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MODELING OF A TRANSIENT STREAMBED IN THE RIO GRANDE, COCHITI DAM

TO NEAR ALBUQUERQUE, NEW MEXICO

By

Robert C. Mengis

ABSTRACT

A one-dimensional surface water-sediment transport model based on
finite differences, involving no initial load conditions and considering
multisize trénsport and bed armoring, was developed for simulating iong;
term transient-streambed conditions in streams for which only few hydraulic
and sediment data are available. Steady, nonuniform, subcritical flow was
assumed, and there was no time-step restriction on the finite difference
scheme for convergence and stability. Hydraulic, sédiment, and bed-
elevation data collécted downstream from the Cochiti Dam site on the Rio
Grande in New Mexico, from May 1970 to November 1975, were used in a pre-dam
l16-day calibration simulation, and to evaluate predictions obtained during
post~dam 204-day, 700-day, and 24-month simulations; Engelund and Fredsde's
transport equation used with Deigaard's normalization method did not accurately
predict bed-material transport by size class in the study reach; whereas,
Yang's equation did except for large size classés. The active-layer thickness
varies directly, but less than linearly, with the time-step size. Coupling of
Chezy discharge coefficients at a section is a simple and accurate method for
reproduction of a given water-surface profile. The 900 percent exaggeration
of degradation at cross section 2 by the model is thought to be due to

improper characterization of bed-size distribution there, as well as at some



other cross sectiohs in the upstreém reach. .The model tends to exaggerate the
actual degradation in a ratio of 2 to 1 on a net ;ea;h-change basis. The fact
that the estimated net actual béd material outfléw is 100 percent greater than
the outflow computed from the bed changes in the reach, is an indication that
perhaps actual bed material is much coarser than the representation of bed

material used in the simulations.

INTRODUCTION

If an alluvial stream bed is'expected for some reason to change from one
equilibrium profile to another duting.a period:of time, it is useful .to be
able to predict where the major changes will take place and how long it takes
for such changes to occur.

This paper describes such a predictive tool based oﬁ finite differences
that models the transient period of.the bed;'that is, the period during
which the bed profile ié moving to the new equilibrium profile, unlike
certain analytic models (de Vries, 1977) that predict only the final equi-f
1ibrium profile. The model is an in-between tool, in that iﬁ does not
fequire as much data collection for calibration purposes and initial conditionms
as others (Bennett and Nordin, 1977), but requirés more than is needed for
analytical methods. Some other features are: (1) There is no time-step size
restriction in the finite difference scheme for convergence and stability;
(2) the model takes the presence of a nonunifofm sediment size distribution
into account, that is, armoring; and t3) no'initial sediment-load conditions
are required. |

Like most sediment-routing models, the governing equaéions consist

of: (1) A flow equation or equations with a friction-slope formulation;
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(2) a sediment-transport function; and (3) a sediment-continuity equation.
Thé development of these equatioﬁs and the aésumptions involved in the
development are discussed in the first part of this paper. The solution
technique is a sequential étage, uncoupled mode (Chen, 1973) with known
constant discharge input. There is extensive discussion on boundary and
initial conditions, calibration, and appliéation of ;he model to an actual
study reach. An attempt was made to model actual bed transient, using
either Yang's transport function (Yang, 1973), or Engelund's formulation

(Engelund and Fredsde, 1976).

EQUATIONS AND BACKGROUND ASSUMPTIONS
The. St. Venant equations (Strelkoff, 1969) of one-dimensional, gradually

varied, unsteady flow in an open channel are the continuity or conservation of

mass equation,

9A . 9Q _ . .
at + 9x 03 . (1

and the momentum or conservation of energy equation,

%+§-(12—/—§—;5{—+—‘i)+sf=o; (2)
where, in the latter, Sf is the frictioﬁ—slope formulation and is
defined as:
Sf = —%3 . (3)
Cc<D

In the above equations:
X = downstream distance,
t = time,'

H = H(x,t), is the water surface elevation or stage,



D = D(x,t), is the hydraulic depth at a cross section,
A = A(x,H(x,t)), is the cross-sectional area of water,

D = A/T, where T = T(x,H(x,t)) is the top width of channel,

<
]

V(x,t) is the average velocity of flow in the x-direction,

O
]

Q(x,t) is the water discharge in volume per unit time,
(note that Q = VA),

c

the Chezy dischange coefficient, and

g the gravitational constant.

A derivation of these equations is given by Strelkoff (1969); definition
sketches for dependent variables are shown in figure 1. Gradually varied
flow means that %% is relatively small., Gradually varied flow can be either
subcritical JE% <1, or supercritical /E% >1.

This coupled system of partial differential equationé has been solved
by many methods (Chen, 1973), but the method proving the most practical and
adequately accurate is a lineag implicit finite difference approach. 1In
theory, an implicit method is ;table for any selection of time-step size,

At, given the physical constraints, Ax; however, this is not the case in

practice, and Bennett and Nordin (1977) indicate that if the Courant restric-

tion is exceeded by an order of 10, the scheme becomes unstable.

The Courant restriction is:

At € (4)
vV + vgD '

In pracﬁice, it is not economical to use an implicit finite difference
solution scheme for the above equations, except for a short-term, highly

unsteady flow. For long-term gradually‘varied subcritical flow, it was



Figure 1,--Definition sketch of dependent variables;
(see Definition of symbols on page viii).



found that movement at the stream bed had little effect on the water move-
ment; in other words, bed transients propagate at a much slower rate than
water surface transients (de Vries, 1977, p. 1-11). This leads to a steady

9xX ot

for equation 1. Discharge, Q, is not considered to vary during the time

nonuniform flow assumption: Q 0, which implies 28 0, or A=A(x,H(x%))

step; this is a common practice, if the discharge is averaged during a period

equal to the time-step size. This known constant discharge assumption,

%% = 0, leads to %%-= 0, or V=V(x) by-%% = 0; combined with continuity at a

point or cross section, Q=VA.
Hence, given a fixed Q input to a stream reach, and given a fixed cross
section or x, the area of flow is determined solely‘by the characteristic

area vs. stage relationship: A=A(H); and the avérage velodity is sub-

e—

sequently determined by V=Q/A. Thus, equations 1 and 2 reduce to the back-

T e

water equation:

+ 8. = 0. (5)

d(v2/2¢g + H)
.dx

Equation 5 can determine an actual water-surface profile quite accurately
by treating Chezy C at each cross section as a parameter; this is contingent,‘
of course, on having an accurate A(H) relationship at each cross section.

Chezy C is defined as:

c = (6)
VDS -

where S is water-surface slope. However, values computed by equation 6 did
not agree with the values’determined as parameters of calibration. Because
Chezy C is unpredictable in varied flow, Bennett and Nordin (1977) chose to

fix a constant C for the entire study reach; that is: C for all cross sections
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for the whole of simulation time was based on a minimization of error with
measured data. Krishnappan and Snider (1977, p. 23) chose to update C with
an algorithm given by Kishi and Kuroki. If simulated flows vary greatly, it
may be necessary to update Chezy C.

The equations completing the system are the sedimeﬁt-continuity
equation:
3z ., 3¢ Q 7)

ot TAS tax -0

nw
and the sediment-transport function:
Q = £(V,d,P). - (8)
In the above, |
Z = Z(x,t) is the bed elevation above National Geodetic Vertical Datum
ofll929,

C'= C'(x,V(x,t)) is the average volumetric concentration of

suspended bed material,

o
]

the total volumetric sediment discharge,

W = W(x) is the active width of sediment transport at a cross

section,
n = one minus the porosity of natural material,
d = the representative diameter of bed material, and
P = a family of parameters.

The family of parameters is indicative of a particular function; it
includes: wéter—surface slope, water temperature, hydraulic depth, and so
forth, depending on the function. The active width of channel (fig. 1) is
defined (Bennett and Nordin, 1977) as that part of channel width where

active transport takes place.
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Equation 7 can be derived in the same manner as equation 1, but area
and discharge of sediment are considered instead of water (Krishnappan and
Snider, 1977). 1In equation 7, the change in average suspended concentration

1 .
with time can be considered to be zero: %%— = 0, because C' = C'(x,V(x,t));
and %% = 0 from the known constant discharge input assumption. Also, because

none of the parameters in the sediment transport function change during the

time step;

s _ - .
at =0 or QS QS (X) ’
then:
dQ o
32 s _
nw 5t + = = 0. | (9)

Since equation 7 is replaced with equation 9, the résuiting system

of equations is,

2
dqv /(zixg + H) Sp= 0 (5
dQ
3Z S _ . ,
Wi t& - | (9)
Q, = £(V,d,P). ‘ (8)

Ponqe and others (1979a) have solved the resulting system with a
linear-implicit finite~difference method with coupled equations 5 and 9, and
Z and Y (depth), the dependent variables. Ponce and others (1979b) also did
an elaborate convergence and stability analysis in a subsequent paper.
However, the transport function, equation 8, was assumed to have a special
form, and there was no allowance for armoring.

Bennett and Nordin (1977) accounted for armoring in their model;

it is characterized by a sophisticated sediment-continuity equation that



« v
L

i )
-

U

. H . - -
. . H . .~ .

considers the total load as composéd of bed and suspended loads and a flux
between the two. The suspended loadvis determined analytically, and the
transport function is a bedload equation. But this model requires considerable
data for the calibration of the bedload equation, as well as both suspended |
and bedload initial and boundary conditions. Such complete field data are
rarely available.

Komura and Simons (1967) considered degradation downstream from a
dam with an armoring factor on the shear velocity; however, there was
no provision for multisize transport in their model.

Deigaard (1978) used Engelund and Fredsde's (1976) total load
formulation, with the sum of the loads per size class normalized back
to the predicted load, through using a single representative size. Armoring
was simulated, but special assumptions about profile shape and upstream
discharges were made; no backwater equation was incorporated. A discussion

of armoring follows.

Armoring

Armoring occurs if grains of many sizes are present in a river bed;
the result is that the finer sizes are transported, and the coarser sizes
remain to protect the bed from further scour. It is a limiting process;
less scour is expected than if the bed material was all one size.

Hence, to consider multisize transport, a bed grain-size distribution
must be divided into size fractions (fig. 2), and there must be some kind
of accounting procedure for the change in those size fractions as the bed

is scoured or deposition occurs.
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Figure 2.--Sample discretization of bed grain-size distribution.
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Assumptions and objectives for the solution of the system of equations

5, 9, and 8 follow:

Assumptions and Objectives

1. Gradual varied subcritical flow is assumed.

2. No initial load conditions aré necessary, because every
dependent variable (except Z) is averaged during the
time step. AZ per time step must be small, and the size
fractions will change during the time step, depending on

scour or deposition.
aQs 9V %A 3D 3H 3C'

3. glé=0and%);=0imply-at—-,?t-,-a—t-,s?,ﬁ,gt—=0.

4. Equation 8 will be written for each size fraction, and
armoring will be considered.

5. Initial values of Chezy C may have to be updated, if there

is great variance in water discharge during the period of

simulation.

SOLUTION METHOD
The soiution technique amounts to solving equation 5, the flow
equation for the stage (H) and velocity (V) at each cross section; then
using equation 8, the sediment transport equation, to predict the sedi-
ment discharge at each cross section (QS); thereby deriving the sediment
load gradient, ;;5 ;s and finally, solving explicitly for the change in
the bed level, AZ, in equation 9, the sediment-continuity equation. It

is a nonsimultaneous sequential stage solution, but satisfies all the

assumptions and goals postulated in the previous section; the.flow variables

11



are not considered to change during the time step, and thus can be used as
constant parameters in the determination of a ﬁransport correction to the
initial bed level in the same time step. de Vries (1977) and Chen (1973) both
mention this uncoupled-mode solution, and Bennett and Nordin (1977) use the
same technique in the solution of the unsteady flow equations combined with
the transport equations, by averaging all hydraulic wvariables during the time
step before using them as parameters in the solution of the transport
equations.

The flow-equation solution will be discussed first in this report
followed by the specific solution of the transport equations; simulation

of armoring concludes the discussion.

Flow-Equation Solution

Equation 5 is solved by substituting a finite-difference scheme for the
nonlinear differential equation, and then solving the resulting algebraic

equation by Newton's Method. The equation is nonlinear because:

d[V2(x) /2 + HG)] , ¢ . d10%/26A%CoH(x)) + B , o
dx f dx £’

where H(x) is - the iterated variable, and the A(x,H(x)) is a known relation at
each cross section. Note that Sf also is nonlinear in the same manner; that
is, V2 is involved, but was not so written in the above equation.

So far in this development, the standard backwater équation has been
discussed, but there is no provision for changing bed level in the standard
version. It is possible that streambed elevation can change several meters
during simulation in which instance it would not have the same area versus

stage relation, A(H), at that cross section of change. It is, therefore,

12
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appropriate and necessary to make the substitution Y=H-Z for the iterated
variable H. Depth (Y) becomes the iteraged variable, because Z is a known
value at a section. For example, if there is erosion of 2m, the mean bed
elevation at the cross section is considered to have fallen two meters in
simulation, and the same area versus depth relationm, A(Y); will be preserved.

The finite-difference scheme is a two-point scheme, and a boundary
condition is necessary to begin solution. The downstream stage is customarily
obtained from a rating curve, and one works upstream with the scheme; the
upstream depth (Y) is the iterated variable in the scheme pairing (fig. 3).

A rating curve is a relation of the form H=£(Q); that is, given the input Q,

the stage is given. Once H is known, area is deduced from A=A(H); subseduently,
velocity is deduced from Q/A. The bed elevation must not change at the
downstream boundary; otherwise, the rating curve has no validity.

Upstream water discharge, Q, is considered constant throughout the reach
in the time step; Q in equals Q out.' However, allowance is made for signif-
icant mid—;each tributary inflow; in which instance the total reach must be
subdivided into subreaches, and the determined upstream value of one subreach
becomes the downstream boundary condition for the immediate upstream subreach,
and so forth.

The finite difference schemes substituted are:

TH TH
d(Q%/2gA% + Y +2) _ "4+l -4 = 02/90A2 )
Ix Axi , where THi = Q /2gA:.L (Yi) + Yi+Zi,
s
and Sf = (Sf + Sf )/2; where Sf = ————g-———-—-, where i is the
i i+l i Ai(Y 1)C§Di

cross section number increasing in the downstream direction. The top width
relation with depth, T(x,Y(x)) must be known at each section, in order that

‘hydraulic depth can be computed, that is, D=A/T.

13
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Figure 3.-~Two-point flow iteration scheme.
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Upon discretization then, equation 5 becomes,

Ax
- _i(s +S5:) _ g
F(Yi) = THi+]. -THi + 2 fi—i—l fi 03 (10)

d(s
and N =" + H
dy, ay, dy, 2

)
dF d(TH,) £,7 (8x))

dA dD,
2 L i°f, 0 dYy . in).
3 2 “A D"’
i

dA
or -3—5- = (-—-i)
i dY i gA

i

dD ) (dAi) dAi Ai(Yi + AYi) - Ai(Yi) )

where /T.; and =
in in i in AYi

The depth will be determined from;

dF(Yi )

X
Y =Y, - F(Y, )/ ——%-,
L X Lo 9y

1

I

I

I

|

i

1

1

i1

| where k denotes the iteration number. The value of Yil is picked

| ' arbitrarily. Discussion of the first guess (Yil) and convergence is

l presented in the next sectioh on calibration.

Once depth at each cross section is known, velocity is obtained
I at each; the next step is the transport part of the solution; however,
before proceeding, it may be necessary to know the water-surface slope (S)

i
i
i
1
1

1
11

for an update on Chezy C, or because it is required by the sediment-transport

function as one of the parameters in P. 1In any instance

15
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Ax Ax
s i-1 i . (11a)
i 2
(H, - H, .)
_ i i+l
or Si = -—_Z§;—_——— . , (11b)

These equations are poésible approximations of the water-surface slope.
Equation lla is more useful than equation lib, because each cross section
actually represents a discontinuity in the water~surface profile; however,
use of equation lla requires an upstream stage-boundary condition (equation
11b does not; see fig. 3); this can pose certain problems that will be |

discussed in the next section on calibrations and boundary conditions.

Transport-Equations' Solution

The first part of the solution involves finding the total sediment dis-
charge at a cross section using equation 8, the sediment-transport function.
Actually, since armoring is simulated, sediment transport per size class must

be calculated. Then, change in bed elevation is computed with the sediment-

continuity equation, equation 9; if degradation is indicated at a cross section,

then the armoring of the bed must be considered. The sediment~transport

function will be discussed first in the following subsection; then the sediment

routing with the sediment-continuity equation; and, finally, the armoring

simulation will be presented.

Sediment-Transport Function

Two transport functions predict the load at a section. A simulation

using each equation will be described, and results compared in the next

16
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section. Yang's genéral equation (1973) based on unit stream power was
developed on its agreement with actual data; hence, it is more empirically
founded than Engelund and Fredsde's equation (1976). Engelund and Fredsde's

equation is used with the normalizing scheme developed by Deigaard (1978).

Yang's equation

Yang's equation computes the total sediment concentration, CE, including
bedload, as a function of dimensionless effective unit étream'power, The
nondimensional unit stream power is the product of average velocity and water-
surface slope divided by the fall velocity of the particle; that is, VS/w,
where w is the fall velocity. |

The effective dimensionless unit stream power is determined by subtracting

off a critical stream power for incipient motion; that ié, VS/w —Vch/w. The

critical stream power of incipient motion is derived from the shear velocity

Reynolds number:

vrd | (12)

v b}
where V* is shear velocity; that is, V* = /gDS; (13)

and v is the kinematic viscosity of water in area per unit time.

The criterion for incipient motion (Yang, 1973, p. 1686-1688) follows:

%
1f 0<l—d <70,
\V]
v
then Zr = i.S + 0.66; : (14)
' log (T -0.06
%
and if 339- 570,
. , , |
then cer = 2.05. (15)
w

17
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Once the critical unit stream power is known, the total

concentration, CE is computed as:

' wd V*
log Cc = 5,435 - 0.286 log S5 ~.0.457 log ;—-+

' wd Vv VS - ‘er
(1.799 - 0.409 log 5 " 0.314 log " ) log (w " Y. (16)

Equ#tion 16 is Yang's general equation, which is based on a
multiple regression with 463 sets 6f laboratory data (Yang, 1973).

In the application of equation 16, V and D are determined from
the backwater routine; d ig aétually dm’ the mean diameter of the
size class limits (size class m); w and v are temperature dependent, and
their temperature variate relations are stored in the computer.

When the total concentration is known, then the total bed material

discharge per size class is determined'by:

= ' .

Q= K4, an

where K is a conversion factor to get the desired units for Qs ; in the
m

simulation, K was equal to about 0.0627 in the inch-pound system;
and ¢m is the fraction of the size class in question.

The total load at a section is then the sum of the size class
NSZ

loads over all size classes; that is, QS = z: QS , where NSZ is
i nm=l mi

the total number of size classes; and i is the cross-section index.
Once each Qs is known, the next step is the sediment continuity

mi
equation solution.

18
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Engelund's formulation with normalization

Engelund computes a bedload, Qb’ based on a dimensionless shear stress, 6;
at the same time relating the concentration at the bed, c;, to that same
shear stress; thus enabling calculation of the suspended load. Then the total
load is equal to the suspended load plus the bedload. The equations are
presented in the néxt pages, followed by an explanation of the normalization
technique used.

Engelund's bedload equation is:

in which
2
V! .
' = Ded } @
q &
q’b= ___2__3. : \ (20)
(s-1)gd ' '
B 4\ -4 ‘
T "6 ) 3 )
p= 1+ [-(-Q—_Ec-):l 4 | | (21)
where

0 ~ the critical nondimensional shear stress of incipient
motion, and is taken as 0.05 in this %imulation;
s = the relative density of sediment (take&xto be 2.65);
q = the volumetric bedload per unit width of channel;
g = the tangent of the dynamic friction angle, and is
taken as g = tan 27° = 0.51;
V*#' = the effective velocity with bed forms considered;
p = the probability of particle movement;

9' = the effective dimensionless shear stress with bed forms

consi&ered; and o = the dimensionless bedload intensity.

19



- V%' is computed by a method of successive approximations from

Einstein's equation (1950):
2

) - (22)

vV oy
7T = 6 + 2.5 In SgSks

where kS is the grain surface roughness; and is 2.5d in Engelund's

formulation.

The linear concentration of sediment at the bed (Ab) is computed using:

' -
6" - 8_ 0.267 p

A, 2 ,
b 0.027s 8' 23
where the volumetric concentration at ‘the bed (cé) is determined as:
' —‘~ 0. 65
e (24)

- 3
(1 +1/))

The thickness of bedload iayer (a) is assumed to be two times the grain

diameter; that is, a = 2d. The Rouse number (Einstein, 1950) is determined

by " (25)
0.4v%" °
The suspended load is calculated by
D ;
. uc'dy ;| (26)
q s' = \‘-.\.
a
where

q_, = the volumetric suspended load per unit width of channel;
u = the mean flow velocity at a distance Y from the bed; and

the concentration, at a distance Y from the bed. The

distributions assumed for u and c' are:

20
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u=s5.75v¢" 1% ; | 27)
s .
and
v o 0 (DY _a .z
et =c Gy p2) - (28)

_Einstein (1950) developed the following relations for the

practical calculation of the suspended load (that is, evaluation of

equation 26):

= T a1 (& 30D .
o 11.6v6 cy (d) (I1 ln(ks ) + 12) : (29)

in which ¢S is the dimensionless suspended load intensity,

2-1 1 .
4 1-y 2
and - ‘ Il = 0.216 z 5 dy ; \ (30)
\ 1-a) & \
i
A" Loy |
12 = 0,216 z f ¥ 1nY dY ; (31)
(l—Al) Al .
=& -
where | Al D

'

The integrals of I1 and 12 are evaluated numerically by Simpson's
Rule, and sufficient accuracy is obtained..

The total load is found by:

Q =W, + ¢ )V(s-l)gd3 . (32)
s b s

In the normalization process (Deigaard, 1978), the mean diameter
of the whole distribution is used to calculate a bed load, qb(dSO)’ and a
concentration at the bed. Then, for all size class fall velocities such that:

. .
P (33)
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an effective fall velocity,.we; is computed:
e= T (u_<V*') ; (34)

W, is then substituted into equation 25, and a suspended load,

qs'(dSO’ we), is computed using equ#tion-29. Using the mean diameter of

the size class limits, each size class bedload is summarily computed, and each
size class suspended load is computed, if the fall velocity of the mean
diameter satisfies equation 33. Then each load is multiplied by its respective

size fraction to give a bedload qy and a suspended load, Qg - The loads are
o m

summed in each category: suspended and bedload.

Then, qé , the final bedload per size class is:
m

q, d \
' H = b ( 50) .
b~ % WSz ; | (33)
2%
° m

m=1 H

m

and, q;,, the final suspended load per size class is:
n :
: 95t (350, Ye)

dgr = 95 N5z
m m N

H . (36)

. q_1
m=1 *n

where d50 is the mean diameter of the total grain distribution. The total

load for all size classes is:

W(ay (dgg) + agy (dggy “e)); (37)

which 1is equal to:

NSz
W(, (@ +al).
m=1 m m

22
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Sediment Continuity Equation

Equation 9 is discretized as follows:

sz M H W YW 02

WS T 4At s (38)
Q _Q )

and % Cmicl” Cmi (39)
dx (Axi + Axi—l)

2
where m is the size-class index; and i is the cross-sectional index. The

above discretization results in the bed level change being distributed as

Q
Sml

and is obtained from a rating curve; that is, given the upstream water dis-

shown in figuré 4. is the sediment discharge. at the upstream boundary,

charge, Q, the sediment load per size class is given. One works from upstream -

to downstream with the échemes-given above, unlike the flow computation, where

the downstream boundary condition is given. Qsmi—l is already known, having
[
Q

been previously calculated or from the boundary condition; Smi is predicted

with the sediment tramnsport function; and Azmi is solved for by equating

equations 38 and 39:

8at(Q _Q )
- smi-l Smi (40)
mi n(2Wi + Wi_1.+ Wi+l) (Axi + Axi-l)

AZ

Note that Zmi will be less than 0 if Qs . > Q

mi Sni-1’ indicating erosion or

scour; conversely, if aggradation is simulated, that AZmi will be positive

(fig. 4).
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Equation 39 is a two-point routing scheme; after the bed change in each
sizé class is found at a particular section, that section is paired with the

next downstream section, and loads are computed with the sediment transport

- function; then, the whole sediment routing process is repeated until one

reaches the downstream boundary.
The total net change at the cross section i is found by summing the bed

changes over all size classes; that is, 1f NSZ is the total number of size

classes then, AZi = Ngz Z .. AZi is the transport correction to the initial

mi
m=1

Zi’ and is added to that Zi to obtain the final Zi for thé time step. There-

fore, the final bed elevation for one time step is the initial bed elevation
for the next time step. Excepting the size fractions, no other dependent
variable changes over the time step but 2.

After the net bed elevation change is found at each cross section, a new
Q 1is input, and the system rises to a new time level. The solution process
begins anew with the flow solution (fig. 5). The provision for armoring,

however, introduces a slight modification in the solution process, as

discussed hereafter.

Simulation of Armoring
QS

Armoring occurs when the predicted is too large, meaning that the

mi

AZm1 determined from equation 40 is larger than the thickness of that partic-

ular size class available for scour (Tlm). AZmi is then fixed as that thick-
Q

ness, Tlm’ and the smaller smi becomes the unknown variable, when equations

38 and 39 are equated (fig. 6). The above-mentioned thickness of the bed in

a certain size class, T, , is determined by multiplying the size fraction of
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the bed maéerial distribution times the total thickness of mixing layer or
active layer (fig. 7). The size fracéion of the bed material distribution is
larger than the size fraction of the total distribution. This simulation of
armoring and the bed composition accounting to be presented hereafter were
conceived by Bennett and Nordin (1977); the situation described above is termed
availability limited‘transport.

| Bed-composition updating takes place regardless of scour or aggradation.
The active-layer thickness is fixed throughout the simulation. Theoretically,
the active layer represents the bed-material layer that can be sorted through
by the action of the flowing water in a time step, At. Its thickness is
controlled by parameter N (fig. 7). Parameter N is discussed in further
detail in the calibration discussion. If deposition in a certain size class
occurs, the active layer is moved up, gnd a thickness equal to that deposited
is left underneath; and is called the inactive deposition layer (fig. 7). The
compositions of both active'and iﬁéctive layers are updated accordinély; the
bed becomes more plentiful in the size class of aggradation.

Erosion in a particular size class is simulated by removing the required
thickness from the active layer. The active layer moves down; then an equal
thickness of inactive deposition or original material, as the case may be, is
mixed in to keep the active-layer thickness constant. Then both active and
inactive layer compositions are updated; the bed becomes less rich in the size
class of scour. This process is~repeated for all size classes and at each
cross section. For the same hydraulic conditions, it is possible to have
aggradation in one size class and degradation in another.

The next section deals with the data used in testing this model, and

calibration of the parameters involved.
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BOUNDARY AND iNITIAL CONDITIONS .

Because no change in the bed level can be predicted at the upstream
boundary cross section (fig. 4), it is used as an input section, and the
actual tranéient reach consists of one less than the total number (NXT) of
cross sections. Because the upstream stage is needed in calculation of the
water surface slope (S) a stage-discharge relation must be provided. For this
relation to be valid, as in the downstréam—stage boundary condition, bed
elevation must not change. If time history of the bed-level chénge is
available, and a depth-area relation also, then the upstream or downstream
cross section can be included in the transient reach.

In addition to the stage-discharge relation, the known-constant water
discharge, the constant-total bed-material discharge per size class, and the
average temperature of water in degrees Celsius are inpuﬁ per time step at the
upstfeam éection.

When just water, as opposed to sediment~laden w;ter, is coming into the
study reach, the total bed material discharge input is zero. |

The initial bed levels, Chezy Cs, and size fractions in each size class
must be given at each section (size class limits having been decided
previously). .The active width of transport must be supplied for each section;
and area-depth and top-width-depth relations at each section must be provided.

The Rio Grande-study reach is presented next as an actual example,
followed by the calibration and application of the model to simulate the

actual situation.
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STUDY REACH AND THE DATA

Data were collected in the reach downstream from Cochiti Dam on the Rio
Grande, because the bed was expected to change from a pre~dam profile to an
eventual post-dam profile. Degradation is conjectured, because, in theory,
the dam will trap moét of the sediment, and the water discharged from the
dam.will have rejuvenated sediment-transport capabilities and should scour
the bed more than previously.

The study reach is located approximately 64 km north of Albuquerque,
New Mexico, and 35 km southwest of Santa Fe (fig. 8). The reach has 37
cross sections distributed throughout its 95-km length (fig. 9). Streamflow
stations along the reach are downstream,from Cochiti Dam, cross section 2;
San Félipe, cross section 17; the Jemez River confluence, cross section 25;
and Albuquerque, cross section 36." Igleta Diversion Dam is the downstream
control point.

Elevations of bed and water surface are tabulated in table 1 for each of
the 37 sections. Sediment in the reach is not supposed to be uniform grain
size; although, downstream of the confluence of Jemez River, the reach is
mostly sand. Average bed grain-size ‘distributions for pre-dam and post-dam
time intervals are presented in table 2.

Typical average bed-size distributions for cross sections 5, 20, and 34
are given in figure 10 for pre-dam conditions and in figure 11 for post-dam
conditions. In addition to the typical grain-size distribution, hydraulic
relationships between water-surface elevation and top-width, area, and

discharge for cross section 2 are presented in figure 12.
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| Table l.~—=7Fre-dcm and post-dam ded and uater-surfzce elevations
i I at each cross 3gction
‘ l Mean water
Crogs- Location Mean bed elevation surface elevation
seccion downstrean (m). (m)
! l 7 aumber from dam ~
) (km) Pre~dam Post-dam Pre~dam Post-dam
5/11—26/73\ 5/22-31/73 5/11-26/73 5/22-31/74
' 2 3.4 1,590.06 1,589.74 1,591.22 1,589.75
3 5.3 1,587.10 1,587.06 1,587.91 1,536.97
. 4 6.8 1,585.07 1,584.60 1,385.26 1,584.47
: l S 8.2 1,582.71 1,582.66 1,583.50 1,582.73
' 6 9.7 1,580.39 1,580.27 1,580.81 1,579.36
7 10.5 1,579.04 1,579.14 1,579.68 1,578.11
; l 8 12,2 1,576.26 1,576.23 1,576.89 1,576.03
! 9 13.4 1,574.69 1,574.70 1,575.42 1,574.75
10 15.0 1,572.98 1,572.73 1,573.66 1,572.66
11 16.4 1,570.23 1,570.05 1,571.84 1,570.72
I 12 17.4 1,569.87 1,569.88 1,570.79 1,569.63
‘ 13 19.3 1,566.82 1,567.00 1,567.74 1,566.86
. 14 20.9 1,565.18 1,565.2%° 1,566.01 1,565.11
. 15 22.5 1,563.15 1,363.30 1,564.39 1,563.51
“ 16 24,0 1,561.28 1,561,22 1,562.87 1,561.79
17 25.4 — 1,560.51 ——— 1,560.61
i l 18. 27.4 1,3556.96 1,557.06 1,558.07 1,557.33
. 19 28.5 1,556.03 1,555.79 1,556.85 1,555.79
20 30.1 1,553.54 1,553.92 1,554.85 1,554.37
' 21 1.5 1.552.i7 1,552.44 1,553.32 1,552.92
I 22 32.2 1,550.98 1,550.89 ' 1,551.84 1,551.40
' 23 .6 1,550.00 1,569.89 1,550.66 1,550.05
. 26 36.2 1,547.98 1,547.91 1,548.30 1,547.96
. I . 25 37.7 ——— 1,546.67 —— 1,346.54
26 38.3 1,544.62 1,545.14 1,545.87 1,545.350
27 39.3 1,544,264 1,564.93 1,544.86 1,344.57
. 28 41.2 1,542.02 1,542.08 1,542.56 1,542.30
. 29 43.0 1,540.38 1,540.27 1,540.86 1,540.45
30 45.9 1,537.50 1,537.44 1,537.81 1,537.58
31 47.3 1,536.05 1,536.29 1,536.77  1,536.51
l 32 48.9 1,533.93 1,534.18 1,534.86 1,536.45
' 33 5.3 1,532.49 1,532.25 1,532.86 1,532.34
34 59.1 1,523.88 1,525.04 1,526.62 1,524.20
l 35 65.7 1,517.41 1,517.40 1,517.72 1,517.48
36 73.9 1,509.07 1,509.08 1,509.56 1,509.24
37 81.% 1,301.27 1,501.67 1,502.20 1,501.38
! I 38 89.3 1,495.03 1,495.11 1,395.47 1,495.00
: l 34
|
’\i 1
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There are flow losses along the reach due to irrigation, and additions .
due.to tributarieé and storms. Hydrographs of water discharge varying with
time at Cochiti, San Felipe, and Albuquerque are shown in figure 13. Varia-
tions in suspended-sediment concentration, water temperature, and.discharge at
Albuquerque are shown in figure 14.

During the period of data collection, maximum flow was measured in the
summer of 1973. During June, 1973, the maximum average velocity measured was

2.1 m/s at cross section 13, and the minimum was 1.1 m/s at cross section 34.

APPLICATION

Impoundment of water at Cochiti Dam began on November 12, 1973. Some
data were collected on or about No&ember 19 on the upper part of the reach
only. Comparison of the mean bed elevations at those sections measured both
on or about November 19, and on or about June 11, 1973, fevealed a minimal
difference; the record of June 11-26, 1973, was fairly complete also. Hence,
the June 1973 cross-section descriptérs, Zi, Ai’ Ti’ were used in both pre-dam
calibration and in post-dam prediction runs.

Because it was possible to accurately reproduce the water-surface profile
from June 11-26, 1973, and the discharge ranged from 99 to 170 m3/s indicating
relatively large sediemnt-transport rates, this time period was considered
adequate for calibrating the active-layer thickness parameter, N.

For both pre-dam and post~dam simulations, the Albuquerque cross section
was made the downstream boundary poiﬁt, because little bed change was osberved
at that cross section or farther downstream. A stage-discharge rating curve

valid for the simulated time period provided the necessary boundary condition.
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~ The upstream boundary point for the pre-dam simulation was cross
section 2. There, a stage-dischargé rating curve provided the upstream stage
boundary condition, and the bed material per size class per time step was used
in the model. 1In the post-dam simulation the upstream boundary was 305 m
downstream ffom the dam. Given the discharge, a new rating curve determined
fhe stage at that point, and no sediment was input to the reach.

A time step of at least 1 day is desirable, and the input daily (also,
monthly, yearly) average discharge and water temperature at Cochiti were
obtained from reports by the U.S. Geological Survey (1973, 1974, 1975, 1976).
Water discharges at San Felipe, cross section 17, and at Jemez River conflu-
ence, cross section 25, also were input; the total reach was subdivided into
three smaller subreaches (see section on solution method).
| There were not sufficient data in the report by Dewey, Roybal, and
Funderberg (1979) to determine the discharge-dependent sediment transport per
size claés at cross section 2 (the boundary cross section for the pre-dam °
simulation); that is, a bed-material discharge rating curve. Those data from
the report that could be used with.the bulk of the points and data from Nordin -
and Beverage (1965, tables 2, 8, 13, and 14) comprised a data set on which a
discharge-tfansport relation per size class was developed (fig. 15a and 15 b
and tables 3, 4, 5, and 6)..

Initial bed elevations were determined from data in Dewey, Roybal, and
Funderberg (1979) for each cross section. The active width at each cross
section was selected as that width in‘which there is vertical movement of the

bed, based on the cross—-section depictions in Dewey, Roybal, and Funderberg

(1979) .
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Table 1.-=Aycrzulic €232 base jor modijted Zingtain corputation
in Ffizure 14 at Jochiti

Dace Q b ° v Temp S
(£e3/9) (£c) (£e) (fc/s) °c
6-11-73 $,130 268 3.82 S.46 10.0 0.00073
$=12-70 2,640 196 2.71 4,97 16.5 .00128
$=03-71 1,100 135 2.36 3.45 18.0 .00119
3~20-72 1,700 128 2.99 A 11.5 .00080
11-10-72 1,230 13 2.16 4,28 7.0 .00089
§=29~56 93 233 .31 3.09 18.9 .00129
4=03-56 964 00 1.6 2.2 8.3 .00129
6=22-41 674 280 1.09 .2 24.4 .00128
S-18-61 2,620 281 2.39 3.90 15.0 .00137
$=02-61 3,680 288 2.82 4.33 13.9 .00137
4=26-61 2,090 | 282 2.18 3.40 1.1 .00134
6=26-58 1,000 263 1.71 2.22 23.9 .00118
6=17-58 2,040 . 288 2,24 3.20 2.1 .00118
6-12-58 $,060 298 4.03 4.21 17.2 .00113
§~09-58 4,990 . . 297 3.64 4.62 16.7° .00123
6-03-58 8,680 295 4.85 6.07 17.0 .00127
$~26~58 - 9,810 335 4.9 6.67 16.0 .00127
$-20-58 8,920 316 4.3 6.50 14.0 .00120
$=12-38 8,900 328 4,09 6.63 14.0 _  .00120
$-07-38 7,960 08 3.93 6.58 12.8  .00129
6=26=57 4,800 291 3.13 5.27  19.6 00129
§=12-57 . 5,520 297 3. 5.62 16.7 . .00129
§~29=57 3,350 287 S 2.8 4,65 17.0 .00129
Se16=37 3,470 283 2.55 4.81 12.2 .00129
12-29-56 464 124 1.65 2.27 2.2 .00129
12-15-86 327 118 1.43 1.9 3.3 .00129
11-17-54 367 115 1.49 2.03 9.4 .00129
10-19-34 - 294 100 1.60 1.8 14.6 .00129
10-05-54 164 a8 1.18 1.39 2.2 - .00129
9=23-54 68 77 91 .97 21.7 .00129
3=08-34 $00 178 1.50 1.87 2.1 .00129
8=24-54 252 173 .96 1.50 21.1 .00129
8<10-54 264 12 1.02 1.50 22.8 00129
T=12-54 786 2958 1.24 2.6 25.0 ° .00129
6=01=54 881 300 1.% 2.19 19.4 .00129
$=20-54 1,590 284 1.89 2.96 19.4 .00129
$-04=34 1,170 300 1.73 .33 170 .00129
§~20-56 709 300 1.22 1.96 16,4 .00129
4=07-56 sS4l 288 .98 1.92 16,4 .00129
3=23~54 309 177 1.00 .7 10.6 .00129
3=10-54 ° 416 208 1.7 1.711 12.2 .00129
6elb=S6 667 204 1.73 1.39 18.3 .00129
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Table 4.-—leasured 3uspended atze cilass digtrifution (in percent);
total zvercge concentration (in rarts zer million),
2z Cochiti

Size class discribucion

(percentc) ' Total

Dace Cbncen:fatien
.002-  0,0625-  0.125- T70.25- 0.5 1.0~ )
0.0625 - 0.125 0.25 0.5 1.0 2.0 (pp/m)

‘Tm om . om am om
6-11-73 18 28 43 2 0 1210
$-12~70 32 3 2 5 0 0 1920
$=03-71 32 8 10 35 15 0 1080
3-20~72 16 18 18 32 16 ] 1990
11-10-72 22 35 27 16 0 0 2270
§-29-56 i1 40 27 2 0 0 969
4=03-56 25 8 7 28 2?7 s 5000
6=22-61 80 s u 4 0 0 153
$=18-61 11 3 20 k1] 23 I 2750
$~02-61 56 12 23 3 1 ° 23719
4~06-61 I3 12 36 1 0 0 1210
6~24-58 43 18 k) 4 50 0 247
6~17-58 T4 1 2 45 28 1 5240
§=12-58 3 21 25 38 12 8840
6~09-58 7 4 17 21 6 ] 7670
6~03-58 17 1% 29 22 18 0 . 3110
$-26-58 32 T2 2? ? [ 2 3110
$=20-58 36 26 28 9 1 ° 3n0
$=12-58 a1 28 23 ] 3 0 4350
$-07-58 45 19 2 7 3 2 6090
6=26=57 1% 8 29 29 16 4 3940
6-12-57 20 ] u 22 12 10 5410
§=29-57 - 19 13 a1 24 13 ° 2770
$-16=57 26 23 3 1 4 ) 2550
12-29-54 32 2 26 21 (] 0 $61
"12-15-54 28 15 39 18 0 0 362
11-17-54 %0 32 2 7 0 () 637
. 10-19-54 131 13 29 17 9 () 182
10-05-54 78 17 H 0 0 (] 186
9-23-56 69 8 * 19 4 0 0 118
9=08-54 90 6 4 0 (] 0 3130
8-24=-54 99 0 1 (] 0 ] 2920
8-10-34 53 9 15 19 4 0 750
7-12-54 a8 7 5 0 0 0 1270
6=01-54 [1] 31 13 1 (] 0 425
5~20-54 60 28 10 2 0 0 2000
$-04-54 18 1 7 1 0 0 1780
4-07-54 89 2 3 6 (] ) 290
3-23-54 - 81 7 9 1 0 s7
3-10-54 46 27 23 29 0 o 83
6=14=54 40 13 2 3 0 0 298
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Table 5.--Representative average bed-size distribution on Conchiti
for the pre-dam modified Einstein computation

[Average bed-size distribution in percent]

0.002- 0.0625~ - 0.125~- 0.25- 0.5- 1- 2- 4- 8-

0.0625 mm 0.125 mm 0.25 mm 0.5 mm lom 2 mm 4mm 8 mm 32 mm

47



r

I | Table 6.-~Bed material rating curves
l [Qs megagrams per day, Q in cubic meters ber second]
: l _ : Standard error
Relation Location .. _a_ ___ T - T .
. (Log units)
q = aQ? X-sec. 2 0.631 2.01 0.35
1
l Q = aQ® X-sec. 2 0.770 1.97 0.44
. 2
q = aQ® X-sec. 2 0.425 1.91 0.42
. l 3
. b -2
l Qs = aQ X-sec. 2 1.28 x 10 2.30 0.44
: 4
b . -2
l Q= aQ X-sec. 2 2.07 x 10 1.93 . 0.30
' 5
.
. ' b -3
: Qs = aQ X-sec, 2 3.24 x 10 2.44 0.39
6
‘ I _ b -6
Qs = aQ . X-sec. 2 1.72 x 10 3.36 0.40
I 7
l Q, = aQ® X-sec. 2 1.92 1.99 . 0.35
' q = aQ® X-sec. 36 15.8 1.56 0.13
I (1973) - - |
' q = aqQ® X-sec. 36 1.66 1.71 0.21
(1974-75)
1
48
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The size classes considered wefe: 0.125-0.25 mm, 0.25-0.5 mm, 0.5-1.0 mm,
1.0-2.0 mm, 2.0-4.0 mm, 4.0-8.0 mm, and 8.0-32.0 mm. The representative
diameter of each class is the mean of the size class limits, except.in the
coarsest class, where the representative-diameter was chosen as 12 mm. These
limits were chosen because particles finer than 0.125 mm (washload) are postu-
lated to be transported through the reach. Such transport is not described by
the bed-material transport function, (eq. 8); and these limits are the omes
used in the modified Einstein computation of total load (Colby and Hembree,
1955), which produced the observed load thatvthe transport function predictions
were compared with at cross section 2,

" Average pre-dam and post-dam size distributions were obtained from the
data report, and size fractions were determined for the above-named size
classes (fig. 2). Average pre-dam size fractions were used as initial size
fractions in both simulations, assuming.that average post-dam distribution

will be arrived at by the end of the post-dam simulation.

CALIBRATION
The parameters to 5e calibrated are Chezy C in the flow equation, and
mixing-layer thickness parameter N in'the armoring simulation. In addition,
two possible parameters of calibration in Engelund's equations are investi-~
gated. Yang's equation is in its final form and has already been calibrated,

in the sense that it agrees quite well with certain data.

Engelund's Parameters

The Engelund parameters are bedload thickness, a, and fall velocity-

shear velocity-ratio criterion for suspension, %; . In the proposed
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version of Engelund's formulation, a is taken as 2d; and —%; must be less
. : w
than 0.8 for suspension; although in this study, —%; was taken to be less than

1 for susﬁension. The proposed version is plotted in figures 15a and 15b, with
Yang's predictions, to test their agreement with the observations per size class
at section 2. Although agreement is good (standard error is less than standard
deviation, and trend lines are close) in the first size class, 0.125-0.25 mm,

and in the total load comparison, the other figures show the simulated loads

noticeably lower than the observed loads. This is due primarily to the lack of
suspended load in the coarser size classeé in Engelund's formulation. A coarse

suspended load is computed in the modified Einstein computation.

w
Einstein (1950) points out that: if —%; > 2, the suspended load is

insignificant compared with the bedload; and,_the load in that size class is
essentially bedload. The velocity ratio limit of 2 forbéuspension gives better
results, in that suspended load is predicted in size classes 2 as 0.25-0.5 mm,
and in size class 3, as 0.5-1.0 mm; this is supported by measured suspended-size
analysis on the Rio Grande (table 4).

Recomputing with the velocity ratio criterion as 2; the total suspended
load obtained is found to be considerably less than that obtained when the
velocity ratio.criterion is 1. This is due to normalization, which will tend
to enlarge the original bedloads, qb , and decrease the original suspended
loads, qgr- This occurs because thembedload calculated using the mean diameter
of the to:al material is larger than the sum total of the bedloads computed by
size class; in the case of suspended load, the suspended load computed using

the effective fall velocity is less than or equal to the sum total of the

suspended loads computed by size class, especially if the velocity ratio limit
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is large. If normalization is to be obtained, the velocity ratio must be
low rather than high; therefore, the value of 1 was kept. ' .

The other alternative is to discard normalization altogether, and compute
loads per size class, the sum of those loads being the total load. By adjust-
ing ﬁhe bedload thickness layer, a, good agreement with the modified Einstein
computations was obtained in the size classes for which the concentration at
the bed was significant. In the coarser size classes, there was no improvement
in agreement because of the very small concentrations at the bed; in fact,
normalization gives better agreement because computed bedloads are increased.
If a was made to increase with size class, however, predicted trend lines in
the first three size classes tended to approach observed trend lines; for
instance, in the 0.25-0.5 mm class, a was taken as 7d; whereas, in the 0.125-
0.25 mm class, a was found to be Qd. This tendency does not seem to be sub-
stantiated in nature; one would expect coarser particles to travel closer to
the bed.

Also in Engelund's aﬁproach, the predicted concentration at the bed is
not dependent on bedload 1;yer thickness, but is based solely on dimensionless
shear stress. This is in contrast to Einstein's computation (1950) of con-
centration at the bed, wherein concentration would decrease if the bedload
layer were increased, due to increased water flow through the bedload zone.

Hence, a is not a reasonable calibration parameter.

Chezy C

Starting from the downstream section, 36, and working up the reach with
the backwater equation, it was possible to reproduce the actual June 1973

water surface profile. The computed profile was within 0.03 m of the observed
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stage and the coméuted velocity was within 0.03.m/s (meter per second) of the
observed velocity at each section. The values of Chezy C so determined were
the initial values in the pre-dam investigation.

However, upon iteration of Chezy C at a sectién with equation 6, super-
critical flow and an unrealistic profile resulted. To prevent this, the water-
surface slope in equation 6 should be replaced by the energy gradient between
sections. Indeed, when the June 1973 profile was accurately reproduced, the

backwater equation was employed in the following manner:
v

Cl = _——__1_— s (41)
v (2E-S_. )D
£,°71
2
where
= (TH,~TH,)
E(the energy gradient between sections) = A ’
1
V2
S, = ——2,
f 2
2 02 D2

and 1 denotes the upstream section and 2, the downstream section.
Equation 41 is plotted in figure 19 for sections 22 and 23. The graph

of equation 41 is a hyperbola, with a horizontal asymptote of

v \'f
Cl= 1 and a vertical asymptote of 02 = 2 . For instance, on
v 2EDl 4 ZED2

the reach between section 22 and section 23, if 66 is taken as the Chezy C

at section 23 and a certain energy gradient is imposed, then 31 is the

A
corresponding Chezy C at section 22. The value as Cz, gives
v - !
fjéi- as Cl’ and turns out to be the symmetrical ordered pair, (47, 38)

1
in figure 16.
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Figure 16.-- Coupling of Chezy C based on the backwater equation.
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For the pre-dam case, it was possible to find one Chezy C at each section
that satisfied both the downstream- and upstream—-energy head constraints; in
the post-dam case, this was not possible, because of the change in the depth-
area and depth-top width relations that cannot be simulated. The cross secti§n
only rises and falls; it is geometrically preserved. Also, the June 1973 pro-
file was obtained under‘highlflowslwith overbank flow occurring at some sec-
tions, thus giving a loose constraint, in that convergence will occur no matter
what Chezy C is in force at the overflow section.

As an example of the post-dam instability in Chezy C at a section, refer
to figure 19. Under the energy.gradient from section 22 to section 23, Cl
must be greater than 27‘(the horizontal asymptote); but, if C at section 22
is taken as 27 or more, then under the energy constraint from sections 22 to
21, C at section 21 must be less than 13 and gfeater than 11, which does not
intersect the defined region_(C2 >17) for the upstream reach (section 21 =~
section 20).

It was decided in the post-dam case to couple values of Chezy C at a
section, one for the downstream subreach and one for the upstream subreach.
For example, in figure 16, section 22 would have 38 (from section 235 and
19 (from section 21). It was also found that if the coupled values detemined
from the data of May 1974 (the first complete post-dam record encountered)
were compared to those coupled values determined from the November 1975 data,
there was little difference. Nordin and Beverage (1965) pointed out that for
sand-bed sections on the study reach, there were distinct groupings of Chezy C
below 60 m3/s and above 99 m3/s; the apparent agfeement seems to support this

premise, since both data records were taken at low flow (less than 60 m3/s).
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Therefore, assumiﬁg the post-dam transient will exhibit the same flow regime,
dependent Chezy C, it was decided not to change Chezy C at a section in either
the post-dam or pre-dam case, unless a new flow regime comes into effect.

| “The area-depth and top width-depth relations are stored as arrays in the
computer, and intermediate values are linearly interpolated between the 0.1525
meter increments. The starting value for the Newton iteration is set to the
smallest depth tabulated at each section, and convergence is achieved in 15
iterations or less, with a tolerance of 0.0003 meter between iterated depths.
Analytically, the discretized backwater equation or function, F(Yi) (eq. 10)
is large positive and decreases to within a small télerance around zero.

Utilization of arrays is especially conduci§e to simulation of overbank
flow at a section. In most cases of overbank élow, a maximum energy head is
in effect; that is, velocity and stage do not increase béyond a certain point,
and overflow does not contribute to sediment transport in the channel. Hence,
iteration for the depth is cut off at the maximum value tabulated, representing
the maximum edge of channel.

The backwater routine must be convergent over a wide range of flows in
this simulation, that is, from 4 m3/s to 170 m3/s., For certain extreme flows,
a Chezy C at é section is too high, inferring no resistance and a relatively
large velocity. The iteration will try to converge to a depth less than that
tabulated in the array. Analytically, equation 10 becomes negative and the
derivative stays ﬁegative, thus plummeting the iterated depth below the least
tabulated value. For this to occur at high flows, Chezy C must be on the order
of 330; this problem is not encountered in simulation. For low flows of

. 3 _
10 m"/s or less, a Chezy C of 33 could be too large. To counteract this
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problem, the interation is simply terminated at the smallest depth tabulated
if continued iteration causes C to decrease beyond the feasible fegion for a
section. There is no serious side effect of this procedure, because the load

flux gradient for such low flows is so low that it will result in zero bed

change.

Parameter N

Parameter N (originally developed as an integer multiple of the largest
representative diameter of the size classes) is the controlling parameter in
the sediment routing process because it limits the amount of material available
for scour. In addition, the value of N, with,phe sequential nature of the
routing process, controls aggradation. |

In the routing process, the bed-material load differenpe over a Ax is
computed per size class, based on the initial size fractions (¢m) of the time
step. After the load difference is translated into AZm by equation 40, then
AZm is added or subtracted from the active layer at a section, depending on the
sign of the load flux difference, starting with.m = 1, until all size classes
are routed. Since compsition of the active layer has changed as a result of
the single routing, the compositions (which are the thicknesses available for
transport) must be updated. Routing of one sediment.size affects all subse-
quent routings of coarser sizes; that is, if there are 5 size classes, then
each size fraction will change 5 times between t and t + At.

The following observations result from the non-simultaneous simulation
process described above:

1. The active layer thickness is not a limit on the total net bed

scour at a section (AZi).
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The final fraction for any size class can be zero only through
aggradation in another size class.

Because of (2) above, net aggradation can be made to vary by
adjustment in the active layer thickness; however, net
aggradation, which is the sum of the bed changes per size class,
must have at least one negative term (degradation in a size class).
As a result of both degradation and aggradation being regulated
by N, and the sediment routing procedure being upstream dependent,
N is a load calibration factor at a section.

Due to 4, for the same hydraulic conditions and initial size
distribution at a section, different loads can be produced,
depending on N. The larger N, tﬁ; larger load at a section, up
up to the load predicted by the transport function; after that,
there is n§ change in the load, and correspondingly, no
regulation.

N determines the change in size fraction; that is, the larger N,

" the less change in ¢; and the smaller N, the more change in ¢.

Bennett and Nordin (1977, p. 560) mention that '"the parameter N is

. data exist.

related to At; the larger At, the smaller N must be to yield the same
predictions'". Deigaard (1978) however, employing a different size-
composition accounting scheme, sets the active-~layer thickness equal to the
dune or bed-form height regardless of time step size. In any case, the best
value of N must be determined by comparison of predicted loads with observed

loads in the pre-dam run, at some control section where measured total load

57



.Albuquerque was the obvious candidate for the control section because
many measurements existed; it was also an element of the transient reach, in
the sense that the loads simulated there would be affected by N. The data were
instantaneous measurements of total load, including wash load, but a good
estimate of the bed material load (>0.125 mm) could be obtained because the
measured suspended sediment size distribution was presented, and the reference
size in the modified Einstein computation was 0.125-0.25 mm.

There were enough measurements at Albuquerque to determine a dischgrge-
total bed-material discharge rating curve. The measurements for the pre-dam
rating curve were taken from the data report (Dewey and others, 1979), while
those for the post~dam rating curve were taken from the Water Resources Data
fpr New Mexico (1974, 1975, 1976). Therefore,'ét Albuquerque, an average bed-
material load is ascribed to a given average discharge. This is more desirable
than comparing simulated average loads to instantaneous measurements. The
rating curve derived was consistent in magnitude with those discharge-total
bed-material relations discussed by Nordin and Beverage (1965).

When N = 14, the active layer is 168 mm and there was no availability
limit at Albuéuerque. As can be seen in figure 17, Yang's equation compares
well with thg observed, and Engelund's does not. This is misleading, however,
since Yang's equation is correlated with discharge (eq. 17) and the "oBsefved"
points are actually based on discharge‘from the sediment fating. Engelund's
equation with normalization does not compare well with the modified Einstein
computation of the Rio Grande because the trial-~and~error determined Rouse
numbers (z) for the modified Einstein computation are much smaller than those

.calculated by equation 25 in the Engelund formulation. In an effort to boost
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Figure 17.— Total load comparisons at Albﬁquerque, with N=14,.
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superficially the total load agreement (the actual load by size-~class agreement
would still be pobr) of Engeluhd's fofmulatién, the fall veloéiéy-shear velocity
ratio criterion for suspension was lowered to 0.8. This resulted on day 10 in
a disproportionate climb to a new load level, because the effective suspended
diaméter was 0.1875 mm, and all the suspended load was in the 0.125-0.25 mm
class. This increase is not supported by measured suspended size analysis on
the Rio Grande for high flows. Since a measure of the model's performance will
be net;load outflow compared to observed net-load outflow (modified Einstein is
the best), it is preferable to run the post-dam simulation only Qith.Yang's
equation.

This authof feels that N varies directly with At rather than inversely as
postulated by Bennett and Nordin (1977). Values of N tried in the pre-dam run
were: 1.2, 12, 36, 72, 144, and 168 mm, with a time step of one day; only in
the latter three cases was any agreement reached between the simula&ed and the
observed loads. If a river has a certain dune height or thickness of movable
sediment and a time period for sorting that bed form, then the amount of mate-
rial available for scour must be less than the dune height if At is less than
the time period. Conversely, if At is greater than the time period, then the
amount available must be greater than the dune height. In Bennett and Nordin's
simulation on the East Fork (1977), the active-layer thickness was 40 mm for a
time step of one-half hour. Assuming the same sorting rate for the Rio Grande
ana an inverse relationship, an active layer thickness of 0.83 mm is obtained

for a time step of one day. This unrealistically limits the loads.
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RESULTS AND DISCUSSION

The results of the simulation are shown in figureé 18, 19, and 20. The
simulated bed changes after 204 days of post-dam flow are.compared with the
observed changes in figure 18. The major observed changes are +0.52 meters at
section 26 (38.3 km), just below the Jemez River confluence, and -0.47 meters
at section 4 (6.8 km). The corresponding values for the model are +0.35 meters
at section 13 (19.3 km), and -0.92 meters at section 2 (3.4 km). The largest
differences between the model and the observed are at sections 2, 4, and 7
(10.5 km). Section 2 is the first plotted point; section 3 is the second; and
so on.

The rest of the differences are less than 0.5 meters, and a fairly good
trend is present. The observed net bed change of the reach, computed by dis-
tributing the changes in figure 18 over the Ax segments and active widths is
+5.1 mm *1337%. The‘simulated figure is =40.3 'mm +30%. The estimated net out-
flow of bed material is 4.40 x 10° Mg +18%. If the simulated net bed change is
converted to load, the net bed material outflow is 5.81 x 105 Mg; if the esti-
mated net outflow is distributed over the reach, the net bed change is -30.5 mm.
It is evident that not much transition occurred by the end of the de-day time
span ending in May 1974. However, if the bed changes over the period from dam
opening to November 1975 are examined, there is a definite degradation trend.

Results of the 2-year simulation from November 1973 to November 1975 are
pictured in figure 19. There was a mild runoff event in the spring, 1975. A
maximum average flow of 165 m3/s was observed at San Felipe, as opposed to
244 m3/s in the runoff event of spring, 1973. This is considered to be the

reason for the degradation trend, because from November 1973 to May 1974, no

flow was greater than 58 m3/s.
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Figure 18 .-- Measured versus simulated bed changes after 204 days.



£9

|
-

BED CHANGE, IN METERS

|
N

Cross section 35

Jemez River confluence

San Felipe

1
]
1
]
! .
.l ® MEASURED
.' =a SIMULATED 70Q DAYS
1
: sme= SIMULATED 24 MONTHS .
]
1
1
1
I
4 4 3 1 L 1
0 10 20 30 30 50" 60 70
DISTANCE DOWNSTREAM, IN KILOMETERS

1975 runoff event.

Figure 19.-- Measured versus simulated bed changes after the



79

MEAN DIAMETER, IN MILLIMETERS

| DISTANCE DOWNSTREAM, IN KILOMETERS

Figure 20.-- Comparison of éﬁerage post?dam observed and simulated 1ong1tudihal size distributions.
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fhe net observed bed change over the whole.reach for November 1975 is
~85.5 mm +26%. The observed change over the reach from section 2 to San Felipe
is =214 mm *16%, and from section 2 to Jemez River confluence is ~171 mm *17%.
The corresponding simulated values are -360 mm *407% for the upper reach
(seétions 2-16); —246 mm +40% for the upper and middle reaches (sections 2-24);
and -166 mm +407% for the entire reach. The simulated net-reach change is
approximately double the observed. The preceding simulated values were for a
time step of one day; the total time period of simulation was 700 days.

A simulation was also done with a time step of one month. As can be seen
from figure 19, trends with the 700-day simulation are quite good: the net
reach change is ~170 mm +40% with a time step of one month.

In the 204-day simulation, agreement between estimated net bed—méterial
outflow and the load computed from net-reach change was poor; this was not the
case in the long-run simulation. For the 700—day’run, Yang's. outflow is 2.28
X 106 Mg +267%; estimated observed outflow is 2.69 x 106 Mg +507%; and outflow
computed from net-reach change is 2.39 x 106 Mg *407%. For fhe 24-month rum,

Yang's outflow is 2.29 x 108 Mg *+26%; estimated observed outflow is 2.36 x 108

Mg *50%Z; and outflow computed from net-reach change is 2.46 x 106 Mg,t4QZ
However, if the observed net-reach change is converted to load, the figure is
1.22 x 106 Mg +40%Z. This is perhaps an indication that the bed material is
actually coarser than what is being represented as bed material ( 0.125 mm).
The major observed changes on the reach are the -0.45 metér *17 at sec-
tion 4, and the +0.25 meter +2% at section 26. Corresponding figures for the

simulation are -2.89 meters +407 at section 2, and +0.69 meter *40% at section

23, The simulated changing at section 2 is disturbing to the modeler. The
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observed change at‘sectioﬁs 2, 3, and 4 is essentially non-existent fr§m May
1974 to November 1975. The only possible ekplanation is that the bed in these
sections is actually much coarser than is represented by the data. In fact,
referring to figure 20, there is only good reproduction of the observed average
post-dam size distriﬁuCion downstream from section 23.

The bed change at section 2 simulated by the month time-step run (-3.59 m
+407%) 1is greater than the change simulated by the day time-step run. This is
unusual, because more flow variation for a one-day time step than for a month
time step should result in higher flows and, therefore, higher transport. 1In
the 24-month simulation, the active layer thickness was increased 30 times
over the 700-day simulation. This thickness obviously did not limit the loads
enough; in fact, resulting ending month distribué%ons for most sections showed
predominantly fine material and did not agree with the points in figure 20.

It can be deduced that, aithough the active layer should be thicker for a time
step of a month, the proportion is not linear. This thickness would be calcu-
lated by calibrating for a time step of a month at a section known to have a
limited sediment supply section; such a section méy be hard to find. Also,
for a time step of oﬁe month, some of the bed changes simulated were on the
order of 0.3 meter. A change of that magnitude could be expected to affect
the water surface in the time step. 'This is a violation of one of the basic
assumptions under which the model was derived (see background assumptions).

There are two disturbing consequences of the simulation in figure 20.

At section 4, the bed material is quite coarse in comparison with the other
sections; even more odd, the distribution at section 2 has become finer from

May 1974 to November 1975. From dam opening to May 1974, only fine material
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is transported, but during the runoff of spring 1975, coarser matefials will

be transported. Yang's equation predicts unusually high transport rates for
the coarser material (figs. 15a and 15b.). Also, the hydraulic energy gradient
between section 2 and section 3 is very even; while from sections 3 to 4, there
is a significant drop; Thus, an unusual amount of coarser material transported
out of section 2, flushed through section 3, and deposited in section 4.

These anomalies at sections 2 and 4 are mainly the fault of ﬁhe tendency in
Yang's transport equation to pridict higher transport rates for the coarser
sizes.

For the 204-day simulation, the flow was consistently low, and Chezy C
was not changed at all over the period of simulation. For the 700-day and
24-month simulations, the &igh—flow values for. Chezy C were determined from
the May 1975 hydraulic data‘from the data report. Instantaneous flows ranged
from 85 m3/s to 130 m3/s. Instantaneous flows in the hydraulic data of May
1974 ranged from 11 to 26 m3/s, and the Chezy Cs derived from this run were .
found to agree with those derived from the run of November 1975, flows of
which ranged from 37 to 51 T3/s. There is some error in the coupled values
for Chezy C, in that they wége not derived for the same flow at each section.
However, there will probablylbe more error in simulation in the modeling of
the hydraulic features for those flows in the transient range: 58 to 99 m3/s.
In the simulation, the high~flow Chezy C:preempted the low-flow Chezy C at
58 m3/s or greater. There were no data available to determine some kind of
transient-flow Chezy C at a section. The absence of calibrated values for
Chezy Cs could account for the greater amplitude of oscillation in the pre-

dicted values than in the observed (fig. 19). Also, the greater the variation
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of input average flows, the greater the distortion of respective water-surface
profiles; consequently, the greater the inaccuracies in the hydraulic proper-
ties that determine the transport rates. However, this author feels that the
procedure of coupling Chezy C is an improvement over the use of one value at a
section, or the use of one value for the reach, because a more accurate water-
surface profile is obtained.

Finally, bed-composition accounting may be inadequate. The accounting
system always provides for replenishment of material; that is, bed material is
assumed to extend infinitely downward in the same composition as that posed
initially. This may not be an accurate characterization at each section of

the reach, such as sections 2 and 4. It seems for sections downstream of

-

sgcti&p 19, the infinite downward assumption proved reasonable; however, for
the upstream sections, a heavy coarse layer under the active layer should
probably have been posed.

In addition, routing of one size affecting routing of anotﬁer does not
seem correct in the bed-composition routine. Some work must be done on simul-
taneou% routigg of all sizes; it is believed that Benmett (1978) has already

\
done some research toward this end.

CONCLUSIONS
The coupling of Chezy C in the backwater equation improves reproduction
of water-surface profile, especially in the absence of initial conditions and
other input control parameters.
Yang's equation describes multi-size transport on the Rio Grande well,
while Engelund's formulation does not, due mainly to irreconcilable differences

with the modified Einstein computation. However, Yang's equation tends to
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predict too much load in the coarser sizes on the ﬁio Grande, resulting in
inexplicable phenomena occurring in simulated bed-size distributions at some
sections.

The active-layer thickness varies directly with time-step size; on the
Rio Grande it limits the loads little, if at all, with Yang's equation employed
as the transport function. This may be a reason for the more radical changes
predicted by the model.

Though the active-layer thickness varies directly with time-step size,
this variation is less than linear. For this reason, as well as the fact that
too much bed-elevation change may occur in a time step, it is inaccurate to
use simulation on the Rio Grande with time steps larger than one day.

Since the estimated observed out%iow of bed material is consistently
larger than the outflow computed from the_net—;bserved reach change, it may be

i .
deduced that the actual bed material is much coarser than what is represented
as bed material, that is, sediment which is coarser than 0.125 mm. Perhaps,
0.25 mm is a better cutoff for the wash load.

There is a definite degradation trend in effect on the study reach, but
this trend is in direct proportion to the amount of flow in the reach. The

model tends to exaggerate the observed in a ratio of 2:1 on a net-reach change

basis.
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COMPUTER PROGRAM AND PRINTOUT

The computer simulation program and some sample output are presented in
this section. The index to the computer variables is given first, followed by
the program, then the sample printout. The program is not completely general,
and all variables are in inch-pound units unless otherwise specified in the
index. 1In a printout, the first row lists: the net bed change, CHANGE; the
net stage change, CNET; the bed elevation, ZN(I); the stage, ELEVN(I); and the
total bed material load, QBT(I); from left to right, leading from the crosé-
section number on the extreme left. Cross sections 17 and 25 are not repre-
sented because of lack of data. QBT(I) is in tons per time step. The seéond
row with the samé section number presents from left to right: the average
velocity, V(I); the mean depth, D(I); the area‘éf water, AREA(H,I); the
Chezy C, C(I); and the bed change in the time steps, BE(i). The three numbers
above the table are the flows on the reach from downstream to upstream, read-
ing left to right. In the program the step backwater computation(is on page
80; Subroutine Yang is on page 86; Subroutine Enéelund is on page 84; and
the bed composition accounting routine is on page 83. Some pre-dam output and

all post-dam output are given.

Index to Computer Variables

* - Input variable M - Size class index
E - Subroutine Engelund only J - Depth increment
Y - Subroutine Yang only K -~ Subreach increment

I - Cross-section index
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2

T

) e

A(1,J)

AO(M)

Al

AREA(H,I)
B(I,J)

BO(M)

Bl

BE(I)
BLAMDA
C(1)
C1(1)
c2(1)
C3(I)
C4(1I)
CB

CFS(?)

CHANGE
CNET
CR

CTLOG

D(M)

The relative bedload layer thickness, E
The area array for each section, *

A coefficient in the bed material discharge rating curve
for size class M at section 2, *

A coefficient in the stage rating curve at the upstream
boundary section, *

The area of water function at depth H and section I
The top width array for each section, *

The exponent in the bed material rating curve for size
class M at section 2, * '

The exponent in the stage rating curve at the upstream
boundary section, *

The net bed level change at section I in the time step
The linear concentration atlfhe bed, E

Chezy C at a section

The low flow Chezy C for the upstream iteration, x|
The low flow Chezy C for the downstream iteration, *
The high‘flow Chezy C for the upstream iteration, *

The high flow Chezy C for the downstream iteration, *

b

The discharge array for the downstream rating cur#e
boundary condition, *

The volumetric concentration at the bed, E, C

The net difference in bed elevation
The net difference in water surface elevation
The shear velocity Reynolds number, Y

The logarithm to the base 10' of the concentration in
parts per million, Y

The representative size class diameter, * (mm)
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D50
DADY
DDDY

DFXDH

DBE(M)
DISC(M)
DX(I)
ELEV(I)
ELEVN(I)
FX
H(I)

HD
HDP(I)
HN
INCR(I)

ISTART(K)

N
NBTWN |
NDAY
NPRINT
NR

NSZ

NX

NXT

The

mean diameter of the total bed distribution, E (mm)

Derivative of area with respect to depth

Derivative of hydraulic depth with respect to depth

Derivative of the discretized backwater equation with
respect to depth

The
The
The
The
The
The
The
The
The
The
The

The

change in bed elevation per size class M

size class limits, starting with the lowest limit, * (mm)
downstream Ax for each sectién I

water surface elevation at each section in time step 1
water surface elevation at each section

discretized baékwater equation

depth at section I

iterated hydraulic depth

hydraulic depth at section I

iterated depth variable

numbef of depth increments at each section I, #*

starting sections of the various subreaches, from

downstream to upstream, *

The
The
The
The
The
The
The

The

parameter controlling the éctive layer thickness, *
print out time step increment, *

total number of time steps of simulation, *

first print out time step, *

number of subreaches in the total reach, *

total number of size classes, *

downstream section for each subreach

total number of cross sections in the reach, *
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P(I,M)
PFACT
PHIB (M)
PHIS (M)

PN(I;M)

PROB

QLK)
QBN(M, 1)
QBT (1)
QBX(1)
QBX(M)
Qsx(1)

Qs ()

SE

SF(H,I, HD)

SI, SI2

SK

TAL
TEMP
TH(H,I)
THETAP

TKA(M, I)

TKI (M, I)

The

original size fraction for size class M at section I, *

P factor in Einstein's calculatiom, E

The bedload intensity, E , ¢

b

Thg suspended load intensity, E, Qs

The size fraction in the active layer for size class M and
section 1

The probability of particle movement, E

The controlling discharge over each subreach, *

The bed material load per size class M at section I

The .total bed material load at section I

The,tbtal bedload per foot of width, E

The bedload per size class M_per foot of width, E

The total suspended load per foot of width, E

The suspended load pér éize class M per foot of width, E
The water surface élope |

The friction slope function

Integrals involved in the suspended load computation, E, I,

L
The
The
The
The
The

The

grain roughness factor, E, ks

active layer thickness

temperature of the water in degrees C, *
energy head at section I for depth ﬁ
nondimensional shear stress, E, 08'

thickness of the active layer occupied by size class M

at section I

The thickness of the inactive layer occupied by size class M
at section I
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TOP (H,I)
TOTAL
TTI
u)

uc

UE
v(I)
VCRW
VISC
VP
Ww(I)

WSE(I,J)

Z(1)

ZN(I)

The top width function for a depth H at section I
The total load passing thé downstream most section
The thickness of inactive deposition

Thg fall velocity for size class M

The critical fall velocity, below which suspension takes
place, E, w :

c
The effective fall velocity, E, w,

The mean velocity at section I

The critical velocity divided by fall velocity, Y, Vcr/w
The kinematic viscosity, Y, v

The shear velocity, E & Y, V* & V&'

The active width of tramsport at section I, *

The depth array at section I, *

The Rouse number, E; R RA Y

The original bed elevation at section I, *

The bed elevation at section I
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00110 PROGRAM BRCK(IHPUT:CUTPUT,DRTHD,FRCK,PGSTDH.nl1?37,7gp53=narﬁp,
00120+ TﬂPE?-FRCKsTRPE4=PDSTDN’TRPES-DII?ST;THPEG=CUTPUT)

00123 DIMENSION RO(IO):BQ(lO)vJXGI(?)’Ci(50>'C2(50>

00130 DIMENSION H(50)vUX(SO)sRH(SO)’C3(50)-C4(50)

00140 DIMENSION QBT(SO)'BE<50>-QSN<10s50)»Pn(lO-SOﬁsU(IO) i
001350 CU"MUN/ZHP/C(SO)'3(30’20)’ﬁ<50!20)/YUU/V(50)!CRV9G'USE(50’20)!
00160+ INCRC(S0Y s ZH (S

00170 CUHMUH/SEDI/ISTHPTGIO3le(10)-P(IO’SO)oD(lO)vU(SO)»DISC(aD)
00180 CUHHOH/SED/TRL’TKR(I0350)’TKI(!OvSO)oP4(\0;50)

00190 DIMENSION ELEV(SO),ELEVn(SO):Z(SO’;HDP(SO)»CFS(SO) : ‘
00191 DATA JIGI(l)/IZ/-JIGI(2)/14/0JI51(3)/19/vJXGI(4)119/'JXGI(5)/26/
00192 DATA JIGI (6) 730/, J161¢?) /34, .
00193 335 FORMAT.(10E10.4)

00200 33 FUORMAT (SFA. 4)

00210 26 FORMAT(7F10.3)

00220 820 FURMATC( RIGHT OMN“)

00228 717 FORMAT ¢ INPUT L;Q;H(L*I)yHDP(L’l)’C(L*l)’t/)

00230 404 FORMAT (/ IMPUT MEAD) CHEZY C’y/)

00240 1 FORMAT (161%)

00250 9 FORMAT(?PF10.2)

00260 10 FORMAT (10F6.2)

00270 12 FORMAT(F8.25F7.2+7F6.2)

00280 14 FORMAT (SF8, O

00290 705 FORMAT ¢ INPUT GUESS’s ) -

00300 20 FORMRT CIS» I1XsFT. 3 IXsF?7. 39 1XsFB. 25 1X)FB. 25 I X F10.2

00310 25 FORMRT(IS) .

00320 702 FORMAT (“X-SEC DELTA 2 DELTA H Z N QBT
00330 700 FORMATC(FR. 2y IS»F6.2)

00333 711 FORMAT(IS,F8. 0)

00336 712 FORMAT(3FS.0s5F4.1) . .

00340C INPUT NUMBER OF X-SECS.ss OF SIZES.=a OF DAYS, PARAMETER M»
003S0C . FIRST PRINT OUT STEP. = QOF SUBRERCHES, INTERYAL RETWEEM PRINTOUT
00368 READ(3» 1> MXTsNSZs MNDAY+ Ny NPRINT ».NF» NBTUN

00375 MDRY=?00n

00371 NPRINT=1?7%

00372 NBTUN=17S

00280 WRITE(6,300)

00400 . Ga322,0

00410 READ(3+ 1) (ISTRRT(I)» I=1,NR)

0041S ISTART (NR) =2

00420 URITE(6:800)

00430 DO 3 =2, NXT :

' 00440C RIVER MILE,; AREA~-STAGE AMD TOP WIDTH-STAGE RELATIONS,

10430C; DOUNSTREAM RATING CURVE,SIZE CLASS LIMITS, UPSTREAM LORD PER SIZE
0D431C RATING CURVES, UPSTREAM STAGE-DISCHARGE RATING CURVE, CHEZY CS
00460  READ(3,700) WSECIs1)s INCRC(I) s RMCID

00470  LIMsINCR(I)

00480  READ(3:9) (ACI,J)yJutsLIM

00490  READ(3+9) (BCI,J»J=l,Lim

00500 3 CONTINUE

00S10  READ(3s14) (CFS(Id,la1,36)

00320  READ(3+33> (DISCM>,MalyNSDD

00530C SIZE CLASS RIAMETERS (DSOS INPUT

00540  PEAD(3+35) (ROCM) yMmtyNS2)

00543 READ(3) 33> (0™ ,Mat, NS

00550  READ(3,33> (D(M) M=y NST)

00360 READ(3+33) Al,B1
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00520 READ (3, 10> (CCI)+1=25NXT)
00525  RERAN(4, 10> (C2CI) s =2, MXT)

00SS6  READ(4s10) (C1CID ) [=22,NXTD

005S7.  READ(Ss10> (C4(I)s1=2sNXT)

00588  READ(S:10) (CICID s [22,NXT)

00SS0 DO 11 I=1:N%T

00600C RED ELEVATIGON: ACTIVE NWIDTHs AND GRIGINAL BED MATERIAL COMPOSITION
00610C CHRNGE OF STAGE TO DEPTH IN AREAR AND TGP-WIDTH PELATIOMS
00620 11 READ(3,12) ZC(I>1WCIds (Pids 1) s JalsNSD)

00830 DO 40Q I=2,NXT

00640  LIM=INCR(I)

00645  WSEC(Is 1) =WSE(I»1>-2Z¢I>

00630 DO 401 J=2,LIM -

00560 401 WSECIsJ>=WSE (I, 1)+ (J=1)*0.5

00570 400 CONTINUE

00620C ACTIVE LAYER THICKNESS (TAL) COMPUTED AND ORIGINAL COMPOSITION
00490C OF ACTIVE LAYER(PM(M: 1)), THICKNESS OF SIZE CLASS M IN RCTIVE
00700C LAYER(TKA(M.I>> AND IN INACTIVE LAYER (TKI(Ms )

00710 TAL=14. e[ (NSZ) /304.8

0071S  WRITE(6,33) TAL

00720  NX1=NXT-~1

00725  TOTAL3=0.0

00726 TOTAL4=0.0

00730  TOTAL=0.0

00740 DO 24 I=1,HXT )

00738  ZN(D>=Z(I) -

00760  TP=0.0

00770  CAY=CAV+C (D)

00780 DO 1S5S M=1.NS2

00790 1S TPwP (M:[)>+TP

00800 pQ 41 M=1,NSZ

NnN81o PNMsD=P M ID/TP

00g20 P4 (M ID=2P My I>/100.

0330 TKA M, 1> aTAL PN (M) 1)

00230 P(Ms 1D =PN M, 1D

00860 41 TKI(MsI>=0.0

00870 24 CONTINUE ,

0091 0C CALCULATION OF DELTAR XS <DXCIY)

0091 RM(1)=0,19 .

00920 DA 4 I=1,M¥1 Ny

00930 4 DXCI)=ARS(RM(I+1)-RM(])) 5230,

00940 DO 13 J2=1,NDAY : : T
00930C READ IN WATER DISCHARGE AT VARIOUS CONTROL POINTS ALONG REACH
00970 READ(4,712> (B1C(Id>sI=1sNRY s TEMP ..

00980C COMPUTATICN OF UPSTREAM TOTAL BED LOAD DISCHARGE

00983 Al=l.218 :

00984  B1=,172
00988 ELEVN(ISTART (MR) =1) =A1eQ1 (NR) w=B1+5224 . 29

00992 DA 36 M=1,MS2

00295 @BN(Ms 1> =Q,. 0

00996 36 CONTIMNUE

0N997 QBT (1)=0,0

01030 [F(J2.EQ.NPRINTIWRITE(6526)  (Q1CID« =g+ NR)
01060 650 NX=NXT

01070 DO 21 I1al,NR

01980 P=Q1 <11

01090 IFCI1.68.2)60 TO 300
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01100C ALBUQUERQUE RATING TABLE

01110 70o K=t

01120 S IF(Q.GE.CFS(X) .AND.Q.LE.CFS(X+1>>60 TO 201

01130 K=K+1

01140 60 1O S

01150 301 Gl=0,1eKk+3,9

01160 GAGE=G1+0. 14 (Q=CFS (KD )/ (CFS (K+1) =CFS OO )

01163 ZNXD 24546, 2

01170 ELEVN (NX) =GAGE+ZN (NX

01173  HNX sELEVM (MX) =ZN (NX)

01180 HDP (NX) sRRER (R {NX) » NN /TOP (H (NX) » M)

01190 VN =Q/ARER (H (XD « NXD

01200 C(NX) =C1 (NX)

01210 IF (. GE.2000.) C(NX =C3 (NN

01220C DOUNSTRERM DEPTHCHCNX)) AND VELOCITY (VY (NN )Y KNOLN
01230 320 CONTINUE

01230 I4=1

01260 IST=ISTART (I 1)

01270 NX11=NX-]

Q1289 DO & 1=aIST.NM11

01290 L=NX-14

01235 CcLy=C2¢L)

01294 IF(R.GE.2000.7C (LY =C4 LD

01300C NEWTON ITERRTION FOR REMRIMING DERTHS AND VELOCITIES
01310 716 HN=WSE(L, 1)

01320 K=l

01330 101 HD=AREA (KN.L) /TOP HMNs L) o
01340 V(L) =0/ /AREA CHMNs LY , : ST
01350 Fx:THCHfL+1)sL*l)-TH(HN:L)*DX(L)0(8F<H(L¢1>;L*19HDP(L*1))
01360+ +SF (HMs Ly HDY)Y 72, ‘

01365  CALL FHCTOR (DADYs DDDY . HNs LD

01370 RaDADY e 4«2/ (GeARER (HM L) e23) =1, B

01330 T=DX(L)0$F(HN.L,HD>0(2.ODRDY/HPER<HN:L)*DDDY/HD)/2.
01321 DFXDH=R~T ,
nt40n HN =HN-F ¥/ DFXDH .

01403 IFCHNLLLT USE L 1D ) HN L =HMN

1410 DIFF=RABS (HN1—=-HN)

01420 IF(IFF.LT.0.001)GT TG 7

01430 IF (HN1.GE.WSE (Ls TNCR (LYY Y HNT=WSE Ly INCR (L)

01440 - IF (HM1.EQ.WUSECLs INCRCLYY)GO TO T

01450 HNeHN1

01489 Kmi+1

01470 63 TO 101

01480 7 l4=ld4+t .

01490C DEPTH AT X-SEC, L CHWD)> AND VELOCITY AT LY ) ¥NQUN
01500 H (L) =HNg . .
01505 ELEVNCL) sH (L) +ZM L) ]

01810 HOP (L) =ARER CHM1, L) #TOP (MM1 L)

01520 YL =2Q/ARER (HN1 s L)

01530 CI=CL )

01540 IF(Q.GE.2000.)>C <L) =C3 (LD

01370 6 CONTINLE . . , N A
01580 91 N¥=ISTART (I - oo R S R
01320C ALL VELDCITIES AT ALL X-SECIS ARE KNOWN, CALL.-PED LOAD CALCULATION
01610 CALL BEDLD(QBT.PH‘NXT'HSZpDpoDP.BE’QENsUsELEVH-TEhP>': .

niéco DO 19 I=2.MNXT - : o A

01640 . IFCJU2.EQ. 1YELEV (1) =ELEVYMCI)

-

»
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01650C
01680
R ]
01720
31730
01733
01740
01730
01760
01770
01780
01790C
o18Q0C
01810C
0183S
01830
01840
01860C
01870
01320
01892
01893
01894
01895
018%¢
019290
01940
01930
01960
01970
01971
01972
01972
01974
Q197
01976
01977
01978
91979
01930
01981
01922
01983
01904
01985

TATAL BED CHANGE 1S ADDED TO COLD RED ELEVATION
SNLIN=TNCI) +BECD)
19 CONTIMNUE
TOTAL=TOTRL+Q3T (NXT>
TOTALR=. 016201 (1) *s1 .71 +TATALS
TOTALY= (. 0675«Q1 (1) o=, S5+TATALS
600 IFC(JUS.NE.NPRINTYGO TO 2
WRITE(6: 702 .
DO 2 I=1,NXT
" CHANGE=ZINC([Y=-Z<(D)
CNET=ELEVWNC(I)-ELEV (D)
QUTPUT OF NEW BED LEVATION(ZMCIYY . TOTAL LOAD AT ERCH

X=-SEC. (@BTCI>> +ACTIVE LAYER COMPOSITIONCPNCMs 1)), NET CHANGE

IN RED ELEVATION (CHANGE)
WRITE (8s & [sHDPCID YOI S AREACHCIN s 1D C (LY s BE DY
2 WRITE (2,20 I-CHANGE s CNET»ZNCID » ELEVNCIY » BT (1)
NPRINT=NPRIHT+HBTQN :
QUTPUT CF PPOFILE INFO AND FIMNAL SIZE DISTRIBUTION
703 DA 704 [=2sNxT
V04 WRITECT38) RMCIM s SNCIY »ELEYNCD
IF(J2.NE.NDAYY>GO TQ 28
DO 707 I=2.NXT
707 WRITE(7.26) (PMCMs1),M=],NS2
DO TR l=gsNXT :
T0R WRITE(T 28 (P(Ms1dsMal ;NS
WRITE (6:335) TOTAL.TAOTAL3, TOTALS
28 WRITE (6,25 J2
13 CONTINUE
STOP
END
SUBROUTINE FRCTOR (DADY, DDDY . HMN, L)
COMMON/ZAP/EE (S0 s B(S0:2M »,ACSN. 20
COMMON/YOW-/E (S2) s USE (S03:20) 5 INCR ¢S
J=1 '
IF (HN.GE.USE (Ls INCRL)>)GTO TO 603 ’
601 IF(HH.GE.USE(L:J).RND.HN.LT.USE(L:J*!))Gﬂ TQ éne
RENEST
63 TO &0t
602 DDDY=CALsJ+1d=ACL, DD 70.S/TOP (HN» L)
DADY= (AL, J* 1) =AL> D) /0,.5
RETUPN
503 DDDY=1.
DADY=TOP (MM, L)
RETURN
END

01986C FAREA CALCULATION

01999
02000
02010
92020
02030
02040
620350
02060
02070
02090
02100
02110
02120

FUNCTION ARER (HXsM1)
COMMON/ZAP/EE (SC) s B(S0+20) «ACS0.20)
COMMON/YOU/E (S2) s WSE (S0, 20) » [NCR (50)

J=1 .
IF (HX.GE.WSE (M1 INCR(M1>))60 TO 402
404 IF(HX.GE.USE(HIvJ).RHD.HX.LT.USE(HX,JQI))GU TQ 403
J=J+q
GJd 7O 40
403 RﬁEﬁaa(Hl’J)¢(HX-U$E(H1:J))’(ﬂ(HIsJ*l)-ﬂ(nl;J))/O.S
RETURN
402 ARER=A (M1) INCR (M1))
RETURN
EMD
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02130C TOP WIDTH CRLCULATION

02140 FUNCTION TOP (HY» M2)

02150 CU"HUH/’HP/CEt50>,8(50»20)/YUN/E(52) usscso,au>.1ucn(so>
02160 J=1

02170 IF (HY,BE.WSE (M2 INCR(M2)))>60 TO S02

02180 301 IF (HY.G6E.WSE(M2yJ> .AND.HY.LT.WSE(M2,J+1>>60 TQ 500
02190 JaJ+1

02200 GO TO So01

02210 500 TOP=B(M2sJ) +(HY=WSEM2, D> (B M2y J+1>=B(M2s I)>-0.5%
02220 RETURM

02230 502 TOP=B(M2s INCR(M2))

02240 RETURNM

02250 END

02260C ENERGY GRADE LINE FUNCTIOMC(TH)

02270 FUNCTION THC(HZ, M3

02280 COMMON/YOUW/Y (S50 s CRV .G+ EE (50520 s T I (S50 s ZM (S0

02220 THaV (M3) o (M3) 72, /G+HI+ZN M

02300 RETURM

02310  END .
02320C FRICTION SLOPE CALCULATION WITH CHEZY C ‘
02330  FUNCTION SF (HF»sMd,HDK) L.

02340 COMMON/ZRP/C (50> #YQW/Y (50) «CRY
02350 - SFay (M4) oy (M4) /C (M4) /C (M4 /HD‘(
02360 RETURM
02370 END
02380 SUBROUTINE BEDLDCQBT PNy MXTyNSZs DXs HDP BE:QBH-U;ELEVHvTEHP%
02390 CUHHUH/°ED1/ISTRPT(10):01(10)nP(10»50)-D(10)-U(30)-DISC(EO)
02400 COMMON/SED/TRLy TKAC1 030> s TKIC10550) sP4C10,50)
02410 ~ COMMON/ZAP/C (50) /YOWY (50D s CRY G
02420 DIMENSION QBMNC10550)sDX(S0)sBECS0) » QBT (S0) »PNC10,550)
02430 DIMENSION DBE(IO)yPl(10:50)’HDP(SO)oU(IO)yaBTN(10>
02435 DIMENSION ELEVYM(SO) .
02436 22 FCRMAT(8F10.3) . o SR
02437 23 FUPMRT (F8.6) ) - A
02450 DX (NXTY aDX (NXT=-1> - o
02455 ELEVN(NXT+1) =2, ¢€LEVH(HXT)-ELEVH<HXT-1)
024460 W CNXT+1) =td (MXTY
02445 CALL VISFRL(TEMPyUsVISD } '
02470 DO 17 I=2»NXT ) R T L
02480C SUMMING FCR INACTIVE LAYER THICKHE°S RND CRLCULGTIUH GF o
02490C WATER SURFRCE SLOPE
02500 BECI>=0.0
02303 QBT (I)=0,.0
02510 TTI=0.0
02520 DO 77 M=1,NS2
02520 77 TTIaTTI+TKI Ms 1D
02535 SE1=(ELEVN(I~ !*-ELEVN(I))/DY(I-I)
02540 SE2= (ELEYNC(I) -ELEVYM(I+1)) /DX (I)
02545 SE=(SE1+SE2) /2. '
02560 CALL YRANG(QBNs IsHDP (I) sV (D) ’SEsHSZvVI°CaU:PH) .
. 02370 60 TO 81 .
02610 709 CONTINUE
02620 CALL DMEAN(PMs IyDISCy»DSO) ’
02630 CALL ENGLMND(DS0sMNSZsIsV (1> sHDPCID »WCIY 3 SE>Us PNy GBN»y DD
02633 D0 36 M=miyNS2
02634 36 Q@BM My ID=OBN(My I) ¢12, 0896
02640 60 1O 81
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02820 ‘81 QBT (I>=0.0°
02830C CALCULATION OF BED CHRANGE PER SIZE CLRSo(DBE(H)) AND
02840C APMORING SIMULRTED

02850
02860
02870
02880
02394
02200
© 02910
g2o20
.02930
02940

DO 18 M=1,yNSZ

NUM=QRBN (My I =1) ~QBM (M ID

DIVmQ, 075e (DX C(I> +DX(I=1)) @ (2, «N (1D +W (I =1) + (I +1D)

-DBE (M =NUM/D1Y

IF(DBE(M .GE. 0. 0060 TO S5

IF(-DBE(M .LE.TKR(M» I>>GO TO 60

DBE (M) =a=~TKA(Ms ID

JVOL=DBE (M) ¢0, 07T+ (DX (1> +IX(I=1D) 4 (2. oW (1) +W (]~ =1+l +1))

@3N M I>=QBN My I=1) -DVOL

IF(@BN(My 1D . LT.0.00QBMN(M: I>=0. 0

02930C BED COMPUSITION ACCOUNTING BEGINS
02260 60 IF(TTI.GT.0.0°G0 T4 70

02970
02980
02990
03000
03010
03020
03030
03040
03050
03060
03070
03080
03090
03100
03110
03120
03130
03140
031350
03160
03170
03180
03190
03200
03210
- 03220
03230
03249
03250
03260
03270
03280
03290
03300
03310

80
70

DO 80 K=1sNSZ

TKR(Ks I> ==DBE (M) «P (K [D +TKR(Ks D
IF (K.EQ. M TKA (Ms 1D =TKA (Ms ID +DEE (M
PN (K ID=TXRKs 1D #TRL

G0 T3 SO

IF(-DBEMM .GT.TTI>6Q TO 63

. DO 85 K=1sNSZ

65

5S

93

P1 Ky ID=TKI Ky 1D ~TTI

"TKAR (K 1) ==DBE (M) +P1 (Ks 1D +TKR Ky ID
IF (K.EQ. M TXACKs 1) =TXA Ky ) +DBE M)
TKI (Ks 1> =TKI (Ks I) +DBE (M) &P1 (X» I)
PN (K IDaTKA K 1D /TRL -
TTI=aTTI+DBE (M

60 TO 30

DO 73 K=1,NSZ

P1 K> IDmTKICKs ID/TT]

TKRAK I )8(—DBE(H)~TTI)OP(K’I)*TTIOPI(K’I)*TKR(KsI)
IF (K.EQ.M TKA Ky I3 =TKA (K» I> +DBE (M
TKIKKy I>=0.0

PN Ky I>=TKA K Id /TAL

TT1=0.0

60 TQO S0

TTIaTTI+DBE (M
" IF(DBEM) .GE.TRLYST TO 66

DO ¢S K=1,NSZ

TKA Ky 1> =TKA (Ky 1D =DBE (M) «PN (K ID
IF(KL.EQ. M) TKA Ky 1D =TKA K5 1) +DBE (M
TKI (X5 ID=TKI (Ks I> +DBE M) «PN(Ks D
PN(Ks I>aTKR(Ks ID /TRL

60 TO S0

DO 67 K=1sNSZ

TKT(Ks ID=TKA Ky 1) +TXI (K 1D
IF(K.EQ.M> TKI (K»s ID =TXI (X» I> +DBE (M) =TRL
TKR(K»1)=0,0 ‘

JIF (K. EQ.M TKA Ky 1> =TAL

03328 67 PN(Xs IY=TKA(Ks ID /TRAL

03330C BECI> 1S TOTAL BED CHANGEZ AND QBT(I> IS TOTRAL BED LDHD AT X-SEC.

03340 SO BE(I)=DBE (M) +BE(I)

03330 @BTCI) =Q@BT (1> +@BN My ID
03360 18 CONTINUE

03370 GBRT (1> =BT (1>,12.0896
03380 17 CONTIMUE

03399 RETURN

03400 END
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03410 SUBROUTINE ENGLND(DS0sNSZ; IsVsHeble SEsUs PNNs QBN DD

03460 DIMENSICON DC10)s@BNC10sSO0) »PMNCINs SO s UCLU) «@BX (10D s asx o
03560 SK=2,5eDS52/304.8

03370 YP=aV/ (9045, 7S _DG1 0 (He304,8-,D5M)

03380 63 VP13V/(6,25+2,. SeRLIG (VPeyP - SK/SE/32.2))

03520 DIFF=RBS (YP1=vP)

03600 IF(DIFF.LE. 0.00001>60 TQ 62

03610 VP=yP

03820 GO 7O 63

03630 62 VYPw=vyP1

03640 29 DUMMY=DS0-1000.

03650 THETRC=0, 0S

03670 PFACT=ALOG (30, *+He304.8-2,5/D50)

03680 PO=1.,

036990 UC=0,8evyP

03700 MS0=MSZ+1

03710 QST=0.0

03720 QBT=0,0

03730 SUMi=0.0

03740 SUM=0,0

03750 DO 359 M=1,NST

03?60 IFe ,GE.UCYGO TO SS9
03770 SUM=yU (M) oPNN (M 1) +SUM
03780 SUM1I=PHNN(Ms 1) +SUM1
03790 59 CONTINUE

03300 UE=SUM/3SUM]1

02810 ~ UxX=UE

03820 DO 52 M=1,mMS0

03830 THETRP=(YP©(0, 3048) «+2/9,.8/1 .65/ DUMMY

03849 PROE=(1.+ (0. 26?/<THETRP-THETRC)\oo4>o~0.35
03830 PROB=1,./PROB

03850 PHIB=S, +PROB® (SQRT (THETAP) =0, ?ocin(THETRC)>
03370 @BX (M) =PHIBeSORT (1. 559, R DUMMY e=3) «PQ

03380 IFC@EXOD . LT. 0.0 OBX (MY=0,0

03890 IF(UX.GE.UCYET TO S4

03900 Z=3UX/0. 4/vP

03905 GEE=THETAP-THETAC=-0, 267 +PROB

03206 IF(GEZ.LT.0.00G0 TO S4

03910 BLAMDA=SERT (GEE/ 0, 027/2. 65/ THETAP)
03920 ° CB=PQe0.65/(1.+1./BLAMDA) e+3

03930 A=2, «DUMMY/H/ 0, 30483

03940 . CALL ROUSE(A»Z:SI11,SID

03950 PHIS=11. SOSDPT(THETRP)OCBOE.‘(PFQCTOSI1+$IE)
03960 IF (M. EQ. 1DPHIT=PHIB+PHIS

03970 QSK (M) =PHIS*SERT (1, 65«3, SeDUMMYe+3)
03980 60 TQ 33

03990 54 QSX(M=g,n

04000

04110

S3  Dummy=D M3 /1000,

04010 UX=iy 0D
04020 PO=PNN (M, 1>
04030 IF(M.EQ.1>60 TUO S2
. 04040 @BT=9BT+RBX (M
040350 QST=QST+QSX (M
04060 52 CONTIMNUE '
04070 DO S3 M=2, ns0
04080 IF‘QBT.E£0.0.0060 TO S8
04050 QBX (M) =QBX (M) «QBX (1) QBT
04100 38 IF(QST.EQ.0.0>)60 TO S=

QASX (M) =QSX (M) Q3% (1> QST
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I 04120 S5 QBN (M=1) I3 = (ABX (M) +QSX (M) > *e76926.
04130  QRNCMSO» 1D = (QBX (1> +QSX (1) > +e76926 .
04140  OBX (M50+1>=@BX (1)
. ' 04150  QSX (MS0+1>=@SX (1)
04160 DO 61 M=i,nmS0
. 04170 QS (M+1)> =@SX (M+1) sHe76926.
04180  QBX (M+1) 2QRX (M+1) +he76326.
. 04210 61 CONTIMUE :
. 04220  RETURN .
04230  END
04240  SUBROUTINE ROUSE (R»Z>SI1sS12)
04250  Tan.i _
' 04260  Ja=i
04270  Cat.
04280  BaT
04290  DH=(C-B)30.
' 04300  N=29
04310  SJ1=0.0
04320  SJ2=0.0 .
04330 2 SUMRm(1./B=1.)ewZ=(1./Cm1.)+a2 :
l 04340  SUM3=(1.,B-1.) ++Z+ALOG (B = (1. /Cm1.) ++Z+ALOG (C
04350 DO 1 I=1sMNs2 : _ . | -
04360  SUMR=SUMR+d. »(1./ (B+IoDH) =1, +wZ42, (1., (B+(I1+1> +DH> <1. > eeZ
: 04370 1  SUM32SUM3+4. #C1,/ (B+1+DH> =1.) +eZ+ALOG (B+1oDH> +2. o<1,/ (B (141> +DH)
: 04380+ =1.) ++Z+ALOG (B+ (1 +1> «DH> e
. : 04390  SJU1=SJ1+SUMaeDH 3. ;
04400  SU2=SU2+SUM3eDH-3.
04410  IFCJ.EQ.0>G3 TO 4
04420-  T1=Te0,1 .
04430  IFCA.LT.T1>60 TO 3
04440  CaT -
. 04450  B=A
I 04460  DH=(C-B),20.

04470 - Nw19
04480 Jao
04490 63 TO 2
04500 3 C=T
l . 04510  BaT1 .
04520  DH=(C-B)/20.
. 04530  N=19
: 04540 ° TaTl
I 04550 60 TO 2
04560 4 Sl1aSJien.216efee(Z=1.) /(1. ~A) o2
04570  SI123SJ2e0.216eR*e(Z=1.)/ (1. ~R) o2 ,
04580 RETURM o T
04590 END _ : o e T
04600  SUBROUTINE DMEAN (PNs1»DISC,DS0) .
04610 DIMENSION PNC(10,50)»DISC (20
04620  UND=0.0
04630  Jmi ,
' 04640 78 OLD=PN (J» I) +UND .
. 04650 IF(OLD.GE.0.5)G0 TQ 79
04660 J=J+y
04670  UNMD=QLD
' 04680 €O TO 78
: -+ 04690 79 DS0=DISC (J+1>=<OLD~0.5> +<DISC(JI+1>=DISC (J) )~ COLD~UND)

0N - RETURN
END .
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4720
04730
N4740
V4742
N4743
04743
Q4746
04730
04763
4770
4731
04799
14390
04310
14820
04330
34849
04830

. 4860

04370

04830

SUBROUTINE YANG(GBN»+ [»HD»VsSE)NSZ,VISC U PHD
DIMENSION U0 sPNCI0sS0Y sQBNCL 0S5O
COMMON/SEDLI/ISTART (10D s Q1 CLO) »PCL10:S0) » DA
CCMMAN/ZAP/C (SO
23 FORMAT IS
22 FORPMRAT (SF3.6).
IF(SE.LE. 0. MURITEGS»2D) 1
YPaSQART (32.2+HD*SE)
IF(I.BE. ISTART (1)) Q=21 (1)
[FCILLT.ISTART (1) L AND. 1. GE. ISTART (2)) Q=021 (2
IFCI.LT.ISTART (2> ) Q=1 (3
DO 3 M=1,NSZ
DKaD (MM /304,83
CR=VPeDK/VYISC
IF(CR.53T.70.>6Q TO 1
YCRW=2, 35/ (ALCGL1 0 (CR)Y -0. 08) +0,.86
Q0 TQ 2 . :
1 VCRU=2,0S .
2 DIFF=V+SE/U (M) ~VCRWeSE
IF(DIFF.LT..0MG0 TQ 4
CTLQG’S.435—0.386‘9LGG&0fU(H)ODK/VISC}-0.4STORL0610(VP/U(H))*(1.79?~

Q4390+ 0.409’RLDGXO(U(H>'DK/V(SC)-0.314°ﬁLOGIO(V9/U(n)))ORLEGKO(
04300+  VeSE/U M) ~YLRWSE) )

04910
04929
042939
04940

04930,
04970

04930
04990
23009
035019

PX=PN (M, I3
QBN My 1) =0. 0027+ +PXe1 0. ++CTLAG
63 TQ 3
¢ QBN 32,0
3 QBN M 1) =20BN My 1) »1 2, 0896
RETURN
END
SUBROUTINE VISFAL CTEMP:Us VISC)
DIMENSICN U10),UUC4, 5 »YSCS)
DATA VSC(1>/1.931E-5/5VSC(2) 71.410E=5/5VSC () /1. 0S1E~5/5 YSC (4> ~ . 30GE—S~

035020+ ,YSC(S) /. 710E-5/

05030

DATA UU(I’I)/.053/!UU(1!8)/.Qéa/SUU(173)/-074/&UU(1’4)/.Use/yUU(lyS)

335040+ /.oss/,uu<2,x>/.144/.qua,a>/.164/-uu<3,3>/.xa4/,uu<a,4>/.19?/
AS5030+ sUU<3s5)/.21?/yUU(3s1)/.335/-UU(3:2)/.361/:UU(3’3)/.38?/:UU(3:¢>
NSA6N+ /. 413/.03(355) /. 427

33070.

1S08n
03099
05100
WS110
035120
33130
05140
03150
03160
.0SL70
13180
ISte0
05200
READY

TEMPaTEMP/ 10, +1 .
K=y
88 IF(TEHP.fE.K.RHD.TEMP.LT.K*!)GG TQ 89
K=K+l
50 TQ 88
8% DA 90 M=1,3
S0 U(H)-UU(H:K)*(TEHP-K)0(UU(H1K*1)~UU(H:K))
vrsc-vsc<x>~<rsn9-x>o<vsc<x+x)-vsccx)>-
U =,771 : )
U(S) =, 869
Uce) =1, 21
U7 =y, 54
- RETURN
END
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YANG, PRE-DAM, DAY 16
4273. 4573, 4420

X=SEC DELIM Z DELTA H

V. 009
0.090
3.48%
0.000
3.314
CW729
2.430
. 554
2.139
383
2.530
-.3502
2.192
+« 001
2.3%¢
« 301
2.232
+«Sle
2.309
-.338
13}
-, 399
2.341
-1,099
23.331
«200
3.393
.897
2.943
476
S. 109
bt 965
3.373
- (22
2.534
017
4.014
- 493
3.8322
-1:012
3.370
-.339
2.732
-1
1.722
<034
4,098
218
2,143
‘.37
2,331
-, 894
1.938
«?61

1.7393 .

-, 236
2.372
-. 380
3.012
-.190
1.29%
<191
2.233
=, )51
1.613
<. 043
2.713
T =002

0. 9000

0.000 -

S5.083
-.a1?

C 4,042

.229
4,305
. 798
4. 064
=-. 027

4, 093,

-.623
4.317
-, 237
4,070
. 363
3.705
540
4.110
-, 704
4,160
-. 302
4,933
-1.184
$.300
.T19
S.334
.51
4,869
-. 993
-1,431
S.141
-.335
$.426
-.519
S.564
-1.114
4,679
-1.5637
$.2332
=-.337
S.3%27
431
4,133
-.332
3.793
o1
3.970
-.333
4.778
-. 2892
4,069
. «233
4,539
-1.171
4.611
-.713
4, 944
-.502
4, 339
-,983
3.392
-, 48
4,341
-1.209
4,323
=332

0.90
SS13,.40
86%. 27
$213.40
894,28
S04, 80
»a0.82
S$i93.%50
137,62
3183, 50
1073,.50
T179.31
978.47
Si?7.18
103%, 90
187,77
(192,82
S162.91
107°9.952
S190.19
102,493
S140.76
8%, 04
$142.39
303,83
g132.50
£23.63
S131.44
207.7%
129,993
83%.39
S117.3%
€3%,9%8
S100.6S
B42,57
S103. 10
807,37
S022.7Y
aPT. 42
S08S,. 8%
874,00
S62a. 39
347,33
029,20
1924, 02
$074.23
1123.89
S06n, 87
1073.71
S051.9¢9
892,22
055,54
1043,77
03, a0
Q02,19

'5040,47

24.60
3036, 41
ene, 32
S030.038
8339.24¢
3025.63
109%, 26
499%5.24
380,37
+374,5%
833,90
4944, 20

87

]
0. 0u
g, 0u
170,90
S219.:27
%0. 00
3209.97
120.00
T S
ST.S0
S134.24
635,00
S:183.80
Q0. 00
S181.99
&4, 00
173,44
100, 90
S153.04
50,00
S18&, 0e
100,00
S155, 04
595,00
S151.2%
22%5.00
S142,2%
TO.00
137,932
100,00
TL31.423
80,00
9126.0%
80, 00

.S11L.38

tes. 00
$S107. 02
73.09
$100.33
300
s0es.27
$3.00
Su21.51
106,90
S037. 9%
T3.00
SOTo.62
t10.00
3072.20
$5.00
S063, 4%
190,00
S060.61
8%.00
S0S6.19
23%.70
3045.33
31,30
So41.7¢
36.6%
$035.59
154,2

so29.12 -

66,22
3002.835
160.38
4973.067
£6.39
4432,87

-

Qe

3. 00

0. 01

3. 00
29024.%1
.03
26121.,74
. Qe
2331%.28
.01
22048.79
« 09
2192, 24
<01

21222,7%

.03
13011,23
.0
15232.30
- 02
153465, 74
-.03

20801,23

=-. 00
23903.77
-.0
24T13.77
-.00

17337.47
. Q)
17794,23
.02
13883, 29
-.01
13944,89
-. 00
16205.30
-.02
1833%.97
.0‘)
18101.353
.00
15513, 00
-.02
€3720.83
-.00
e327e. 28
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ENGELUND, PRE-CAM, w/V*< 1,LAY 16
4273, 4573, 4420

"X=SEC DELTA I DELTA W

-
CoVODONNTIARE BDWWNR -~

o o g
Y - e

-

[ DIY
0.000
3.463
0,000

3.034
3.592
2.53%6
.85
2.108
501
2.5
«1,07S
2.2349%
- 079
2.495
286
2,414
-, 222
2.309
290
3.519
.01
2.341
-1.9%2
4,072
0“6
3.502
. 949
2.200
1.163
$.937

-.37%

3.203

922
2.72%
-. 152
3.%32

493
3.495
-. 952
3.370
=-.3%3
2.63%4
=-.333
1.707
-.220
2.833
1.102
2.13%
-.5%6
2.331

.
1.933
. 329
1.794
=776
2.473
1.092
2.8%

.327
1.899
-. 137
2.221

. 03%
.51

.03t
2.719

<002

. 000
0.000
$.09%
- 217
S.513
2.624
3.99ae
1.226
4,268
-.122
3.8%3
-1.033
4,1%
-.12%
4,433
-. 157
3.184
-.232
4,113
-11%
$.830
-1.6190
4,771

-1.931,

S.282
.310
. 036
559

L 4,952

-.33!

© 3.009

=772

S.410
-.3501
4,430
-. 244
S.733
-, 197
S.203
-1.4235
S.232
-, 3%%
S.612
-.9
3.e01
-. 250
S.9z8
-,S506
3.4
~1.189%
4,778
-, 059
4,031
-, 003
3.4%55
-, 729
4.520

. 533

5.277

-, 230
4,322
-1.138u
3.897
-.236
4,231
-1.181

119a.62
Stes. 7

103Q.73
Si1ga.s2
1134.47
S1723,.72
1084.32
S17TTL 09

994,72

1073, 83
$1%0.323
T9T.857
S147.40
225,82
S142, 04
741,33
S132.43
53,11
S131.49
§e2.81
Si1av.s3
222,37
S118.12
345.23
S195,70
1020.89
S102.93
790,81
5092.70
373.3%
5089, 34
274,00
3086,33
214,97
078,88
1223.30
S073.29
712,19
SN37.95
1242.352
S0R0, 35
292,22
S057.47
1044,352
Sa%1.23
1332.83
$022.93
334,46
IN3IT.33
807.91
S030.357
E94. 18
sves. 27T
1094, 0%
499%, 93
87s.32

4973, 72

583,90 .

4945.20

88

-«
3.0
0.0y

170,00
Sa19.27

S0. 09

°212.3%

130,00

s2n2. 08

7. %0
S123,74
8%.00Q
S13835.20
20.H0
S1$2, 07
an. on
Si1re. 22
100, Q)
S153.2%
COMR
Slig.n
10,00
S19%.239
2%.0y
2150.51
225,409
S142.47
70,00
S123,.19
100,00
St132.00
&0.00
S128.73
30,09
111,16
10S. 00
S107.43
T3.00
$101.23%
93.00
S0eg.43
5. 00
Sel. 54
103,00

S08s,.57 -

73,00
SAFre.Tae
tiv.0Q
SQ7T1, 49
I3 00
FOLT .04
129, 00
S0R1.43
&S.00
S09%5.9%
225,70
S045,77°
81.30
Soa3, 03
86.0%
S03%5.35
18,39
Snas. 22
86,23
SN2, 78
164, 3%
4279, 83
60,.35%
4e52,.87

TB1"

0. 00

f. 90

0. 00
29024, 231
.17
138%2.3%
.0
7222.24
-, 00
7480,43
-, 03
10%0%, 30
-0
110%20,9%

.03
138%3.74
i <05
1039%,.23

- 00
10400, 33

]
10187, 33

.01
9232.42

-, 01
2833.74
-1
10337.13

- 00

D058, 41
-. 0%
18729, 02
-.11
42044, 53

. D4
38993,.é2

.0N8

) G NC VS OCIAS e =)
o o= e AT A o= e 0 e &

13383.283
-0
1179304
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YANG, POST-DAM, DAY 51 .

1838, 000 - 1520.000
X-SEC DELTA Z DELTA W

VODNDNGCCUNS & WWION— =

-~
<

10
1
il
12
12
13
13
14
14
13
13
16
16
17
17
18
18
1?2
an
20
21

a2

2

2
a3
23
-
24
2%

25
28
26
27
27

<3
29
29
30
30
3t
N
W

o

33

"33

3
34
St

0.000
0.000
2.337
~1,263
2.3238
-. 254
2,234
.582
2.069%
. 033
1.7%s
-, 850
1.873
-1.171
2.792
.337
2.331
<700
2.273
-, 137
4,358
- 211
2.23%
=500
4,180
.Sls
2.802
05?7
2.0%%
3.992
-, 083
3.843
«111
2. 09%
-1.032
2.60%
.3%92
2.130
-.30S

2,352

-. 869
4,048
«$33
1.709

. 054
2.810
-179
1.853

«16%
2.246

.234
1.779
-. 185
2.208

e
2.082

« 097
2.9%9
-. 023
1.9%

. 102
1.740
-, 057
1,377
-;13¢
2.17¢
-, 007

0. 000
(a4 X 24 2 J
3. 164
1.131
3.021
1.6843
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3.292
1.721
2.1le
2,479
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e o o
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Ao
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» O NP

1700, 000"

-
-

0. 00
S313.40
T3T.I3
Scle. e
$52.70
S$203.82
765.67
S135. 42
97,239
132,00
Sgs.80
S178.%%
see.rt
S17%.99
T74.47
S18&.01
884,24
182, 23¢°
T, 24

600.24
S12.82
52,47
S130.00
T2%,48
S$1335.69
873.61
112,43
§57.2%
S108.78
5§33, 44
Stoz. 08
T34.50
S350
TES. 91
Sz, 60
S, 51
S03%. 81
3.7
3079.359
835,53
Su7e.31
712.79
Sona,37
863.79 "
S081.79
e13,28
SNS7. 456
747.03
S030.54
612.081
040,77
733.31
Sa3s.20
720,99
030,21
1085, 67
30c3.355
790.9%
4995,33
834,52
4974,37
39%, 04
4945,19

90

H
9. 00
Sei8.87
6. NG
J216.59
st1.00
eor. 71
43. 00
S200, 93
2%.00
S194,.12
&4, 00
St184.32
30.00

. S179.87

42,00
Si71.97
S8.00
S167.383
37.00
S161.48
32,00

StS+.2

$%. 00
S190.3%
45, 00
S141,.3¢
47.09
913%.99
9. 00
122,93
46,00
$13%.30
23.00
S111.29
I3.00
SIS, 16
83.00
100,07
43,00
ST, 31
35,00
0.1
25,00
035,21
42,00
079,33
43,00
T070.23
34,10
SeAT. 3N
2. 090
S3061.53
43,00
S0%a. 86
71.00
TNda4.87
54,00
S041.70
46,00
S03%.21
43,00
S0c9,.42
45, 00)
3001.9%
£4.00
4979, 49
S1.00

4$31.73

08T
0
0

2924

.00
.00
.02
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232,37
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-
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4279

4872
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YANG, POST-DAM, DAY 102

709,000
#=SEC DELTA 2 DELTA M

DODLONNPCANRE DWW~ -

0. 000
0,000
1.765
-2, 0338
1,880
-, 303
1.617
719
1.310
. 077
1.363
-1.293
1.193
-1.3549
1.8393
1.041
1.472
<709
3.800
-.251
3.302
-. 034
1.673
-,883
3422
«314
2.243
.2385
117
«199
2.423
028
1.700
-, 021
1.2383
-1.278
1.320
« 338
2.598
-.33%
1.308
~-1.210
3. 042
«ZR2
1.478
.100
1.539
-.192
1.443
o131
1.6
336
1.197
-,330
2.032
. 1‘1
1.331
.09‘
2.092
« 063
1.299
« 1483
1.909
-, 106
1.563
-.340
2. 042
+003

709, 000

0.000
>vooooe
2.560
~1.119
2.410
200
2. 056
1.802
1.613
<243
1.902
~2.569
2.87%
-.873
2.185
1.3848
2.729
1.647
2.749
1.5S0s
1.9%50
231
3.07S
559
2.404
1.993
2.332
1.45¢
2.487
628
1.338
2.124
1.59%
-. 559
2.0383
-.551
2.3S51
. « 386
1.541
-1,703
2.343
=334
2.3332
1.098
2.073S
. 081
1.528
-. 083
2.492
. 294
1.570
- 037
2.222
-.251
T e174
2.389
<1432
1.522
«108
2.004
.213
1.637
03,133
-.271
1.829
025

91

. T12.000
z

0. 00
S213.40
278.09
%211.36
29S.41
$203.55
340.295
5195.5%
440,93
S5188.00
374,33
5178.32
247.5S
S173.61
325.23
$163.2
250. 94
S162.40
233,28
$150.33
285,18
S147.32
231.57¢
Slaa. 11
285,11
S133.1¢
291, 33

S130.32
296,33

$126.67 .

387.41
S118.53
344,47
3106.863
340.37
S101.80
243.63
5093.50
432. 11
S$039.57
Na,. 57
S085.47
297.50
S090.18
341,64
S074.32
3T 483
50686.2%
284,47
SN81.31
451,72
S0%7.32
319.11
5050.40
313.995
S040.83
296.39
$036.39
465.87
$030.30
333.89
5029.61
Nr.77
4993.79
224.73
4974.36
433.28
4346,.20

H
0.00
S22%. 0o
0.00
S214.34
S1.00
S520é.26
45,00
S5199,49
26. 00
192,24
54,00
S5182.93
S0, 00
S173.19
42.00
$170,.84
$2. 01
165,32
37.00
S155. 0o
39,00
5152.29%
SH.00
S143,951
46,00
S139.16
47,00
S134.58
63,09
5128.89
45,010
S124.18
238.00
S10%.50
$3.00
S103,93
28,00
S023,.47
43,00
S093.52
3%.00
$038. 4%
35,00
3083.2%
42,00
$073.02
48. 00
3083.37
54,00
5065.539
50. 00
5050, 54
435,00
5053.23
T1.00
S5043.83
64. 00
5040.28
45,00
5034.24
49,00
5027.67
46,00
$000.90
64,00
4976,39
S1.90
43%1.10

GBT

d.00°

0. 00
-.01
763.56

1122.54
-. 01
1818.14
-.00
1875.68
.01

T1089.73

=-.01
1767.17
.08
13%4.32
.00
1045.31
-.00
1144,355

.00 |
207.73

.00
363.33
-, 00
e, 67
-. 01
1331.32
.00
1144,15
-. 00
1502.12
« 01
347.43
-. 00
1115,19
.00
374,90
-.00
1078.17
.00

o7 3.57
-.00
1211.0%
«90
320.21
-, 00
1061.04
. 00
502, 54
-.00
392.31
.00
330.08
-, 00
2305.93
.00
382,37



YANG, POST-DAM, DAY 153

T T74.000 Q38,000
4=SEC DELTAR 2 DELTA M.
1 0. 00 0.000
1 0,000 escocees
2 1,994 2.59%6
2 -2.587 -1.37t
3 1.396 2.532
3 -.336 .382
4 1.714 2.087
4 .783 2.162
S 1.930  1.09%
S . 094 <493
6 1.415 2,087
6 =1,637 =2.788
7 1.272° 2.766
? ~1.634 -.730
8 1.981 2.3%e
8 1.090 2.0%53
9 1.83% 2.846
9 .49 1.807
10 4,071 2,77
10 -, 321 2,089
11 - 3,277 2.333
11 . .21 .S517
12 1.813  3.041
12 =1,07s <536
13 3.584 2.482
13- 1.026 2.745-
14 2,262 2.5&3
14 » 363 1.840
1S 1.288 2.532
15 «241 .3%8
16 2,697 1.966
16 «119 2.438
17 2.044 1.749
17 =.121 -.322
18 1.437 2.363
18 =1.486 . =,662
12 t.009 2,943
19 240 « 766
20 2.3106 1.9483
20 =,331 .-{.510
21 1.568 2.371
21 =1.299 - 237
a2 3.373 2.842
2 + ¢ 951 1.600
23 1.517 2. 09
23 . 167 .2%9
24 1.601 1.979
2¢. =-,183 .015
23 1.521 2.453
3 .188 Y}
26 1.523 1.763
26 .47 . 006
14 1.261 2.213
2?7  ~.423 -.237
28 2.047 2,409
23 .194 256
29 1.911 2.383
29 . 083 .251
30 2.089 .1.86067
30 o191 228
31, 1.3%0 1.986
3 <144 «331
R 1.847° 1,761
32 -.112 -=,0%0
33 1.678 3.203
33 -.332 =,348
34 2,044 1.731
34 + 003 . 076
92

846,000
>

0.900
5213.490
32%5.90
$210.31
334,11
$203. 54
40%5.43
$1935.62
499,13
$183. 01
409.34
$178.17
30%.33
S17%.48
353.71
$188,25
2er.23

S162.16

310.25
S1S0.24
362.50
S5147.82
er8.22
$143.91
340.34
31233.33

338.32
S130.91°
334.14

$124.71
420,29
S118.64
$36.17
$106,5%
395.18
$1901.39
316.04
$033.45
421,83
ORI, 47
39%.%%
$05%.39
320,086
$030.35
369,99
$074. 39
391.03
5066.27
312.%6
$061.81
433.25
5057.990
349.70
$050.31

321.34. -

S040.90
324.82
3035.88

463, 34 -

5030.43
389.5635
3C23.50

. 439, 41,

4993, 79
241.83

4974,17 -

447,25
49445,20

H
0.00
$22d.17
0.00
S214.09
S51.00
3205, 44
45.00
5199.35
25.00
5192.350
64.00
S132.71
SU. 00
3175.33
48,00
S$171.0%
TE.00
S5163.78
37. 00
3153.64

39.00 |

S$152.53
$3. 00
S5143.6S
46,00
S132.91
47,900
$134.93
59,00
S5122.03
45,00
5124.53
28,00
510%.3%5
$%. 00
S5103.98
88,10
S0a3.6%
43,00
S093.71

35.00

S0BR, 77
36.00
S084.7%
42.00
5078.12
43.00
5063.95%
54,00
3066. 00
60.00
5060.58
. %500

$093.35 .

71.09
3043.74
64.00
$040.40
45,00
S034.38
49,00
3027.73
46,00
S000. 97
4,00
4976.31
$t.00
4951.13

-, 00
1256.73
-.00
1316.16
.00
1401.995
-.00
1997.355
.00
1872.381
.00
1328.64
-.00
1949.233
.00
1604.02
.00
1400,.083
.00
1396.79

is11.03
-. 00
1857, 8¢
00
1823.863

+00
1247.04
.00
1083.99
=-. 00
1108.57
«00
873,53
-.00
1270.33
« 019
1044,57
So-.00
1111.29
.00
732.26
-. 00 -
Q25,49



YANG. POST-DAM.
900q

Te. 000

S7e.

X=SEC DELTAR Z DELTA W

1 6. 000
1 0. 000
2 1.873
2 =3,
3 1.89%
3 -.392
4 1,841
4 .B41
S 1.790
s 312
6 1,357
6 -i.8°%
7 t.220
? «1.760
8 1.840
8  1.0%Y
9 .1.470
9 287
10 3.743
10 =-.208
1 c.873
1 .414
12 1.651
12 -t.220
13 3.408
13 1.138
14 2,243
16\ 438
1S 1.120
15 285
16 &.371
16 .183
17 1.43)
17 -.181
18 1.10!1
18 =1.6%9
19 1.29%
12 <092
20 2,197
29 -, 431
21 1.210
21 =1.3%
22 2.504
22 1.07%
23 1.3%2
23 .212
24 1.345
29 -, 145
2% 1.34&
23 .19%
26 1.364
28 .%30
T taw
2?7 -,495
23 1.82
&3 .233
29 1.207
ed 077"
30 1.961
30 . .312
=1 N LS Y
31 130
32 ..2,138
32 - 118
33 . 1,343
33 --,882
34 2,024
34 002
492806
204

0.000
*oSoooow
.233
-],9453
2.403
. 126
1,994
1.992
1.001
.242
1.943
-3,138
2.6583
- 993
2.315
1.681%
2.7%8
1.320
2.533
1.7738
2.33e
. 293
2.903
. 340
2,424
2,338 .
2. 443
1.574
2.44%
722
1.893
2.238
1.499
-. 943
1,983
-1.214
2.745
. 00d
1.579
-2.174
2.173
-.372
2.27
<993
1,994
-. 007
1.847
-.267
2.393
.121
1.5928
-. 228
2.113
-, 3599
2,158
-, 043
2.253
-. 032
1.441
. 033
1.939
S -, 017
- 1.727
-.302
2.922
-,923
1.413
-, 08¢

DAY 204

Tis.
0. 00
3213, 40
301.29
S210.39
29%,17
T203.49
360, 04
S19%.08
432.18
S1€3.03
352,49
S17T. 3
267.07
S17%.40
310.01
S1é8.27
250,353
S151.28
234,09}
s150.23
318,&9
S147.75
236,321
S1423,77
29%,02
S133.48
293,30
°130.28
293,94
Sléa.74
3IT3.20
S113.71
3%5.23
Si0c, 42
291.24
S101.43
209,37
393,30
W2.7?
S082. 47
25e.43
S0s%,.33
293.%5
SG30,43
295,39
SO74.93
213.%8
Suae. 30
250.84
sSus6t.82
322,87
SHST. %
274,04
090,23
299.34
T040,94
237.01
S5936.38
401.6%
$030.5%
29%.00
T027.39
33%.34
49%5,78
193,49
4974,02

0uo

ad02.71

4946.20

S182.31
0,00
S178.07
45,00
S170.81
S2.00
S16%.39
3ar. o0
Si1S8.32
5. 00

s1%2.27

$8.00
S143,29
46.00

- 313%.49

47.00
S134,67
52,00
S188. %4
45,00
Si1ze.27

. 23.00°

S109.22
2S. 00
S193.42
23,00
SOPF. 24
43,00
S093.08
3%.00
SUR3.148
85. 00

SH34.11 7

22,00
$077.93
a3, 40
S083.¢7
A, 0
S055.688
50,00
S080, 3%
45,00
S0%2.2¢9
T1.00
J043.43
- 84,00
5040, 09
46,00
S034.19
49,00
027,44
45,00
S006. S
a4, 00

"4976,.33

. St.00
4330, 92

93

1079, 00
-.00
1404, %5
.00
1226, 28
. 00
1025,3%
-. 00
1414,.42
+ 00
1130,.47
.00
1ON7. 3%
')
1038,.353
' .00
922.37
.00
820.73
-. 00
705,32
-. 00
1003.5%
.01
T41.81
-,
10073, 2
« 09
<83. 04
-. 0u
754,29
<00
881, %%
-.0n
893, 0a
.00
T13.21
-. 00
$3S.43
.00
513.84

-.00
$23.028
-.00
534,23
-.00
1472, 40
.00
S17.97



459,000

1 0.000
1 0.000
2 1.540
2 —4,9%9
3 t.é@2
3 =-.182
4 1.119
4 . 425
S - . 1.717
s . 346
6 1.311
6 =2.743
7 1.0ea
7?7 =1.737
8 1.3515
8 1.844
9 1.367
9 .383
10 3.636
10 .168
11 2.013
11 .602,
12 1.808
12 =1.621
13 2.504
13 1.982
14 1.962
14. «35483
1S .951
13 « 030
16 2.1%6
16 +263
1?7 1.324
1?7  =.573
18 .970
18 =2,344
19 1.32%
19 =,218
20 1,797
20 -.1%9
21 1.:199
21 =1,479
22 2.341
22 1,413
23 1.224
23 .283
24 1.1356
24 -,006
2%  1.25%
es «379
26 1.067
26 .660
27  1.034
27 -, 744
28 1.534
28 .382
29 .20
29 -, 043
36 t.822
30 +602
3 1.013
3t - 069
32 2.173
32 -.123
33 1.226
33 ~.940Q
34 1,947
3e «067
12

"YANG, POST-DAM,

476.000
X=-SEC DELTA 2 DELTA M

0.000
*ovoore
1.928
-6.348
1.777
-1.426
2.243
-1.789
1.126
-1.644
1.325
—4,586
2,426
=-2.602
2.048
-. 090
3.008
-2.572
2.113
-3.734
2.244
=3.364
2.736
-3.501
2.363
~2.814
2. 142
-1.689
2.293
-1.5672
1.848
-1.642
1.382
=3.141
2.0353
-3. 099
2.437
-1.853
1.632
=3.077
2.082

-2.669°

2.286
-1.4460
1.801
~-1.309
1.785
-1,.343
2. 034
-1.260
1.669
-1.198
1.9350
-2.130
2.153
-1.436
2.124
~1.695
1.3S8
-. 969
1.8352
1.673
-1.839
2.900
~3.470
1.1835

-7 ..

94

MONTH
451,000
2
0.N0
5213.40
233.97
S208.44
2353.74
$203.70
201.08
3193.27
400,40
S188.27
340.37
$177.07
185.91
31735.42
220.21
5169. 01
149,99
5162.07
213.19
S130.70
200.97
S147.993
164.33
$143.37
190.73
$134.28
210.57
3131.09
195.66
S5126.50
244,08
S118.78
344,43
S106.10
231.83
S5100.74
195.33
3092.99
291.63
5082.74
228.67
508%.20
208.22
$080.81
254,79
S074.50
257.11
$066.44
220.29
S062.00
274,95
5058, 09
233.33
5049, 99
212.99
3041, 09
216.10
$036.76
337.91
S5030.84
247,90
502%.53
274,44
499%.78
158.26
4973.76
387.18
4946.27

12

L]
0.00
5227.77
' 0.00
S211.28
S1.00
S206.14
45.00
5198.59
26.00
s192.21
64,00
5181.38
S$0.900
S177.83
48.01
S5170.93
58.00
3164.80

37.00

S5157.65
39.00
S1351.34
58.00
St47.21
46.00
3138.83
47,00
3133.97
69.00
S128.32
46,00
S123.29
28, 00
S5108.67
SS. 00
5102.57
68.00
3097.31
43. 00
$5092.97
33.00
3n87.84
86,00
S083.90
42.00
S5077.83
48,00
5068.57
64.00
3063.66
60.00
5060.13
45.090
50S2.30
71.00
S043.16
64.00
3039.76
46.00
3634.11
49,00
3027.19
46.00
3000.12
64,00
4973.83
S1.00
4930.88

QBT
0.00
0.00
-.12

13126.61
.00
12959.39
-.13
24867.39
.14
13043.34
-.02
15039.57
-.13
30293.38

-.13
39333.42
.13
24120.25
-.01
23062.89
-. 08
29813.99
.09
19149.56
.03
13794.19
-.04
19494, 08
.02
16440.96
.01
15641,.33
-.10
22518.26
.03
20271.38
-.10
24645.14
- =,03
26862, 99
.06
153%62.32
-.01
17772.77
00

17233.72
.02
14974, 7

.01
133518.23
-.03

15922.11

.03
9302.74
=-.01
13002.82
-.00
16344, 04
-.03
40133.17
.07
9138.24



1482. 000 ‘1474,000

1 0.000
1 0.000
2 4.232
2 -11.765
3 2.334
3 =2.620
‘4 2,038
4 =739

.S 2.279
S -1.866
6 1.878
6 =3.240
?  1.664
7 -2.308
8 2.540
8  .913
9 2.172
s .733
10 2.208
t0  .868
11 «,013
11 -.147
12 - 2.190
12 -.282
13 4.402
13 ° 1.870
14 2.273
16  .107
15 1.749
15 -.637
16 2.904
16 -1.909
17 3.320
1?7 -.674
18 1,594
18 -2.507
19 2,473
19 .473
20 3.0%2
20 -1.290

21 2.570
21 -.935%
22 3.799
22 1.432
23 1.720
23 .9«s
2¢ 2.082
2¢  .s0S
25 1.80S
s  .226
26 2.281
26 -.470
27  1.680 -
27 -.094
28 2.22%
28  .113
29 1.957
2 .77
30  2.320
30 .9%0
31, 1.846
31 .907
32 1.6%9
32 ~1,0%1
33  t.ge2
33 ~1.699
34 2,091
3¢° -, 027
235326+07.
.24

X-SEC DELTA Z DELTA H

0. 000
Lo oo a o 0 d
1.161
-8.710
2.773
-2. 099
2.109
-.933
1.937
-2.068
1.860
-4.110
2.717
3.014

~2.149
1.363
-1.C36
3. 428
-.703
2.978
-.601
2.4%94
-2.012
2.294
=961
3.266

.358

1.632 .

945
2.818
1.134
3.279
~.163
1.661

-1.073
2.488
=. 093
2.867
-. 035
2.207

«393
2.393

«938
1.898

«601
a‘all

-1.226
2.5354
-1.386
2.685
-. 080

95

© YANG, 'POST-DAM, MONTH 24

1403. 000

-
-

0.00
3213.40
1208.18
5201.63

503.03
J201.26
6635.20
S19«4.10
724,39
S5186. 05
734.48
5176.57

516.31

5174.85
465.43
s168,08
1084.65
S5162.44
599.00
S1351.40
444,43
S147.20
479.68
S1ed, 7Y
471.87
S$134.17
470.10
3130.63
S$06.03
$125.83
473.09
$116.61
1079.57
5106. 00
430. 02
$100.57
494,97
5093.68
590,93
3088.861
642,68
5085.74
371.62
5080.83
397.2%
S07S. 16
326.38
S067.26
4%2.03
3061.83
892,22
50%56.96
395,62
5050.64
+5156.97
S040,.82
671,47
$037.38
619.33
3031.23
780.80
S026.37
67 0. 42
4994, 83
$80.36
4973.00
S31.94
4946.17

N
0.00
3228.33
0.00
S208.290
S1.100
520S. 47
45.00
S199.40
26. 00
S121.78
64,00
$181.83
30.00
3178.73
48.00
S171.351
$8. 00
S168.0S
37.00
S162.61
39.00
S1353.84
8. 00
3142.90
46.00
S5142.13
47.00
S5133.56
62.00
3128.84
46.00
S1a22.79
28.00
S$110.77
33.00
S5104,97
68,00
3098.76
43.00
S5094. 04
35.00
S5089,.54
86.00
5083.72
42.00
50890, 08
48.00
So071.23
64.00
S5066.73
60.00
3060.25
45.00
S5054.33
71.00
S044,.354
64,00
S5041.83

46,00

3036. 02
43,00
3029.60
46,00
S$000.73
64,00
4977.43
S1. 00
4931.38

eBT
0.00

0.00

-, 16
17472.35
-.40
53689.57
-. 06
58120.68
-2
93873.47
.23
74917. 03
-.27
102420.50
-.02
104141, 453
.77
18790. 31
-.51
90319.17
-.97
169139.74
.83
100785.15
-. 02
103070.14
-.03
106290.78
.02
104259, 09
-.02
106433.29
.53
-41660. 45
~1.90
176228.66
1.00.
109336. 05
-.58
134179.33
.58
90272.90
-.06
101510.57
.23
46293.58
-.77
150995, 99
-. 0?7
158832.53
: .72
41052.39
-.17
80658. 05
.03
73498.72
.19
S1943.32
~.18
74996.16

.03
334356.79
-.0S
82067.63
-.03
106349.3s
-. 03
118926.50



YANG, POST-DAM,

327.000
X=-TEC DELTA Z DELTR W

R
VWOV PONNT T AABRE S LWV —

11

e
O -

el ad
N {

o

s gt Pt s B b 0t 00 ot 00 po
WDNNGPOPRAS bW

13
19
19

20
21
23

>
(=29

a3
a3
24
24
23

28

14
27

238
a2

30

i
31
k-
32

33
34
34

0. 000
0.0130
2.033
-2,771
1.2%3
-, 358
1.737
«806
1.9261
.102
1.421
-1.747
1.31%
-1.72%
1.993
1.103
1.587
«3%1
4,247
-.315
3.282
«345
1.875
=-1.151
3.59%
1.038

2.29%

«$03
1.320
e 242
2.745
L] 152
2.063
-, 1353
1.433
-1.93%9
1.840
171
2.79S
-, 431
1.603
-1 0382
3.402
1.007
1.429
120
1.85%
-, 162

T 1.587

168
1.610
«302
1.303
-. 457
2.0%9
«213
1.473
. 079
2.093
.234
1.320

«126

1.802
-.101
1.774

=.831 "

2.0e5
-3'30

2

933, 000

0, 000
Lo 4 2 2 2 2 3
2.323
-1,46%
2.951
420
2.9032
2.2%%
1.714
571
2.131
-2,330
T 2.739
-.707
2.457
2.10%
2,387
1.577
2.7a2
2.271
2. 447
.57
3.032
-703
2.483
a L] 99’ 7
2.%52
1.941
2.533
.23
2.018
2.570
1.757
-.332
2.40%
‘=, T3S
2o Sda

.732

1.391
1.52%5
2.357
-.234
2.354
1.524
2.053
.37
2.035
<129
2.470
<S50
1.3%4
. 031
2.21%
-.188
2.308
<313
2.330
«359
1.773
.297
1.987
420
1.309
 -.004
3.238
-, 347
1.77S

o411

DAY 175

%23, 000
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