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I NTRODUCT ION 

The s t ud y  o f  s e d i me n t  tr a n s p o r te d  by ri v e r s  i s  

re qu i r e d  to · p r o v i d e  th e be s t  a p p r o x ima t i o n o f  e x p e c te d  

amou nts o f  d e g r ad a ti on o r  d e p o s i t i o n . 

qu a n t iti e s  a r e  r e qu i r e d  f o r  e n g i ne e r i n g 

Tr a n s p o rt 

a n aly s e s  

a s s o ciate d  w i th s a f e ty a n d  p r o d ucti v i t y . 

The d e s i gn a n d  p la c e me n t  o f  ri v e r  . tr a in i n g  

s tr uc tur e s  to p r e v e n t  ·f l o o d i n g  a n d  ban k  e r o s i o n ,  d e s i gn 

a nd d e t e r mi n a t i on o f  li f e  e x p e cta nc y  o f · re s e r v o i r s  a n d  

o p t imiz a t io n  o f  c ha n n e l d e s i g n s a l l  r equi r e  s e d i m e n t a t i o n  

m o vement e v a l ua t i o n s . E s ti ma t i o n s  o f  l i f e  e x p e c ta n c y  a nd 

d r e d gin g r e quir e me n ts f o r  n a vi g abl e r ive r s  o r  c h a n n e ls 

r e quir e  c a l cul a t i o n s  o f  s e d i m e n t  t r a n s p o r t .  

be u s e d  a s  a n  i nd ic a t i o n  o f  s o i l  

S tud i e s  ·c a n  

c o n s e r v a t i o n  

e f f e c tiv e ne s s  

til l a g e .  

i n  a r e a s  u nd e r  c o n s t r uc ti o n  o r  u n d e r  

The r e  a r e  n ume r o us s e d i men t t r a n s p o r t  p r o c e d ur e s  

a vail abl e to be us e d  by d e s i g n e r s . A ll t r a ns p o � t 

p r o c e d u r e s  a r e  r e s t r ic t e d to c e r t a in o p t i mum s e d i me n t  

siz e s ,  s p e c ific g r a v it ie s  o r  m e a su r e d  d a t a  li mit a t i o n s .  

To f f a l e ti's p r oc e d u r e  r e quir e s  f ie ld m e a s u r e me n t s  

o f  th e r ive r be d ma t e r � a l  by �e dime nt s i �� f r a c t i o n  t o  

c a l c u l a t e  be d m a t e r ia l  s e d im e n t  d is c h a r g e s . B e c a us e  d a t a  

i s  a v a i l abl e f o r  o n ly t he s u s p e n d e d  s e d i m e n t  fo a d  i n  many 
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case s, it was p r op o se d  that To f fal e ti's ap p r oach b e  

mo d ified  to u se me a su r e d  su sp end e d  l o ad data i n  s e d i ment 

size f r actio ns r ath e r  th an me asu r ed b e d  aate r i al size 

f r a c tio ns . The  ap p r o ac h  to m o d if y ing Tof f al e ti 's 

p r oce d u r e  is si mil a r  to the mo d ifie d  Eins te i n  p r oce d u r e  

and p r ovid es b e d  m a te r i al and tota l sedime nt d i sc har g e s  

b o th as size f r a�ti o ns a nd to ta l l o a d s .  A c om pu te r  

p r o g r am wa s wr itte n u til izing measu r ed s u s p e nd e d  l o ad to 

c a l c u l a te d i sc ha r g e s . The  s pec i f ic o bje c ti ve s  of the 

p r o je c t  wer e a s  f ol l ows:  

1 )  Mo d if y  Tof f a l eti' s p r oc e d u r e  f o r  se d iment 

tr a n s p or t  c al cu l ations to a l lo w  th e u se of 

s u s pend ed l o a d  m ea s u r ement s r ath e r th an b ed 

ma t er i a l  mea su r �ments in o r d e r  to b e  abl e  

to c al c u l ate not onl y bed mater i al l o a d  b ut 

al s o  the total l o a d  and 

2 )  Compa r e  the r es u l ts f o r  the �od i f ied 

p r o c ed u r e to T o f f a l eti' s ex isti ng p r oc ed u r e ,  

the mo d if ie d  E in s tein p r oc ed u r e  and the 

A cker s  a nd Wh ite p r o c ed u re.  
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LIT ERATURE RE V I EW 

S ed i ment transp o r t  i s  broken d own into two m ajo r 

c ateg o r i e s : wash l o a d  and b ed mate r i al l o ad ( 3 ) . T h e  wash 

l o ad is the tr ansp o rte d sed i ment that i s  not p r ese nt i n  

the bed mater ial of th e r i v e r  and i s  u su al l y  ass u m ed to 

i nc l u d e  al l the si l t  and c l ay sed iment size s ( 7 ) . B ec au se 

the c o ncentr ati o n  o f  p ar t i c l es i n  these si ze rang es 

r ema ins nea r l y  c onstant th r o u g h o u t  the v er ti c al p r o f i l e  o f  

a r i ver , the tr ans p o r ted v o l umes a�e c a l c u l ate d d i r ec tl y  

f r om measu r ements o f  the sed i ment and water d i s charg e s .  

T h e  b ed ma t er i al l o ad is the mater i al p r es e nt i n  

the s tr eam bed th at i s  tr a ns p o r t ed .  This l o ad i s  d i v i d ed 

i nt o  s u s p ended l o a d  and bed l o ad .  The s u s p end ed l o ad i s  

that mater ial tha t  i s  su p p o r te d  b y  th� s t r eam tu r b u l enc e .  

Bed l o ad i s  t he m ateri al m o v e d  b y  jum p i ng , r o l l i ng o r  

sl i d ing a l o ng the b ed s u r f ac e .  The l o wes t two g r a i n  

d ia meter s o f  th e s tr eam i s  the a r ea tha t  i s  g e ne r al l y 

a s s u med to c a r r y  the b ed l o ad .  The stand a r d  sed i ment sizes 

ar e s h own i n  Tabl e 1 w i th thei r r esp ec t ive t it l es , 

ab b r evi atio ns , s ize r ang es a nd g eo met r ic means ( 1 0 ) . 

Fa l l  v el o c i ty i s  a mea s u r e  o f  th e tend enc y o f  

sed iment tha t  i s  su sp end ed i n  water to fal l to the b ed . 

S t and a r d  fal l  v el o c i ty i s  the maximum vel o c i ty o f  a 

p a r t ic l e f a l l i ng alo ne thr o u g h a n  u ndis t u r b ed ,  c o nti nu o u s  



TABLE 1 

S e d ime nt S ize C l as s i f i catio n 

CLASS  NAME 

V e r y  l ar g e  b o u l d e r s  
Lar g �  b o u l d e r s  
Me d i um b o u l der s  
Sma l l  bou l d e r s  
Lar g e  co b b le s  
Sma l l  co b b l e s  

Ver y coa r s e  g r ave l 
Coar se g r a v e l  
Med i um g ra v e l  
Fi ne gr av e l  
Ve r y  f i ne g r ave l 

V e r y  co ar s e  s a n d 
Co a r s e  s a nd 
Mediu m  sa n d 
Fi ne sand 
Ve r y  f i ne s and 

Coar s e  s i l t 
Med i um si l t  
Fi n e s i l t  
Ve r y  f i ne si l t  

Coa r se cl a y  
Med i u m  cla y 
F i ne cl ay 
V e r y  f i ne cl a y  

ABBREV
I AT I ON 

VLB 
LB  
MB  
S B  
L C  
sc 

VCG 
CG 
KG 
FG 

VFG 

vcs 
cs 
MS 
FS 

V FS 

S I ZE RAN G E  
( mm) 

4 0 9 6- 2 0 4 8  
2 048- 1 0 2 4  
1 0 2 4- 5 1 2  

5 1 2 - 2 5 6  
25 6- 1 2 8 
1 2 8-64 

6 4- 3 2  
3. 2- 1 6  
1 6- 8  

8-4 
4- 2 

2 - 1  
1 - . 5  

.5 - . 2 5 
. 2 5 - . 1 2 5  

. 1 2 5- . 0 6 2 5  

. 06 2 - . 0 3 1  

. 0 3 1 - . 0 1 6  

. 0 1 6- . 008  

. 008- . 004 

. 004- . 00 2  

. 00 2- . 00 1  

. 0 0 1 - . 0 0 0 5  

. 0 0 0 5 - . 0 0 0 2 4  

. 4 

GEOMET I C  MEAN 
( f t) 

9 . 5 0 2  
4 . 7 5 1  
2 . 3 7 6  
1 . 1 8 8 

. 5 9 4  

. 2 9 7  

. 1 4 8 5  

. 0 7 4 2  

. 0 3 7 1 

. 0 1 8 6 

. 00 9 2 8  

-3 
4 . 6 4 x 1 0_3 
2 .  3 2x 1 0  _3 
1 . 1 6x 1 0  _4 
5 .  8 0x 1 0  _4 
2 . 8 9 x 1 0  
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volume of distilled water. As the particle size increases 

and the particle shape approaches spherical, the particle 

tends to fall through the water at a faster speed. Fall 

velocities for small particles increase with higher water 

temperatures, but this effect becomes negligible for large 

particles. kt� - d;; (freA/tA9{1A.L. --1./ oy L �;; � � 
J�t-

The measure of the ability of a stream to move a � 
particle is the shear velocity. This term is called a 

velocity because its units are the same as velocity -units. 

The shear velocity is equal to the square root of the 

product of the acceleration of gravity, the energy 

gradient and the hydraulic radius. The shear velocity and 

fall velocity combine to give an indication of the 

relative concentration of a sediment size at any point 

above the river bed as shown in Fig. 1 (11). The plotted 

value, 

size. 

Z. , is the concentration exponent for each particle 
� 

The figure indicates that small particle 

concentrations remain relatively constant through the 

vertical profile of the river while large particles tend 

to have higher concentrations near the bed with little to 

no concentration at a point near �he water surface. 

Suspended sediment sampling is done either by 

instantaneous or integrating methods (8). The 

instantaneous method traps a volume of water-sediment 



0.9 

0.8 

..c- 0.7 4-) 0.. cO 
� 'oo.G 

� -

0.5 

0.4 

0.001 .01 .1 
Relative Concentration C/Ca 

Figure 1. Distribution of Suspended Sediment 
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• 

• 
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mixture passing the sampling point at an instant. 

Integrating samplers take samples over extended periods of 

time to average concentration fluctuations. The depth

integrating sampler is designed to have an inlet velocity 

equal to the stream velocity. By lowering the sampler 

through the stream depth at a constant rate, a discharge 

weighted sample and the mean concentration can be 

obtained. 

7 



T OFFALETI ' S  PROCED U R E  

To f f a leti ' s p r o c ed u r e  f o r  s edimen t tr a ns p o rt 

c a lc u latio n a s  pres en ted in 1 969  will c a lc u la te b o th th e 

s u s pen d ed a n d  bed l o a d  ( 1 0 ) . He r ec o mmen ds l imiting th i s  

pro c ed u re to strea ms car r y in g qu artz s ediment in th e s a n d  

s ize ra ng e o f  . 0 6 2  to 2 mm diameters .  The s tr ea m  i s  

a s su med to be equiva le n t  to a two-d i men s io n a l  s tr ea m  o f  

width , B, equ a l  to the a c tu a l  s trea m and a d ep th ,  r , equ a l  

to the hy d ra u lic r a d iu s  o f  the rea � s trea m. T h e  b ed 

m ateria l is d ivid ed in to the stand a rd s ize f r a c tio n s  

lis te d in Ta ble 1 .  T h e  d is c ha rg e  c a l c u latio ns a re c a r r ied 

o u t  f o r  ea ch  s ize f ra ctio n .  

T h e  ver tica l pro f ile o f  the s trea m is d iv id ed 

in to the f o ur zo nes s h o wn in Fig. 2 • The u pper , mid d l e 

a n d  lo wer zo nes c a r r y the su spen ded loa d  wh il e the b ed 

zo ne c a rries the bed l o a d . 

The upper zo ne ex ten d s  f rom the wa ter s u rf a c e  to a 

lo wer limit o f  r / 2 . 5 . T h e  mid d le zo ne exten d s  f r o m a n  

u pper limit of r/ 2 . 5 to a lower l i mit o f  r / 1 1 . 2 4 .  T h e  

lo wer zo ne exten d s  f r o m  r / 1 1 . 2 4 to th e bed zo n e  u pper 

l imit o f  

ma ximu m 

2dsi ' 
·wher e d . s� is the geo metr ic mea n 

a nd min imu m l imits f o r  e a c h  s ed imen t 

o f  the 

s i ze 

f r a c tio n. The bed zo n e  i s  the bo tto m·2�i o f  th e s trea m. 

8 
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/ \. 
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-
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__. \ 
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( Eq 9) 
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(Eq 8) 

,. -"'JJit 
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Velocity, U Concentration, Ci Sediment Discharge 
Figure 2. Toffaleti's Velocity, Concentration and Sediment 

Discharge Relations 
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The· velocity profile is represented by the 

relationship 

n 
U = ( 1 +n ) V ( y I r) v 

v 
( ft/s) (I) 

where U = the flow velocity at a distance y above the 

river bed with y positive upward, V = average velocity in 

feet per second and the velocity exponent, n , is 
v 

n v = . 0.1198 + 0. 00046T (2) 

where T = temperature in degrees Fahrenheit ( 11). 

The concentration exponent for each sediment size, 

Z. , is as follows: � 

where W .  = the fall velocity for each sediment � 

feet per second, S = slope and c is given by z 

cz = 260.67 - 0.667T 

(3) 

size in 

(4) 

If Zi is less than nv , 1t is arbitrarily set 

equal to 1. 5nv in order to force the transport volume to 

decrease as the distance from the stream bed increases as 

actually happens in streams. 

The lower, middle, and upper zone concentrations 

are defined, respectively, as follows: 

-0.756Z. 
� 

ci = cLi(y/r) 

-Z. � 
ci = cMi(y/r) 

( pcf) ( 5) 

( pcf) (6) 



-1. sz .· 

ci = cui ( Y /r )  � 

11 

( p c f ) ( 7 ) 

where Ci = th e c o n c en tra tio n per s e d iment s ize a t  a p o in t  

y a b o ve th e s tream bed , Cui = the up per zo ne 

c o n c en tra tio n ,  CMi = the mid d l e  zo n e  c o n c entra tio n ,  CLi = 

the l ower zo ne c o n c en tration. 

E ac h zo n e  ha s a s ed imen t d is c h arg e per u n it wid th , 

tha t is th e res u l t  o f  the inte g ra tio n o f  th e v el o c ity a n d  

c o nceitra tio n prod uc t  a nd c o n vers io n f ac to rs , l is ted as 

f o l l o ws f ro m  l o wer to up per zo n e :  

gssLi 

gssMi 

gssUi 

1-tn -0 . 756Z. v � 1-tn -0. 756Z .J ( r � (2d . ) v � 
11.24 } 51 

= 
M. �----�---------------------------------

1 

= M. 1 

1-tn -0. 756Z. v 1 

1-tn -Z. v 1 

(tons/day /ft) ( 8 )  

(tons/day/ft) (9) 

� 1 +n - • . 
0.244Z. O.SZ. � 1 l SZ fn�24) (/s) (r) v �-{z\� 1-+n -1 .5ZJ v J 

1-+n -1.5Z. v 1 
{tons/day/ft) {10) 



12 

wh ere M. • th e tra n s p ort c oe f f ic i e n t. 
� . 

Tof f a l eti s ta r ts hi s tra n s p or t  vol u me p r oc e d ure 

with the n u c l e u s  d is c h a r g e  wh i c h  i s  th e va l ue f or th e 

l ove r zon e . s ed iment tr a n s po rt a s  c a l c u l ate d f rom the 

e qua tion 

0.600p. � 
5/3 ( dsi \ 5/3 

o.ooo58 ) 
(tons/day /ft) (11) 

where Pi = the p erc e nta g e  of ea c h  s edim en t  size f ou ri d i n  

s amp l e .  k4 = a c orrec t i �n f a c tor p rimar il y f or f lu me d a ta 

s ho wn i n  Fig .  4 ,  A =  the f u n c tion (105 >113/10U� s h o wn i n  

Fig . 4 a n d  T t = the tempera tu r� c o ef f ic ient d ef ined a s  

Tt = 1 ·. 1 0 ( 0. 0 5 1  + 0 . 0 0 0 9 T )  ( 1 2 ) 
• 

The g rain rou g hn ess s hea r vel o c ity , U * , c a n  b e  c a l c ula te d 

f rom Fig . 3 .  T he d 65 g ra in s ize is the diamet er where 6 5  

perc ent of the sed imen t s a mpled is s m a ller. 

rou g hn es s  s hea r velo c i ty ,  u· * ' a n d  the 

The gra in 

kinem a ti c  

vis c o sity , V , c a n then b e  u s e d  to f in d  A a n d  k4 from 

Fig . 4 .  

Onde this lo wer zo ne n u c leu s lo a d  is c a lc ula ted , 

the tra n s po rt c o ef f ic ien t ,  Mi , c a n  b e  f o un d  f ro m  Eq. 8 

where 

(13) 
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Figure 4 . Factors in Toffaleti's Relations: A & k4 
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Because there is a possibility the calculated bed i oad 

will b�come extremely large, a test must be made to insure 

a reasonable transport concentration. The following 

equation is used to calculate the concentration at the 

upper limit of the bed zone. 

-0.7562. 
� 

( pcf ) ( 14 ) 

Toffaleti recommends limiting the c�ncentration of the bed 

zone to 100 pcf assuming 100 percent of the sediment load 

is one sediment size fraction. If the concentration 

exceeds 100 pcf, a new value is calculated for the lower 

zone concentration, c. ' � by holding ci to 100 pcf. The 

suspended sediment loads can be calculated for each 

sediment size in the middle and upper zones by using Eq. 9 

and 10. 

The bed load is calculated from the following 

equation: 

gsbi = 
M

i
(2d

si
) 

1+n -0. 756Z. v � 
(tons/day/ft) (15) 

The total transported sediment load for each sediment size 

is the sum of the sediment loads in all four zones for 

each sediment size 

( tons/day / ft ) (16) 
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MODIFIED EINSTEIN PROCEDURE 

In 1950, H. A. Einstein presented a complex 

procedure for computing suspended sediment discharge that 

requires several graphs and formulas (2) . The procedure 

required an average cross section of a reach of channel, a 

slope through a reach and an average particle size 

distribution of the bed material in the reach as a basis 

for the transport analysis. Because the Einstein approach 

does not compute the suspended sediment discharge for 

sediment sizes not found in app�eciable amounts in the 

stream bed, a suspend�d sediment sample is also required 

to calculate total sediment load. 

Einstein's procedure is based on integration of 

the product of theoretical velocity and the suspended 

sediment concentration through a representative vertical 

section of an average cross section. The bottom section 

of the concentration curve is equated to a computed bed 

zone concentration, where the bed zone is the lowest two 

grain diameters of the stream. The rate of movement and 

the concentration in the bed zone are based on a 

dimensionless expression of the probability that a given 

particle will move from its position on the stream bed. 

The sediment discharge is calculated separately for each 

particle size found in the bed material. 
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In 1955� B. R. Colby and C. H. Hembree presented a 

modification of Einstein's procedure to calculate the 

total sediment discharge. The case study presented was 

for the Niobrara River near Cody, Nebraska. The study was 

designed to modify the existing Einstein procedure as 

follows: 

1) Calculate the total sediment discharge 

including the wash load. 

2) Give an approximate size distribution of the 

sediment discharged. 

3) Use measurements of wash and suspended load 

from a depth-integrated sampler. 

The modified Einstein procedure presented by Colby 

and Hem bree requires the following basic data: 

1 )  Stream flow measurements of the average 

velocity, average depth and stream width. 

2) Average concentration of the stream flow 

measured by depth-integrated sampler. 

3) Analysis of the suspended sediment by size 

fraction of sediment that was included in the 

average concentration. 

4) Average depth of the verticals where the 

suspended sediment samples were collected. 

5) Analysis of the bed material by size fraction. 
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6) Water temperature. 

Different methods were used to calculate the 

discharge of small particles and large particles. A ratio 

was computed by dividing the integrated products of 

theoretical velocity and theoretical concentration from 

the stream surface to the bed zone by the same integrated 

product s from the stream surface to the lower limit of the 

sampled zone. This ratio was multiplied by the actual 

measured discharge for each sediment size to give a total 

discharge. 

For 

pro�edure 

larger sediment 

uses different 

sizes, 

methods 

the modified 'Einstein 

for computing the 

concentration coef ficient, the shear velocity with respect 

to sediment particles and t he intensity of bed load 

transport. 

calculated 

Einstein's 

These three factors were changed to reduce the 

discharge because Colby and Hembree felt 

values were larger than actual field 

measurements justified. 

When the calculated total discharge from this 

procedure was compared with total discharge measurements, 

the range of variation was 66 to 146 percent. Colby and 

Hembree considered this range to be reasonable for 

sediment calculations. 
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ACKERS AND WHITE PROCEDURE 

In 1973, P. Ackers and W. R. White presented a 

sediment transport procedure that relates the transport of 

fine materials to gross shear and the transport of co�rse 

sediment to riet grain shear (1). This method was 

developed in terms of three dimensionless groups: a 

dimensionless grain diameter, sediment mobility and 

transport parameters. 

Coarse sediment is considered to be transported as 

a bed process. Fine sediment is suspended by the stream 

turbulence. The sediment mobility for an intermediate 

grain size is a percentage of the product of the coarse 

and fine sediment mobility numbers. The dimensionless 

grain diameter is a form of the particle Reynolds number 

that indicates the extent of influence viscous forces have 

on the motion of a particular grain. Sediment transport 

is based on the stream power concept, .in coarse sediments 

using the product of net grain shear and stream velocity 

as the power per unit area of bed and for fine sediments 

using the stream power. 

This procedure requires the d35 particle size of 

the bed material, average velocity, depth of flow and 

shear velocity to calculate transport bed load volumes& 



It works well for sand arid gravel size�. 

total bed ·material loads, not size fractions. 

20 

Results are 
• •  J • 
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MODIFICATION TO TOFFALETI'S PROCEDURE 

In order to modify Toffaleti's procedure, an 

approach similar to that taken in the modification of 

Einstein's procedure was used. .The measurement of the 

suspended and wash load rather than the bed material used 

by Toffaleti allows calculation of the total load in 

addition to the suspended and bed loads. Because the 

concentration of small particle sizes remains relatively 

constant throughout the vertical profile of a stream, the 

concentration of silts and clays is assumed to equal the 

measured value through the entire stream depth. 

A sample that is collected by using a depth

integrated sampler gives a concentration reading for the 

entire stream dept� excluding the last approximately one

half foot above the bed. Because a large portion of the 

transported load for the larger sediment sizes is included 

in this lower region, a direct calculation based on 

constant concentration across the total depth will not 

give a valid estimate of total transport. 

The average velocity of the measured area is used 

to calculate the measured sediment discharge and water 

discharge. To obtain the average velocity of the measured 

zone, the area to the left of the curve on Fig. 5 above 

point a0 , where a0 is the lower limit of the measured 
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zone , is se t e qu a l  to th e i nte g r a l  of U f r om p oi nt a0 to r 

( 6 ) . The av e r a g e  ve l oc i ty of th e measured 

Va = (r:a )J
r

Cl+nv)V (y/r)
nv dy 

o a 0 

z one , V , i s  a 

( f t/ s) ( 1 7 )  

The s e d iment d is c h a r g e  in ·th e meas u r ed z one i s  

g - 0.0026 95V C(r-a ) 
ssm - a o ( tons / d a y / f t) (1 8 )  

where C i s  th e mea s u r e d  c onc entr ation in ppm. The water 

d is c h a rg e  in the mea s u r e d z one i s  

Q = V (r-a )B 
m a o 

and th � tot a l  d is c h a r g e  

( c f s )  ( 1 9 )  

(cfs) ( 2 0 )  

The total sediment discharg e for �ilts a nd c l ay � 

for the river is c a lc u la t ed directly from the measurements 

of c on c entr a tion and p e r c e nt a g es.  

(tons/day ) (2 1 )  

where Gw = the transport of silts and clay s in tons per 

day and pi = the percentag e of silts and clay s in the 

measured zone. 

The measured load can cover all or part of the 

three zones for suspended load that Toffaleti has defined. 

Because the measured loa d is taken to be the known 

quantity instead of the nucleus discharge T offaleti uses, 

Eqs. 8 ,  9, and 1 0  for lower, middle and upper zones must 

23 
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be combined to find the transport coefficient, M. 
� ' for 

each sediment size fraction. There are three alternatives 

for this equation because the upper limit of the 

unmeas�red d epth may be in any one the three suspend ed 

sediment zones d epend ing on stream d epth and sampling 

d epth. The three equations are listed below with the 

unmeasured d epth in the lower, mid d le and upper zones 

respectively . 

1+n -0.756Z. 1 O? 
9ssUi 

9ssmi = Mi M. 

9ssMi + 
M. 

+ ( \ v � +n - • 56Z. 

11�24) -(a
o

) v � 

1+n -0.756Z. 

g = M. ssmi � 

� � v � 
(tons/day/ft) (22) 

0 .244Z . lf 1-+n -Z. 

J 
) � v � l+.n -Z. / r r ) 

(a
o

) 
v - � 

+ -\011.24 �} -
1+n -Z. v � 

(tons/day/ft) (23) 

0.244Z. O.SZ. � 
�l ( r \ � {--.I.._.\ � 

1-+nv -1.5Zi 1+nv -1 .SZ. 
11 • 2 4-} 2 • s· J . < r ) - <a 0 > � J 1+n -l.SZ. v � 

(tons /day /ft) ( 24) 
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Once th� transport coef ficient is calculated, a 

test must be made similar to Toffaleti's to prevent an 

unrealistically large bed zone concentration. If 

adjustment is necessary,the measured load is held constant 

while the concentration exponent, Zi , is reduced to force 

the concentration of the ith sediment size to meet the 

maximum limit of 100 pcf that Toffaleti suggested� The 

limitation of each sediment load to 100 pcf will lower the 

concentration coef ficient 

conc·en tra t ion shown in 

concentration. 

and force the 

Fig. 5 toward 

bed load 

a lower 

Equation 3 defines Z . as a result of fall � 
velocity, average stream velocity, temperature , stream 

depth and slope. Fall velocity is the term most likely to 

be large because it is defined as the terminal velocity 

of a particle falling alone through an undisturbed sample 

of distilled water. In an actual stream the fall velocity 

would be reduced by the presence of a large amount of 

sediment and turbulence. 

The 100 pcf limit is obtained, if necessary, by 

reducing the concentration exponent using the following 

equation: 

Z; = -0. 756log (l00/CL. )/log (2d . /r) ..... � s� (25) 

Once the new concentration exponent is calculated 

I 
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· a new transport coeffic ient is determined from the 

measured load . The concentration is retested against the 

1 0 0  pcf limit and the procedure repeated until the test is 

passed . 

The unmeasured load is the sediment transported in 

the remaining area between point a and the bed zone upper 0 

limit. Because point a
0 

can be either in the - lower, 

midd le or upper zone, the following three equations are 

required to d efine the unmeasured load in ord er from lower 

to upper 

9ssuMi 

zone. 

= M. 
( ) v . �- ( 2d . ) v � 
ao s� . 

[ 1-tn -0. 756Z. 1-tn -0. 756Z. ] 
� l+n -0.7562. v � 

= M. 
� 

0 .244Zi [ l-tn -Z. �1-1-��2-4 (ao) v � 

l+n -Z. v � 

(tons/day/ft) (26) 

___ r_ 
li-nv -Zi

] 

11 .24 

(tons/day/ft) (27) 



gssuUi 
= M. 

� 

g ssLi. . 9 ssMi 
M. + M. 

� � 
+ 

0.244Z. 0.5Z. [ 
( r \ � {__£_ \ � 1-+n

v 
-1.5Z

i 11.24} 2 .5· ) (ao
) -

l+n -1�52. v l. 

r 
2.5 

27 

1+n -1.52.] 
v l. 

(tons/day /ft) ( 28) 

The bed load is calculated with Eq. 15 just as in 

Toffaleti's procedure. The total load for each sediment 

siz� is the sum of the measured load, the unmeasured load · 

and the bed load. 

(t ons/day/ft) ( 29) 

THE COMPUTER PROGRAM 

The computer program is listed in Appendix C. The 

basic data required for the analysis is as follows: 

1 )  Average velocity, average depth and stream 

width. 

2) Average concentration of the stream flow 

measured by a depth-integrated sampler. 

3) Analy sis of the suspended sediment by size 

fraction of sediment that was included in the 

average concentration. 

4 )  Average depth of sample. 
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5) Water temperature. 

6) Sediment shape factor and specific gravity. 

The required data is basicall y  the same as that required 

for the modified Einstein procedure with the advantage of 

not requiring measured size fractions of the bed material. 

The fall velocity is calculated using a shape 

factor of 0.7 for an average sand particle and a specific 

gravity of 2. 65 for quartz using the procedures developed 

by Prasuhn and Knofcyznki (4). Both the shape factor and 

spec�fic gravity can be changed by the user. The 

kinematic viscosity is calculated from the temperature in 

degrees Fahrenheit. The sediment transport calculations 

are carried out in the order outlined in the analysis of 

the modification. 
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RESULTS AND DISCUSSION 

. Twenty-five data sets listed in Appendix B were 

used to test the modified Toffaleti program (5). The 

shape factor and specific gravity used to calculate the 

fall velocity were assumed to be 0. 7 and 2. 65 

respectively. The bottom one-half foot of the stream was 

used for the unmeasured depth, therefore, a equalled 0. 5 
0 

feet in all data sets. These three factors were not 

included in the data sets. The results for all the 

procedures tested are listed in Appendix D. 

Because transport volumes calculated using 

procedures requiring sediment measurem�nts from two 

different sources are independent of each other, 

inaccuracies in sampling cause discrepancies between 

methods. Data set 6 has a very low transport rate. The 

modified Toffaleti procedure predicts a transport rate of 

nine tons per day while the other methods predict rates 

over 100 tons/day. The samples of suspended and wash 

loads contained only three percent of the sediment in the 

bed material load size range. The modified Toffaleti 

procedure probably provides the most reasonable value 

because much of the sediment discharge is measured. Data 

sets IS and 17 have discrepancies between the measured bed 

material and the measured suspended load in size 
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fractions. The percentages o f  very fine sand and fine 

sand for the suspended loads are less than 10 in each set 

while the medium sands are 26 percent and 19 percent 

respectively. The expected t rend after inspecting the bed 

material measurements would be a decreasing percentage for 

the medium sands. This contradiction in measurements 

causes a 

transports 

procedures, 

large difference between the calculated 

for the Ackers and White and Tof faleti 

which use the bed material measurements, and 

the modified Toffaleti procedure, which uses the suspended 

sediment measurements. 

The bed material loads calculated by the Ackers 

and White method and t he Toffaleti method are compared in 

Fig. 6. Both these procedures use measurements of bed 

material. Bed material load ratios-for these two methods 

are two or less for all data sets. These ratios show good 

agreement between methods. In transport calculations 

large variations between procedures are not unusual. 

Vanoni shows a comparison of 13 transport procedures for 

the Niobrara River where ratios were as large as SO (11). 

Figure 7 shows the comparison of bed material 

load by the modified Toffaleti and t he Ackers and White 

procedures. Measurements of suspended material are used 

for the modified Toffaleti method and measurements of the 
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be d mat e r i a l  ar e u s e d  f or A c ke r s  an d Wh i t e . 

mo d i f i e d Tof f a l e t i p r oc e d u r e  c al c u l at e s  

33 

Al t h ou g h  t h e  

t he l ar g e r  

t r an spor t  i n  a major it y  of t h e  d a t a  s e t s . t h e  ma x i mu m  

r at i o  be twe en t h e  t w o  p r oc e d u r e s  is 3.5 with mos t d a t a  

s e t s  l e s s  t h a n  a r a t io of 2 .  Th�s e  r a t i os ar e c ompa r i bl e  

t o  t h o s e  b e twe en  A c ke r s  and Wh i t e a nd Tof f a l e t i  a n d  s h ow 

g ood ag r e e me n t . No c omp a r i s on c an b e  ma d e  b y  s i ze 

f r ac t i on s  b e c au s e  t he A c k e r s  a nd Wh it e p r oc e d u r e  u s es t h e  

d 35 g r a i n  s i ze f o r  t r ans p or t  ana l y s is .  

The  c o mp a r is on of t he b e d  m a t e r i al l oad b y  t he 

mod i f i e d  T o f f a l e t i an d Tof fa l e t i  p r oc e d u r e s  i s  s h own i n  

Fig . - 8 .  The r e s u l t s  a r e  s i mi l a r  t o  t h e  c om p a r is on wi t h  

t he A c ker s a n d  Wh i t e  p r oc ed u r e .  Ra t i o s  of t h e  b ed ma t er i a l  

l o ad s a r e  l e s s  t ha n  two i n  t he majo r i t y of t he d a t a  s et s  

with a ma x i mu m  r at i o  o f  3 � 3 ,  wh i c h  i s  s mal l er t h a n  t h e 

A c ker s and Wh i t e  c omp ar i son. The mod if i e d  T o f f a l e t i  

p r oc e d u r e  p r ov i d e s  a h i g h e r  t r a ns p or t  v o l u me f or mo s t  of 

th e d a t a  s et s . 

Fi g u r e  9 i s  t he c ompa r i s on of t he mo d i f i ed 

T o f fale t i  a n d  m o d i f i e d  Ei nst ei n b ed ma t e r ial l o a d s .  T h e  

wa sh l oa d  f o r  t hes e t wo met h o d s  wa s a ss u med t o  b e  c on st a nt 

t h r o ugh o u t  t he s t r ea m  a nd equ a l  between t he meth o d s. T h e  

mo d i f i e d Ei nst ei n p r oc ed u r e  u ses s i ze f r a c t i o ns of b o t h  

t h e  su spen d ed ma t er i a l  a nd bed ma t er i a l .  A maxi mu m r a ti o 

o f  t r ansp o r t  o f  a ppr o xi ma t el y  8 b etween met h o d s i s  l a r g er 
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t h an the compar i s on s  w i t h  Tof f al e t i  an d A c k e r s  an d W h i t e , 

b u t s t i l l  s hows r e as o na b l e  ag r e emen t b e twe e n  me t hod s . 

The t r an s p or t  b y  s i ze f rac t i on s h ou l d  b e  l ar g e r  

t han the e s t i ma t i on mad e  as s u m i n g  t h e  av e r ag e  

c on c e n t rat i on of t h e  mea s u r e d  zon e i s  c on s t an t  t o  t h e  

s t r eam b e d . The c on c e n t r ation i nc r e a s e s  n e ar t h e  b e d  f or 

al l s e d i m e n t  s i ze s , e xc e p t  t hos e i n c l u d e d  i n  t h e  was h 

l oad , as s hown i n  F i g . 1. The g r e at e s t  c on c e n t r at ion s 

o c c u r  i n  t h e  u nmea s u r e d  zone.  T r an s por t  f or s ma l l e r  

s e d imen t s i ze s  s h ou l d  b e  c l os e r  t o  t h e  e s t i mat e b e c au s e  

t he c o n c e n t r a t i on d oe s  n ot in c r ea s e  n e a r  t h e  b e d  as 

r a p id ly as t he l a r g e r  s i ze s . F i g u re s  10 t h r o u g h 1 3  v e r if y  

t hi s  fact . The r a t ios o f  s e d i me n t  t r a n s p or t p r e d i c t e d  b y  

t he mod if i e d  Tof f al e t i  me t h o d  c om p ar e d  t o  t h e  e s t i mat e d  

t r an s por t  a s s u mi n g c onst a n t  c on c e nt r a t i on i n c r e a s e d  i n  

s i ze f r om 1.1 f or ve r y  fin e  s a n d  t o  3 f or c oar s e  s a n d .  A s  

e xp e c t e d ,  t h e s e  r a t ios s h ow a s t e a d y  i n cr e a s e  f r om v e r y  

,f in e  san d t o  c oa r s e s a n d  an d a r e r ea s onabl e va l u es . 

The b e d  ma t er i a l  l oa d  c omp a ri s on s  of t h e  mod if i e d  

Tof f a l e t i  a n d  Tof f a l e t i  me th o d s  f or ve r y  fine , f i n e an d 

med ium sa n d s  a r e s h own i n  F igs . 14 t h r ou gh 16 

r es p ec t ivel y .  Be c a u se Tof fa l eti u s es b ed ma t er ia l  size 

f r a c t ions whil e t h e  mod if ied T of fa l et i  met h od u se s  

s u s pen d ed s ed im e n t s i ze f r a c t ion s n o  c l o s e r e l at ion s hi p i s  
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e x p e c t e d . The  v e r y  f i ne s an d s h av e  l ar g e r  t r an s p o r t  

v o l ume s  b y  t h e  m o d ifie d  T o f f al e t i  m e t h o d  f o r  a b o u t  h al f 

t he d ata s e t s . N o n e  o f  t h e  d at a  s e t s  ar e af f e c t e d  b y  t h e  

1 00 p c f  c o n c en t r at io n  l imi t . 

The mo d if i e d  To f f al e t i  p r o c e d u r e  c al c u l at e s  l e s s  

f in e  s an d  t r an s p o r t  t h a n  t he T o f f al e t i  p r o c e d u r e  i n  t h e  

m ajo r i t y o f  t h e  d at a  s e t s . T h e  b e d  mat e r i al in alm o s t  al l 

t he d at a  s e t s  h as t h e  l a r g e s t  p e r c e n t a g e  o f  s e d i me n t  i n  

t h e  f i n e  s a n d  r a n g e  l e ad i n g  t o  a l a r g e  t r an s p o r t  b y  

To f f a l e t i ' s  p r o c e d u r e .  Tho s e  d a t a  s e t s  w i t h  t h e l ar g e s t · 

p e r c e n t a g e  i n  o t he r  s i ze f r ac t i o n s  o r  a m o r e  e ve n  

d i s t r ib u t i o n  t h r o u g h  t h e  s � ze fac t i o n s  t e n d  t o  h a v e  a 

l ar g e r  t r an s p o r t  c a l c u l a t e d  b y  t h e  mo d i f i e d  T o f f al e t i  

p r o c e d u r e . D a t a  s e t s  5 ,  9 ,  1 3  an d 2 5  r e a c h e d  t h e  1 0 0 p c f  

l i mi t .  · The i r  r e s u l t s  we r e  c om p ar ab l e t o  the o th e r  d a t a  

s e t s . 

The m e d i u m  s a n d  t r an s p o r t  c o mp a r i s o n  i s  s h ow n  i n  

F i g . 1 6 . The mo d i f i e d  To f f a le t i  p r o c e d u r e  pr e d i c t s  l ar g e r  

t r a n s p o r t  v o l u me s  t han t he T o f f a l e t i  pr o c e d u r e . I t  i s  

ap p a r e n t  t h at T o f fa l e t i  u n d e r e s t i ma t e s  t r a n s p o r t  o f  m e d i u m 

s a n d f o r  t he s e  d a t a  s e t s  b e c a u s e  h i s  p r o ce d u r e  p r e d i c t s  

l ow e r  d i s c ha r g e s  t h a n  t h e  va l u e s  e s t i ma t e d  ho l d i n g  t h e 

me a s u r e d  c o n c en t r a t i o n  c o n s ta n t .  A l l  d a t a  s e t s  e x c e p t 6 ,  

1 9  a n d  2 1  we r e  a f f e ct e d  b y  t he 1 00 p c f  li m i t .  The s e  t h r e e  

s e t s  s h o w  t he s a me g e n e r a l  r e la t i o n s h i p s a s  t he r e ma i n i n g  
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d a t a  s e t s . 

The c oa r s e  s a n d  c om p a r is on wa s n ot p l ot t e d . 

Ele v en  d a t a  s e t s  ha v e  c oa r s e  s a n d  a s  b ot h  be d ma t e r ia l  a n d 

s u s pe n d e d  l oa d  in the  mea s u r ed z on e . The mod if ie d  

Tof fa l e ti p r oc e d u r e  c a l c u l a t e s  l a r g e r  v ol u me s  t h a n  t h e  

Tof fa l e t i p r oc e d u r e  in e v e r y  s e t . Th e 1 00 p c f  l imit is 

r e a c h e d  f or e a c h  s e t  wit h t h e  mod ifie d Tof f a l e ti 

p r oc e d u r e . 

e s t im a t e d  

Tof fa l e t i  p r e d ic t s  a d is c h a r g e  l e s s  t h a n  t h a t  

wit h t h �  m ea s u r e d  zon e  c on c e n tr a tion , j u s t  a s  

for t h e  m e d ium s a n d s . The v a l u e s  b y  t h e  mod if ie d 

p r oc e d u r e  c omp a r e  we l l  wit h t h e me a s u r e d  d a ta .  

Tof f a l e t i ' s r e c omme n d e d  1 00 p c f  c on c e n t r a t ion 

l imit wa s s e l e c t e d  on t h e  b a s is of d a ta u s e d  t o  d e v e l op 

a n d  t e s t  his p r oc e d u r e . The 1 00 p c f  l imit wa s c ha n g e d  t o  

80 p c f  a n d  1 2 0 p c f  in t h e  mod ifi�d Tof f a l e t i  p r oc e d ur e  

with no s ig nif ic a n t  c h a n g e  in t r a n s p or t e d  s e d ime n t  

v ol u me s . 

Fig ur e  1 7 . shows t he c omp a r is on of t ota l l oa d  b y  

t he mod ifie d Tof f a l e ti a n d  mod ifie d Ein s te in me thod s .  A 

v e r y  c l os e  c or r e s p on d e n c e  is s e e n  b e twe en  t r a n s p or t e d  

v o l ume s . Both p r oc e d u r e s  u s e d  s u s p e n d e d a n d  wa s h  l oa d  

me a su r emen t s  b y  s ize f r a c t ion . A l l  th e d a ta s e ts h a v e  

l a r ge p e r c e n t a g e s  of t h e  t ota l l oa d  a s  wa s h  l oa d .  B e c a u s e  

t he w a s h  l oa d  t en d s t o  r e ma in c on s t a n t  in c on c e n t r a t ion 
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t h r o u g h o u t  t h e s t r e a m  d e p t h t h e  r e s u l t s  ma y b e  c l o s e r  f o r  

t h e s e  d a t a  s e t s  t h a n  t h e y wo u l d  b e  f o r  a s t r e a m  w i t h  

l a r g e r  t r a n s p o r t e d  s e d i m e n t  s i z e s . The  m o d i f i e d  To f fa l e t i  

p r o c e d ur e t e n d s  t o  h a v e  a s l i g h t l y l o w e r  t r a n s p o r t e d  

s e d i m e n t  v o l ume  t h a n  t h e  m o d i f i e d  E i n s t e i n  p r o c e d u r e . 

Da ta  s e t s  6 a n d  1 3  we r e  t h e  o n l y  c a s e s  whe r e  a 0 

wa s i n  t h e  m i d d l e  z o n e . Da t a  s e t  1 3  was  i n  a g r e e m� n t  w i t h  

t h e  o t h e r  d a t a  s e t s . Da t a  s e t  6 wa s e x c l u d e d  f r om t h e  

d i s c u s s i o n b e c a u s e  o f  l o w  t r a n s p o r t  v o l ume s . 
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CONCLUS I O N S  A N D  R E C OMME N D A T I O N S  

T h e  c o n c l u s i o n o f  th i s  s t u d y  i s  t h a t  t h e  m o d i f i e d  

Tof f a l e t i  p r o c e d u r e  c o m p a r e s we l l  w i t h  t h e  Tof f al e t i , 

A c k e r s  a n d  Wh i t e  a n d  m o d i f i e d  E i n s t e i n p r o c e d u r e s . T h e  

ma j o r  a d v a n t a g e  o f  t h e  m o d i f i e d  m e t h o d  i s  t h a t o n l y  

s u s p e n d e d  a t e r i a l  m e a s u r e m e n t s  a r e  r e q u i r e d t o  p r e d i c t  

t h e  t o t a l  a n d  b e d  m a t e r i a l  t r a n s p o r t s . 

T h e  m o d i f i e d E i n s t e i n  m e t h o d ' r e q u i r e s  m e a s u r e m e n t  

o f  b o t h t h e  s u s p e n d e d  ma t e r i a l  a n d  b e d  m a t e r i a l  i n  s i z e  

f r a c t i o n s  wh i l e  t h e  m o d i f i e d Tof f a l e t i  m e t h o d  r e q u i r e s  

o n l y  t h e  s u s p e n d e d  m a t e r i a l  i n  s i z e  f r a c t i o n s . B o t h  

p r o c e d u r e s  c a l c u l a t e  t h e t o t a l  l o a d s  a n d  b e d  ma t e r i a l  

l oa d s . 

The 

c a l c u l a t e  

Toff a l e t i  

To f f a l et i . a n d  A c k e r s  a n d  Wh i t e  

o n l y  t h e b e d  ma t e r i a l  l o a d  wh i l e t h e  

p r o c e d u r e c a l c u l a t e s  b o t h t o t a l  

p r o c e d u r e s  

m o d i f i e d  

a n d  b e d  

ma t e r i a l  l o a d s .  T h e  m o d i f i e d  p r o c e d u r e  u s e s  s u s p e n d e d  

ma t e r i a l  s a m p l e s  w h i l e  t h e  Tof f a l e t i  a n d  A c k e r s  a n d  Wh i t e 

m e t h o d s  u s e d  b e d  m a t e r i a l  s a m p l e s . 

A d d i t i o n a l  s t u d i e s  s h o u l d  b e  d o n e  w i t h  u n m e a s u r e d  

d e p t h s i n  t h e  m i d d l e  a n d  u p p e r  z o n e s . A l t h o u g h  f o r  t h e  

ma j o r i t y o f  s t r e a m s , t h e  l o v e r  l i m i t o f  t h e  m e a s u r e d  

d e p t h w i l l  b e  i n  t h e l o ve r z o n e , s h a l l o w  s t r e a m s  m a y  b e  

m e a s u r e d o n l y  i n t o  t h e  m i d d l e  a n d  u p p e r  z o n e s . 
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T h e  d a t a  s e t s  t e s t e d  h a d  h i g h  p e r c e n t a g e s  o f  s i l t s  

a n d  c l a y s  a n d  l o w  p e r c e n t a g e s  o f  l a r g e  s a n d  s i z e s . T h e  

p r o c e d u r e s  s h o u l d  b e  t e s t e d  w i t h  s t r e a m s  c a r r y i n g  l a r g e r  

s a n d  s i z e s  a n d  l o w e r  p e r c e n t a g e s  o f  wa s h  l o a d s . 
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- s e d i m e n t  d i s c h a r g e  i n  u p p e r  z o n e  f o r  t h e i
t h 

s e d i m e n t  s i z e  ( t o n s / d a y / f t )  

th 
- u n m e a s u r e d  s e d i m e n t  l o a d  f o r  t h e  i s e d i m e n t  

s i z e , a0 i n  l o v e r  z o n e  ( t o n s / d a y / f t )  
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- u n m e a s u r e d  s e d i m e n t  l o a d  f o r  t h e  i s e d i m e n t 
s i z e , a 0 i n  i d d l e z o n e ( t o n s / d a y / f t )  

. th 
u n m e a s u r e d  s e d i m e n t  l o a d  f o r  the 1 s e d i m e n t 
s i z e , a 0 i n  u p p e r z o n e  ( t o n s / d a y / f t )  

- t o t a l  t r a n s p o r t  i n  a e a s u r e d  z o n e  ( t o n s / d a y ) 

- t o t a l  t r a n s p o r t  o f  s i lt s a n d  c l a y s  ( t o n s / d a y ) 

- T o f f a l e t i ' s  c o r r e c t i o n  f a c t o r  

th 
- t r a n s p o r t  c o e f f i c i e n t f o r  t h e  i s e d i me n t  s i z e  

- T o f f a l e t i ' s  v e l o c i t y c o e f f i c i e n t  

- m e a s u r e d  f l o v ( c f s )  

- t o t a l  _ f l o w ( c f s )  

- h y d r a u l i c  r a d i u s  ( f t )  

- s l o p e  

- t e m p e r a t u r e  i n  d e g r e e s  F a h r e n h e i t  

- t e m p e r a t � r e  c o e f f i c i e n t  

- v e l o c i t y a t  y ( f t / s )  

- g r a i n  r o u g h n e s s  s h e a r  v e l o c i t y  ( f t / s )  

- a v e r a g e  v e l o c i t y ( f t / s )  

- a v e r a g e  m e a s u r e d  v e l o c i t y  ( f t / s )  
- . th 

- f a l l  v e l o c i t y f o r  t h e  i s e d i m e n t s i z e ( f t / s )  
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- d e p t h  a t  a p o i n t  in t h e s t r e a m , p o s i t i v e  u p wa r d  
( f t )  

- c o n c e n t r a t i o n  e x p o n e n t  f o r  t h e  i
th 

s e d i m e n t 
s i z e  

- k i n e ma t i c Y i s c o s i t y  ( f t
2

/ s )  



APPEND I X  B 

D a t a  S e t s  



Data S ets 

D ata Set 0 B v r s .c Temp Geom Hea n  B e d  S u spe nded 
Number ( c fs )  ( f t ) ( ft/sec ) ( ft) ,( ppin) ( F ) ( ft )  %. % 

1 5 5 8 0  1 9 5 3 . • 0 8  8 . 2  1 /6 6 0 0  '. 4 1 5 0  8 0 0 . 0 0 0 0 3 6  . o  1 . 7 1  
0 . 0 0 0 2 9 . 2 4 . 2 3 
0 . 0 0 0 5 8  . 6 7 . 0 4 
0 . 0 0 1 1 6  . 0 8 • 0 2 

2 6 8 5 0 2 3 2 2 . 6 5  1 0 . 1  1 / 8 9 7 0  9 1 0 8 0 o . o o o ·o 3 6 . 0 1 . 7 1  
0 . 0 0 0 2 9 . 0 7 . 2 2 
0 . 0 0 0 5 8  . 8 7 • 0 5  
0 . 0 0 1 1 6  . O S . 0 2 

3 5 6 0 0  2 0 0 .' 3 . 1 2 B . 3 1/6 2 0 0 5 2 4 6 5  0 . 0 0 0 0 3 6  . 0 2 . 6 5  
0 . 0 0 0 2 9 . 2 7 . 1 5 
0 . 0 0 0 5 8 . 5 4 . 0 9 
0 . 0 0 1 1 6  . 1 6 . 0 7 
0 . 0 0 2 3 2  . 0 1 . 0 4 

4 5 2 0 0  1 5 7 3 . 4 3  8' .  6 1/ 5 7 0 0  1 5 6 0  6 5  0 . 0 0 0 0 3 6  . 1 8  . 7 3 
0 . 0 0 0 2 9 . 1 5 . 1 1 
0 . 0 0 0 5 8 . 5 3 . 0 7 
0 . 0 0 1 1 6  . 1 3 . 0 4 
0 . 0 0 2 3 2  . 0 1 . O S  

5 7 3 2 0  2 3' 2  2 . 8 9 9 . 9 7  1 / 1 1 2 0 0  4 1 8 0  8 1 . 4  o .  o o o·o 3 6  . 0 1 . 9 8 
0 . 0 0 0 2 9 . 0 7 . 0 1 
0 . 0 0 0 5 8  • 8 7 . 0 1 
0 . 0 ·0 1 1 6  . O S 

-........____ 
V1 
w 



Data Set 0 B ... v r s c 

6 8 7 8  7 1 . 5  1 . 9 8  5 . 5  1/9 2 8 0 14 2 

7 1 7 90 1 3 2 2 . 3 3 5 . 7 1/ 8 4 80 2 5 1  

8 6 9 9 0 2 2 7  2 . 80 10 . 0  1 / 8 8 50 ." 2 6 6 0 

9 1 9 60 1 2 9  2 . 2 9 6 . 3 1 / 10 9 90 1 1 20 

10 9 2 3 0 2 6 0 ' 2 .  8 1  1 2 . 1  1/ 1 1 500 8 8 2  

1 1  1 900 1 2 9  2 . 3 4 6 . 0 1/ 8 30 0  9 6 8  

Temp Geom Mean 

7 4  0 . 0000 3 6  
0 . 000 2 9  
0 . 0 0 0 5 8  
0 . 00 1 1 6 

7 4  ' 0 . 000 0 3 6 
0 . 000 2 9 
0 . 000 5 8  
0 . 00 1 1 6 

8 5  0 . 000 0 3 6  
0 . 000 2 9  
0 . 000 5 8  
0 . 00 1 1 6  

8 4  0 . 0000 3 6  
0 . 000 2 9  
0 . 000 5 8  
0 . 00 1 1 6  

7 9 0 . 0000 3 6  
0 . 000 2 9  
0 . 000 5 8  
0 . 00 1 1 6  

8.0 0 . 0000 3 6  
0 . 000 2 9  
o ·� o o o 5 8  
0 . 00 1 1 6  

Bed 

. 0 1  
� 0 0  
. 7 6 
. 2 3 

. 0 1  

. 1 2 
• 6 5  
. 2 2 

. 0 1  

. 0 7 

. 8 7 

. a s 

. 0 1  

. 1 2 
' 

• 6 5  
. 2 2 

. 0 1  

. 0 1  

. 90 

. 0 8  

. 0 1  

. 1 2 

. 6 5 

. 2 2 

Suspend e d  

. 9 7 
• 0 2  
. 0 1 
. 0 1  

• 7 3 
. 2 2 
. 0 4  
. 0 1  

. 9 5 

. 0 4  

. 0 1  

. 9 1  

. 0 6  

. 0 2  

. 0 1  

. 8 9 

. 0 9  
• 0 1  
. 0 1  

. 9 3 

. o s 
• 0 1  
. 0 1  

U1 
.,. 



Da ta S e t  0 B v r s c Temp Geom Mean Bed Su spend ed � 
, 

1 2  9 6 7 0 2 5 6  2 . 9 2  1 2 . 0  1 / 1 0 0 0 0  2 4 4 0  8 6  0 . 0 0 0 0 3 6  . 0 1 . 9 6 
0 . 0 0 0 2 9  . . 0 1  . 0 3 
0 . 0 0 0 5 3  . 9 0 . 0 1  
0 . 0 0 1 1 6 . o e 

1 3  9 0 1  7 0 . 5  2 . 10 5 . 3 1/ 1 1 3 0 0  3 3 3 0 8 6  0 . 0 0 0 0 3 6  . 0 1 . 9 8 
0 . 0 0 0 2 9 . . o o  . 0 1 
0 . 0 0 0 5 8  . 7 6 . 0 1 
0 . 0 0 1 1 6  . 2 3 

14  9 8 6 0  2 6 8 3 . 0 1  1 1 . 8  1 / 1 1 3 0 0  3 6 5 0  8 2 . 4  0 . 0 0 0 0 3 6  . 0 1 . 9 7 
0 . 0 0 0 2 9  . 0 4 . 0 3  
0 . 0 0 0 5 8  • 8 8 
0 . 0 0 1 1 6  . 0 7 

1 5  1 4 1 0 0  3 0 8  4 . 2 4 9 . 8 1 / 4 5 7 0 1 2 9 0  6 3  0 . 0 0 0 0 3 6  . 0 1 . 6 3  
0 . 0 0 0 2 9 . 1 0 . 0 4 
0 . 0 0 0 5 8  . 6 4 . 0 7 
0 . 0 0 1 1 6  . 2 5 . 2 6 

I 

1 6  6 2 0 0  2 0 7  3 . 3 1 8 . 5 1 /6 3 0 0 1 9 2 3  7 2  0 . 0 0 0 0 3 6 . 0 4 . 7 8 
0 . 0 0 0 2 9 . 0 7 

I 
. 1 4 

0 . 0 0 0 5 8  . 4 7 . 0 4 
0 . 0 0 1 1 6  • 4 0  . 0 3 
0 . 0 0 2 3 2  . 0 2 . 0 1  

1 7  3 8 7 0 2 0 2  2 . 7 4 6 . 5 1 / 7 6 0 0  4 6 7  7 2  0 . 0 0 0 0 3 6  . 0 1 . 6 2 
0 . 0 0 0 2 9 • 0 3  . 0 9 
0 . 0 0 0 5 8  . 4 3 . 0 8 
0 . 0 0 1 1 6  . s o . 1 9 

V't 
V'l 



D a t a  S e t 0 B � v r s c Temp Geom l-:ea n Bed Su spended 

18 5 6 4 0  1 9 3 3 . 1 7 8 . 5 1 / 3 5 8 0  ' 1 7 9 0  . 7 7  0 . 0 0 0 0 3 6 . 0 1 . 7 5 
0 . 0 0 0 29 . 0 4 . 1 1 
0 . 0 0 0 5 8  . 3 4 . 0 6 
0 . 0 0 1 1 6  . 5 9 . 0 4 
0 . 0 0 2 3 2  . 0 2 . 0 4 

1 9 1 3 8 0 0  3 1 3  3 . 9 3  1 0 . 6  1 / 5 0 0 0  1 3 5 0  6 4  0 . 0 0 0 0 3 6  . . 0 1  . • 3 7  
0 . 0 0 0 2 9 . 1 0 . 2 0 
0 . 0 0 0 5 8  . 6 4 . 3 2 
0 . 0 0 1 1 6  . 2 5 . 1 1 

2 0  5 3 0 0  1 9 6  3 . 0 2  0 . 2 1/6 7 0 0 2 3 1 0 6 7  0 . 0 0 0 0 3 6 . 0 1 . a s · 
0 . 0 0 0 2 9 . 0 3 . 0 6 
0 . 0 0 0 5 8  . 2 8 . 0 4 
0 . 0 0 1 1 6  . 6 5  . 0 3 
0 . 0 0 2 3 2  . 0 3 . 0 2 

2 1  5 6 1 0  1 8 3  3 . 0 9  8 . 7 1/ 3 0 0 0  6 8 0  6 8  0 . 0 0 0 0 3 6 - . 3 8 
0 . 0 0 0 2 9  . 0 1 . 3 0 
0 . 0 0 0 5 8  . 2 S . 1 5 
0 . 0 0 1 1 6  . 6 1 . 0 9 
0 . 0 0 2 3 2  . 1 3  . 0 8 

2 2  5 3 6 0  19 0 3 ·. 1 0 8 . 2 1 / 5 5 1 0  1 0 9 0 ' 7 5  0 . 0 0 0 0 3 6  . 0 1 - · 8 7 
0 . 0 0 0 2 9  • 0 2 . 0 5 
0 . 0 0 0 5 8 . 2 4  . 0 4 
0 . 0 0 1 1 6 . 6 4 • 0 3  
0 . 0 0 2 3 2  . 0 9 . 0 1 

2 3  5 2 9 0  1 9 0 3 . 1 0 8 . 3 1 / 5 5 0 0  2 6 6 0  6 7  0 . 0 0 0 0 3 6 . 0 1 . a s 
0 . 0 0 0 2 9 . 0 2 . 1 0 
O . O O O S 8  . 1 6 . 0 4 
0 . 0 0 1 1 6  • 7 3 . 0 1  

U1 
0'\ 

0 . 0 0 2 3 2  . 0 8 



Data Set 0 B ..,. v r s c Temp 
� 

2 4  5 5 4 0  19 3 3 .• 1 5  8 . 5 1 / 5 0 0 0  2 3 3 0  7 2  

2 5  1 24 0 0 3 5 6 4 . 8 4  6 . 9 1/ 8 0 4 0  1 1 0 0  6 4  

Geom �1ean 

0 . 0 0 0 0 3 6  
0 . 0 0 0 2 9 
0 . 0 0 0 5 8  
0 . 0 0 1 1 6 
0 . 0 0 2 3 2  

0 . 0 0 0 0 3 6  
0 . 0 0 0 2 9  
0 . 0 0 0 5 8  
0 . 0 0 1 1 6 
0 . 0 0 2 3 2  

Bed 

, 0 1 
. 0 4 
. 3 4 
. 5 9 
. 0 2  

. 0 1 

. 0 3 

. 5 5 

. 3 7 

. 0 4 

S u spended 

. 8 0 

. 0 6 

. 1 3 

. 0 1  

. 5 2 

. 3 2  

. 0 9 

. 0 4 
• 0 3 

V1 
" 



A P P E N D I X  C 

C o mp u t e r  P r o g r am 



0020 REM ***************** MODIFIED TOFFALETI PROGRAM************* 
0030 REM 
0040 REM FIRST DATA LINE INPUTS : ( IN RESPECTIVE ORDER) 
0050 REM T-TEMPERATURE ( DEGREES F) 
0060 REM V�AVERAGE MEASURED VELOCITY(FI'/SECOND) 
0070 REM D-HYDRAULIC RADIUS (FEET) 
0080 REM A-UNMEASURED DEPTH (FEET) 
0090 REM B-WIDTH (FEET) -
0100 REM AI-% SILT & CLAY IN MEASURED LOAD • 

01 10 REM �MALLEST SEDIMENT SIZE PRESENT ( 1=VFS , l2=LC) 
01 20 REM H-LARGEST SEDIMENT SIZE PRESENT 
0130 REM C-CONCENTRATIOH (PPM) 
0140 REM @-PRINTOtiT REQUIREMENT ( 2•DETAILED; l=FINAL ONLY) 
0150 REM Sl-SLOPE 
0160 REM G5-SPECIFIC GRAVITY 
0170 REM S2-SHAPE FACTOR 
0180 REM SECOND DATA LINE INPUTS : 
0190 REM % OF EACH SEDIMENT IN MEASURED LOAD -
0195 REM SMALLEST TO LARGEST 
0270 DIM F( l60) , J( l2 ) , I( 1 2 ) , L(40) , W( l2) , Z(40) ,M(40) , Y( 12 ) , 0( 12 )  
0280 DIM T(60) , E$ ( 12) , I ( 60) , H( 12) , E( 12 , 10) 
0290 DATA 25 
0300 READ R 
0310 REM ******** GEOMETRIC MEANS FROM VFS TO LC. **************** 
0320 DATA .000289 , . 000584 , . 001 16 , . 00232 , . 00464, . 00928 , . 0186, . 0371 
0330 DATA . 0742 , . 1485 , . 297 , . 594 
0340 REM ************ SEDIMENT SIZE ABBREVIATIONS *************** 
0350 DATA VFS , FS , MS , CS ,  VCS , VFG, FG,MG,CG, VCG, SC, LC  

- 0360 FOR 1·1 TO 1 2  
0370 READ J(I) 
0380 NEXT I 
0390 FOR 1•1 TO 1 2  
0400 READ E$(I) 
0410 NEXT I 
0420 REM ******** READ IN CURVE DATA ****************** 
0430 REM I=1 , 2 , 3 , 4 , 5 ,  IS S2a0. 3 , 0. 5 , 0. 7 , 0. 9, 1 .0  
0440 REM I=1 , 6 IS  C8{ CS) AND REYNOLD NUMBER 
0450 REM J•1, 2 ,  • • •  , 10 ARE LOG OF VALUES 
0460 FOR I-1 TO 5 
0470 FOR l•l TO 6 STEP 5 
0480 FOR J=l TO 10 
0490 READ E([+I , J) 
0500 NEXT J 
0510 NEXT I 
0520 NEXT I 
0530 DATA . 556, 1 . 204, 1 . 813 , 2 . 602 , 2 . 903 , 3 . 1 14 , 3 .301 , 3 . 602 , 3 . 954 , 4. 477 
0540 DATA - . 464 , . 065 , . 536 , 1 . 1 1 4 , 1 . 321 , 1 . 459, 1 . 575 , 1 . 752 , 1 . 942 , 2 . 22 
0550 DATA . 532 , . 929 , 1 . 398, 1 . 778, 2 . 255 , 2 . 813, 3. 342, 4 . 255 , 5 , 5 . 477 

58 



0560 DATA - . 482 , - . 13� , . 251 , . 551 , . 908 , 1 . 308 , 1 . 651 , 2 . 191 , 2 . 594 , 2 . 837 
0570 DATA . 505, 1 . 1 14 , 1 . 58 , 1 . 954 , 2 . 663 , 3 . 1 14 , 3 . 699 , 4 . 1 14 , 4 . 602 , 5 . 699 
0580 DATA - . 496 , . 052 , . 436 , . 728 , 1 . 244 , 1 . 561 , 1 . 95 , 2 . 203 , 2 . 464 , 3. 031 
0590 DATA . 477, 1 , 1 . 6 23 , 2 . 699 , 3 . 146 , 3 . 929, 4 . 301 , 4 . 875 , 5. 301 ; 5 . 778 
0600 DATA - . 51 , - . 021 , . 494 , 1 . 322 , 1 . 637 , 2 . 14 , 2 . 376 , 2 . 703 , 2 . 931 , 3. 1 79 
0610 DATA . 447, 1 . 1 14 , 1 . 763, 2 . 301 , 2 . 845, 3 . 532 , 4. 1 14 , 4 . 532 , 5 . 1 14 , 6  
0620 DATA -. 525 , . 099 , . 623 , 1 . 053 , 1 . 455 , 1 . 929 , 2 . 301 , 2 . 556, 2 . 887 , 3 . 349 

59 

0630 REM *********** PROBLEM DATA ************************ t • •• 
0640 REM ******** DATA PROBLEM 1 ****************************•*** 
0650 DATA 80, 3 . 08 , 8. 2 , . 5 , 1 95 , . 71 , 1 , 3 , 4150 , 1 , .0001515 , 2 . 65 , . 7  
0660 DATA . 23 ,  . 04 ,- . 02 
0670 REM ********** DATA PROBLEM 2 ***************************** 
0680 DATA 80, 2 . 65 , 10. 1 , . 5 , 232 , . 71 , 1 , 3 , 910, 1 , . 0001 1 14 , 2 . 65 , . 7  -

0690 DATA . 22 , . 05 , . 02 
0700 REM ************ DATA PROBLEM 3 **************************** 
0710 DATA 65 , 3 . 1 2 , 8. 3, . 5 , 200 , . 65 , 1 , 4 , 524, 1 , . 0001612 , 2 . 65 , . 7  
0720 DATA . 15 , . 09 , . 07 , . 04  
0730 REM **********• + *** DATA PROBLEM 4 ************************** 
0740 DATA 65 , 3 . 43 , 8. 6 , . 5 , 1 57 , . 73 , 1 , 4 , 1 560, 1 , . 0001754 , 2 . 65 , 0. 7  
0750 DATA . 1 1 , . 07 , . 04 , . 05 
0760 REM *************** DATA PROBLEM 5 ************************** 
0770 DATA 81 . 5 , 2 . 89 , 9. 97 , . 5 , 232 , . 98 , 1 , 2 , 4180 , 1 , . 0000892 , 2 . 65 , 0. 7  
0780 - DATA . 01 , . 01 
0790 REM *************** DATA PROBLEM 6 ************************** 
0800 DATA 74, 1 . 98 , 5 . 5 , . 5 , 71 . 5 , . 97 , 1 , 2 , 142 , 1 , 0 . 0001077 , 2 . 65 , . 7  
0810 DATA . 02 , . 01 
0820 REM *************** DATA PROBLEM 7 ************************** 
0830 DATA 74, 2 . 33 , 5 . 7 , . 5 , 132 , . 73 , 1 , 3 , 251 , 1 , 0. 0001 1 79 , 2 . 65 , . 7  
0840 DATA . 22 , . 04 , . 01 
0850 REM ******** t • t **** DATA PROBLEM 8 � **************** t • t •****** -

0860 DATA 85 , 2 . 80 , 9 . 8 , . 5 , 227 , . 95 , 1 , 2 , 2660 , 1 , 0 . 0001 129 , Z. 65 , . 7  
0870 DATA . 04 , . 01 
0880 REM *************** DATA PROBLEM 9 ************************** 
0890 DATA 84, 2 . 29 , 6 . 05 , . 5 , 1 29 , . 91 , 1 , 3 , 1 1 20 , 1 , 0 . 0000961 , 2 . 65 , . 7  
0900 DATA . 06 , .02 , . 01 
0910 REM *************** DATA PROBLEM 10 ************************* 
0920 DATA 79 , 2 . 81 , 11 . 6 , . 5 , 260 , . 89 , 1 , 3 , 882 , 1 , 0 . 0000869 , 2 . 65 , . 7  
0930 DATA . 09, . 01 , . 01 
0940 REM *************** DATA PROBLEM 1 1  ************************* 
0950 DATA 80, 2 . 34 , 5 . 8 , . 5 , 1 29 , . 93 , 1 , 3 , 968 , 1 , 0 . 0001204 , 2 . 65 , . 7 
0960 DATA . 05 , . 01 , . 01 
0970 REM *************** DATA PROBLEM 12  ************************* 
0980 DATA 86, 2 . 92 , 1 2 . 0 , . 5 , 256 , . 96 , 1 , 2 , 2440 , 1 , 0 .0001 , 2 . 65 , . 7  
0990 DATA . 03, . 01 
1000 REM ********..,*�**** ......... '*·** DATA PROBLEM 13 ************************ 
1010 DATA 86, 2 . 10 , 5 . 3 , . 5 , 70 . 5 , . 98 , 1 , 2 , 3330 , 1 , 0. 0000884 , 2 . 65 , . 7  
1020 DATA . 01 , . 01 
1030 REM *******�****��*'**:** DATA PROBLEM 14 ************************* 
1040 DATA 82 . 4 , 3 . 01 , 1 1 . 8 , . 5 , 268 , . 97 , 1 , 1 , 3650 , 1 , 0 . 0000884 , 2 . 65 , . 7  



60 

.. 

1050 DATA . 03 
1 060 REM *************** DATA PROBLEM 1 5  ****••••••*************** 
1070 DATA 63 , 4. 24 , 9 . 8 , . 5 , 308 , . 63 , 1 , 3 , 1 290 , 1 , 0 . 0002 188 , 2 . 65 , . 7  
1 080 DATA . 04, . 07 , . 26 
1090 REM *************** DATA PROBLEM 16 •·•••••******************* 
1 100 DATA 72 , 3 . 31 , 8 . 45 , . 5 , 207 , . 78 , 1 , 4 , 1923 , 1 , 0 . 0001 587 , 2 . 65 , . 7  
1 1 10 DATA . 14, . 04 , . 03 , . 01 
1 1 20 REM *************** DATA PROBLEM 1 7  ****••••••*************** 
1 1 30 DATA 72, 2 . 74 , 6 . 5 , . 5 , 202 , . 62 , 1 , 3 , 467 , 1 , 0 . 0001 3 1 5 , 2 . 65 , . 7  
1 140 DATA . 09,  . 08 ,  . 19 . 
1 150 REM *************** DATA PROBLEM 18 *' + tt '******************* 
1 160 DATA 77 , 3. 17 , 8 . 5 , . 5 , 1 93 , . 75 , 1 , 4 , 1 790 , 1 , 0. 0002793 , 2 . 65 , . 7  
1 170 DATA . 1 1 , . 06 , . 04 , . 04 
1 180 REM *************** DATA PROBLEM 19 ************************* 
1 190 DATA 64 , 3 . 93 , 10 . 6 , . 5 , 31 3 , . 37 , 1 , 3 , 1350 , 1 , 0 . 0002 , 2 . 65 , . 7  
1 200 DATA . 20, . 32 , . 1 1  
1 210 REM *************** DATA PROBLEM 20 *******''*************** 
1220 DATA 67 , 3 . 02 , 8 . 2 , . 5 , 1 96 , . 85 , 1 , 4 , 2310, 1 , 0 . 0001 492 , 2 . 65 , . 7  
1 230 DATA . 06 , . 04 , . 03 , . 02 

-

1 240 REM •••••••******** DATA PROBLEM 21 **+tttttt*************** 
1 250 DATA 68 , 3 . 09 , 8 . 7 , . 5 , 183 , . 38 , 1 , 4 , 680 , 1 , 0 .000333 , 2 . 65 , . 7  
1 260 DATA . 30, . 1 5 , . 09 , . 08 
1 270 REM *************** . DATA PROBLEM 22 ************************ 
1 280 DATA 75 , 3 . 10 , 8 . 2 , . 5 , 1 90 , . 87 , 1 , 4 , 1090 , 1 , 0 . 0001814 , 2 . 65 , . 7 
1 290 DATA . 05 , . 04 , . 03 , . 01 
1 300 REM *************** DATA PROBLEM 23 ************************ 
1310 DATA 67 , 3 . 10 , 8 . 3 , . 5 , 190 , . 85 , 1 , 3 , 2660 , 1 , 0 . 0001 8 14 , 2 . 65 , . 7  
1 320 DATA . 10 , . 04 , . 01 
1 330 REM *************** DATA PROBLEM 24 **************'********* 
1340 DATA 72 , 3 . 15 , 8 . 5 , . 5 , 1 93 , . 80 , 1 , 3 , 2330, 1 , 0 . 0002 , 2 . 65 , . 7  
1 350 DATA . 06, . 1 3 , . 01 
1 360 REM *************** DATA PROBLEM 25 ************************ 
1370 DATA 64 , 4 . 84 , 6 . 9 , . 5 , 356 , . 52 , 1 , 4 , 1 100 , 1 , 0 . 0001 243 , 2 . 65 , . 7  
1380 DATA . 32 , . 09 , . 04 , . 03 
1 390 REM *****************************************•***************** 
1400 FOR Z==1 TO R 
1410 PRINT 
1420 PRINT 
1430 PRINT 
1440 PRINT USING 1 450 , Z  
1450 : PROBLEM NUMBER Ill 
1460 READ T , V , D , A , B , A1 , S , H , C , @ , S1 , G5 , S2 
1470 C4=0 
1475 REM: V1 IS AVERAGE VELOCITY OF MEASURED ZONE 
1480 N= . 1 198+ . 00048*T 
1490 Vl=( ( ( l+N) *V) / ( ( D-A) *D**N) ) *( (D**(N+1 ) / ( N+1 ) )-(A** (N+l ) / ( N+1 ) ) ) 
1495 REM: 'IUI'AL SEDIMENT TRANSPORTED IN MEASURED ZONE IS G 
1500 G=(D-A) *VI* . 002695*C 
1510 Ql=Vl* (D-A) *B REM: MEASURED FLOW (CFS) 



.. 

1520 Q2•V*D*B . REM: TOTAL FLOW (GIVEN INFORMATION) 
1525 REM: TOTAL TONS/DAY · OF SILTS AND CLAYS 
1530 Gl-G*A1*(Q2/Q1 )*B 
1540 Rl•D/11 . 24 REM :  LOWER ZONE UPPER LIMIT 
1550 R2•D/2 . 5  REM :  MIDDLE ZONE UPPER LIMIT 
1560 Cl•260. 67-. 667*T REM: Cl-cl 
1570 IF @. LT. 2 THEN 1 640 l®f: PRINTS ALL VARIABLES 
1580 ·PRINT "AVERAGE VELOCITY·" ; V 
1590 PRINT "TTTAL DEPTH•" ; D 
1600 PRINT "UNMEASURED DEPTH=" ; A  
1610 PRINT "STREAM WIDTH•" ; B 
1620 PRINT "TEMPERAWRE-" ; T  
1630 PRINT "SEDIMENT CONCENTRATION=" ; C  
1640 S9-S 
1650 GOSUB 3960 REM: SUBROUTINE TO CALC FALL VEL 
1660 FOR I-s TO H 
1670 W(I).-W( I) /30 . 48 REM :  CONVERTS TO FT/SEC FROM CH/SEC 
1680 Z(I)•(W(I)*V)/(C1*D*S1 )  REM: ZI VALUES 
1690 Z(I+20)�(I) REM :  RETAINS INITIAL Z( I)  VALUE 
1700 IF @. LT. 2 THEN 1 730 
1710 PRINT USING 1 720 , I , W(I) , Z(I) 
1720 : SEDIMENT SIZE= ## FALL VELOCITY= ##. ## Z= 11 . 1111 
1730- NEXT I 
1740 FOR I·S TO H 
1750 READ P(I) REM :  READS IN PERCENTAGES FOR SIZES IN SAMPLE 
1760 IF @.LT . 2 THEN 1790 
1 770 PRINT USING 1 780 , I , P(I) 
1 780 : SEDIMENT SIZE=- II % SEDIMENT IN SAMPLE- II. II 
1790 NEXT I 
1800 FOR X•S TO H 
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1810 Y(I)=G*P(I) REM :  MEASURED TONS/DAY OF EACH SEDIMENT SIZE · 
1820 F(I+20)=. 5*Z(I) 
1830 F(I+40)=. 244*Z(I) 
1840 F(I+60)-. 756*Z(I) REM: F VALUES ARE Z & NV EXPONENTS 
1850 F(I+80)=1+N-( . 756*Z(X) ) 
1860 F(I+100)=1+N-Z(I) 
1870 F(I+120)=1+N-( 1 . 5*Z(X ) ) 
1880 F(I+140)=N-( . 756*Z(I) ) 
1890 IF @.LT . 2 THEN 1960 
1900 PRINT USING 1910 , X , Y(I) , F(I+20) 
1910 : SEDIMENT SIZE= ## TONS/DAY= #IIIII F1= 11 . 1111 
1920 PRINT USING 1930 , F(I+40) , F(X+60) , F(X+80) , F(X+100) 
1930 : F2= 11 . 1111 F3= 11 . 1111 F4= #1 . 1111 F5=1#. 11#1 
1940 PRINT USING 19SO,F(I+1 20) , F(I+140) 
1950 : F6= #1 . 1111 F7= ## . #Ill 
1960 NEXT I 
1970 REM Tl , T2 , T3 ARE PARTS OF EQUATIONS TO CALC M(X) 
1980 FOR I= S TO H 
1990 T{I)=(R1**F(I+40)*R2**F(I+20)*(D**F(X+1 20)-R2**F(X+1 20) ) )/F(X+l 20) 



2000 T( I+20)•(Rl**F(I+40)*(R2**F(I+100)-Rl**F(I+l00) ) ) /F(I+100) 
2010 T(I+40)•(Rl**F(I+80)-( 2*J(I) )**F(I+80) )/F(I+80) 
2020 NEXT I 
2030 IF A . LT.R2 THEN 2060 
2040 GOSUB 2840 REM :  MEASURED TO UPPER ZONE 
2050 GOTO 2100 
2060 IF A . LT .R1 THEN 2090 
2070 'GOSUB 2740 REM: MEASURED TO MIDDLE ZONE 
2080 GOTO 2100 
2090 GOSUB 2640 REM :  MEASURED IN LOWER ZONE 
2100 F..O 
2110 FOR laS TO H . 
2120 L(I)a(M(X) *D**(F(I+1 40) ) )/(43 . 2*P(I) *( l+N)*V)  REM :  ·CLI 
2130 L(I+20)=L(I) *( 2*J(I) /D)**(F(I+60) ) REM :  CI 
2140 IF @.LT.2  THEN 2170 
2150 PRINT USING 2160 , X , L(I) , L(X+20) 
2160 : SEDIMENT SIZE= II c- 111111. 111 CL- 11111111 . 11 

. 62 

2170 F=100-L(I+20) REM: TESTS TO SEE IF CL IS WITHIN 0 . 5  
2180 . IF F .GT . -0 .  50 THEN 2280 REM: OF 100 PCF 
2190 IF C4-20 THEN 2280 
2195 REM: SETS 1ST SIZE THAT EXCEEDS 100 PCF TO S SO LOOP 
2197 REM: ONLY REPEATS SIZES THAT EXCEED LIMIT 
2200 · CSaCS+ 1 
2210 IF CS .GT. 1 THEN 2230 
2220 S=I 
2230 F(X+60)=LOG( 100/L(I) ) /LOG(2*J(I)/D) 
2240 Z(X)=-F(X+60) /. 756 REM: CALCULATES NEW Z FOR CI=100 
2250 IF @. LT. 2 THEN 2280 
2260 PRINT USING 2270 , I, C4 , Z(I)  
2270 : SEDIMENT SIZE= II COUNTER C4a II NEW z- 11. #111 
2280 NEXT I 
2290 C5=0 
2300 C4=C4+ 1 
2305 REM: RETURNS TO RECALCULATE Z , M, F '  s , C  & CL FOR SIZES 
2307 REM: EXCEEDING 100 PCF 
2310 IF F. LT.-0 . 5  & C4<20 THEN 1800 
2320 S=S9 
2330 FOR X=l TO 5 
2340 PRINT 
2350 NEXT X 
2360 PRINT USING 2370 
2370 : SIZE ORIGINAL Z( I )  FINAL Z( I )  ORIGINAL M( I) FINAL M( I)  
2380 PRINT 
2390 FOR X=S TO H 
2400 PRINT USING 2410 , E$(I) , Z(I+20) , Z{X) , M(X+20) , M(I) 
2410 : Ill 1# . 1111 11 . 1111 1111 . 11 111# . #1 
2420 NEXT I 
2430 FOR X=l TO 10 
2440 PRINT 



.. 

2450 NEXT I 
2460 IF A .LT. R2 THEN 2490 · REM :  CALCULATING UNMEASURED SEDIMENT 
24 70 GOSUB 31 10 REM :  UPPER ZONE A 
2480 GOTO 2530 
2490 IF A.LT.Rl THEN 2520 
2500 GOSUB 3020 REM: MIDDLE ZONE A 
2510 GOTO 2530 
2520 GOSUB 2940 REM: LOWER ZONE A 
2530 G2a0 
2540 FOR I·S TO H 
2550 U(I)=M(I)*( 2*J(I) )**(F(I+80) ) REM :  CALCULATES ;BED LOAD 
2560 O(I)•(U(I)+Y(I)+I(I) ) REM: TOTAL LOAD PER SIZE/FT 
2565 REM: G2 IS THE TOTAL LOAD TONS/DAY NOT INCL SILT & CLAY . 
2570 G2.0(I)+G2 
2580 IF @.LT. 2 THEN 2610 
2590 PRINT USING 2600 , I , U(I) , O(I) 
2600 : SEDIMENT SIZE- ## BED LOAD= 11111. 11 TOTAL LOAD- 11111 . 11 
2610 NEXT I 
2605 . REM :  G3 IS TOTAL LOAD TONS/DAY INCLUDING SILTS & CLAYS 
2620 G3-G2*B+G1 
2630 GOTO 3200 
2640 REM**SUBROUTINE TO CALCULATE M(I) WHEN A IS IN LOWER ZONE ***** 
2650 - FOR I-s TO H 
2660 M(I)=Y(I) / ( ( (R1**F(X+80)-A**F(I+80) ) /F(I+80) )+T(I+20)+T(I) ) 
2670 IF @.LT . 2  THEN 2700 
2680 PRINT USING 2690 , X , M(I) 
2690 : SEDIMENT SIZE = II . LOWER ZONE Ma 1111. 1111 
2700 IF C4.GT.O THEN 2720 
2710 M(I+20)-M(I) REM :  RETAINS ORIGINAL M(I) 
2720 NEXT I 
2730 RETURN 
2740 REM ** SUBROUTINE TO CALCULATE M(X) WHEN A IS IN MIDDLE ZONE** 
2750 FOR IaS TO H 

63 

2760 M(I)•Y( X) / ( (R1**F(I+40)*(R2**F(X+100)-A**F(X+l00) )/F(X+100) )+T(I) ) 
2770 IF @.LT . 2  THEN 2800 
2780 PRINT USING _ 2790 , X , M(X) 
2790 : SEDIMENT SIZE= II MIDDLE ZONE M= Ill . #Ill 
2800 IF C4.GT.O THEN 2820 
2810 M(X+20)aM(I) REM: RETAINS ORIGINAL M(I) 
2820 NEXT I 
2830 RETURN 
2840 REM ** SUBROUTINE TO CALCULATE M(X) WHEN A IS IN UPPER ZONE*** 
2850 FOR I.S TO H 
2860 M(I)�(Rl**F(I+40)*R2**F(I+20)*(D**F(X+120)-A**F(X+120) ) /F(X+l 20) ) 
2865 M(I)+Y(X) /M(I) 
2870 IF @. LT. 2 THEN 2900 
2880 PRINT USING 2890 , X , M(I) 
2890 : SEDIMENT SIZE= II UPPER ZONE H= Ill . #Ill 
2900 IF C4. GT.O  THEN 2920 



2910 H(I+20)=-M(I) REM: RETAINS ORIGINAL M(I) 
2920 NEXT I 
2930 RE1lJRN 
2940 RFJf ** SUBROl!I'INE CALCULATES UNMEASURED LOAD ************** 
2945 REM ** WHEN A IS IN LOWER ZONE ************************ 
2950 FOR 1-s TO H REM: I(I)=-UNKEASURED LOAD 
2960 :l(I)-M(I)*( (A**(F(I+80) )-( 2*J(I ) )**(F(I+80) ) ) /F(I+80) ) 
2970 IF @� LT. 2 THEN 3000 
2980 PRINT USING 2990, I , l{I) 
2990 : SEDIMENT SIZE= #I LOWER ZONE UNMEASURED LOAD • 11111 . 11 
3000 NEXT- I 
3010 RE1lJRN 
3020 REM ** SUBROOI'INE CALCULATES UNMEASURED LOAD ********** 
3025 REM ** WHEN A IS IN MIDDLE ZONE ***••••••••••••*** 
3030 FOR I-s TO H 
3040 l(I)•(Rl**F(I+40)*(A**F( I+100)-Rl**F(I+100) )/F(I+100) ) 
3045 :l(I)•I(I)+(M(X)*T(I+40) ) 
3050 I(I)•I(I)*K(I) REM: I(I) IS UNMEASURED LOAD 
3060 . IF @.LT . 2  THEN _3090 

. 
3070 PRINT USING 3080 , I ,I(I) 
3080 : SEDIMENT SIZE- II MIDDLE ZONE UNMEASURED LOAD • 11111 . 11 
3090 NEXT I 
3100 RE1lJRN 
31 10 REM SUBROOI'INE TO CALCULATE UNMEASURED LOAD ******** 
31 15 REM ***** WHEN A IS IN UPPER ZONE ************** 
3120 FOR X-8 TO H 
3130 :l(I)•Rl**(F(I+40) )*R2**(F(X+20) )*(A**(F(I+120) )-R2**(F(I+120) ) )  
3135 I(I)•I(I)/F(I+120) 
3140 I(I)-M(I)*(I(I)+T( I+20)+T( I+40) ) REM: I(I) IS UNMEASURED LOAD 
3145 IF @.LT . 2  THEN 3180 
3150 PRINT USING -3170 , I , I( I) 
3160 : SEDIMENT SIZE- II UPPER ZONE UNMEASURED LOAD- 11111 . 11 
3170 NEXT I 
3180 RE1lJRN 
3190 PRINT USING 3210 
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3200 : SIZE MEASURED LOAD UNMEASURED LOAD BED LOAD TUr!L LOAD 
3210 PRINT USING 3230 
3220 : (TONS/DAY) (TONS/DAY) (TONS/DAY) (TONS/DAY) 
3230 PRINT 
3240 IF G1 . LT. 1 THEN 3280 
3250 PRINT USING 3270 , Gl 
3260 : SILTS AND CLAYS 111111 . #1 
3270 FOR I-s TO H 
3290 PRINT USING 3300, E$(I) , Y(I)*B , I(X)*B , U(I)*B , O(I)*B 
3300 : Ill 11111 . 11 1111 . 11 1111 . #1 111111 . 11 
3310 NEXT I 
3320 FOR Ial TO 6 
3330 PRINT 
3340 NEXT I 



3350 PRINT "nrorAL SUSPENDED AND BED LOAD (TONS/DAY) •" ; G2*B . 
3360 PRINT "TTTAL SEDIMENT . LOAD (TONS/DAY)•" ;G3 
3370 GOTO 4540 
3380 REM ***•••****** CALCULATE riNEMATIC VISCOSITY ************** 
3390 CS.(T-32)*(5/9) REM :  CALCULATED TEMPERATURE CENTIGRADE 
3400 C6-C5-20 
3410 IF C5 .GT. 20 THEN 3440 
3415 REM: N1 IS THE IINEHATIC VISCDSITY 
3420 Nl•l0**( 1301/(998. 333+8. 1855*C6+. 00585*C6*C6)-3. 30233) 
3430 GOTO 3460 
3440 C7·20-C5 
3450 N1•. 01002*( 10**( ( 1 . 3272*C7- . 001053*C6*C6)/(C5+105) ) )  
3460 Nl•N1/10000 

. 
REM: �!NEMATIC VISCOSITY IN SQ M/SEC 

3470 P.H1*10. 7639 
3480 P•P*lOOOOO 
3490 RETOlUf 
3500 REM •ttttttttt*** INTERPOLATE SHAPE FACTOR **•••••••*** 
3510 IF · M-2 THEif 3580 
3520 ·rF S2.GE.0.3.AND.S2 . LT. 0 . 5 THEN 83-0.3 
3530 IF S2 . GE.0. 5.AND. S2 . LT. 0. 7 THEN S3-0. 5 
3540 IF S2.GE.0. 7.AND.S2.LT . 0 . 9  THEN Sl-0. 7 
3550 IF S2 .GE.0. 9.AND. S2 . LT. 1 . 0  THEN S3a0. 9  
3560 -IF S2. J?1l . l  THEN S3-l 
3570 RETOlUf 
3580 IF S2.GT.0. 3.AMD.S2 . LT • •  5 THEN SJ-0. 5  
3590 IF S2.GT.0. 5 . AND. S2 . LT. 0. 7 THEN SJ-0. 7 
3600 IF S2 .GT.0. 7.AHD.S2 . LT. 0 . 9  THEN S3a0.9 
3610 IF  S2 .GT.0.9.AND. S2 . LT. l .O THEN SJ-1 .0 
3620 RETURN 

-
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3630 REM _tttttttttttttt INTERPOLATE TO GET CD tttttttttt********** · 

3640 IF 53.<:1' .0.3 'l'BEH 3690 
3650 (·1 
3670 A1a30000 
3680 B1•. 958 
3690 GOTO 3870 
3690 IF S3.GT .0. 5 THEN 3740 
3700 (·2 
3710 A1•300000 
3720 Bl•1 . 216 
3730 001'0 3870 
3740 IF S3 .GT . 0. 7 THEN 3790 
3750 (·3 
3760 Al•SOOOOO 
3770 B1•1 . 52 
3780 GOTO 3870 
3790 IF S3.GT.0.9 THEM 3840 
3800 (-4 
3810 A1a600000 
3820 B1•1 .949 



3830 GOTO 3870 
3840 I•S 
3850 Al•l 000000. 
3860 Bl•2 . 235 
3870 IF CS . GT . Al THEN 3940 
3880 FOR J=-1 TO 10 
3890 IF E(I+l , J) . GT . FNA( CS) THEN 3910 
3900 NEXT J 
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3910 Y•(FNA(C8)-E(l+l , J-l ) )*(E(l+I ,J)-E(I+I ,J-1 ) )/(E(I+1 , J)-E(I+1 , J-l ) )  
3920 Y·10**(E(l+I , J-l )+Y) 
3930 GOTO 3950 
3940 Y·Bl*SQR(CS) · 

3950 RE1URN 
3960 REM *********** PROGRAM TO CALCULATE FALL VELOCITY *********** 
3970 G4-9 . 8054 
3980 GOSUB 3380 REM: SUBROUTINE TO CALC KINEMATIC VISCOSITY 
3990 C9-3. 141593. 
4000 FOR 1=-S TO H 
4010 · a(I)=-J(I)*. 3048 REM: GEOMETRIC MEANS TO METRIC 
4020 E-B(I) 
4030 C8-( (C9/6)*E**3*(G5-1 ) *G4) /N1**2 
4040 DEF FNA(I)=. 43429448*LOG(I) 
4050 - REM ***** USE REYNOLDS I TO GET FALL VELOCITIES************** 
4060 M-1 
4070 s� 
4080 GOSUB 3500 REM: SUBROUTINE TO INTERPOLATE SHAPE FACTOR 
4090 GOTO 4140 
4100 IF S2•S3 THEN 4200 
41 10 M-2 
4120 S4-1 
4130 GOSUB 3500 REM: SUBROOITNE TO INTERPOLATE SHAPE FACTOR 
4140 I-6 
4150 GOSUB 3630 REM: SUBRotrriNE TO INTERPOLATE TO GET CD 
4160 IF S4-1 THEN 4200 
4170 R3-Y REM: REYNOLDS I 
4180 SS:-S3 
4190 GOTO 4100 
4200 R4-Y REM: REYNOLDS NUMBER 
4210 S6-S3 
4220 IF R3=R4 THEN 4250 
4230 RS-( (FNA(R4)-FNA(R3) )*(FNA(S2)-FNA(S5) )/(FNA(S6)-FNA(S5) ) )  
4232 R5-R5+FNA(R3) 
4235 Rs-10**R5 REM: REYNOLDS NUMBER 
4240 GOTO 4260 
4250 Rs-R3 
4260 R6-(R5*N1 ) /E 
4270 W(I)•R6 
4280 W( I)•W(I)*lOO REM: FALL VELOCITY 
4290 I (I)•RS REM: REYNOLDS NUMBER 



4300 NEXT X 
4310 REM 
4320 REM *********** TABLE OF RESULTS ***************************** 
4330 REM 
4340 PRINT 
4350 PRINT 
4360 PRINT 
4370 PRINT 
4380 PRINT USING 4390 
4390 : --------------------

4400 PRINT USING 4410  
4410 : · SIZE SF 
4420 PRINT USING 4430 
4430 : -------
4440 PRINT 
4450 FOR X=S TO H 

SP GRAV TEMP C REY NO 

4460 PRINT USING 4470 , E$ ( X) , S2 , G5 , C5 , I (I) ,W(X) 

w 

-- -----

4470 : 1#1 11 . 1  # . ## '' · '  ' 11111111 - 111 . 11 
4480 NEXT I 
4490 PRINT USING 4500 
4500 : 
4510 PRINT 
4520 PRINT 
4530 RETURN 
4540 NEXT Z 
4550 END 
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APPEN D I X  D 

T a b l e s  o f  R e s u l t s  



Da t a  S e t  I A ck e r s- I Wh i t e 

TABLE 2 

B e d  Ma t e r i a l  L o a d s 
( t o n s / d a y ) 

Mo d i f i e d  I T o f fa l e t i  To f fa l e t i  I Mod i f i e d  
E i n s t e i n  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 6 2 0 5 1 7 8 9 4  8 9 0 6  2 5 5 0 6  
2 2 7 8 3  5 0 9 5  3 3 6 6  6 8 0 8  
3 9 4 6 7  4 8 2 3  1 0 9 7 3  4 8 6 4  
4 . 1 5 4 0 7  7 9 0 7  8 4 9 5  7 8 4 3  
5 2 7 2 1  1 8 5 5  2 9 6 5  1 05 1 7  

6 1 2 1  9 1 4 9 1 0 3 
7 4 9 3  4 4 2  9 0 2  7 5 2  
8 3 1 5 6  2 4 5 3  3 4 7 2  98 5 1  

- 9 3 9 2 7 5 8  7 7 1  1 3 9 8  
1 0  2 9 6 0  2 5 8 2  2 3 3 2  44 3 8  

1 1  5 4 6  4 7 4  9 8 9  9 0 8  
1 2  3 8 4 5 2 5 7 5  2 7 4 8  8 3 1 8  
1 3  1 1 4 1 68 1 4 5  1 3 4 9  
1 4  3 8 8 2  2 93 0  2 8 4 0  1 8 3 8 7  
1 5  4 3 9 0 1  2 9 4 4 7  6 5 0 5 7  2 5 8 9 0  

1 6  5 0 9 3  8 3 2 3  4 6 8 4  1 2 1 84 
1 7  1 2 80  4 3 8 8 1 30 0  3 0 4 7 
1 8  4 0 8 1 8 3 3 0  4 5 9 1  9 1 9 4 
1 9  3 2 0 4 3  3 6 0 4 7  3 5 4 9 5  3 3 7 3 9  
2 0  1 8 4 3  6 4 3 2  2 0 1 4  8 1 8 2  

2 1  3 3 7 9  7 5 04  3 7 4 4  7 7 1 8  
2 2  2 1 0 2 2 8 4 3  1 8 7 8  3 9 0 0  
2 3  1 9 6 9  5 8 5 0  1 6 5 6  1 1 1 3 8 
2 4  3 1 1 8  7 3 7 5  3 2 0 5  1 1 1 4 9 
2 5  1 83 8 1  2 7 0 5 3  2 4 3 5 0  3 0 9 8 7  

- - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -



TABLE 3 

B e d  Ma t e r i a l  Lo a d s  b y - S i z e  F r a c t i o n s  
( t o n s / d a y ) 

V e r y  F i n e  S a n d  I I  F i n e  S a n d  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

D a t a  I I  S e t  
E s t i- � 
ma t e  

Mo d I T o f f  To f f  I I  E s t i - I m a t e  
Mo d I T o f f  To f f  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 
·2 
3 
4 
5 

6 
7 
8 · 
9 

1 0  

1 1  
1 2  
1 3  
1 4  
1 5  

1 6  
1 7  
1 8  
1 9  
2 0  

2 1  
2 2  
2 3  
2 4  
2 5  

1 2 6 6 9  
3 3 5 0  
1 0 9 7  
2 1 4 2  

7 5 3  

6 
2 6 1  

1 7 8 6  
3 2 6  

1 8 1 3  

2 2 8  
1 7 9 6  

7 0  
2 80 9  
1 7 8 0  

4 2 0 0  
408  

2 7 6 0  
9 4 8 8  
1 8 1 3  

2 7 0 6  
7 0 9  

3 5 0 4  
1 9 4 7  

1 1 2 7 8  

1 3 2 3 2  
3 4 6 6  
1 1 3 1  
2 2 0 4  

7 9 7  

6 
2 8 4  

1 8 6 3  
3 6 4  

1 8 8 3  

2 5 0  
1 8 3 1  

7 2  
2 9 3 0  
1 8 1 7  

4 3 6 0  
4 3 5  

2 8 1 0 
9 6 6 5  
1 8 7 7  

2 7 3 7  
7 3 2  

3 6 0 1  
1 9 9 6  

1 2 8 1 7 

6 9 04 
1 4 1 9  
8 7 6 1  
5 9 0 3  
1 4 1 5  

5 8 7  
1 5 6 1  

500  
2 3 8  

6 4 9  
2 6 4  
1 2 2 
8 8 1  

( 
3 4 0 3 6  

2 5 4 9  
4 8 3  

1 7 1 4  
1 7 9 5 0  

8 4 0  

5 1 5  
6 3 5  
6 3 5  

1 3 3 8  
7 7 1 5  

M o d  To f f  = Mo d i f i e d  T o f f a l e t i  
To f f  = T o f f a l e t i  

2 2 0 3  
7 6 1  
6 5 8  

1 3 6 3  
7 5 3  

3 
4 7  

4 4 6  
1 0 9 
2 0 1  

4 6  
5 9 0  

7 0  

3 1 1 4  

1 2 00 
3 6 2  

1 50 5  
1 5 1 8 0 

1 2 0 9  

1 3 5 2  
5 6 7  

1 40 2  
4 2 1 8  
3 1 7 2 

2 8 7 0  
9 3 8  
7 80 

1 5 9 7  
1 0 5 8  

3 
8 7  

5 9 0  
2 4 4  
2 6 7  

8 7  
7 4 4  

9 7  

3 4 6 7  

1 4 9 2  
5 6 8  

1 6 2 6  
1 6 6 4 4  

1 4 7 6  

1 4 1 8  
6 7 1  

1 6 1 2  
4 7 7 6  
6 9 2 3  

1 9 6 0  
1 9 3 1  
2 1 3 3 
2 5 1 5  
1 5 2 2  

1 3 6 
2 9 0  

1 8 9 0  
2 3 3  

2 0 5 7  

3 0 7  
2 4 4 6  

2 4  
1 9 3 0  

2 9 7 7 5  

1 9 0 3  
6 3 5  

2 3 9 8  
1 6 8 4 8  

8 9 1  

2 4 2 6  
9 2 2  
6 6 5  

1 5 6 6  
1 2 1 0 1 
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T ABLE 4 

Be d Ma t e r i a l  L o a d s  b y  S i z e F r a c t i o n s  
( t o n s / d a y ) 

Me d i u m  S a n d  I I  C o a r s e  S a n d  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Da t a  I I  S e t  
E s t i - I Mo d I ma t e  T o f f  T o f f  I I  Es t i - I ma t e  

Mo d I To f f  T o f f  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 
2 
3 
4 
5 

6 
7 
8 
9 . 

1 0  

1 1  
1 2  
1 3  
1 4  
1 5  

1 6  
1 7  
1 8  
1 9  
2 0  

2 1  
2 2  
2 3  
2 4  
2 5  

1 1 0 1  
3 04 
5 1 1  
7 7 9 

1 2  

5 4  
2 0 1  

46  

1 1 5 68 

9 00 
8 6 0  

1 003 
5 2 1 8  

9 0 7  

8 1 1  
4 2 6  
1 4 2 
3 2 4 

1 4 1 0  

1 7 9 0  
689 

1 64 0  
1 6 2 6  

7 1  

1 4 9 
2 6 7  

1 3 8 

2 4 1 6 2  

1 7 6 6  
3 3 84  
1 4 8 7  
9 7 3 8  
1 7 1 9  

9 9 0  
1 0 1 3  

6 3 7  
6 0 2  

3 7 2 2  

4 2  
1 6  
7 6  
7 5  

� 5 

3 9  
3 7  

3 3  

1 2 4 6  

2 2 5  
1 74 
4 7 5  
6 9 6  
2 7 5 

7 7 0 
2 9 9  
3 3 7  
2 9 6 

4 1 6 8 

Mo d T o f f  = Mo d i f i e d  T o f fa l e t i  
T o f f  = T o f f a l e t i  

2 9 2  
9 7 3  

3 0 0  

1 003  

604  

7 2 1  
1 4 2 

1 0 5 7  

1 2 7 1  
2480  

706 

2 4 0 6 

1 3 6 0  

2 3 6 0  
4 2 6  

3 5 9 0  

3 
3 

7 

7 

8 

2 4  
2 2  

3 6 5  
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Da t a  S e t  

T A B LE 5 

T o t a l  L o a d s 
( t o n s / d a y ) 

Mo d i f i e d  T o f fa l e t i  Mo d i f i e d  E i n s t e i n  
- - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 5 7 000  6 4 6 1 3  
2 1 5 9 0 7  1 7 6 2 0  
3 9 5 7 7  9 6 1 8  
4 2 2 1 2 1  2 2 0 5 6  
5 7 5 6 5 0  8 4 3 1 4  

6 2 9 8  3 9 2  
7 1 3 0 8  1 6 1 8  
8 4 4 8 7 4  5 2 2 7 1 
9 5 6 6 7  6 3 0 7  

1 0  2 0 5 1 1 2 2 3 6 6  

1 1  4 7 2 1  5 1 5 6 
1 2  5 9 2 0 2  6 4 9 5 4  
1 3  7 7 7 9  8 2 5 0  
1 4- 9 3 7 5 5  1 0 9 2 1 2  
1 5  5 7 4 7 8  5 3 9 2 0  

1 6  3 1 7 2 8  3 5 5 8 7  
1 7  7 1 9 5  5 8 5 4  
1 8  2 7 1 4 5  2 8 0 0 9  
1 9  5 3 6 0 0  5 1 2 9 1  
2 0  3 2 1 1 6 3 3 8 6 6  

2 1  1 0 9 3 0  1 1 1 4 4 
2 2  1 5 1 8 7 1 6 2 4 3  
2 3  3 5 6 3 9  409 2 6  
2 4  3 3 3 3 3  3 7 1 0 8 
2 5  4 5 3 8 1 4 9 3 1 4  
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