at the immediately lower set of indexed elevations. In-

consistency may occur due to slump at sediment zone interfaces.

I. Correction for Slump at Sediment Zone Interfaces

Differential compaction at sediment zone interfaces may cause
reverse slopes, i.e., average reservoir surface areas between lower eleva-
tions become larger than those at higher elevations. When such anomalies
are found, sediments are redistributed in the neighboring elevations in

proportion to the available reservoir volumes between the relevant indices.

S = vi_,(M + v} (D) (43)

R = AVi - AV&-Z (44)
' » Lk ; S

vi_ (D = (av, - AV, ) 2 (46)

et s bbb g e
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When an anomaly occurs at two or more consecutive elevation in-
dices, eqs. (43) through (46) are extended for redistribution of sediment
volumes between relevant additional elevation indices in the neighborhood.
After the corrections indicated by eqs. (43) through (46) are made, where
necessary, corrected sediment volumes given by eqs . (45) and (46) are
used to recompute reservoir volumes and average surface areas by eqs. (39)
through (42). Finally, the average reservoir surface areas are used

to compute the index areas at each indexed elevation.

E ~ B!
o k3+1 z :
Byzel = B - (Aksez - Akze1) * Aksar (48)
k3+2 ~ z
ek )
B e e————— ' L SR
Ay = g5 — (A},] - A]) + Al; i=k3+2, k3+3,...,M (49)
i+l i-1

where M is the topmost index for elevation-area-volume for the reservoir.

Av

A

A - At (50)

2 " Nz - Mg (51)

Equations (47) through (51) are based upon linear interpolation by using
the average area Ai between indexed elevations Ei-l and Ei to compute the

area Ai at each indexed elevation Ei.

J. Sediment Redistribution to Conform with the Accumulated
Distribution Over All Ages

The redistribution of sediment to account for the slumping at the
zero elevation and at the interfaces of the sediment zones disrupts the

conformity between the quantities of compacted sediment of each age,

NEI v?(T) and the accumulated (over all ages) sediment quantities at

each elevation, vi(T). For agreement of the two quantities, the compacted
sediment of each age, v?(T) is redistributed. This is necessary so that
during subsequent time intervals, sediment quantities are compacted by
relevant specific weights, representative of proper material, age, and

submergence. This redistribution of v?(T) is accomplished as follows:

T
a) Ingl v?(T) z_Vi(T), then v?(T) for each N is reduced by
multiplication times the ratio Vi(T)/Ngl v?(T). For each
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N, a "credit account" is kept to indicate the amount by which
the v?(T), i=1,...,M were reduced. The credit account con-
tains the excess amounts for each N, accumulated over i=1,...,M
to be redistributed among the remaining v. (T)

b) For each i such that Ng vy (T) < v (T), the & (T) are in-
creased progre551ve1y Flrst the v (T) are mult1p11ed by
the ratio vi(T)/NE V. (T) and the 1ncrease for each N is
subtracted from the cred1t account. If the increase for a
given N exceeds the amount in the credit account, then it
is limited to the amount left in the credit account, result-
ing in a zero balance in the credit account for that N. If
the credit account is not empty for some N then the second
increase of vy (T) is made by increasing v (T) by whatever is
left in the cred1t account but not allow1ng A (T) to
exceed vi(T). Subtraction of transferred amounts is made
from the credit account. The second increase starts with the
latest sediment and proceeds to the oldest. Whenever the
credit accountbecomes empty for all N, the redistribution
stops. If after the second increase, the credit account
is still not empty for some N, then a third increase is made.
Filling in of v, (T) is made so that NT v?(T) = vi(T) for
ages (N) not prev1ously increased in the first two increases.
These are later ages where the reservoir had filled previously
and no new seciments were depositedat low elevations. The re-
distribution can then be likened to filling of old dead storage
where cracks opened up due to compaction.

c) Step b is repeated for each index, i=1,...,M in order of

increasing i.

Theoretically, continuity is maintained and after the redistribu-
tion (which is admittedly arbitrary) Ngl v?(T) = vi(T). i=1,...,M. Round-
off errors in the computer make it necessary to place checks on remaining
sediment to be distributed so that after an arbitrarily small amount is
left, redistribution ceases. Otherwise, small negative amounts (zeros
theoretically) are being transferred. These negative amounts have potential

for error propogation in subsegment compactions (larger T).
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Continuity is theoretically maintained in another way also. Jor
each N, the total amount at that age has not changed; thus igl v?(T) is
the same after the redistribution as it was before the redistribution.
Since the redistribution results in a filling in of lower elevations with
same-age sediment from higher elevations for each age (layer) of sediments,
the fraction between each set of indexed elevations of each age that is
component j has changed [xj,i(N)]' By keeping track, during the compac-
tion calculations, of sediment in each zone as delineated by the zone ele-
vations, 215 255 and 235 the fraction of compacted sediment of each com-
ponent (volumetric basis) X! can be computed similar to XJ for the uncom-
gacted sediment The XJ . (N) can then be 1ecomputed by calculating v? =
mgl {Z v, (T)] and 1nterpolat1ng on the E vs vy (T) array with vJ be-
tween approprlate values of v; (T) to obtain z! between appropriate values
of Ei' Note again that z; i.zi f_zé. J 1(N) can be recomputed now cor-
responding to post-compaction in time period number N by utilizing eqs. (19)
through (24) with 25 replacing zj and Xj,i(N) replacing xj,i; N=l T
Actually the calculations of Eqs. (19) through (24) can be made directly

L -N . 3 :
in terms of Vj and v?(N) instead of z5 and Ei and is so done in the computer

program.

K. Determination of Equivalent Uncompacted Sediment Volumes

and Redefinition of Sediment Zones.

The uncompacted equivalent volumes for each v?(T), i=1l,...,M;
N=1,...,T are desired so that compactions at the next time period (T+1) can
proceed in the same manner as illustrated in sections A through J herein
for time period number T. One method that is rather straightforward is to
solve eq. (30) for vy (N) by using the corrected values for vy (T) and XJ,.(N).
This method has the d1sadvantage that continuity of mass is not preserved.
Sediment that was previously deposited in the occasionally submerged zone
but which now has slumped into the submerged zone will continue compaction
in successive time periods with wet zone coefficients in the sediment den-
sity formula and by using an initial density which it did not originally
have. Since sediment slumping is minor and since techniques to keep track

of original densities are extremely cumbersome and since little is known

P AT IR R A8 e T R
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about compaction of sediment that changes submergence zones, this procedure
! was adopted for the reservoir sedimentation mclel. Thus, the uncompacted

equivalent volume, vi(N) is determined from eq. (30):

3
Vi) = VI/GE X ) b 0/ (T-N1)] (52)

The recalculation of xj,i(N) to again correspond to the uncom-
pacted equivalent volumes Vi(N) must also be made so they are ready for
the next set of computations with uncompacted sediments in the next time
period. This is done in a manner similar to that just described at the
end of section J. By keeping track, during the decompaction calculations,

of sediment in each zone as delineated by the zone elevations, zi. zé, and

T I e

‘ zé, the fraction of uncompacted sediment of each component (volumetric basis)

‘ Xj can be computed similar to X! for the compacted sediment or Xj for the

uncompacted sediment preceding the current compaction-decompaction calcu-
ki lations. The Xj i(N) can then be recomputed by again calculating GN =
i »

nE1 Xn G V4 (M) and interpolating on the E; vs v, (N) array with ij
between appropriate values of Vi(N) to obtain zj between appropriate values
1325 £ 250 Xj,i(N) can be recomputed now cor-
responding to decompaction in time period number N by utilizing egs. (19)

of Ei' Note again that z

S e

through (24).N=1,...,T. Again, the calculations can be made directly in

terms of G? and Vi(N) instead of zj and Ei and are so done in the computer

e
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program.
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ITII. COMPUTER PROGRAM FOR THE RESERVOIR SIMULATION MODEL

The scheme of computations were inplemented through a computer
code written in FORTRAN IV, for use on the IBM 360/65 computer at The Uni-
versity of Iowa, lowa City. The simulation proczdure includes generation

’ . of sequences of time series data relating to water and sediment inflows, and
! pan evaporation on a weé%ly basis. During each interval of time (week) the
j water inflow is routed tﬁrough the reservoir and the operation schedule is

used to determine the water outflow, subject to the system constraints.

!
{
i
i |
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Then from the generated pan evaporation, the relevant reservoir surface area,
and the evaporation coefficient, the loss of storage due to evaporation is

calculated. In the present scheme other losses due to seepage, etc.,

i : are ignored. The reservoir head, corresponding to the net storage (after
deducting the evaporation loss from gross storage), is taken as the height
of the reservoir over which the incoming sediment is distributed. :

The sedimentation submodel first estimates the quantity of sediment

that will be trapped in the reservoir using the entrapment model (Section IV-
B). The entrapped sediment is next distributed over the reservoir height :
and compacted at regular time intervals as detailed in Section II. Based

on the extent of sedimentation, the reservoir profile is adjusted with re- |

' gard to the elevation-area-volume relationship. :

Further elaboration of the scheme of computations is furnished with :

’ brief description of the computer program, given below.

A. MAIN Program

The MAIN program reads in all the system variables, parameters

i and control data from the data deck. It reads in informations relating to
the number of years for which the simulation is to be carried out, the
periods, at the end of which the accumulated sediment is to be distributed

and compacted, the reservoir inflow data, sediment characteristics for cal-

g AT AT e S A =

culation of densities, sediment composition in the three assigned zones of
clay, silt, and sand, fractions of incoming sediment that are components of
clay, silt, and sand, the numerical designation of the type of reservoir (as

per Borland's classification), original elevation-area-volume relationship of

T— T T - T T,

the reservoir, weekly evaporation coefficients, all the parameters and the

stochastic component distributions required for the generation of the time
series values for water inflow, sediment inflow, and evaporation, the dis-

charging capacities of the spillway and conduit at increments of 5000 acre-ft

e S B ot i

(6.17~106m3) of storage, and the corresponding reservoir elevations, and

3 the existing operation plan defined in terms of pool elevation. The MAIN ‘

{ Program also computes the densities of sediments in the six sediment zones, !
f divided on the basis of sediment composition and submergence, and the average :

overall density of the incoming sediment. All the relevant parameters are

initialized.

e
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B. Subroutine CALCMA
The MAIN Program then calls the subroutine CALCMA which calcu-

lates the weekly variances of the independent stochastic component for the water
inflow time series model. These values will be used in the synthetic generation
of water irnflow data. Such calculations are not required for sediment and
evaporation series since for these no detailed auto-covariance models were

used.

C. Subroutine INPUTS
Next the MAIN Program calls the subroutine INPUTS. Under its

control synthetic sequences of data for water inflow, sediment inflow, and

evaporation are generated. Each discrete (weekly) sequence is of length

Riddeataaian. aai s dabll . sad o o o

equal to the period of reservoir simulation. If, in the analysis, historical
data is used instead of one or more of the series, the subroutine accordingly
generates the data for the required process or processes only. The computa-

tions in INPUTS are made in the following steps:

a) Note the order of the selected Markov model of dependence if
3 for the concerned series a Markov model was used for data
generation.

b) Generate a random number from the uniform distribution over

i

3

E; the interval, (0,1). For data generation purposes, the

{; random number from the uniform distribution was generated

Ef as follows:

'% r, = Dec[m+ r ]11 (53)

53 L -1

b

;f where 3 e previous random number; r, = new random number; n= any

f irrational number; and Dec(-) = a function which takes only the decimal

: part of the argument.

E ¢) Calculate the independent stochastic component through linear

E, - interpolation using the array of the inverse cumulative
distribution as below:

| i= Int[rz-N] +1 (54)

§% = G + (G5, -Gy)(r,-H;)/(H;  -H) (55)

where N = number of values in arrays G and H; i = index of H array just

s . S

smaller than or equal to rz, Int(+) = a function which takes only the whole

(integer) part of the argument; H(:) = array of N equally spaced number

R

I A b rtpgansss = imnsiase
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; from 0 to 1 inclusive; G(-) = array of the inverse cumulative distribution

for the independent stochastic component; and £* = the independent stochastic

component calculated through linear interpolation.

d) Calculate the dependent stochastic component if a Markov Model
for the time series is used.

e) Add periodicities and/or trends over the year in the selected

Markov model dependence structure if step d is relevant.

f) Add periodicities and/or trends over the year in the mean and

i , standard deviation.

| g) Check the generated output for negative values (should be rare)
and if negative, return to step b. Multiply the final

§ generated values for water and sediment inflows by 1/1.6127

i ,

and 1.35 respectively so that the mean values for 10 years

agree with the historical values. The factors 1/1.6127 and 1.35
are applicable to the Coralville reservoir only.

h) Assign the value of the stochastic component to the location

» of the previous stochastic component; assign the previous

( value to the location of the second previous value, etc.

D. Subroutine OPERAT

Next the MAIN Program calls subroutine OPERAT which, under its
control, determines the outflow from the reservoir during the week, consid-

ering the inflow, operation plan, and the system constraints.

The average
reservoir storage, elevation and surface area during the week are calculated

for subsequent use in subroutine EVAPCO and SEDCOM, which are called from
this subroutine.

Ay o SRS g e W e

E. Subroutine EVAPCO

Subroutine EVAPCO is then called to compute the loss of reservoir
storage from the average storage, the generated pan evaporation,and the
evaporation coefficient for the week, and returns the control to OPERAT,

where thenet storage and the corresponding head are calculated.

F. Subroutine SEDCOM

Subroutine SEDCOM, which is the vital segment of the simulation

: scheme, is called from subroutine OPERAT. The sediment accumulation,

deposition, and compaction is computed in subroutine SEDCOM. The subroutine
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is designed to be used, in general, for any time increment other than a week,

for any length of time, and for any desired correction period for

distribution

and compaction. For illustration of the model, the calcu-

lations for accumulation proceed every week and the calculations for the

distribution and compaction are made every year. The periods may easily be

changed by changing the basic parameters used in the subroutine. The

calculations

a)

b)

c)

d)

e)
£)

g)
h)

in the subroutine proceed in the following steps:

Decide if the current time increment (week) is to be an
accumulation increment only or an accumulation, distribution
and compaction increment.

Accumulate water inflow (acre-ft), sediment inflow (tons),
reservoir volume (acre-ft), and head (ft) in the reservoir.

If the time increment is for accumulation, distribution and
compaction of sediment, index the number of the correction
period.

Determine the average head in the reservoir.

Estimate the total sediment trapped using the regression model.
Calculate the age of the oldest sediment and if it is

smaller than oneyear, make it equal to one year (which gives no
compaction)

Determine the densities of the aged sediment components.

If the trapped sediment is less than 10 tons, then skip following
computations and add this small amount to that trapped during
the succeeding period. Convert the trapped sediment from tons

into acre-ft.

Calculate the relative sediment areas at each of the indexed
elevations upto an index value just above the average reservoir
elevation during the current period. Distribute the sediment
along this reservoir height. This is done in the following
steps:

(1) Determine the current zero elevation.

(ii) Interpolate and determine the new zero elevation corres-
ponding to the addition of the given increment of sediment
volume to the dead storage (a value of 3% is used here;
other values can be used). Calculate the actual reservoir

area and volume at this elevation.

. e —————
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(iii) Calculate the relative sediment areas at the new zero
elevation found in (ii) and other elevations above
zero elevation up to the average reservoir water surface.

(iv) Distribute the sediment areas along the reservoir
height, using the actual reservoir area found in (ii) and
the relative sediment areas found in (iii).

(v) Sediment volumes at each elevation are calculated using
average end-area formulae, added to the dead storage,
and accumulated.

(vi) Next, the incremental sediment volume is added to the
dead storage and steps (ii) through (v) are repeated
until the total volume of distributed sediment found
in (v) is equal to the predetermined sediment volume
trapped during the time period.

Separate the distributed sediment into 3 zones - clay, silt

and sand, and interpolate the index values demarcating the zones.

Compact the sediment at each elevation with respect to the

densities as functions of material, age, and submergence.

Correct the zero elevation for compaction of sediment.

Adjust the elevation-area-volume relation for the reservoir

considering the extent of sedimentation. Compaction of

sediment at the zero elevation and at sediment zone interfaces
may give rise to anamolies when reservoir surface areas at
higher elevations are smaller than those at lower elevations.
Check for this anamoly and, if it occurs, remove by redistributing
the sediment in the lower elevations.

Redistribute the compacted sediment of each age to agree with
accumulated (over all ages) sediment distribution. This is
necessitated by the adjustment in the step m above.

Write out the outputs - distribution of compacted sediment of
all ages, the adjusted elevation-area-volume relation and the
new zero elevation for each correction period.

Calculate the '"equivalent'" uncompacted sediment of each age
from the redistributed compacted sediment.

Reinitialize all the relevant parameters for use in the next
correction period.

i




r) Steps a through q are repeated until accumulated correction

periods equal the total time period of simulation.

IV. INPUTS FOR RESERVOIR SIMULATION

The inputs to the sumulationmodel are water inflow, sediment
inflow and evaporation. The simulation model is operated at discrete time
intervals and inputs correspond to the same intervals of time. Although
in the example problem the time interval is a week, the model :zan be operated
for any other desired interval. Each input, generated or historical, has
to be of length equivalent to the operation horizon of simulation.

To generate such inputs, time series models are constructed and described

in this section. The models are specific to the Coralville reservoir
problem which is chosen for the demonstration of the model. These models are

built by utilizing the recorded data to the extent available. A brief 5}

description of the Coralville reservoir preceeds the development of
the mathematical models for generation of water inflow, sediment inflow

and evaporation series.

b | A. General Description of the Coralville Reservoir

The watershed of the Iowa river above the Coralville dam

(figure 5) has the general pattern of a willow leaf, typical of eastern

£
i
¢

‘ Iowa streams; it is long and narrow and curves from the northwest to
% the southeast. The river, from its headwaters to the dam site, is
i
[}

e about 280 miles long (450 km). The drainage area above the dam site
o is 3115 square miles (8064.3 sq km) and the average width of the catchment

e

area is 18.5 miles (29.8 km). The upper 1300 square miles (3366 sq. km)
of the watershed lies on glacial till of Wisconsin age with the topography
characterized by a quite flat plain in which drainage is relatively poor.
Such a plain contributes relatively little to the sediment load of the

Iowa river. The lower portion of this watershed lies upon older glacial

‘ drift and loess deposits; the surface slopes more and is more susceptible
to erosion. Hence, this portion of the watershed contributes the major
part of the sediment load to the river. The average precipitation for this

area is about 32 inches (813 mm) annually.

o Y
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The Coralville reservoir is located at the Turkey Creek site,
5 miles (8 km) upstream from Iowa City in Johnson County, Iowa. The dam
rises approximately 110 feet (33.53 m) in height at its maximum point
and is 1400 feet (426.7 m) long. The dam crest is at EL 743.0 feet
(226.47 m) m.s.1. The reservoir went into operation in the year 1958.
The details of capacity and reservoir surface area versus elevation are given
in figure 6 (table Al in appendix A). The pool is 17.4 miles (28 km)
long at EL 670.0 feet (204.22 m) m.s.1l., 21.7 miles (34.92 km) long at
EL 680.0 feet (207.26 m) and at the full flood pool elevation of EL 712.0
feet (217.02 m) m.s.l., the pool is 35.0 miles (56.3 km) long.

Normally, flows into the reservoir are controlled by means of a
23 foot (7.01 m) circular, concrete conduit 350 feet (106.68 m) long, with
the floor at EL 646.0 feet (196.9 m). It is regulated by three 8.33 feet
(2.54 m) by 20 feet (6.1 m) vertical 1lift gates. Maximum discharge through
the conduit varies from about 7000 cfs (198.2 ms/sec) with a 670.0 foot
(204.22 m) m.s.1l. pool to 20,000 cfs (566.4 m3/sec) at the full flood
pool level of 712.0 feet (217.02 m) m.s.l.; see figure 7. A concrete,
ogee-crest, overflow spillway exists to convey water from the reservoir
under the occurrence of more rare types of floods, to keep the dam
from being overtopped. The spillway crest is at EL 712.0 feet (217.02 m)
m.s.1., and is 500 feet (152.4 m) long. No water has been discharged through .
the spillway to date, although in 1969 the maximum flood elevation
was nearly reached (711.85 feet or 216.97 m m.s.1.). The spillway

rating curve is given as figure 8.

B. Input-Models
Reservoir Inflow. The approach adopted in this study for the

generation of weekly reservoir inflows involves the construction of

detailed autocovariance models for the residuals obtained after removal

of seasonal (within-the-year) periodicities in the weekly mean and

standard deviation (Croley, 1976). The autocovariance models tested
were Markov models of various lags which preserve seasonal variations
(within-the-year non-stationarity) in the autocorrelation coefficients.
The best fit model was determined to be a first-order Markov model with
52-week periodicities in the mean, standard deviation, and first-order

serial correlation coefficient. Inflow data is given in table D1 in appendix D.
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1. - u.
A i-1 i-1 2
Ii = [(____..____) pi-l +v1 - pi-lgi]ci + ui (56)

Where Ii = reservoir inflow in week i in acre-feet/week (1234 ms/week);
By o= weekly mean for week i in acre-feet/week (1234 ms/week) as listed
in table A2 in appendix A; g, = weekly standard deviation for week i in
acre-feet/week (1234 m3/week) as given in table A3 appendix A) ; p; *
correlation coefficient between the standardized values of week i-1 with
week i as listed in table A4 in appendix A; Ei = independent stochastic
component for week i which is distributed as tabulated in table A5 in
appendix A. The weekly means were estimated from the data and multiplied
by 1.115,which represents an adjustment factor to include runoff
contributions between Marengo and the dam site. This factor was taken as
the ratio of watershed area above the dam site to that above Marengo.

Sediment Inflow. A detailed autocovariance model similar to

that used for reservoir inflows could not be fitted for sediment inflows

because of the paucity of continuous data (see table D2 in appendix D). Util-
izing the sediment inflow data to the extent available, a linear regression 1
‘equation was fitted between sediment and water inflows. The emperical dis- 1
tribution of the residuals was calculated and used for the generation of the

sediment inflow time series as follows:

I.-u.
o Pl IR Y
ISi 7 [(Cl + Gy ( a. ))os. T T Es.] B (57
i i i i
Where ISi = sediment inflow in week i in tons/week (907.18 kg/week); us4 7

and Os; = weekly mean and standard deviation, respectively, of sediment
inflow for week i in tons/week (907.18 kg/week) (tables A6 and A7 in
appendix A); Ii = reservoir inflow in week i in acre-feet/week <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>