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Some of t h e  b a s i c  concepts ,  d e f i n i t i o n s ,  and r e l a t i o n s  e s s e n t i a l  t o  p a r t i c l e  

s i z e  a n a l y s i s  a r e  d i scussed .  The r e l a t i o n s  between var ious  measures of p a r t i c l e  

s i z e  a r e  i l l u s t r a t e d  w i th  da t a  f o r  sand s i z e s  of sediment.  

F a l l  v e l o c i t y  i s  emphasized both  i n  importance and i n  r e l a t i o n  t o  phys ica l  

s i z e .  Data on t h e  e f f e c t  of concen t r a t i on  on f a l l  v e l o c i t y  a r e  presen ted ,  bu t  

t h e  a v a i l a b l e  information i s  i n s u f f i c i e n t  f o r  adequate  coverage of t h e  problem. 

A method of prepar ing  sand samples having a  known f a l l - v e l o c i t y  d i s t r i b u t i o n  

i s  ou t l i ned .  Such samples may be  used t o  s tudy t h e  e f f e c t  of concen t r a t i on  on 

f a l l - v e l o c i t y  and t o  c a l i b r a t e  methods and equipment f o r  sed imenta t ion-s ize  

a n a l y s i s .  
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SOME FUNDAMENTALS OF PARTICLE SIZE ANALYSIS 

I .  INTRODUCTION 

1. Scope of  t h e  g e n e r a l  s tudy--This  r e p o r t  i s  p a r t  of t h e  g e i l ~ r a l  p r o j e c t ,  
"A Study of  Methods Used i n  Measurement and A n a l y s i s  of Sediment M a d s  i n  
Streams" , which has  been sponsored by c o o p e r a t i n g  F e d e r a l  a g e n c i e s  s i n c e  19 39. 
The o b j e c t i v e  of  t h e  p r o j e c t  i s  t o  g a t h e r  b a s i c  e n g i n e e r i ~ g  d a t a  and i n f o r m a t i o n  
on t h e  c h a r a c t e r i s t i c s  and behavior  of sed imenta ry  m a t e r i a l s  t r a n s p o r t e d  by n a t -  
u r a l  s t r eams  i n  o r d e r  t o  g a i n  a  b e t t e r  knowledge of  t h e  f l u v i a l - s e d i m e n t  problem 
and i t s  s o l u t i o n  a s  r e l a t e d  t o  t h e  development of  w a t e r  r e s o u r c e s  f o r  i n d u s t r i a l ,  
a g r i c u l t u r a l ,  commercial ,  and domest ic  purposes .  The v a r i o u s  a s p e c t s  of  t h e  
problem t h a t  have been i n v e s t i g a t e d  a r e  i n d i c a t e d  by t h e  f o l l o w i n g  t i t l e s  and 
b r i e f  a b s t r a c t s  of p r e v i o u s l y  p u b l i s h e d  r e p o r t s :  

Report No. 1--"Field P r a c t i c e  and Equipment Used i n  Sampling Suspended Sediment" 
i s  a d e t a i l e d  review of t h e  equipment and methods used i n  suspended-sediment sampling 
from t h e  e a r l i e s t  known inves t i ga t i ons  t o  t h e  p r e sen t ,  w i th  d iscuss ions  of t h e  ad- 
vantages and disadvantages of t h e  var ious  methods and instruments used. The r equ i r e -  
ments of  a sampler t h a t  would s a t i s f y  a l l  f i e l d  condi t ions  a r e  s e t  f o r t h .  

Report No. 2--"Equipment Used f o r  Sampling Bed-Load and Bed Material"  reviews t h e  
equipment and methods used i n  bed-load and bed-material  sampling i n  a manner s i m i l a r  
t o  t h a t  i n  which Report No. 1 covers suspended sediment. 

Report No. 3--"Analytical Study of  Methods of Sampling Suspended Sediment" covers  
an i n v e s t i g a t i o n  of t he  accuracy of var ious  methods of sampling suspended sediment i n  
a v e r t i c a l  s e c t i o n  of  a stream. Ana ly t i ca l  s tudy  i s  based on t h e  a p p l i c a t i o n  of 
turbulence  t h e o r i e s  t o  sediment t r anspo r t a t i on .  

Report No. 4--r'Methods of Analyzing Sediment Samples" descr ibes  many methods de- 
veloped f o r  determining t he  s i z e  of small  p a r t i c l e s  and f o r  e s t a b l i s h i n g  t h e  p a r t i c l e -  
s i z e  g r ada t i on  and t he  t o t a l  concent ra t ion  of  sediment i n  samples. Deta i led  i n s t r u c -  
t i o n s  a r e  given f o r  many of t h e  common methods t h a t  have been developed and used by 
agencies  doing ex tens ive  work i n  sedimentat ion.  

Report No. 5--"Laboratory Inves t i ga t i ons  of Suspended-Sediment Samplers" r e p o r t s  
t h e  e f f e c t s  of i n t a k e  condi t ions  on t he  r ep re sen t a t i venes s  of sediment samples and 
on t h e  f i l l i n g  c h a r a c t e r i s t i c s  of slow f i l l i n g  samplers. 

Report No. 6--"The Design of Improved Types of Suspended-Sediment Samplers" 
de sc r ibe s  t h e  development of var ious  i n t e g r a t i n g  samplers s u i t a b l e  f o r  tak ing  ver-  
t i c a l l y  depth- in tegra ted  samples i n  f l a r i n g  streams and o the r s  s u i t a b l e  f o r  t ak ing  
t ime- in t>g ra t ed  samples a t  a f i xed  po in t .  D e t a i l s  of  t h e  adopted types a r e  given.  

Report No. 7--"A Study of New Methods f o r  S i ze  Analysis  of Suspended-Sediment 
Samples" r e p o r t s  on r e sea rch  t o  develop methods of s i z e  ana ly s i s  s u i t a b l e  f o r  most 
suspended-sediment i nves t i ga t i ons  and desc r ibe s  a new appara tus  and technique,  t h e  
bottom-withdrawal-tube method. 

Report No. 8--"Measurement of t h e  Sediment Discharge of Streams" descr ibes  methods 
and equipment f o r  u se  i n  making sediment measurements under t h e  d ive r se  cond i t i ons  
t h a t  a r e  encountered i n  s treams.  
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Report No. 9--"Density of Sediments Deposited i n  Reservoirs" presents  da t a  on the 
apparent dens i ty  of sediment deposited i n  var ious  e x i s t i n g  r e se rvo i r s .  The r e s u l t s  
a r e  summarized, and c e r t a i n  conclusions usefu l  i n  engineering s tud ie s  a r e  given. 

Report No. 10--"Accuracy of Sediment S ize  Analyses Made by t h e  Bottom-Withdrawal- 
Tube Method" recounts de t a i l ed  and extens ive  t e s t s  made t o  eva lua t e  t h e  accuracy of 
the  bottom-withdrawal-tube method. Glass spheres of sand s i z e s  w e r e  used a s  t h e  
sediments. 

Report No. 11--"The Development and Cal ibra t ion  of t h e  Visual-Accumulation Tube" 
descr ibes  a simple and accu ra t e  method f o r  rap id  s i z e  a n a l y s i s  of sediments of sand 
s i z e s .  

2 .  Introduction--An i n v e s t i g a t i o n  undertaken t o  determine t h e  b e s t  method 

f o r  making sedimentat ion ana lyses  of sand samples requi red  a  s tudy of many sedi -  
mentation methods and fundamental concepts .  The nomenclature and d e f i n i t i o n s  i n  
l i t e r a t u r e  on sedimentat ion methods of s i z e  ana lys i s  were unstandardized and t h e  
accuracy of sed imenta t ion-s ize  ana lys i s  methods had seldom been eva lua ted ;  con- 
sequent ly ,  ex tens ive  o r i e n t a t i o n  was requi red  t o  organize  sedimentat ion da t a  i n t o  
a  u sab le  and c o n s i s t e n t  form. 

This r epo r t  i s  p r imar i l y  an at tempt t o  record i n  s imple terms the  d e f i n i t i o n s ,  
b a s i c  t heo r i e s ,  i l l u s t r a t i v e  comparisons, and a n a l y t i c a l  processes t h a t  were 
e s s e n t i a l  t o  t he  developmental problem and t o  an understanding of some major 
c o n f l i c t s  i n  r e p o r t s  on sedimentat ion methods of s i z e  a n a l y s i s .  The secondary 
purpose of t h e  r epo r t  i s  t o  i n d i c a t e  some of t h e  techniques and methods which 
may be  u se fu l  i n  f u r t h e r  s t u d i e s .  

The scope of t h i s  r epo r t  i s  somewhat l im i t ed .  Although terms, d e f i n i t i o n s ,  
and concepts have been made equal ly app l i cab l e  t o  a l l  s i z e s  of sediments, t he  

r e p o r t  r e f l e c t s  i t s  o r i g i n  a s  a  by-product of an i n v e s t i g a t i o n  of t h e  s i z e  
a n a l y s i s  of sands. I n  keeping wi th  present  emphasis on t h e  problem of t h e  
t r anspo r t  of sediment i n  s t reams,  t h e  sedimentat ion s i z e  o r  f a l l  v e l o c i t y  i s  
emphasized. 

The r epo r t  was prepared by Byrnon C .  Colby wi th  t h e  cooperat ion of Russel l  P. 

Chris tensen and under t h e  general  superv is ion  of Martin E .  Nelson and Paul C .  

Benedict ,  who a l s o  reviewed t h e  r e p o r t .  

3.  Acknowledgments--Many he lp fu l  suggest ions and c o n s t r u c t i v e  c r i t i c i s m s  were 
rece ived  from E .  W. Lane and W .  M. Borland, Bureau of Reclamation; R. F.  Kre iss  
and D. M. Culbertson, Geological Survey; D .  C .  Bondurant and L. C .  Fowler, Corps 
of Engineers; H.  G .  Heinemann, Agr i cu l tu ra l  Research Serv ice ;  E .  M. Thorp, So i l  
Conservation Service;  and Professor  T. Blench, Univers i ty  of Alber ta .  
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11. DEFINITIONS AND BASIC CONCEPTS 

4. Definitions--Some bas i c  concepts i n  t he  f i e l d  of sedimentat ion a r e  inher -  
e n t  i n  the  d e f i n i t i o n s  t h a t  a r e  used.  Also many sedimentat ion terms do not  have 
un ive r sa l l y  accepted d e f i n i t i o n s .  Hence, s eve ra l  d e f i n i t i o n s  a r e  l i s t e d  be fo re  
t h e  bas ic  concepts  a r e  d iscussed .  The d e f i n i t i o n s  published by t h e  American 
Geophysical Union subcommittee on sediment terminology have been c a r e f u l l y  con- 
s ide red  and t o  some ex t en t  have been used a s  a  guide.  The fol lowing d e f i n i t i o n s  
a r e  used i n  t h i s  r e p o r t  and a r e  recommended f o r  genera l  acceptance.  

The NOMINAL DIAMETER of a  p a r t i c l e  i s  t h e  diameter  of a  sphere  t h a t  has t he  
same volume a s  t h e  p a r t i c l e . [ l ] *  

The SIEVE DIAMETER of a  p a r t i c l e  i s  t h e  l eng th  of t h e  s i d e  of t h e  sma l l e s t  
square  opening through which t h e  given p a r t i c l e  w i l l  pass .  

The STANDARD FALL VELOCITY of a  p a r t i c l e  i s  t h e  average r a t e  of f a l l  t h a t  t h e  
p a r t i c l e  would f i n a l l y  a t t a i n  i f  f a l l i n g  a lone  i n  quiescent  d i s t i l l e d  water  of 
i n f i n i t e  ex ten t  and a t  a  temperature of 24OC. 

The STANDARD FALL DIAMETER, o r  simply FALL DIAMETER, of a  p a r t i c l e  i s  t h e  
diameter of a  sphere  t h a t  has a  s p e c i f i c  g rav i ty  of 2.65 and has t h e  same stand- 
a r d  f a l l  v e l o c i t y  a s  t h e  p a r t i c l e .  

The SEDIMENTATION DIAMETER of a  p a r t i c l e  i s  t h e  diameter  of a  sphere t h a t  has 
t h e  same s p e c i f i c  g r a v i t y  and has t h e  same te rmina l  uniform s e t t l i n g  v e l o c i t y  a s  
t h e  given p a r t i c l e  i n  t h e  same sedimentat ion f l u i d .  [ l ]  (However, t h i s  s e t t l i n g  
v e l o c i t y  may be  i n  any f l u i d ,  a t  any temperature.)  

The STANDARD SEDIMENTATION DIAMETER of a  p a r t i c l e  i s  t h e  diameter of a  sphere  
t h a t  has t he  same s p e c i f i c  g rav i ty  and has t h e  same s tandard  f a l l  v e l o c i t y  a s  t h e  
given p a r t i c l e .  

SIZE-DISTRIBUTION, o r  simply DISTRIBUTION, when app l i ed  i n  r e l a t i o n  t o  any of 
t h e  s i z e  concepts ,  w i l l  s pec i fy  frequency by weight r a t h e r  than by p a r t i c l e  
count .  

FALL VELOCITY and SETTLING VELOCITY a r e  genera l  terms which may apply t o  any 
r a t e  of f a l l  o r  s e t t l i n g  a s  d i s t i ngu i shed  from s tandard  f a l l  v e l o c i t y .  I n  t h i s  
paper f a l l  v e l o c i t y  w i l l  d e s igna t e  r a t e  of f a l l  of a  s i n g l e  p a r t i c l e  i n  water .  

SAND SIZES a r e  p a r t i c l e  s i z e s  from .0625 t o  2 m  (62 t o  2000 microns) .  

QUARTZ, a s  t h e  term i s  used he re in ,  i nd i ca t e s  a  s p e c i f i c  g r a v i t y  of 2.65 and 
does not  imply s p e c i a l  mineral  content  o r  c r y s t a l l i n e  s t r u c t u r e .  

* Numbers i n  b racke t s  i n d i c a t e  r e f e r ences  l i s t e d  on pages 51 and 52 



5. P h y s i c a l  s i z e  of sediment  p a r t i c l e s - - T h e  b a s i c  concept  of " s i z e "  of a  
sediment  p a r t i c l e  i s  b e s t  expressed  i n  terms of  volume, and t h e  " t r u e  nominal 
d iamete r"  d e f i n e d  a s  t h e  d iamete r  of t h e  s p h e r e  of t h e  same volume as t h e  p a r t i -  
c l e  i s  a  convenient  e v a l u a t i o n  of t h e  s i z e . [ 1 , 2 ]  The e x p r e s s i o n  " t r u e  nominal 
d iamete r"  w i l l  be  shor tened  t o  "nominal d iamete r"  throughout  t h i s  d i s c u s s i o n .  
When some c o n s i d e r a t i o n  of t h e  d e n s i t y  o r  mass of t h e  p a r t i c l e  i s  r e q u i r e d ,  
t h e  s p e c i f i c  g r a v i t y  w i l l  b e  u s e d .  

6 .  S i e v e  s i z e  of  sediment  p a r t i c l e s - - S i e v e s  a r e  f r e q u e n t l y  used  f o r  t h e  
s e p a r a t i o n  of sediments  i n t o  " s i z e "  g r a d e s .  However, a s  h a s  been p o i n t e d  o u t  
by M i t s c h e r l i c h ,  s i e v e s  do n o t  g r a d e  p a r t i c l e s  e n t i r e l y  by s i z e  b u t  p a r t l y  by 
s h a p e  a s  we11.[3] A c t u a l l y ,  many i r r e g u l a r  p a r t i c l e s  w i t h  nominal d i a m e t e r s  
much g r e a t e r  than  t h e  s i e v e  openings  w i l l  p a s s  a s i e v e .  I d e a l l y ,  a  s i z e  d i s -  
t r i b u t i o n  o b t a i n e d  by s i e v i n g  would show t h e  r e l a t i v e  q u a n t i t i e s  of  t h e  sample 
which could p a s s  s i e v e s  w i t h  ' s t a t e d  s i z e s  of  uniform s q u a r e  open ings .  

The s i e v e  d iamete r  of a  p a r t i c l e  may b e  d e f i n e d  a s  t h e  l e n g t h  of  t h e  s i d e  
of t h e  s m a l l e s t  s q u a r e  opening through which t h e  g i v e n  p a r t i c l e  w i l l  p a s s .  
T h e r e f o r e ,  t h e  nominal and s i e v e  d iamete r s  of a  s p h e r e  a r e  a lways e q u a l .  

When a  group of p a r t i c l e s  i s  ana lyzed  by s i e v i n g ,  t h e  p a r t i c l e s  a r e  s o r t e d  
o n l y  a t  t h e  s i ~ e s  of s i e v e s  a c t u a l l y  used ;  consequen t ly ,  t h e  s i z e  d i s t r i b u t i o n  
of t h e  g r a i n s  r e t a i n e d  betvieen any two s i e v e s  i s  n o t  de te rmined .  The average ,  
mean, and median d iamete r s  of  a  group of p a r t i c l e s  depend n o t  o n l y  on t h e  range  
of s i z e s  w i t h i n  t h e  group b u t  a l s o  on t h e  f requency  d i s t r i b u t i o n  o f  p a r t i c l e  
s i z e s  w i t h i n  t h e  range .  T h e r e f o r e ,  no average ,  mean, o r  median s i e v e  d iamete r  
of t h e  p a r t i c l e s  i n  a s i e v e  f r a c t i o n  can  b e  deduced d i r e c t l y  from t h e  openings  
of e i t h e r  t h e  p a s s i n g  o r  r e t a i n i n g  s i e v e  o r  b o t h .  The a r i t h m e t i c  a v e r a g e  o r  t h e  
geoinetr ic  mean of t h e  s i z e s  of  p a s s i n g  and r e t a i n i n g  s i e v e s  sometimes i s  a  u s e f u l  
approximat ion f o r  t h e  s i e v e  d iamete r  of t h e  p a r t i c l e s  i n  a  s i e v e  f r a c t i o n .  

7 .  T r i a x i a l  s i z e  of sediment  p a r t i c l e s - - P a r t i c l e  s i z e  may b e  based  on t h e  
l e n g t h s  a ,  b ,  and c  of  t h r e e  a x e s  of  t h e  p a r t i c l e .  W r i t e r s  g e n e r a l l y  d e f i n e  a ,  
b ,  and c  t h u s :  

a  = t h e  l o n g e s t  ( o r  major )  a x i s  of t h e  p a r t i c l e ,  
b  = t h e  i n t e r m e d i a t e  a x i s  of  t h e  p a r t i c l e ,  
c  = t h e  s h o r t e s t  ( o r  a i n o r )  a x i s  of t h e  p a r t i c l e ,  

w i t h  a l l  axes  rnutual ly  p e r p e n d i c u l a r .  
The d e f i n i t i o n  i s  n o t  p r e c i s e  and d i f f e r e n c e s  i n  i n t e r p r e t a t i o n ,  and v a r i a t i o n s  
i n  measur ing t echn iques  a r e  common. For  example, because  t h e  a x e s  a r e  perpendic-  
u l a r ,  measurements of a ,  b ,  and c  f o r  a  g iven  p a r t i c l e  depend on which a x i s  i s  
chosen f i r s t .  No a t t a n p t  w i l l  b e  made t o  s t a n d a r d i z e  o r  e v a l u a t e  t h e  microscopic-  
s i z e  d e f i n i t i o n s  and t echn iques .  For  p r e s e n t  purposes ,  measurements of  a ,  b ,  and 
c  have been accep ted  a s  determined by v a r i o u s  i n v e s t i g a t o r s .  Averages of s e v e r a l  
such  measurements a r e  uridoubtedly c o n s i s t e n t  enough t o  de te rmine  a  u s a b l e  shape 
f a c t o r  and t o  i n d i c a t e  t h e  g e n e r a l  r e l a t i o n  of t h e  l e n g t h  of t h e  b  a x i s  t o  t h e  
noininal d iamete r  of  t h e  p a r t i c l e ,  and t h e s e  a r e  t h e  o n l y  c h a r a c t e r i s t i c s  t o  b e  
used i n  t h i s  d i s c u s s i o n .  

Because of t h e  smal lness  of t h e  p a r t i c l e s ,  t h e  a x i s  measurements i n  t h i s  
paper  were  determined w i t h  a  mic roscope .  
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8. F a l l  v e l o c i t y  of a  par t ic le - -The  phys ica l  s i z e  of a  sediment p a r t i c l e  i s  
n o t  an  adequate  measure of t h e  behavior  of t he  p a r t i c l e  i n  motion i n  a  f l u i d .  
S tud i e s  of t he  t r a n s p o r t  of sediments i n  streams r e q u i r e  a  knowledge of t h e  dy- 
namic p r o p e r t i e s  of t h e  p a r t i c l e s .  Wri te rs  a r e  gene ra l l y  agreed t h a t  t h e  veloc- 
i t y  of f a l l  of t h e  i nd iv idua l  p a r t i c l e  i n  qu i e t  water  i s  t he  most fundamental 
hyd rau l i c  c h a r a c t e r i s t i c  which can be measured, Various terms such a s  " s e t t l i r l g  
ve loc i t y " ,  " f a l l  ve loc i t y " ,  "ve loc i ty  of s e t t l i n g " ,  o r  "ve loc i t y  of f a l l "  have 
been appl ied  t o  t h i s  fundamental c h a r a c t e r i s t i c .  

Two r ecen t  s ta tements  on " f a l l  ve loc i ty"  fol low: "The fundamental p roper ty  
governing t he  motion of a  sediment p a r t i c l e  i n  a  f l u i d  i s  i t s  f a l l  v e l o c i t y ,  a  
f unc t i on  of i t s  volume, shape, dens i t y ,  and t he  v i s c o s i t y  and d e n s i t y  of t h e  
f l u i d .  As research  i n  sediment t r a n s p o r t a t i o n  becomes more r e f i n e d ,  i t  i s  
necessary  t h a t  sediments be c l a s s i f i e d  on t h i s  b a s i s  ."[4] "The term ' f a l l  
v e l o c i t y ' ,  a  term denoting t h e  v e l o c i t y  of f a l l  of an i nd iv idua l  sediment par-  
t i c l e  i n  water ,  has gained general  acceptance i n  hydrau l ic  engineer ing  and i s  
p r e s e n t l y  conceded t h e  most s i g n i f i c a n t  measurement of p a r t i c l e  s ize.I1[5]  These 
s ta tements  express our  own understanding t h a t  t h e  f a l l  v e l o c i t y  i s  t h e  most 
d e s i r a b l e  b a s i s  f o r  sedimentat ion s i z e  ana lyses . [6]  

I n  common usage t h e  term " f a l l  ve loc i ty"  has had a  genera l  meaning but  no t  a  
p r e c i s e  d e f i n i t i o n .  I f  d a t a  of var ious  i n v e s t i g a t o r s  a r e  t o  be  d i r e c t l y  compa- 
r a b l e ,  some d e f i n i t e  s tandard  f o r  measuring f a l l  v e l o c i t y  i s  necessary- - for  
example, "s tandard f a l l  ve loc i t y " .  The s tandard  f a l l  v e l o c i t y  of a  p a r t i c l e  may 
be  def ined  a s  t h e  average r a t e  of f a l l  t h a t  t he  p a r t i c l e  would f i n a l l y  a t t a i n  i f  
f a l l i n g  a lone  i n  qu iescent  d i s t i l l e d  water  of i n f i n i t e  ex t en t  and a t  a  tempera- 
t u r e  of 24 '~ .  I n  t h i s  d e f i n i t i o n  r a t e  of f a l l  i s  r a t e  of change i n  a l t i t u d e  
r e l a t i v e  t o  a  datum i n  t h e  f l u i d .  I n  an un l imi ted  time a  p a r t i c l e  i s  assumed t o  
reach  i t s  most s t a b l e  o r i e n t a t i o n  and t he  s tandard  f a l l  v e l o c i t y  w i l l  r ep re sen t  
average  terminal  r a t e  of f a l l  i n  t h a t  p o s i t i o n .  

9 .  F a l l  diameter of a  pa r t i c l e - -The  d,irect u se  of f a l l  v e l o c i t y  a s  t h e  b a s i s  
f o r  c l a s s i f i c a t i o n  of sediments seems simple and l o g i c a l .  However, t h e  s i z e  
concept i s  so  thoroughly embedded i n  sedimentat ion th ink ing  t h a t  some measure of 
"radius" o r  "diameter" i s  s t r o n g l y  demanded. Also a  de s igna t i on  of s i z e ,  a l -  
though only an  approximation of phys ica l  s i z e ,  i s  a  convenience i n  some s t u d i e s  
of bed shear  and bed l oad .  The term hydraul i scher  Werth (hydrau l ic  va lue )  was 
used by Schone i n  1868 t o  d e f i n e  t he  diameter of a  qua r t z  sphere  having t h e  same 
s e t t l i n g  v e l o c i t y  a s  a  given p a r t i c l e  i n  water . [3]  F a l l  diameter ,  a  comparable 
term, i s  used i n  t h i s  d i s cus s ion .  It i s  def ined a s  t h e  diameter  of a  sphere  
t h a t  has a  s p e c i f i c  g r a v i t y  of 2.65 and has t he  same s tandard  f a l l  v e l o c i t y  a s  
t h e  p a r t i c l e .  

The r e l a t i o n  between s tandard  f a l l  v e l o c i t y  and f a l l  diameter  depends only on 
t h e  we l l  known and r e a d i l y  a v a i l a b l e  r e l a t i o n  between t he  v e l o c i t y  of f a l l  and 
t h e  diameter  of a  sphere  of s p e c i f i c  g r a v i t y  2 .65 . [6 ,7 ,8]  A given p a r t i c l e  has  
on ly  one f a l l  diameter  and t h a t  diameter i s  independent of t h e  type of m a t e r i a l  
w i t h  which t he  p a r t i c l e  i s  a s soc i a t ed ,  t h e  concent ra t ion  i n  which i t  i s  found o r  
ana lyzed ,  and t he  method of a n a l y s i s .  The conversion of s tandard  f a l l  v e l o c i t y  
t o  f a l l  diameter  supp l i e s  a l i n e a r  s i z e  by which t h e  hydrau l ic  s i z e  of t h e  par- 
t i c l e  may be v i s u a l i z e d  r e a d i l y .  
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10.  Fal l-diameter  s i z e  d i s t r i b u t i o n  of a  sample--The "size" d i s t r i b u t i o n  of 
a  sample may be advantageously expressed i n  terms of f a l l  diameter .  The b a s i c  
d i f f i c u l t y  encountered i n  sedimentat ion ana lyses  of samples de r ives  from t h e  
gene ra l ly  recognized f a c t  t h a t  a  p a r t i c l e  s e t t l i n g  a s  one of a  group of p a r t i c l e s  
f r equen t ly  f a l l s  wi th  a  v e l o c i t y  very d i f f e r e n t  from t h a t  f o r  t h e  p a r t i c l e  s e t -  
t l i n g  a lone . [9 ,10]  However, t h e  f a l l  diameter i s  based on t h e  s tandard  f a l l  
v e l o c i t y  of t h e  ind iv idua l  p a r t i c l e ,  and t h e  f a l l -d i ame te r  d i s t r i b u t i o n  of a  
sample i s  t h e  d i s t r i b u t i o n  which would r e s u l t  i f  each p a r t i c l e  i n  t h e  sample 
were t o  f a l l  wi th  t he  same v e l o c i t y  t h a t  i t  would have i f  f a l l i n g  a l o n e  i n  an 
i n f i n i t e  ex ten t  of d i s t i l l e d  water  a t  a  temperature of 24OC. Any sample has 
only  one fa l l -d iameter  d i s t r i b u t i o n .  This f a l l -d i ame te r  d i s t r i b u t i o n  may a l s o  
be  descr ibed  a s  t h e  d i s t r i b u t i o n  i f  each p a r t i c l e  were dropped s e p a r a t e l y  and a 
summation were made of t h e  f a l l  diameters  of t h e  p a r t i c l e s .  The d i s t r i b u t i o n  
considered he re  i s  based on weight of ma te r i a l  and f a l l  diameter ,  and t h e  concept 
of a  summation of ind iv idua l  p a r t i c l e  f a l l  diameters would n e c e s s a r i l y  inc lude  
determining the  d i s t r i b u t i o n  on t h e  b a s i s  of weight .  The s i z e  d i s t r i b u t i o n  by 
weight  expressed i n  terms of s tandard  f a l l  v e l o c i t y  o r  f a l l  diameter  i s  be l ieved  
t o  b e  t h e  most bas i c  and d e s i r a b l e  expression f o r  t h e  sedimentat ion a n a l y s i s  of 
a  sample. 

11. Sedimentation diameter--Sedimentation diameter i s  def ined  a s  " the  diame- 
t e r  of a  sphere of t h e  same s p e c i f i c  g rav i ty  and t h e  same terminal  uniform s e t -  
t l i n g  v e l o c i t y  a s  t he  given p a r t i c l e  i n  t h e  same sedimentat ion f l u i d " , [ l ]  The 
need f o r  a  concept l i k e  f a l l  diameter has been so  g rea t  t h a t  t h e  s p e c i f i c  d e f i -  
n i t i o n  of sedimentat ion diameter has been commonly d is regarded ,  and i n  general  
u se  sedimentat ion diameter has been considered equiva len t  t o  f a l l  diameter  a s  
def ined  i n  t h i s  paper except t h a t  t h e  water  temperature was not  des igna ted .  The 
r e l a t i o n  of sedimentat ion diameter t o  s e t t l i n g  v e l o c i t y  depends on t h e  s p e c i f i c  
g r a v i t y  of t he  p a r t i c l e .  The d e f i n i t i o n  of sedimentat ion diameter does no t  
spec i fy  t h e  f l u i d ,  o r  i t s  temperature, i n  which the  s e t t l i n g  v e l o c i t y  may be 
determined. The s e t t l i n g  v e l o c i t y  f o r  any p a r t i c l e  of a  sediment sample v a r i e s  
depending on t h e  c h a r a c t e r i s t i c s  of t h e  sample, t h e  concent ra t ion ,  t h e  f l u i d ,  
and t h e  appara tus  i n  which i t  i s  analyzed.  Any one of t h e  p o s s i b l e  s e t t l i n g  
v e l o c i t i e s  i s  commonly used wi th  a  determinat ion o r  e s t ima te  of s p e c i f i c  g r a v i t y  
t o  e s t a b l i s h  sedimentation diameter .  Sedimentation diameter has s o  many p o s s i b l e  
meanings t h a t  i t  i s  ambiguous unless  s p e c i a l l y  def ined  o r  q u a l i f i e d  i n  r e spec t  
t o  a l l  t he se  poss ib l e  v a r i a b l e s .  

Some of t h e  condi t ions  t h a t  a f f e c t  t h e  s e t t l i n g  v e l o c i t y  of a  p a r t i c l e  obvi- 
ous ly  a f f e c t  t h e  sedimentat ion diameter .  Because t h e  dens i ty  and v i s c o s i t y  of 
t h e  f l u i d  i n  which the  s e t t l i n g  v e l o c i t y  i s  determined a r e  both p a r t  of t h e  s i z e -  
v e l o c i t y  r e l a t i o n  the  e f f e c t  of t h e  f l u i d  on t h e  sedimentat ion diameter  may not  
be a s  obvious. I f  a  quar tz  p a r t i c l e  t h a t  has a  nominal diameter of 1 mm and a 
shape f a c t o r  of 0.7 f a l l s  i n  quiescent  d i s t i l l e d  water  of i n f i n i t e  e x t e n t ,  t h e  
sedimentat ion diameter w i l l  depend on t h e  water  temperature thus:  

Water temp. F a l l  v e l o c i t y  (Table 1 )  Sedimentation diameter (Table 2 )  

(OC) (cm/sec) (mm > 
0 10.4 0.820 

24 12 .3  0.761 
40 13.0 0.725 
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Therefore,  t h e  sedimentat ion diameter v a r i e s  w i th  water  temperature under r e l a -  
t i v e l y  i d e a l  condi t ions .  I f  sedimentat ion diameters  were compared f o r  a  p a r t i c l e  
i n  water  and molasses, o r  i f  t h e  p a r t i c l e  were of another  s p e c i f i c  g r a v i t y ,  t h e  
d i s p a r i t y  could be e i t h e r  g r e a t e r  o r  l e s s .  

Table 5 shows t h e  e r r o r s  i f  t h e  f a l l  v e l o c i t y  a t  2 4 ' ~  i s  computed by t h e  
ve loc i ty -  temperature r e l a t i o n  f o r  qua r t z  spheres from t h e  f a l l  v e l o c i t y  measured 
a t  o t h e r  water  temperatures .  Table 5 shows t h a t  sedimentat ion diameter  must vary 
w i t h  water  temperature. 

12.  Standard sedimentat ion diameter--Sedimentation diameter may be  made more 
p r e c i s e  by t h e  add i t i on  of t h e  word s tandard.  The s tandard sedimentat ion diame- 
t e r  of a  p a r t i c l e  may be  def ined  a s  t h e  diameter of a  sphere t h a t  has t h e  same 
s p e c i f i c  g rav i ty  and has t h e  same standard f a l l  v e l o c i t y  a s  t h e  given p a r t i c l e .  
So def ined ,  t h e  s tandard sedimentat ion diameter depends only on t h e  volume and 
shape of t h e  p a r t i c l e ,  and t h e  r e l a t i o n  of nominal diameter t o  s tandard  sedimen- 
t a t i o n  diameter becomes a  measure of t h e  e f f e c t  of shape and roughness on t h e  
s e t t l i n g  v e l o c i t y  of t h e  p a r t i c l e  i n  water a t  24 '~ .  There i s  only one s tandard  
sedimentat ion diameter f o r  a  p a r t i c l e  and t h a t  f i g u r e  i s  u se fu l  f o r  comparing 
t h e  e f f e c t  of shape on t h e  r e l a t i o n s  between nominal diameters  o r  s i e v e  diameters  
and diameters  which depend on f a l l  ve loc i ty .  

For  p a r t i c l e s  w i th  a  s p e c i f i c  g rav i ty  of 2.65, f a l l  diameter i s  t h e  same a s  
s tandard  sedimentation diameter ,  and standard sedimentation diameter may be eas-  
i l y  and accura te ly  determined from standard f a l l  v e l o c i t y .  For o t h e r  s p e c i f i c  
g r a v i t i e s ,  conversion of v e l o c i t y  t o  e i t h e r  sedimentat ion diameter o r  s tandard  
sedimentat ion diameter i s  no t  a s  r e a d i l y  and accu ra t e ly  made un le s s  t a b l e s  o r  
curves have been prepared f o r  those  s p e c i f i c  g r a v i t i e s .  I f  s tandard  f a l l  veloc- 
i t y  i s  t h e  fundamental hyd rau l i c  proper ty  of a  sediment p a r t i c l e ,  t h e  sedimenta- 
t i o n  diameter i s  no t  a  d i r e c t  measure of t h e  fundamental proper ty .  Because of a  
d i f f e r e n c e  i n  s p e c i f i c  g r a v i t y ,  p a r t i c l e  A may have a  f a s t e r  s tandard  f a l l  veloc- 
i t y  than p a r t i c l e  B, bu t  B may have the  l a r g e r  sedimentat ion diameter .  

13. P r a c t i c a l  l imi ta t ions- -Severa l  measures of p a r t i c l e  s i z e  have been de- 
f i ned  a s  a  bas i s  f o r  simple, a ccu ra t e ,  and p r a c t i c a l  determinat ion and expression 
of sediment s i z e s .  Because c e r t a i n  measures of p a r t i c l e  s i z e  a r e  sometimes d i f -  
f i c u l t  t o  eva lua te ,  some a r e  seldom determined and o the r s  a r e  determined only 
approximately. P rec i se  s tandard  u n i t s  of measure a r e  d e s i r a b l e  even though i d e a l  
condi t ions  and r e s u l t s  a r e  seldom a t t a i n e d  i n  r o u t i n e  ana lyses .  

The nominal diameter of an i r r e g u l a r  p a r t i c l e  i s  d i f f i c u l t  t o  measure accu- 
r a t e l y  e s p e c i a l l y  f o r  p a r t i c l e s  of sand s i z e s  and smal le r .  Hence, s i e v e  diameter 
has sometimes been used a s  a  s u b s t i t u t e .  Actua l ly ,  f o r  most i r r e g u l a r  p a r t i c l e s  
t h e  nominal diameter i s  l a r g e r  than the  s i e v e  diameter and t h e  r e l a t i v e  d i f f e r -  
ence i s  genera l ly  g r e a t e r  a t  t h e  smaller  p a r t i c l e  s i z e s .  (See F ig .  5 which w i l l  
be  d iscussed  l a t e r  .) 

Sieving a sand sample does not  d iv ide  t he  ind iv idua l  p a r t i c l e s  p r e c i s e l y  ac- 
cord ing  t o  t h e i r  s i e v e  diameters  f o r  a t  l e a s t  t h r ee  reasons:  (1) inaccurac ies  
i n  s i z e  and shape of s i e v e  openings, (2) s i ev ing  can seldom be continued u n t i l  
a l l  p a r t i c l e s  which might pass  a  given s i e v e  have had t h e  necessary opportuni ty 
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t o  do so ,  and (3) s i g n i f i c a n t  percentages  of very f i n e  m a t e r i a l  may be r e t a i n e d  
on a  s i e v e  because t h e  f i n e  m a t e r i a l  i s  c l i n g i n g  t o  l a r g e r  p a r t i c l e s .  

The s tandard  f a l l  v e l o c i t y  of a  p a r t i c l e  of sand s i z e  o r  l a r g e r  i s  n o t  hard  
t o  determine w i th  s a t i s f a c t o r y  accuracy because t h e  f a l l  of t h e  p a r t i c l e  may be  
followed v i s u a l l y  whi le  t h e  p a r t i c l e  s e t t l e s  i n  d i s t i l l e d  water  a t  2 4 ' ~  i n  a  
t r anspa ren t  tube s u f f i c i e n t l y  l a r g e  t o  make wa l l  e f f e c t s  n e g l i g i b l e .  The f a l l  
of p a r t i c l e s  somewhat smal le r  than sand s i z e s  may be t r aced  w i th  s p e c i a l  l i g h t i n g  
and photographic techniques,  but  f o r  p a r t i c l e s  of c l a y  and of t h e  f i n e r  s i l t  
s i z e s  t h e  de te rmina t ion  of t h e  s tandard  f a l l  v e l o c i t y  of t h e  i nd iv idua l  p a r t i c l e  
may b e  very  d i f f i c u l t  i f  no t  impossible .  For some p a r t i c l e s  uns t ab l e  o r i e n t a t i o n  
may make a  s i n g l e  determinat ion of f a l l  v e l o c i t y  un rep re sen t a t i ve ,  bu t  t h i s  i s  
seldom an important  problem wi th  n a t u r a l  sand p a r t i c l e s .  

The s tandard  f a l l - v e l o c i t y  d i s t r i b u t i o n  f o r  a  sample may be determined accu- 
r a t e l y  from t h e  s tandard  f a l l  v e l o c i t i e s  of many ind iv idua l  p a r t i c l e s  i f  s u f f i -  
c i e n t  t ime and c a r e  a r e  used. However, r o u t i n e  de te rmina t ions  of s tandard  f a l l  
v e l o c i t y  f o r  a  sample o r  group of p a r t i c l e s  a r e  u s u a l l y  based on s e t t l i n g  r a t e s  
of t he  p a r t i c l e s  f a l l i n g  i n  mass, even though t h e  method gene ra l l y  r e q u i r e s  c a l -  
i b r a t i o n  and t h e  accuracy depends on t h e  appara tus  and techniques.  

Standard f a l l  v e l o c i t y  may be converted accu ra t e ly  t o  f a l l  diameter  by t h e  
r e l a t i o n  between t h e  diameter and f a l l  v e l o c i t y  of qua r t z  spheres ,  and t h e  f a l l  
v e l o c i t y  of an i nd iv idua l  p a r t i c l e  i n  qu iescent  d i s t i l l e d  water  of s u f f i c i e n t  
ex t en t  t o  avoid wa l l  e f f e c t s  may be converted t o  a c c u r a t e  f a l l  diameter  i f  t h e  
water  temperature was c l o s e  t o  24Oc. (See Tables 1 t o  5  which w i l l  be  d i s cus sed  
l a t e r .  ) 

An a c c u r a t e  de te rmina t ion  of sedimentat ion diameter  r e q u i r e s  an a c c u r a t e  spe- 
c i f i c  g r a v i t y  and, except f o r  a  s p e c i f i c  g r a v i t y  of 2.65, t h e  conversion from 
s e t t l i n g  v e l o c i t y  i s  no t  e a s i l y  made because s o l u t i o n  of a  CD vs Re curve i s  
requi red .  

To minimize temperature co r r ec t i ons  t o  f a l l  v e l o c i t y ,  a  s tandard  water  temper- 
a t u r e  of 2 4 ' ~  has been adopted f o r  t h e  de te rmina t ion  of s tandard  f a l l  v e l o c i t y .  
Actual l abo ra to ry  temperatures  should seldom be  f a r  from t h i s  f i g u r e .  However, 

0 
no t  a l l  de te rmina t ions  of f a l l  v e l o c i t y  w i l l  be  made a t  24 C ,  and f a l l  v e l o c i t i e s  
a t  o the r  temperatures  w i l l  f r equen t ly  be  converted t o  f a l l  v e l o c i t i e s  a t  24 '~ .  
Computation of f a l l  v e l o c i t y  a t  one temperature from t h a t  a t  another  i nvo lves  
u n c e r t a i n t i e s  which i n c r e a s e  w i th  i nc r ea s ing  temperature d i f f e r e n c e s .  



111. BASIC FALL-VELOCITY RELATIONS 

14.  --The n e t  g r a v i t a t i o n a l  f o r c e ,  F, of 
a  p a r t i c l e  i n  a  f l u i d  i s  i t s  buoyant weight 

F  I volume x  mass dens i ty  d i f f e r e n c e  x a c c e l e r a t i o n  of g r a v i t y  

where dn = diameter of t h e  sphere  t h a t  has t h e  same volume a s  t he  
p a r t i c l e  (nominal d iameter ) ,  i n  cm 

r?, &f', = mass dens i ty  of t h e  p a r t i c l e  and f l u i d ,  r e spec t ive ly ,  i n  

2  g = acce l e r a t i on  owing t o  g r a v i t y  (980,7 cm/sec ) 

An expression f o r  F ' ,  t he  f o r c e  r e s i s t i n g  t h e  f a l l  of a  p a r t i c l e  through a 
f l u i d ,  was f i r s t  developed by S i r  I s aac  Newton a s  

2 
F '  = CD A e f  v /2 and, al though t h e  o r i g i n a l  d e r i v a t i o n  was based on 

i n e r t i a l  f o rces  only,  t he  genera l  a p p l i c a b i l i t y  of t h e  r e l a t i o n  has been substan-  
t i a t e d  by experimental da t a .  I n  t h i s  equat ion 

A = t h e  pro jec ted  a r ea  of t h e  p a r t i c l e  i n  a  p lane  normal t o  t h e  
d i r e c t i o n  of motion, i n  cm2 

v  = t h e  terminal  f a l l  v e l o c i t y  ( f r e e  from side-wall  and mass- 
f a l l  e f f e c t s ) ,  i n  cm/sec 

CD = a  drag c o e f f i c i e n t ,  which has been found t o  vary w i th  t h e  
p a r t i c l e  geometry and t h e  Reynolds number. For a  given 
shape of p a r t i c l e ,  C,, v a r i e s  only wi th  t h e  Reynolds number, 
which expresses t h e  r e l a t i v e  e f f e c t  of i n e r t i a l  and v iscous  
fo rces .  The v a r i a t i o n  of CD w i th  Reynolds number al lows t h e  
equat ion t o  apply t o  p a r t i c l e s  ac t ed  on by viscous a s  we l l  
a s  i n e r t i a l  f o rces .  

When a  p a r t i c l e  f a l l s  a t  terminal  v e l o c i t y ,  F  e F ' ,  

. . . . . . . . . . . . . . . . . . . .  and CD = ( 2 )  
9 

i f  2  
A = (TT/4)  dn a s  f o r  spheres 

2 For spheres and o the r  p a r t i c l e s  f o r  which (TT/4) dn r ep re sen t s  t h e  p ro j ec t ed  
a r ea  i n  a  p lane  normal t o  t he  d i r e c t i o n  of motion, equat ion 3 i s  a s  un ive r sa l  a s  
equat ion 2 and e i t h e r  equation provides a  b a s i s  f o r  d i r e c t  comparison even be- 
tween p a r t i c l e s  of d i f f e r e n t  shapes.  For a l l  p a r t i c l e s  of any one shape, CD w i l l  
conform t o  a  s i n g l e  curve of CD vs  Reynolds number, Re,  f o r  which Re expresses 
t h e  r e l a t i v e  e f f e c t  of i n e r t i a l  and viscous fo rces .  The Reynolds number can be 
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expressed a s  

d  = a  c h a r a c t e r i s t i c  phys ica l  l eng th  o r  diameter of t h e  
p a r t i c l e  (not n e c e s s a r i l y  t h e  nominal d iameter ) ,  i n  cm 

2 2) = kinematic v i s c o s i t y  of t h e  f l u i d ,  i n  cm /sec .  

The r e l a t i o n  between CD and Re has been e s t a b l i s h e d  empir ica l ly  f o r  spheres  
and d i s c s ,  and t h e  r e l a t i o n  f o r  spheres i s  widely used.[8,11,13] From such a  
dimensionless p l o t  one may f i n d  e i t h e r  t h e  f a l l  v e l o c i t y  o r  t h e  nominal diameter  
i f  t he  o t h e r  v a r i a b l e s  a r e  known. Although t h e  d i r e c t  CD versus Re r e l a t i o n  can 
be  solved only by t r i a l  and e r r o r ,  modified p l o t t i n g s  such a s  CS and CW versus  Re 
permit s impler  computations of d  and v.[8,11,13]  

2 n d a  (C s  - P f ) g  2 c S = ~ / e f l /  = , f 2 2  a n d a l s o  equals  ('PT/8)CDRe 

i f  CD i s  computed from equat ion 3. 

Cw = ('s - ' f )  gvand a l s o  equals  'D i f  C i s  computed 
D 

P f v3 4 Re 

from equat ion 3. 
Because v e l o c i t y  appears t o  t h e  f i r s t  power i n  t h e  numerator of Re and t o  t h e  

2 second power i n  t h e  denominator of CD, t h e  product of CD and Re i s  independent 
of t he  v e l o c i t y  and may be computed d i r e c t l y  i f  t h e  v e l o c i t y ,  v, i s  unknown. 
S imi la r ly ,  i f  CD i s  divided by Re, t h e  r e s u l t  i s  independent of t h e  diameter and 
may be computed i f  t h e  diameter ,  d ,  i s  unknown. 

The CD versus  Re r e l a t i o n s  have been d iscussed  on a  t h e o r e t i c a l  b a s i s .  Exper- 
imental da t a  w i l l  vary somewhat because de termina t ions  of C and Re a r e  not  ex- 

D 
a c t .  Also R e  may be based on any one of s eve ra l  c h a r a c t e r i s t i c  lengths  of a  
p a r t i c l e ,  and CD may be computed from t h e  nominal diameter ,  o r  some o the r  diam- 
e t e r  o r  a x i s  length .  Sometimes numerical c o e f f i c i e n t s  a r e  dropped cr changed 
f o r  convenience i n  CD versus Re r e l a t i o n s .  I n  any comparison of da t a  cons i s t -  
ency must be maintained throughout.  . 

15. Shape f a c t o r  f o r  i r r e g u l a r  p a r t i c l e s - - I f  n a t u r a l  sediment p a r t i c l e s  were 
l imi ted  t o  a  few shapes, a  CD versus Re curve could be defined f o r  each shape. 
Thus r e l a t i o n s  between p a r t i c l e ,  f l u i d ,  and f a l l  v e l o c i t y  could be  e s t a b l i s h e d  
empir ica l ly .  Because t h e  number of shapes i s  i n f i n i t e ,  t he  l o g i c a l  approach i s  
t o  choose some simple system f o r  t he  c l a s s i f i c a t i o n  of shape. A shape f a c t o r ,  
S.F.[8] ,  which appears  a s  s a t i s f a c t o r y  a s  any i s  

S.F. = c  /G 
where a  = longes t  a x i s  

b  = in te rmedia te  a x i s  
c  e s h o r t e s t  of t h e  t h r e e  mutually perpendicular  axes of t h e  

p a r t i c l e .  

I f  S.F. completely def ined  the  p a r t i c l e  shape a s  shape a f f e c t s  f a l l  v e l o c i t y ,  
a  curve of CD versus  Re could be  e s t ab l i shed  f o r  i r r e g u l a r  p a r t i c l e s  of any given 



shape f a c t o r  and t h e  accuracy  cou ld  b e  comparable t o  t h a t  f o r  s p h e r e s .  Because 
S.F. does  n o t  complete ly  d e f i n e  t h e  e f f e c t  of  shape ,  t h e  C v s  Re f i g u r e s  f o r  D 
i n d i v i d u a l  n a t u r a l  p a r t i c l e s  t h a t  have  a  g i v e n  shape  f a c t o r  v a r y  c o n s i d e r a b l y  
from an a v e r a g e  curve.  

S.F. r e l a t e s  on ly  t h r e e  of a  m u l t i t u d e  of dimensions  of a n  i r r e g u l a r  p a r t i c l e  
and o n l y  approximately  d e f i n e s  p a r t i c l e  shape .  There  may b e  rounded, a n g u l a r ,  
rough, and smooth p a r t i c l e s  a l l  w i t h  t h e  same shape  f a c t o r .  To make S.F. more 
r e s t r i c t i v e ,  e s p e c i a l l y  a s  t o  roughness ,  d a t a  i n  t h i s  r e p o r t  a r e  l i m i t e d  t o  
" n a t u r a l l y  worn" sediment p a r t i c l e s .  Shape f a c t o r s  based on roundness ,  s p h e r i c -  
i t y ,  o r  o t h e r  p h y s i c a l  c h a r a c t e r i s t i c s  of  p a r t i c l e s  might be  used b u t  they  would 
n o t  a d e q u a t e l y  d e f i n e  t h e  shape  f o r  h y d r a u l i c  s t u d i e s .  A d e t e r m i n a t i o n  of f a l l  
v e l o c i t y  i s  s imple r  than  a  d e t e r m i n a t i 0 ~ 1  of p a r t i c l e  shape  and w e i g h t ,  and t h e  
f a l l  v e l o c i t y  e x p r e s s e s  t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  of a  p a r t i c l e  more s a t i s -  
E a c t o r i l y .  

16 .  D r a g - c o e f f i c i e n t  curves  f o r  i r r e g u l a r  p a r t i c l e s - - T h e  d r a g  c o e f f i c i e n t ,  

CD,  depends on t h e  p r o j e c t e d  a r e a ,  A ,  of a  p a r t i c l e  i n  a  p l a n e  normal t o  t h e  d i -  
r e c t i o n  of mot ion,  b u t  f o r  an i r r e g u l a r  p a r t i c l e  A i s  g e n e r a l l y  approx imated ,  
n o t  determined d i r e c t l y .  A p a r t i c l e  w i l l  u s u a l l y  f a l l  w i t h  t h e  g r e a t e s t  p r o j e c t -  
ed a r e a  normal t o  t h e  d i r e c t i o n  of mot ion s o  t h a t  a n  approximate  a r e a  f o r  t h e  
d r a g  c o e f f i c i e n t  may b e  l o g i c a l l y  based  on t h e  a  and b axes  of t h e  p a r t i c l e .  
Pe rhaps  ( n / 4 ) a  b  i s  t h e  b e s t  a r e a  on which t o  b a s e  CD. For  s p h e r e s  e q u a t i o n  2 
r educes  t o  equa t ion  3 i f  ( n / 4 ) a  b  i s  u s e d .  However, s u b s t i t u t i o n  of d: f o r  a  b  
t ends  t o  emphasize t h e  e f f e c t  of shape  on CD, s o  ( U / 4 )  d; w i l l  b e  used  f o r  t h e  
p r o j e c t e d  a r e a  i n  t h i s  d i s c u s s i o n .  ( F i g .  4  shows t h a t  a t  low shape f a c t o r s  b i s  
l a r g e r  t h a n  dn. Also a  i s  l a r g e r  t h a n  b  by d e f i n i t i o n .  The lower  t h e  s h a p e  

2 f a c t o r  t h e  g r e a t e r  a  b  i s  i n  r e l a t i o n  t o  dn. When d: i s  used i n  t h e  denominator  
of t h e  e q u a t i o n  f o r  C C i s  p r o g r e s s i v e l y  l a r g e r  f o r  lower shape  f a c t o r s .  I f  

D' D 
t h e  l a r g e r - - a n d  perhaps  more fundamental--a b  i s  u s e d  i n  p l a c e  of d:, C i s  r e -  D 
duced and t h e  r e d u c t i o n  i s  g r e a t e r  a t  t h e  lower  shape  f a c t o r s .  The r e d u c t i o n  i s  
such t h a t  a t  Reynolds numbers l e s s  t h a n  50 t h e  CD c u r v e  based on ( T / 4 )  a  b i s  
e s s e n t i a l l y  t h e  same f o r  a l l  shape  f a c t o r s . )  The c o n s t a n t r  / 4  w i l l  b e  c a r r i e d  
t o  conform t o  t h e  g e n e r a l l y  a c c e p t e d  CD f o r  s p h e r e s  and d i s c s .  

The Reynolds number r e q u i r e s  a  c h a r a c t e r i s t i c  d iamete r  o r  l e n g t h ,  and t h e  
nominal d iamete r  of t h e  p a r t i c l e  a p p e a r s  s a t i s f a c t o r y .  

Now i f  one h a s  t h e  shape f a c t o r ,  volume, d e n s i t y ,  and f a l l  v e l o c i t y  of many 
p a r t i c l e s  and t h e  d e n s i t y  and v i s c o s i t y  of t h e  f l u i d  i n  which t h e  f a l l  v e l o c i t y  
was de te rmined ,  a  r e l a t i o n  of CD t o  Re may b e  p l o t t e d  w i t h  shape  a s  a  t h i r d  va r -  
i a b l e .  Th i s  has  been done i n  F i g .  1 w i t h  d a t a  f o r  n a t u r a l l y  worn sed iments  from 
a  r e p o r t  e n t i t l e d  " I n f l u e n c e  of shape  on t h e  f a l l  v e l o c i t y  of sed imenta ry  p a r t i -  
c l e s " .  [8 ]  These curves  a r e  n o t  t h e  same a s  t h o s e  i n  F i g .  14  of r e f e r e n c e  8 f o r  
t h r e e  r e a s o n s :  (1)  I n  t h e  r e f e r e n c e ,  p o i n t s  f o r  s p h e r o i d s ,  c y l i n d e r s ,  p r i sms ,  
and doub le  cones and t h e  curve  f o r  s p h e r e s  were  computed from e q u a t i o n  3 
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bu t  t h e  p o i n t s  f o r  o t h e r  p a r t i c l e s  were computed from 

n d n  ( e s  - e f )  g 2  
CD = t h a t  i s ,  dn was used f o r  t h e  a r e a  A .  

3  e v2 

A l l  drag c o e f f i c i e n t s  p l o t t e d  i n  F ig .  1 were computed from equat ion 3, and t h e  
recomputed d a t a  moved t h e  CD vs  Re curves upward except t h e  curve f o r  sphe re s .  
(2)  The undula t ions  i n  t he  curves of t h e  r e f e r e n c e  have been smoothed p a r t l y  
because of a  re -eva lua t ion  of t h e  da t a  and p a r t l y  because a  curve r e p r e s e n t i n g  
t h e  average f o r  many p a r t i c l e s  of d i f f e r e n t  shapes (al though of t h e  same shape 
f a c t o r )  probably should no t  show abrupt  changes f o r  small changes i n  Reynolds 
number, even though such changes might appear f o r  i nd iv idua l  p a r t i c l e s  o r  f o r  3 
s p e c i f i c  shape of p a r t i c l e .  (3) Data f o r  about 40 of t h e  smaJ-lest p a r t i c l e s  
were no t  given f u l l  weight because they were i n c o n s i s t e n t  w i th  those  f o r  l a r g e r  
p a r t i c l e s  dropped i n  o i l  and t he  volume and s p e c i f i c  g r a v i t y  should be more accu- 
r a t e  f o r  t h e  l a r g e r  p a r t i c l e s .  

F ig .  1 i s  a  p re l iminary  at tempt  t o  d e f i n e  drag  c o e f f i c i e n t s  f o r  p a r t i c l e s  of 
i r r e g u l a r  shapes w i th  shape c l a s s i f i e d  by t h e  shape f a c t o r  

S.F. = c  16. 
The b a s i c  d a t a  were ob ta ined  by d i f f e r e n t  i n v e s t i g a t o r s  u s ing  d i f f e r e n t  sands 
and t he  r e s u l t s  a r e  no t  e n t i r e l y  c o n s i s t e n t .  As a d d i t i o n a l  d a t a  become a v a i l a b l e  
t h e  CD v s  Re curves should be re -s tud ied  and r ev i s ed  a s  necessary .  Meanwhile 
they a r e  a  guide t o  b a s i c  s i z e  and f a l l - v e l o c i t y  r e l a t i o n s  f o r  i r r e g u l a r  p a r t i -  
c l e s .  Except f o r  spheres ,  t he  curves a r e  f o r  n a t u r a l l y  worn sediments and a l -  
though spheres  have a  shape f a c t o r  of 1 .0,  n o t  a l l  p a r t i c l e s  w i th  a  shape f a c t o r  
of 1 .0 a r e  spheres .  Data f o r  n a t u r a l l y  worn p a r t i c l e s  w i t h  a  shape f a c t o r  of 
1 .0  d iverge  from t h e  r e l a t i o n  f o r  spheres .  CD vs  Re curves f o r  very angu la r  
p a r t i c l e s  a r e  somewhat d i f f e r e n t  from those  of F ig .  1. 

17. General f a l l - v e l o c i t y  r e l a t i ons - -Tab le  1 l i s t s  t h e  f a l l  v e l o c i t i e s  f o r  
spheres  and f o r  n a t u r a l l y  worn sediment p a r t i c l e s  a t  each of four  shape f a c t o r s ,  
f ou r  s p e c i f i c  g r a v i t i e s ,  s i x  temperatures ,  and s i x  nominal d iameters .  These 
were computed from t h e  d r ag -coe f f i c i en t  curves  of F ig .  1. I n  Table 1 t h e  f a l l  
v e l o c i t y  of sediment p a r t i c l e s  i s  shown f o r  a  few cond i t i ons ,  bu t  by i n t e r p o l a -  
t i o n  t h e  d a t a  may be  used f o r  a  very wide range  of f a l l  v e l o c i t i e s .  Because 
most sediments have a  s p e c i f i c  g r a v i t y  nea r  2.65, f u r t h e r  expansion of t h e  d a t a  
w i l l  be  l i m i t e d  t o  "quartz" p a r t i c l e s  a l though da t a  f o r  o t h e r  s p e c i f i c  g r a v i t i e s  
may be expanded a s  r e a d i l y .  

18. S ize ,  shape, and f a l l  v e l o c i t y  of qua r t z  p a r t i c l e s - - F i g .  2 shoris, f o r  
shape f a c t o r s  of 0 .5,  0.7, and 0.9 t he  r e l a t i o n  of t he  nominal diameter  of a  na t -  
u r a l l y  worn qua r t z  p a r t i c l e  t o  i t s  f a l l  v e l o c i t y  i n  qu iescent  d i s t i l l e d  wa te r  of 
i n f i n i t e  ex t en t  and a t  temperatures  of oO, lo0 ,  20°, 24", 30°, and 40°c. The 

shape f a c t o r  of 0.7 i s  about average f o r  n a t u r a l  sediments.  

The concept of r e s i s t a n c e  t o  f a l l  w i th in  t h e  range of Stokes '  Law l eads  t o  
t h e  conclusion t h a t  t h e  shape of t h e  p a r t i c l e  w i l l  have l i t t l e  o r  no e f f e c t  on 
t h e  f a l l  v e l o c i t y  w i th in  t h i s  range. This conc lus ion  has a l s o  been v e r i f i e d  by 
experiinents.[3] Data of Table 1 were expanded on t he  b a s i s  of t he  curves of 
F ig .  1 and were extended down t o  60 microns on t h e  assumption t h a t  t h e  r e l a t i o n s  
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1.21 1.32 1.42 1 1-60 1.78 1 9  2.11 2.26 2,43 

Nominal diameter = 0*50 m 

2.79 1 3.47 3.79' 4.04 4.01 4-47 5.02 5-48 5.92 
3.19 3.61 4.02 4.W 4.73 4.50 5.12 5.72 6.30 6.88 
3.53 3.99 4.47 4.95 5.35 4.90 5.63 6.31 7.02 7.68 
3.63 4.13 4.64 5.16 5.58 3 5.79 6.53 7.30 7.97 
3.80 4.32 4.88 5.43 5.90 5.24 6.03 6.84 7.66 8.38 
4.02 4.62 5.25 5.87 6.40 5.52 6.38 7.30 8-24 9-05 

Nominal diameter =1,00 mm 

5.76 6.59 7-47 B e 9  7.83 9.04 10.4 11.8 12.8 
6.16 7.16 8.23 9.36 10.3 8.29 9.66 11.4 13.0 14.3 

8.49 10.1 12.1 14.0 15-6 
8.57 10.2 12.3 14.3 16.0 
8.66 10.4 12.6 14.8 16.6 
8.77 10.6 13,O 15.6 17.5 

Nominal diameter = 2.00 man 

9.50 11.4 13.8 16.3 18.1 12.4 14.9 18.4 22.1 25.2 
9.66 11.7 14-4 17.4 19.8 12.5 15.3 19.0 23.1 27.3 
9.73 11,9 14.8 18.1 21.1 12.5 5 19.3 23,9 28.9 
9.76 12.0 14.9 18.3 21.6 12,6 15.6 19.h 24.0 29.4 
9.79 12.1 15.1 18.7 22.2 12.6 15.7 19rS 24.3 30.1 
9.83 12.3 15.3 19*0 23.1 12,6 5 8  19.7 24.4 31.0 

Nominal diameter - 4.00 mm 

13.8 17.2 21.4 26.8 32e9 17.7 22e3 27.8 3h.9 43.8 
13.8 17.3 21.6 27.3 34.6 17.7 22.4 27.9 35.3 45.8 
13.8 17.4 21.8 27.5 35.9 17.8 22.4 28.0 35.6 46.9 
13.8 17.5 21.9 27.6 36.3 17.8 22.4 28.1 35.7 47.2 
13.9 17.5 21.9 27.8 36.8 17.8 22.5 28.1 35.8 47.6 
1 17.6 22.0 28.0 37.4 17.8 22.5 28.2 35.9 beel  

Nominal diameter = 8.00 ram 

19.5 24.7 30.9 39.2 52.4 25.1 31.7 39.6 9 . 4  67.5 
19.5 24.7 30.9 39.2, 53.C 25.1 31.7 39.6 50.4 67,s 
19.5 24.8 30.9 39.3 53.1 25.1 31.7 39.7 50.5 67.5 
19.5 24.8 30e9 39.3 53.1 25.1 31.7 39.7 5005 67.5 
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Nominal diameter = 0.50 mm 

6.41 7.26 8.19 9.06 9,90 10.0 ll.5 13.0 14.5 1se9 
7.10 8,15 9,22 10,3 11.3 10.8 12.6 1h.b 1 6 2  17.8 
7.62 8.79 10.1 11.3 12.k l l e 4  13.4 5 5  17.7 19.5 
7.79 9.04 10.4 11.7 12.8 11.6 13.7 15.9 18.3 20.1 
7.99 9.32 10.8 12.2 1 11.8 0 16.5 19.0 21.0 
8.24 9.76 11.4 13.0 14.3 12.0 14.4 17.3 20.1 22.3 

Nominal diameter = 1,0q mm 

11.7 13.8 16.2 18.5 4 17.0 20.3 2 .5  28,6 31.8 
2 14.1, 17.3 20.2 22.5 17.3 20.9 25.7 30.7 34.8 
2 1 . 8  18.1 2 1  24.3 17.5 21.3 26.b 32.0 37.1 
12.4 1 . 9  18.4 21.9 25.0 7 2 1  26.6 32.5 37.9 
12.4 1 1  18.7 22.5 25.8 17.6 21.6 26.9 33.0 39.1 
12.5 1 19.1 23.2 27.1 17.7 21,8 27.3 33.8 40.9 

Nominal diameter = 2.00 nun 

17.7 21.7 26.9 32.8 38.3 24.9 30.7 38.4 47.7 58.4 
17.7 22.0 27.4 33.9 41.2 24.9 31.2 38.9 48.8 61.2 
17.7 22.2 27.7 34.6 43.4 24.9 31.4 39.2 49.4 63.4 
17.7 22.3 27.8 34.8 44.2 24.9 1 39.3 49.6 64.0 
17.8 22.4 27.9 35.1 45.1 24.9 31-5 39.4 49.8 65.0 
17.8 22.5 28,o 35.4 46.4 25.0 31.6 39.5 50.1 66.2 

Nominal diameter = 4.00 mm 

25.1 31,7 39.5 49.9 65.5 35.2 W1;S 55.6 70.6 94.1 
25.1 31.7 39.6 50.2 66.8 35.2 5 55.6 70.7 95.2 
25.1 31.7 39.7 50.4 67.7 35.2 W1.5 55.7 70.8 95.7 
25.1 31.7 39.7 50.5 68.0 35.2 5 55.7 70.8 95.7 
2 31e8 39.7 50.5 68.3 35.2 44.6 55.7 70.9 95.6 
25.2 31.8 39.8 50.6 68.6 35.3 W1-7 55.8 71.0 95.h 

Nominal diameter = 8.00 mm 
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of s i z e  and f a l l  v e l o c i t y  would approach those  f o r  spheres .  

The r e l a t i o n s  of diameter and f a l l  v e l o c i t y  f o r  qua r t z  spheres can be obta in-  
ed from Fig .  1. Because t he  da t a  a r e  r e a d i l y  a v a i l a b l e  i n  graphica l  form [ 6 , 7 , 8 ] ,  
t h e  p re sen ta t i on  h e r e  i s  i n  a  t abu la r  form t h a t  i s  convenient f o r  accu ra t e  compu- 
t a t i o n s .  (See Table 2 . )  

19. --Tables 3  and 4 show t h e  change 
i n  f a l l  v e l o c i t y  w i th  temperature f o r  qua r t z  spheres and f o r  n a t u r a l l y  worn 
qua r t z  p a r t i c l e s  w i th  a  shape f a c t o r  of 0.7.  Table 4 was computed from t h e  
curves of Fig.  2. Table 3  was computed from s i m i l a r  da t a  f o r  qua r t z  spheres .  
Except f o r  Table 4, t a b l e s  corresponding t o  Tables 2 and 3  f o r  spheres were no t  
prepared f o r  o t h e r  shapes because t h e  a d d i t i o n a l  work probably i s  no t  warranted 
u n t i l  more bas i c  da t a  have been obtained.  For most n a t u r a l  sediments Table 4  
should g ive  more a c c u r a t e  temperature co r r ec t ions  t o  f a l l  v e l o c i t y  than Table 3, 
e s p e c i a l l y  f o r  extreme temperature ranges,  

Pr imar i ly ,  Tables 3  and 4  a r e  intended t o  s impl i fy  t h e  computation of f a l l  
v e l o c i t y  i n  d i s t i l l e d  water  a t  2 4 ' ~  from t h e  f a l l  v e l o c i t y  a t  another  temperature.  
For example, i f  t h e  f a l l  v e l o c i t y  of a  qua r t z  sphere i n  water  a t  2 8 ' ~  i s  1.10 cm 
pe r  sec ,  Table 3  shows t h a t  t h e  f a l l  v e l o c i t y  a t  24OC i s  1.10 + (-0.077) o r  1.02 
cm per sec .  

I f  one has t h e  f a l l  v e l o c i t y  a t  24OC, t h e  t a b l e s  may a l s o  be used t o  determine 
t h e  f a l l  v e l o c i t y  a t  o the r  temperatures. To determine from Table 3  t h e  f a l l  ve- 
l o c i t y  a t  O'C of t h e  qua r t z  sphere having a  f a l l  v e l o c i t y  of 1.02 cm pe r  sec a t  
2 4 ' ~ ~  f i n d  t h e  combination of v e l o c i t y  and change of v e l o c i t y  a t  OOc t h a t  w i l l  
show a  f a l l  v e l o c i t y  of 1.02 cm per  sec a t  24OC. A v e l o c i t y  of 0.50 and change 
of M.40 show 0.90 cm per  sec and a  v e l o c i t y  of 0,60 and change of $0.46 show 
1.06 cm per  sec  a t  24'~. By i n t e r p o l a t i o n ,  a  v e l o c i t y  of 1.02 a t  2 4 ' ~  would be  
equiva len t  t o  0.58 cm per  sec a t  O°C. 

Table 5  shows t h e  e r r o r  i f ,  f o r  a  given p a r t i c l e ,  t h e  v e l o c i t y  a t  24OC was 
computed from t h e  v e l o c i t y  a t  each o t k r  condi t ion  of Table 1 by t h e  r e l a t i o n  
(Table 3) f o r  qua r t z  spheres f a l l i n g  i n  water ,  which i s  t h e  r e l a t i o n  usua l ly  
used t o  compute t h e  e f f e c t  of temperature on f a l l  v e l o c i t y .  F a l l  v e l o c i t i e s  cor- 
r e c t e d  t o  2 4 ' ~  from temperatures between 20' and 30°C were genera l ly  a c c u r a t e  
w i th in  2  percent  f o r  shape f a c t o r s  of 1.0 t o  0.5 and a t  extreme shape f a c t o r s  of 
0.3 t h e  co r r ec t ed  v e l o c i t i e s  from Table 3  were w i th in  4 percent .  Average cor rec-  
t i o n s  f o r  a  given temperature range would be  even more accu ra t e .  However, cor-  
r e c t i o n s  over l a r g e r  temperature ranges involve g r e a t e r  e r r o r s .  (Some percentage  
e r r o r  f i g u r e s  could no t  be computed f o r  Table 5  because t he  r e l a t i o n s h i p s  had n o t  
been defined f o r  h igh  v e l o c i t i e s . )  
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Velocity 

0.50 

RELATION OF DIAUETW TO FALL VeLOCITP 

FOR Qnmn SPHH~ES 
pall diameter in mlcrma] 

~ x ~ a t u r a  iri degrees Centigrade Velocit 

0' 10' 20' 21' 22' 23' 2b0 25' 26' 27' 28' 29' 30' 40' I d e c  

45 38 33.4 33.0 32.6 32.2 31.9 31.5 31.e 30.9 30.6 30.3 30.0 27 0.10 

63 47.4 46.8 2 45.6 45.0 44.5 41.0 43.5 43.1 42.6 42.2 38 0.20 

77 66 58.5 57.6 56.8 56.0 55.2 54.5 53.8 53.2 52.7 52.2 51.8 47 0.30 

90 76 67.8 66.8 65.8 64.9 64.0 63.2 62.4 61.7 61.0 60.4 59.8 55 0.b0 

101 86 76.5 75.3 74.1 73.0 0 71.1 70.2 69.4 68.6 67.9 67.2 62 0.50 
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TABLE 3 

CHANGE OF FALL VELOCITY WITH WATER ~ ' I ' I J R E  

FOR QUARTZ SPHERES 

 a all velocity changes in cm/sec] 

NOTE: To tXe velocity at a given temperature add the change from this table to  obtain 
the f a l l  velocity for the same quartz sphere in distilled mter at  Z O C .  
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CHANGE OF FAtt VEMCITY WITH 18m TQIPHULTURE 

NAWRALLY R)IPI QUARTZ PARTICLES HAVING SHdPE FACTOR OF 0.7 

[Fall. velocity changes in cm/see] 

2.50 

3.00 

3.50 

h.00 

Ir. 5'0 

5.00 

Velocity Temperature in  degrees Centigrade 

NOTE; To the relocity at a given temperatare add the change fmmthis table to obtain 
the fall velocity for the ssrs q n u t s  particle in di s t i l l ed  ater at 24'C. 

Velocity 
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TABLE 5 

PERCENTAGE ERRORS IF FALL VELOCITY AT OTBER TFMPEFATURES IS 

AAJUSPFD TO 24Oc BY TIIE RELATION FOR QUARTZ SPHERES 

[ ~ c t u a l  fall. veloc i t ies  are e h m  in parentheses a t  24'~ 

because errors are zerg 

+12 + 7  + 4  + 2  
+ 7  + 5  + 3  + 1  
+ 3  + 2  + 1  + 1  

- 7  - 6  - 4  - 3  

Nominal diameter = 0.50 mm 

+13 + 8  + 5  + 2  

24 
30 
40 

o 
10 
20 
24 
30 
40 

0 
10 
20 
24 
30 
LO 

0 
10 
20 
24 
30 
40 

0 
10 
20 
24 
0 
4 

+ 7  + 5  + 3  + 1  
+ 3  + 2  + 1  

(3.63) (4.13) (4,641 (5.16) (5.58) 
- 3  - 3  - 2  - 1  - 1  
- 8  - 7  - 5  - 3  - 2  

(5.03) (5.79) (6.53) (7.30) (7.97) 
- 3  - 2  -1. - 1  O 
- 7  - 6  - 3  - 2  0 

24 
30 
40 

0 
10 
20 
24 
30 
40 

0 
10 
20 
2L 
30 
40 

0 
10 
20 
24 
30 
40 

0 
10 
20 
24 
30 
40 

- 

Naminal diameter = 1.00 mm 

+20 +14 + 8  + 5  + 2  
+12 + 8  + 4  + 2  + 1  
+ 3  + 2  + l  0 0 

(6.45) (7.70) (9.10) (10.5) (11.6) 
- 4  - 3  - 2  - 1  0 
-12 - 9  - 5  - 3  O 

+ l p  +14 + 8 + 4 0 
+lo + 8  + 5  + 2  0 
+ 2  + 2  + 2  + 1  0 

(8.57) (10.2) (12.3) (14.3) (16.0) 
- 4  - 3  - 2  0 0 
-10 - 8  - 5  - 1  O 

Nominal diameter = 2.00 mm 

+25 +21 +16 +10 + 2 
+13 +lo  + 8 + 5 + 1 
+ 3  + 2  + 2  + 1  0 

(9.76) (12.0) (14.9) (18.3) (21.6) 
- 4  - 3  - 2  - 1  0 
- 1  - 9  - 7  - 4  O 

+24 +19 +15 +10 0 
+12 + 9  + 8  + 5  0 
+ 2  + 2  + 2  + 2  0 

(12e6) (15.6) (19.14) (24.0) (29.b) 
- 4  - 3  - 3  - 1  0 

O -11 - 8  - 6  - 3  

Nominal diameter 4.00 mm 

+23 +20 +17 +13 * 3  
+12 +lo + 8 + 7 t 1 
+ 3  + 2  + 2  + l  0 

(13.8) (17.5) (21.9) (27.6) (36.3) 
- 3  - 3  - 3  - 1  0 
- 9  - 8  - 6  - 4  - 1  

+21 +18 +I4 +lo  0 
+10 + 9  + ' 7  + 5  0 
+ 2  + 2  + 2  + 1  0 

(17.8) (22.4) (28.1) (35.7) (h7.2) 
- 3  - 2  - 2  - 1  0 
- 8  - 6  - 5  - 3  O 

Nominal diameter = 8.00 mm 

+21 +17 +14 +10 + 2  
+ lo  + 8  9 6  + 4  + 1  
+ 3  + 2  + l  + l  0 

9 4 3 9  3 9 3  5 3 . 1  
- 3  - 2  - 2  - 1  - 1  
- 7  - 6  - 4  - 3  - 2  

+17 +14 +10 + 4 - 
+ 8  + 7  + I t  + 2  .. 
+ 2  + 2  + 1  r) 

(25.1) (31.7) (39.7) (50.5) (67.;) 
- 2  - 2  - 1  0 - 
- 6  - 4  - 3  - 1  - 



3 0 Section 19 

WLE 5 (continued) 

PEXXNTAm ESRORS IF FALL MLOCITX AT OTBER IS 
ADJUSTED TO 24'~ BY THE RELATION FOR QUARTZ SPBERES 

bctua l  fall velocit ies  a r e  shown in parentheses a t  24% 

because e r m r s  a r e  zero] 

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

- 5  - 4  - 2  ' - 1  - 5  - 2  - 1  

Nominal diameter a 0.50 mm 

+lo + 5 + 2 410 + 6  + 2  - 2  - 2  

Nominal diameter " 1.00 mm 

+19 416 + 8 + 3 - 2 +19 +I4 + 8 + 2 - 5' 
+lo  + 8  + L  + l  - 2  +10 + 7  + b  + 1  b 3  

0 + 1  - 3  - 2  - 1  
-10 - 7  - 4  - 1  + 2  - 7  - 5  - 3  

Nominal diameter = 2.00 mm 

+22 +16 +12 + 6  - 4  +17 +11 + 8 + 2 
+11 + 8  + 6  + 2  - 3  + 8  + 6  + 4  + 1  
+ 3  + 2  + 2  + 1  - 1  + 2  4 1  + 1  

- 8  - 6  - 5  - 2  + 3  - 6  - b  - 3  - 1  

Nominal diameter = b.00 mm 

+17 +14 +lo  + 3 - +12 + 8 + 3 
4 8  + 7  + h  + 1  - + 6  + 3  + 1  
+ 2  + 2  + 1  + 1  + 1  

Nominai diameter 8.00 mm 

+12 + 7 + 3 



I V .  RELATIONS BETWEEN PART1 CLE SIZE SYSTEMS 

20. Nominal diameter  and f a l l  diameter  of qua r t z  par t ic les - -The  r e l a t i o n  be- 
tween t h e  nominal diameter  (phys ica l  s i z e )  and t h e  s e t t l i n g  v e l o c i t y  of a  p a r t i -  
c l e  depends on t h e  dens i t y ,  volume, and shape of t h e  p a r t i c l e  and on t h e  d e n s i t y  
and v i s c o s i t y  of t h e  f l u i d .  Within t h e  l i m i t s  of d e f i n i t i o n  of F ig .  1, t h e  s e t -  
t l i n g  v e l o c i t y  of any n a t u r a l l y  worn sediment p a r t i c l e  may be computed i f  t h e  
above c h a r a c t e r i s t i c s  of p a r t i c l e  and f l u i d  a r e  known. Because t h e  shape f a c t o r  
on ly  approximates t h e  e f f e c t i v e  shape of an i nd iv idua l  p a r t i c l e ,  t h e  r e l a t i o n  of 
f a l l  v e l o c i t y  and f a l l  diameter f o r  an i r r e g u l a r  p a r t i c l e  may d i f f e r  cons iderab ly  
from t h a t  shown by t h e  average curves  of Fig.  1. 

For s i m p l i c i t y  t h e  fo l lowing  d i s cus s ion  w i l l  be l i m i t e d  t o  q u a r t z  p a r t i c l e s .  
For a  qua r t z  p a r t i c l e  t h e  nominal d iameter  and shape of a  p a r t i c l e  determine i t s  
f a l l  diameter ,  which by d e f i n i t i o n  depends on f a l l  v e l o c i t y  i n  d i s t i l l e d  water  
a t  24'~. (See Fig.  3, which was computed from t h e  f a l l  v e l o c i t y  a t  24OC, shown 
i n  F ig .  2 f o r  shape f a c t o r s  of 0.5, 0.7, and 0.9.) For a l l  s p h e r i c a l  q u a r t z  par-  
t i c l e s ,  t h e  nominal diameter  i s  equa l  t o  t h e  f a l l  diameter  by d e f i n i t i o n .  The 
e f f e c t  of t h e  i r r e g u l a r  shapes of sand p a r t i c l e s  i s  gene ra l l y  such t h a t  t h e  par-  
t i c l e s  f a l l  more slowly than would spheres  of t he  same volume and s p e c i f i c  grav- 
i t y .  That i s ,  t h e  f a l l  diameter  of an  i r r e g u l a r  qua r t z  p a r t i c l e  i s  l e s s  than  t h e  
nominal diameter  of t h e  p a r t i c l e .  

F ig .  3 shows the  e f f e c t  of p a r t i c l e  shape on f a l l  diameter  and i n d i c a t e s  t h e  
r a p i d  i n c r e a s e  i n  e f f e c t  of p a r t i c l e  shape w i th  i nc r ea s ing  s i z e  w i th in  t h e  sand 
s i z e  range.  

21. Nominal diameter  and i n t e rmed ia t e - ax i s  length--For t h i s  d i s cus s ion  t h e  
l e n g t h  of t h e  i n t e rmed ia t e  a x i s  of a  sediment p a r t i c l e  i s  t h e  "b" dimension t h a t  
was determined w i th  a  microscope. Because t h e  shape f a c t o r  ( c  / <b ) i s  a c tu -  
a l l y  a  f l a t n e s s  r a t i o ,  t h e  r e l a t i o n  of nominal diameter  t o  i n t e rmed ia t e - ax i s  
l e n g t h  v a r i e s  w i th  t h e  shape f a c t o r .  (See Fig.  4,  which i s  based on d a t a  from 
r e f e r e n c e  8 . )  The average  r e l a t i o n  i s  f a i r l y  we l l  def ined  f o r  each shape f a c t o r ,  
bu t  because of t h e  wide v a r i a t i o n s  i n  shapes covered by a  s i n g l e  shape f a c t o r  t h e  
i n d i v i d u a l  p a r t i c l e s  vary s i g n i f i c a n t l y  from t h e  average.  I f  a  p a r t i c l e  i s  f l a t ,  
t h e  in te rmedia te -ax is  l eng th  i s  r e l a t i v e l y  l a r g e  i n  comparison t o  t h e  volume of 
t h e  p a r t i c l e .  

22. Nominal diameter  and s i e v e  diameter--A r e l a t i o n  of nominal diameter  and 
s i e v e  diameter  i s  p l o t t e d  i n  F ig .  5  and i s  based on t h r e e  s e t s  of d a t a :  (1 )  A 
curve  from r e f e r e n c e  1 3  ( t h e  curve o r i g i n a l l y  r e l a t e d  "b" dimension t o  s i e v e  d i -  
ameter bu t  a  r educ t i on  of 3  t o  4  %, a s  i nd i ca t ed  by F ig .  4,  has  been made t o  t h e  
"b" dimension t o  o b t a i n  nominal diameter  f o r  p l o t t i n g  i n  F ig .  5) ;  (2)  d a t a  r e -  
po r t ed  i n  r e f e r ence  8 f o r  about 200 i nd iv idua l  p a r t i c l e s ;  (3)  mean nominal diam- 
e t e r s  determined from the  t o t a l  weight  and t h e  s p e c i f i c  g r a v i t y  of a  group of 
s e v e r a l  hundred counted p a r t i c l e s  from one s i e v e  f r a c t i o n  of sand between 350 
and 500 microns and one between 700 and 1000 microns. 

The d a t a  a r e  i n  genera l  agreement.  A change i n  t h e  s i z e  of s i e v e  opening 
does n o t  seem t o  j u s t i f y  an abrupt  change i n  t h e  r e l a t i o n  of nominal d iameter  t o  
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Fall diameter, in rn rn 

FIG. 3-RELATION OF NOMl NAL DIAMETER AND FALL DIAMETER 
FOR NATURALLY WORM QUARTZ PARnICLES 
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FIG. 4-RELATION OF INTERMEDIATE-AXIS LENGTH TO NOMINAL DIAMETER FOR 

NATURALLY WORN SEDIMENT PARTICLES 
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NATURALLY WORN SEDIMENT PARTICLES 



Sect ion  23 3 5 

s i e v e  diameter  s o  a n  average r e l a t i o n  has been p l o t t e d .  The t en  p a r t i c l e s  from 
t h e  s i e v e  f r a c t i o n  w i t h  a mean diameter of about  0.38 mm had t h e  same average  
nominal diameter  and in te rmedia te -ax is  l eng th  a s  t hose  from t h e  s i e v e  f r a c t i o n  
w i th  a mean diameter  of 0.46 mm; which sugges ts  t h a t  bo th  groups may have come 
from t h e  same, t h e  sma l l e r ,  s i e v e  f r a c t i o n .  

Attempts t o  c o r r e l a t e  t h e  r e l a t i o n  of nominal diameter  and s i e v e  diameter  w i t h  
t h e  shape f a c t o r  were unsuccessful .  For p a r t i c l e s  of low shape f a c t o r  t h e  
in te rmedia te -ax is  l eng th ,  o r  "b" dimension, t h a t  can pass  a given square  s i e v e  
opening i s  longer  than f o r  p a r t i c l e s  of h igher  shape f a c t o r s  because t h e  t h inne r  
t h e  p a r t i c l e  i s  t h e  longer  t h e  maximum "bu dimension t h a t  can pass  d iagonal ly  
through a given square  opening. However, t h e  nominal diameter  i s  gene ra l l y  small- 
e r  i n  comparison t o  t h e  "b" dimension s o  t h a t  d i f f e r e n c e s  i n  shape f a c t o r  do n o t  
change t h e  r e l a t i o n  of nominal diameter and s i e v e  diameter  s i g n i f i c a n t l y .  The 
r e l a t i o n  between nominal diameter and s i e v e  diameter  may vary f o r  d i f f e r e n t  sands 
because of  d i f f e r e n t  p ropor t ions  of r e l a t i v e l y  long, s l ende r  p a r t i c l e s  i n  t h e  
sands. 

23. --From t h e  average  
r e l a t i o n  of nominal diameter  t o  s i e v e  diameter of F ig .  5 and t h e  r e l a t i o n  of nom- 
i n a l  diameter and f a l l  v e l o c i t y  of Fig.  2, t h e  r e l a t i o n  of s i e v e  diameter  and f a l l  
v e l o c i t y  may b e  determined f o r  n a t u r a l l y  worn qua r t z  p a r t i c l e s  i n  water  a t  va r ious  
temperatures .  The l a t t e r  r e l a t i o n  i s  shown i n  Fig.  6 f o r  shape f a c t o r s  of 0.5, 
0.7, and 0.9, and s i m i l a r  da t a  f o r  o t h e r  shape f a c t o r s  o r  s p e c i f i c  g r a v i t i e s  
could be  computed from Figs .  1 and 5. F a l l  v e l o c i t i e s  f o r  i nd iv idua l  p a r t i c l e s  
of i r r e g u l a r  shapes may vary widely from t h e  average  r e l a t i o n s  of F ig .  6. 

24. --The r e l a t i o n  of 
s i e v e  diameter  and f a l l  diameter  t h a t  i s  shown i n  F ig .  7 fol lows d i r e c t l y  from 
Figs .  3 and 5. It i s  an average r e l a t i o n  t h a t  may no t  be  a c c u r a t e  f o r  an  i nd i -  
v idua l  p a r t i c l e .  

The f a l l  diameter  i s  g r e a t e r  than t h e  s i e v e  diameter  a t  f i n e  sand s i z e s  and 
l e s s  than t h e  s i e v e  diameter  a t  coarse  sand s i z e s .  A shape f a c t o r  of 0.7 i s  a- 
bout average f o r  n a t u r a l l y  worn sed iqents .  For t h i s  shape f a c t o r  t h e  f a l l  diam- 
e t e r  i s  about 1 0  pe rcen t  l a r g e r  than t h e  s i e v e  diameter  a t  60 microns; equa ls  t h e  
s i e v e  diameter  a t  250 microns; and above 250 microns i s  l e s s  than t h e  s i e v e  diam- 
e t e r  by percentages  which i n c r e a s e  r ap id ly  a s  t h e  p a r t i c l e  s i z e  i nc r ea se s .  The 
nominal diameter  of n a t u r a l l y  worn sediment p a r t i c l e s  of sand s i z e s  i s  more than 
10 percent  l a r g e r  than t h e  s i e v e  diameter .  For small  sand p a r t i c l e s  (which f a l l  
a t  low Reynolds numbers) t h e  a c c e l e r a t i n g  e f f e c t  owing t o  t h e  nominal s i z e  be ing  
l a r g e r  than t h e  s i e v e  s i z e  i s  g r e a t e r  than t h e  r e t a r d i r g  d f e c t  of shape and 
roughness on t h e  f a l l  v e l o c i t y  of t h e  p a r t i c l e .  Hence, t h e  f a l l  diameter  i s  
g r e a t e r  than t h e  s i e v e  diameter .  A t  l a r g e r  sand s i z e s ,  shape and roughness have 
a r e l a t i v e l y  g r e a t e r  r e t a r d i n g  e f f e c t  on t h e  f a l l  v e l o c i t y  and t h e  f a l l  diameter  
i s  smal le r  than t h e  s i e v e  diameter .  

Even though t h e  s i e v e  and f a l l  diameters  a g r e e  f o r  t h e  median o r  mean diameter  
of a sand sample, t h a t  f a c t  does no t  i n d i c a t e  t h a t  e i t h e r  a f i n e  o r  coa r se  f r a c -  
t i o n  can be  removed from t h e  sand sample by s i e v i n g  w i th  assurance  t h a t  a combi- 
na t i on  of s i e v e  and sedimentat ion methods of s i z e  a n a l y s i s  may be  made smoothly 
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Fall diameter, in m m  

FIG. 7-RELATION OF SIEVE DIAMETER AND FALL DIAMETER 

FOR NATURALLY WORN QUARTZ PARTICLES 
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a t  t h e  d i v i s i o n  po in t .  

The r e l a t i o n  of s i e v e  and f a l l  diameters  w i l l  change i f  t h e  s p e c i f i c  g r a v i t y  
d i f f e r s  from 2.65. 

The s i e v e  a n a l y s i s  of a  sand sample has c h a r a c t e r i s t i c s  of apparen t  s imp l i c i t y ,  
d i r e c t n e s s ,  and r e p r o d u c i b i l i t y ,  which may c r e a t e  an undue impression of accuracy. 
I n  one sense t he  r e p r o d u c i b i l i t y  of such ana lyses  i s  good, e s p e c i a l l y  f o r  samples 
con t a in ing  s eve ra l  grams of m a t e r i a l .  Resu l t s  can be dup l i ca t ed  c l o s e l y  a s  long 
a s  t he  same s e t  of s i eves  a r e  used under s tandard  condi t ions .  However, l e t  t h e  
s i e v e s  become worn o r  clogged o r  be rep laced  by another  s e t ,  t h e  t ime o r  manner 
of s i e v i n g  be changed, o r  t h e  p r epa ra t i on  of t h e  sample be a l t e r e d ,  and t he  re -  
s u l t s  may change g r e a t l y .  I n  terms of t he  s i e v e  diameters  of t h e  p a r t i c l e s ,  a  
given s i e v e  has one e f f e c t i v e  s i z e  f o r  s epa ra t i ng  spheres  under s tandard  condi- 
t i o n s .  The same s i e v e  has a  d i f f e r e n t  e f f e c t i v e  s i z e  f o r  p a r t i c l e s  of o the r  
shapes and f o r  o the r  times of s iev ing .  The f a l l  diameter  ana ly se s  of sand samples 
express  a  f a r  more fundamental p roper ty  of t h e  m a t e r i a l ,  and one which i s  l e s s  
s u b j e c t  t o  v a r i a t i o n s  because of unavoidable d i f f e r ences  i n  t h e  a n a l y t i c a l  appa- 
r a t u s .  

25. The e f f e c t  of p a r t i c l e  shape--For p a r t i c l e s  having a  s p e c i f i c  g r av i t y  of 
2 .65,  t he  r e l a t i o n s  among nominal, s i eve ,  a x i s  l eng th ,  and f a l l  diameters  a r e  
determined e n t i r e l y  by t h e  e f f e c t  of p a r t i c l e  shape inc luding ,  i f  i t  i s  t o  be 
given s e p a r a t e  mention, t h e  e f f e c t  of p a r t i c l e  roughness. I r r e g u l a r  shapes cause 
t h e  d i f f e r e n c e s  shown i n  F ig s .  3, 4,  5, and 7 .  The f a c t o r  of shape may be kept  
i n  proper  pe r spec t i ve  by remembering t h a t  f o r  smooth qua r t z  spheres  a l l  four  diam- 
e t e r s ,  nominal, s i eve ,  a x i s  l eng th ,  and f a l l  a r e  t h e  same; t h a t  t h e  r e l a t i v e  e f -  
f e c t  of i r r e g u l a r  shapes v a r i e s  w i th  s i z e  of p a r t i c l e ;  and t h a t  f o r  t h e  smal le r  
p a r t i c l e  s i z e s  t h e  e f f e c t  of shape on t h e  s i e v e  a n a l y s i s  i s  f a r  more s i g n i f i c a n t  
than  i t  i s  on t he  sedimentat ion a n a l y s i s  of t h e  same p a r t i c l e .  

P a r t i c l e  shape i s  important  i n  b a s i c  sedimentat ion s t u d i e s  and research .  How- 

eve r ,  t h e  usefu lness  of phys ica l  shape f a c t o r s  i s  l i m i t e d  i n  r o u t i n e  sedimenta- 
t i o n  problems by t he  f a c t  t h a t  even i f  t he  nominal, a x i s  l ength ,  and s i e v e  diam- 

e t e r s  a r e  known the  f a l l  diameter  may be ob ta ined  more easily and accu ra t e ly  by 
determining t he  f a l l  v e l o c i t y  than by determining S.F. Pos s ib ly  t h e  shape f a c t o r  
f o r  a  sand could be es t imated  by microscopic comparison w i t h  o t h e r  sands of known 

shape f a c t o r  w i th  s u f f i c i e n t  accuracy f o r  advaniageous u se  under some aondi t ions .  

I f  t h e  s p e c i f i c  g r av i t y ,  volume, and f a l l  v e l o c i t y  of a  p a r t i c l e  a r e  known, a  
shape f a c t o r  may be determined from the  p l o t t i n g  of C and Re on F ig .  1. The CD 

D 
and Re f i g u r e s  f o r  a  p a r t i c l e  l o c a t e  a  po in t  t h a t  w i l l  f a l l  on a  curve o r  between 
two curves s o  t h a t  a  shape f a c t o r  can be found d i r e c t l y  o r  by i n t e r p o l a t i o n  be- 
tween shape f a c t o r  curves.  Such a  shape f a c t o r  expresses  t h e  e f f e c t  of shape on 
t h e  hyd rau l i c  c h a r a c t e r i s t i c s  of t he  p a r t i c l e  a t  a  given Reynolds number. I t  i s  

n o t  S.F. a s  def ined he re in ,  but  i s  i n  t he  same dimensionless  form and could be 
' c a l l e d  SF. SF i n d i c a t e s  t h e  same hydraul ic  e f f e c t  a s  t h e  average  f o r  p a r t i c l e s  
w i t h  a  numerical ly  equal shape f a c t o r ,  S.F. The S  F  f i g u r e  f o r  a  p a r t i c l e  can be 

used  w i th  F ig .  1 t o  compute t h e  CD, Re r e l a t i o n  f o r  t he  same p a r t i c l e  i n  o the r  
f l u i d s  o r  i n  t he  same f l u i d  a t  o the r  temperatures ,  and t h i s  may be t h e  g r e a t e s t  

va lue  of F ig .  1. 
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CS may be  computed f o r  any f l u i d  condi t ion ,  and i f  SF i s  0.7 a t  one Reynolds 
number t h e  S.F. curve f o r  0.7 may be used wi th  CS t o  determine Re and CD . A con- 
s t a n t  r e l a t i o n  between SF and S.F. i s  assumed. The assumption i s  probably v a l i d  
w i th in  c l o s e r  l i m i t s  than t h e  accuracy of Fig.  1. Both t h e  assumption and Fig.  1 
could b e  v e r i f i e d  by a  s tudy of t h e  f a l l  of t h e  same p a r t i c l e  i n  very d i f f e r e n t  
f l u i d  condi t ions .  However, t h e  s tudy would have t o  be repeated f o r  many d i f f & r -  
e n t  p a r t i c l e s  t o  v e r i f y  t h e  whole range of F ig .  1. 
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V. SEDIMENT CONCENTRATION AND FALL VELOCITY 

26. Ind iv idua l  par t ic les - -Obvious ly ,  t h e  e f f e c t  of concen t r a t i on  on t h e  f a l l -  
v e l o c i t y  a n a l y s i s  of a  sediment sample may be  avoided i f  each p a r t i c l e  of t h e  
sample i s  allowed t o  f a l l  a l one  i n  water  of s u f f i c i e n t  ex t en t  t o  avoid  wa l l  e f -  
f e c t s .  A complete a n a l y s i s  then r e q u i r e s  t h e  summation and c l a s s i f i c a t i o n  of a l l  
t h e  i nd iv idua l  f a l l  v e l o c i t i e s  on t h e  b a s i s  of p a r t i c l e  weights .  The process  has 
n o t  been adapted t o  s i l t  and c l a y  s i z e s  and i s  much too  l abo r ious  f o r  r o u t i n e  
ana ly se s  of sand samples, but  r e sea rch  on t h e  e f f e c t  of concen t r a t i on  on f a l l  ve- 
l o c i t y  of sands should be  based on t h i s  fundamental p rocess .  

27. Very low concentrations--To speed up sedimentat ion ana ly se s ,  p a r t i c l e s  of 
a  sample a r e  u sua l l y  allowed t o  s e t t l e  a s  a  group. Sometimes an a t tempt  i s  made 
t o  avoid concent ra t ion  e f f e c t s  by keeping t he  concent ra t ion  of p a r t i c l e s  very low 
s o  t h a t  t he  d i s t a n c e  between i nd iv idua l  s e t t l i n g  p a r t i c l e s  i s  r e l a t i v e l y  l a r g e .  

The photographic method [12]  of s i z e  a n a l y s i s  uses  an i n i t i a l l y  d i spe r sed  sed- 
imenta t ion  system wi th  a  maximum concent ra t ion  of about  5 ppm. A t  t h i s  concen- 
t r a t i o n  t he  p a r t i c l e s  presumably f a l l  a t  approximately t he  same v e l o c i t y  t h a t  
each would have i f  s e t t l i n g  a lone .  

A top- in t roduc t ion  tube method f o r  a n a l y s i s  of sands was developed by t h e  
Omaha o f f i c e  of t h e  Corps of Engineers . [ l3 ]  A s t r a t i f i e d  sed imenta t ion  system 
v7as used i n  which concent ra t ions  of m a t e r i a l  were kept  low t o  minimize e f f e c t s  
of concent ra t ion .  The sedimentat ion column was 4 cm i n  diameter  throughout most 
of t h e  168 cm l eng th .  Tes t s  made w i th  t h i s  appara tus  on sands from 100 t o  600 
microns i n  s i z e  i nd i ca t ed  t h a t  samples weighing up t o  0.01 gm could b e  analyzed 
wi thout  s i g n i f i c a n t  concent ra t ian  e f f e c t s .  

28. Normal concent ra t ions ,  one s i z e ,  completely dispersed--For  convenience 
and economy, most sedimentat ion ana lyses  a r e  made on samples l a r g e  enough t o  de- 
velop s i g n i f i c a n t  concent ra t ion  e f f e c t s .  McNown and Lin [ 9 ]  have r epo r t ed  t h e  
e f f e c t  of concent ra t ion  on s e t t l i n g  v e l o c i t y  f o r  one s p e c i f i c  cond i t i on .  

They used a  s e t t l i n g  tube w i th  an i n s i d e  diameter of about 11 mm; t h e  s e t t l i n g  
v e l o c i t y  was measured over a l eng th  of 10 cm; and t h e  p a r t i c l e s  of sediment had a  
uniform hydraul ic  s i z e  wi th  a  f a l l  v e l o c i t y  of about 0.6 cm/sec corresponding t o  
a  nominal diameter of about 0 .1  mm. The p a r t i c l e s  were uniformly d i s t r i b u t e d  
throughout t h e  sedimentat ion column. The r e s u l t s  a r e  shown i n  F ig .  8 a s  "V/VOn 

versus  concent ra t ion .  The v e l o c i t y ,  V ,  i s  t he  s e t t l i n g  v e l o c i t y  of t h e  p a r t i c l e s  
f a l l i n g  i n  t h e  tube,  and Vo i s  t h e  v e l o c i t y  ass igned  t o  t h e  p a r t i c l e s  f a l l i n g  
a lone .  Vo was ob ta ined  by t h e o r e t i c a l  computations a s  an e x t r a p o l a t i o n  of d a t a  
t h a t  were s u b j e c t  t o  c o n c e n t r a ~ i o n  e f f e c t s .  

The a c t u a l  v e l o c i t y  obtained by dropping i nd iv idua l  p a r t i c l e s  of sediment was 

7 percent  slower than t h e  Vo used f o r  Fig.  8, bu t  McNown and Lin considered t h e  
v e l o c i t y  from ind iv idua l  p a r t i c l e  drops t o  be l e s s  r e l i a b l e  than t h e  v e l o c i t y  
t h a t  was computed f o r  Vo. 

For p a r t i c l e s  of one uniform s i z e  t h a t  f a l l  uniformly d i spe r sed  i n  a  small 
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sedimentat ion column, t h e  r e p o r t  by McNown and Lin showed t h a t :  t h e  e f f e c t  of 
concent ra t ion  increased  t h e  s e t t l i n g  v e l o c i t y  s l i g h t l y  f o r  concen t r a t i ons  below 
20 ppm; f o r  g r e a t e r  concent ra t ions  t he  e f f e c t  01 concent ra t ion  decreased t h e  
s e t t l i n g  v e l o c i t y  progress ive ly ;  a  concen t r a t i on  of 5,000 ppm of sediment i n  wa- 
t e r  reduced t h e  s e t t l i n g  v e l o c i t y  about 10  pe rcen t .  

29. Normal concent ra t ions ,  mixed s i z e s ,  nominally dispersed--The bottom- 
withdrawal-tube method of s i z e  a n a l y s i s  i s  another  sedimentat ion system f o r  which 
t h e  e f f e c t  of concent ra t ion  on f a l l  v e l o c i t y  has been determined.[ l4]  The method 
was eva lua ted  f o r  a  mixture of s i z e s  of g l a s s  spheres  i n  concent ra t ions  from 200 
t o  10,000 ppm. The spheres  were d i spe r sed  throughout a  sedimentat ion column 2.5 
cm i n  diameter  and 100 cm long. The i n i t i a l  d i s p e r s i o n  was no t  completely uni-  
form. 

Data from ana lyses  i n  t h e  bottom-withdrawal tube  were used t o  compute t h e  e f -  
f e c t  of concent ra t ion  on t h e  s e t t l i n g  v e l o c i t y  of g l a s s  spheres  i n  t h a t  appara tus .  
The computed V/Vo r e l a t i o n s  a r e  shown i n  F ig .  8  by s e p a r a t e  curves f o r  p a r t i c l e  
diameters  of 62, 125, and 250-500 microns. The curves a r e  approximations because 
t h e  da t a  a r e  no t  e n t i r e l y  c o n s i s t e n t .  The s i z e  d i s t r i b u t i o n  w i th in  a  sample in-  
f l uences  concent ra t ion  e f f e c t s .  

A t  concent ra t ions  of 200 ppm the  f a l l  v e l o c i t y  r a t i o  V t o  Vo i s  l e s s  than  
u n i t y  and t h e  smal le r  t h e  sphere s i z e  t h e  lower t h e  r a t i o .  A t  concen t r a t i ons  of 
10,000 ppm the  r a t i o  V t o  Vo i s  approximately u n i t y .  

30. Normal concent ra t ions ,  mixed s i z e s ,  s t r a t i f i e d  systems--The v i s u a l -  
accumulation tube  method of s i z e  a n a l y s i s  i s  another  sedimentat ion system f o r  
which t h e  e f f e c t  of concent ra t ion  on f a l l  v e l o c i t y  has been s tud i ed . [ l 5 ]  Samples 
were in t roduced  a t  t h e  top of a  sedimentat ion column of water  120 cm i n  he igh t .  
The diameter  of t h e  column was 2.5 cm f o r  t h e  top 80 cm, decreased through t h e  
next  20 cm, and was uniform a t  2.1, 3.4, 5.0, o r  7 .0 mm through t h e  bottom 20 cm. 
The accumulation of sediment w i th  t ime was measured i n  t h e  bottom s e c t i o n  of t h e  
sedimentat ion column. 

Hundreds of sand samples f o r  which t h e  f a l l - v e l o c i t y  d i s t r i b u t i o n  had been 
e s t a b l i s h e d  on t he  b a s i s  of t he  f a l l  of i nd iv idua l  p a r t i c l e s  were ana lyzed  i n  
t h e  visual-accumulat ion tube.  The p a r t i c l e s  gene ra l l y  f e l l  f a s t e r  i n  t h e  tube  
a s  shown f o r  two tube s i z e s  i n  F ig .  8. I n  each s i z e  of tube  t he  maximum r a t i o  
of V t o  Vo was f o r  t h e  lowest concent ra t ion .  P a r t i c l e  s i z e  has a  very  important  
e f f e c t  on t h e  V t o  Vo r a t i o s .  S i g n i f i c a n t  e f f e c t s  of o t h e r  f a c t o r s  such a s  t h e  
d i s t r i b u t i o n  of s i z e s  w i th in  t h e  sample were f r equen t ly  apparent  bu t  t h e s e  have 
no t  been s e p a r a t e l y  evaluated.  

Some d a t a  were ob ta ined  w i th  mixed s i z e s  of g l a s s  spheres .  The e f f e c t  of con- 
c e n t r a t i o n  on t h e  f a l l  v e l o c i t y  of g l a s s  spheres  i n  t h e  visual-accumulat ion tube 
has no t  been c a r e f u l l y  determined. I n  gene ra l ,  t h e  g l a s s  spheres  f e l l  f a s t e r  i n  
mass i n  t h e  visual-accumulat ion tube than each would have f a l l e n  a l o n e  i n  d i s -  
t i l l e d  water  of i n f i n i t e  ex t en t .  The magnitude of t h e  a c c e l e r a t i o n  e f f e c t  was 
somewhat l e s s  than f o r  sands. 
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31. General concent ra t ion  effects--The general  e f f e c t  of concent ra t ion  on t h e  
f a l l  v e l o c i t y  of p a r t i c l e s  has been widely recognized. Usually t h e  da t a  have 
shown t h e  e f f e c t  i n d i r e c t l y .  Emery[l6] c a l i b r a t e d  h i s  top- in t roduct ion  sedimenta- 
t i o n  tube  wi th  i r r e g u l a r  qua r t z  p a r t i c l e s  of known s i eve - s i ze  d i s t r i b u t i o n .  The 
c a l i b r a t i o n  showed t h a t  t h e  i r r e g u l a r  qua r t z  p a r t i c l e s  ( e spec i a l l y  t h e  f i n e r  sand 
s i z e s )  f e l l  much f a s t e r  i n  t h e  t ube  than  quar tz  spheres of t h e  same s i e v e  s i k e  
would f a l l  a lone  i n  d i s t i l l e d  water  a t  t h e  same temperature. Also some published 
comparisons of p i p e t t e  and bottom-withdrawal tube ana lyses  show d i f f e r e n c e s  t h a t  
vary w i th  concent ra t ion .  [6]  

I n  c o n t r a s t ,  i f  t h e  d i s t r i b u t i o n  of p a r t i c l e s  throughout a  sedimentat ion co l -  
umn i s  uniform and t h e  concent ra t ion  i s  apprec iab le ,  presumably each p a r t i c l e  
f a l l s  more slowly than i t  would f a l l  a lone .  However, t h e  s i z e  of p a r t i c l e  prob- 
ab ly  has an important i n f luence  on t h e  concent ra t ion  e f f e c t ,  and a mixture  of 
p a r t i c l e  s i z e s  f a l l i n g  through a long sedimentat ion column of l i m i t e d  c ross-  
s e c t i o n  i s  no t  l i k e l y  t o  maintain a  uniform d i s t r i b u t i o n .  I f  t h e  d i s t r i b u t i o n  of 
p a r t i c l e s  throughout t h e  c ros s - sec t ion  of a  sedimentat ion column i s  no t  uniform, 
dens i ty  c u r r e n t s  may form and g r e a t l y  i nc rease  t h e  r a t e  of fad1 of t h e  i nd iv idua l  
p a r t i c l e s ,  e s p e c i a l l y  those  of t h e  smal le r  s i ze s .  

I f ,  a s  i n  t h e  bottom-withdrawal tube,  p a r t i c l e s  a r e  only approximately d i s -  
persed throughout t h e  sedimentat ion column t h e  r e l a t i o n  of concent ra t ion  and f a l l  
v e l o c i t y  i s  too  complex f o r  t h e o r e t i c a l  ana lys i s .  I n  top- in t roduct ion  tubes cur- 
r e n t s  and eddies  a r e  s e t  up i n  t h e  sedimentat ion f l u i d  which a r e  a l s o  beyond 
t h e o r e t i c a l  a n a l y s i s  on a  q u a n t i t a t i v e  b a s i s .  The r e l a t i o n s  between sediment 
concent ra t ion  and f a l l  v e l o c i t y  i n  wa te r  appear t o  depend on many f a c t o r s  includ-  
i ng :  (1) type  of sedimentat ion system, (2) s i z e  of sediment p a r t i c l e ,  (3) spe- 
c i f i c  g r a v i t y  of t h e  p a r t i c l e ,  and (4) t h e  shape of t h e  p a r t i c l e .  The e f f e c t s  of 
concent ra t ion  a r e  so  widely d ivergent  and t h e  da t a  a v a i l a b l e  a r e  s o  l i m i t e d  i n  
quan t i t y  and scope compared t o  t h e  number of v a r i a b l e s  t h a t  ex t r apo la t i on  t o  
o the r  sedimentat ion systems would be  unwise. One cannot p r e d i c t  t h e  e f f e c t  of 
concent ra t ion  on f a l l  v e l o c i t y  f o r  s eve ra l  of t h e  sed imenta t ion-s ize  ana lyses  
systems c m o n  i n  t h e  l abo ra to ry .  

Addi t iona l  r e sea rch  on t h e  e f f e c t  of concent ra t ion  on f a l l  v e l o c i t y  seems 
u rgen t ly  needed. 
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32. Need f o r  a  s tandard  of accuracy--Sedimentation s i ze - ana ly s i s  procedures  
have been developed, accepted,  and used wi thout  f i r s t  e s t a b l i s h i n g  a  s p e c i f i c  
u n i t  f o r  measuring sedimentat ion s i z e .  I f  t h e  fundamental p roper ty  i n  sedimen- 
t a t i o n  s i z e  a n a l y s i s  i s  conceded t o  be t h e  s tandard  f a l l - v e l o c i t y  o r  f a l l -  
diameter d i s t r i b u t i o n  of t h e  sample then t h i s  p roper ty  should be t h e  b a s i s  f o r  
measuring s i z e .  The accuracy of any method of sedimentat ion s i z e  a n a l y s i s  then 
would depend on how c o r r e c t l y  t he  s tandard  f a l l - v e l o c i t y  o r  f a l l - d i ame te r  d i s -  
t r i b u t i o n  of t h e  sample i s  determined by t h a t  method. 

To avoid a  wrong impression, some comments on e a r l y  methods of s i z e  a n a l y s i s  
seem necessary.  The methods of t he  s o i l  p h y s i c i s t s  f o r  determining such charac-  
t e r i s t i c s  a s  phys ica l  s i z e ,  su r f ace  a r ea  of p a r t i c l e s ,  vo ids ,  and permeabi l i ty  
t o  f l u i d  flow a r e  no t  a p p l i c a b l e  t o  t h i s  problem, which i s  one of s i z e  i n  terms 
of s e t t l i n g  c h a r a c t e r i s t i c s .  Those of one school  of thought[7,17] ,  s e t  up 
a n a l y t i c a l  methods and c a l i b r a t e d  them a g a i n s t  s i e v e  o r  microscopic ana ly se s .  
The methods of a n a l y s i s  so  devised were no t  a c t u a l l y  sed imenta t ion-s ize  de t e r -  
minat ions and a r e  t h e r e f o r e  no t  d i r e c t l y  adap t ab l e  t o  sedimentat ion problems. 
A t  l e a s t ,  those  r e spons ib l e  f o r  such developments were c o n s i s t e n t  i n  e s t a b l i s h -  
i n g  some s tandard  of comparison. Another approach, and perhaps t h e  usua l  one[7] 
was t o  s e t  up a  d i s t a n c e  f o r  a  sample t o  f a l l  and t o  compute t h e  s e t t l i n g  veloc-  
i t y  from d i s t a n c e  and time of f a l l ,  Usually t h i s  type  of a n a l y s i s  seems t o  have 
been unchecked o r  pos s ib ly  checked only f o r  cons is tency  of r e s u l t s ,  o r  by com- 
par i son  w i th  another  method equa l ly  open t o  ques t i on .  The e f f e c t s  of space l i m -  
i t a t i o n s ,  sample concent ra t ions ,  methods of i n t r o d u c t i o n  and d i spe r s ion ,  and of 
o the r  f a c t o r s  p e c u l i a r  t o  t h e  type of a n a l y s i s ,  were sometimes mentioned but  
never d e f i n i t e l y  eva lua ted  throughout t he  range  of sand s i z e s .  This procedure 
was defended on t h e  b a s i s  t h a t  t h e  s e t t l i n g  v e l o c i t i e s  of t h e  p a r t i c l e s  o r  sam- 
p l e  were a c t u a l l y  determined and t he re fo re  t h e  sedimentat ion diameter d i s t r i b u -  
t i o n  had been e s t a b l i s h e d  f o r  one s e t  of cond i t i ons .  Such reasoning minimized 
t h e  f a c t  t h a t  t h e r e  could be a s  many answers a s  t h e r e  were methods and appara tus  
of ana ly s i s ;  t h a t  one must know the  s i g n i f i c a n t  f e a t u r e s  of t h e  a n a l y s i s  i n  
o rde r  t o  i n t e r p r e t  t h e  r e s u l t s ;  and t h a t  t he  fundamental hyd rau l i c  p rope r ty ,  t h e  
s tandard  f a l l - v e l o c i t y  of t he  i nd iv idua l  p a r t i c l e ,  had not  been determined. 

I f  s i z e  a n a l y s i s  methods a r e  t o  be improved and s tandard ized ,  (1) some d e f i -  
n i t e  u n i t  of measurement f o r  sedimentat ion s i z e  i s  necessary  ( f a l l  diameter  i s  
recommended), and (2)  some accu ra t e  method of determining s i z e  d i s t r i b u t i o n  i n  
samples, o r  of p repar ing  samples having a  known s i z e  d i s t r i b u t i o n ,  i s  r equ i r ed .  
Without such a  b a s i s ,  t h e  accuracy of a  method of s i z e  a n a l y s i s  cannot be de t e r -  
mined. Because no adequate  method f o r  s a t i s f y i n g  item 2 f o r  sand s i z e s  could be  
found i n  r e p o r t s  on s i z e  a n a l y s i s ,  t he  method presen ted  i n  t h e  fol lowing s e c t i o n  
was developed. 

33. 
It was necessary  t o  use  t h e  f a l l  v e l o c i t y  of t h e  i nd iv idua l  p a r t i c l e  t o  make up 
sand samples f o r  which t h e  f a l l - v e l o c i t y  o r  f a l l - d i ame te r  d i s t r i b u t i o n s  were 
known. The primary concept was simple and obvious and o t h e r  i n v e s t i g a t o r s  had 
poin ted  t he  way. Carey and S ta innand[ l2]  had developed a  photographic method 
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f o r  determining the  f a l l  v e l o c i t i e s  of i nd iv idua l  p a r t i c l e s  i n  samples composed 
of p a r t i c l e s  smaller  than 100 microns. Serr[18]  determined the  sedimentat ion-  
diameter d i s t r i b u t i o n  f o r  sands of s i z e s  l a r g e r  than about 140 microns, by an 
ind iv idua l  dropping of many r e p r e s e n t a t i v e  p a r t i c l e s  from each of s eve ra l  s i e v e  
f r a c t i o n s  i n t o  which t h e  sample had been separa ted .  

The type of a n a l y s i s  used by Ser r  was given a  more r igorous mathematical 
t reatment  and was extended down t o  s i z e s  of 62 microns. The e s s e n t i a l s  of t h e  
method thus developed f o r  determining t h e  fa l l -d iameter  d i s t r i b u t i o n  a r e  a s  f o l -  
lows:[15] A bulk sample of sand i s  s ieved ,  10 grams a t  a  time, u n t i l  t h e  des i r ed  
quan t i t y  of ma te r i a l  of each s i e v e  f r a c t i o n  has been obtained.  The s i e v e - s i z e  
d i s t r i b u t i o n  based on t h e  t o t a l  weights of each f r a c t i o n  i s  recorded. Then each 
s i e v e  f r a c t i o n  i s  c a r e f u l l y  s p l i t  and r e s p l i t  u n t i l  about 100 r e p r e s e n t a t i v e  par-  
t i c l e s  remain. These p a r t i c l e s  a r e  dropped ind iv idua l ly  and t h e  f a l l  v e l o c i t y  of 
each i s  obtained and converted i n t o  f a l l  diameter by use  of t h e  r e l a t i o n  between 
diameter and f a l l  v e l o c i t y  f o r  quar tz  spheres (Table 2 ) .  The f a l l  diameters  of 
t h e  p a r t i c l e s  a r e  cubed t o  approximate t h e i r  r e l a t i v e  volumes and weights .  A 
f a l l  diameter i s  chosen a t  about t he  median d i v i s i o n  of a  s u m a t i o n  of t h e  cubed 
diameters ,  arranged i n  order  of s i z e .  A summation i s  made of a l l  cubed f i g u r e s  
l a r g e r  than t h e  cube of t h e  chosen f a l l  diameter and t h i s  sum i s  expressed a s  a  
f r a c t i o n  of t h e  t o t a l  of a l l  t he  cubes; f o r  example, 0.520 l a r g e r  than (and 
0.480 smal le r  than) t h e  cube of 305 microns i n  t he  s i e v e  f r a c t i o n  250 t o  350 
microns. I f  40.0 percent  of t h e  sample i s  i n  t he  s i e v e  f r a c t i o n s  coa r se r  than 
350 microns, and 20.0 percent  i n  t h e  250 t o  350 micron f r a c t i o n ,  then 50.4 per- 
cen t  (40.0 p lus  t h e  product of 0.520 x  20.0) of t h e  t o t a l  sample has f a l l  diam- 
e t e r s  g r e a t e r  than 305 microns. Extending t h i s  process t o  a l l  t he  s i e v e  f r a c t i o n s  
completes t h e  computations d fa l l -d iameter  d i s t r i b u t i o n  f o r  t h e  sample. 

The s ieve-  and fa l l -d iameter  d i s t r i b u t i o n  curves can be  p l o t t e d  f o r  t h e  or ig-  
i n a l  sand sample. One should remember t h a t  a  s i eve - s i ze  frequency curve i s  de- 
f i ned  only  a t  t h e  s i z e s  of s i eves  t h a t  were a c t u a l l y  used. A f a l l -d i ame te r  f r e -  
quency curve,  obtained by the  method above, i s  defined only a t  t h e  approximate 
median s i z e s  t h a t  were used t o  subdivide t h e  f r a c t i o n s .  The use  of mean o r  av- 
e rage  f i g u r e s  between po in t s  of d e f i n i t i o n  o r  of f i g u r e s  based on unweighted 
p a r t i c l e  counts  a r e  inexac t  p r a c t i c e s .  

Af te r  t h e  fa l l -d iameter  d i s t r i b u t i o n  has been determined f o r  each s i e v e  f r ac -  
t i o n  of a  sand, t h a t  sand can be  used t o  compound many samples f o r  each of which 
t h e  f a l l -d i ame te r  d i s t r i b u t i o n  can be computed. Such samples a r e  reproducib le ,  
They a l s o  provide a  b a s i s  f o r  cons is tency  comparisons t h a t  a r e  independent of 
t h e  accuracy of t h e  determinat ion of t h e  f a l l -d i ame te r  d i s t r i b u t i o n .  The o r ig -  
i n a l  r e l a t i v e  weights  of t h e  d i f f e r e n t  s i e v e  f r a c t i o n s  can be combined i n t o  sam- 
p l e s  t h a t  have t h e  o r i g i n a l  f a l l -d i ame te r  d i s t r i b u t i o n .  Other r e l a t i v e  weights  
may b e  chosen t o  provide samples t h a t  have d i f f e r e n t  fa l l -d iameter  d i s t r i b u t i o n s ,  
and t h e  p r i n c i p l e s  prev ious ly  s t a t e d  can be used t o  determine t h e  f a l l -d i ame te r  
d i s t r i b u t i o n s  of t he se  samples. Varying t h e  r e l a t i v e  q u a n t i t i e s  of t h e  d i f f e r -  
e n t  s i e v e  f r a c t i o n s  does no t  a l t e r  t h e  o r i g i n a l  fa l l -d iameter  d i s t r i b u t i o n  with-  
i n  each ind iv idua l  s i e v e  f r a c t i o n  so  t h a t  a  graph of t h e  fa l l -d iameter  d i s t r i b u -  
t i o n  of t h e  e n t i r e  s y n t h e t i c  sample may no t  be a  smooth curve . [ l5]  Sieve f r ac -  
t i o n s  from two o r  more sands can be  combined t o  obta in  a  des i r ed  s i z e  range  o r  
type of sample. 
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Assumptions and q u a l i f i c a t i o n s  t h a t  p e r t a i n  t o  t h e  method of prepar ing  a sam- 
p l e  having a known f a l l - d i ame te r  d i s t r i b u t i o n  fo l low:  

(1) The cube of t he  f a l l  diameter i s  assumed t o  be  p ropo r t i ona l  t o  t h e  weight  
of t he  p a r t i c l e .  The r e l a t i o n s h i p  i s  no t  d i r e c t ,  bu t  t h e  cube more n e a r l y  repre-  
s e n t s  t h e  volume and weight than would t h e  f i r s t  power of t h e  f a l l  diameters .  
Even t h e  use  of t h e  f i r s t  power of t h e  f a l l  diameter  does no t  s i g n i f i c a n t l y  a l t e r  
t h e  r e s u l t s  i f  t h e  range of s i z e s  i n  each s i e v e  f r a c t i o n  i s  smal l .  

(2) The type  of computations i n  t he  c i t e d  example a r e  gene ra l l y  adequate .  
However, occas iona l l y  a s i g n i f i c a n t  percentage of m a t e r i a l  i n  t h e  s i e v e  f r a c t i o n s  
coarser  than 350 microns has f a l l  diameters  l e s s  than  305 microns, o r  a s i g n i f i -  
c an t  percentage of m a t e r i a l  i n  t he  s i e v e  f r a c t i o n s  f i n e r  than 250 microns has  
f a l l  diameters  g r e a t e r  than 305 microns. Then, by e x t r a  computations, t h e  weight  
of offending m a t e r i a l  i s  moved from t h e  s i e v e  f r a c t i o n  where i t  was o r i g i n a l l y  t o  
t h e  proper s i d e  of t h e  305-micron s i z e .  

(3) A 1 0 0 - p a r t i c l e  s p l i t  a s  t h e  b a s i s  f o r  determining t h e  f a l l - d i ame te r  d i s -  
t r i b u t i o n  f o r  a s i e v e  f r a c t i o n  i s  s a t i s f a c t o r i l y  a c c u r a t e  a s  shown by t h e  con- 
s i s t ency  of r e s u l t s  throughout t h e  s i z e  range of samples analyzed on t h i s  b a s i s .  
Usually s p l i t s  from about e igh t  s i z e  f r a c t i o n s  a r e  used  t o  d e f i n e  a curve  of f a l l -  
diameter d i s t r i b u t i o n  f o r  a complete sample. Because t h e  shape of t h i s  curve i s  
n e c e s s a r i l y  very  s i m i l a r  t o  t h a t  f o r  t h e  s ieve-diameter  d i s t r i b u t i o n ,  an incon- 
s i s t e n t  s p l i t  i s  immediately obvious. I f  i n c o n s i s t e n c i e s  a r e  minor, ad j acen t  r e -  
s u l t s  a r e  averaged; bu t  i f  any major discrepancy i s  found, t h e  s p l i t  i s  rechecked. 
I n  t he  c i t e d  example, i f  t h e  52 percent  l a r g e r  than t h e  cube of 305 microns 
should a c t u a l l y  have been 60 percent  (an extreme v a r i a t i o n )  t h e  percentage  
coa r se r  would have been changed from 50.4 t o  52.0 pe rcen t  which i s  w i th in  accept -  
a b l e  l i m i t s  of accuracy.  Er rors  i n  i nd iv idua l  s p l i t s  a r e  independent of t hose  
f o r  o the r  s p l i t s ,  a r e  n o t  sub j ec t  t o  cumulative e r r o r s ,  and gene ra l l y  apply t o  
minor f r a c t i o n s  of a t o t a l  sample. Also i n c o n s i s t e n c i e s  may be observed e a s i l y  
and rechecked i f  necessary .  

(4) Within t h e  range of l abo ra to ry  temperatures ,  u s u a l l y  from 20' t o  30°c, 
t h e  e f f e c t  of temperature on t he  s e t t l i n g  v e l o c i t y  of a p a r t i c l e  of sediment i n  
water  i s  considered t o  be e s s e n t i a l l y  t he  same a s  though t h e  v e l o c i t y  were f o r  a 
sphere  of s p e c i f i c  g r a v i t y  2.65. The v a l i d i t y  of t h i s  assumption may be  checked 
from Table 5 which shows t h a t  t h e  e r r o r s  f o r  p a r t i c l e s  w i t h  a shape f a c t o r  of 
0.7 should seldom exceed two pe rcen t .  

34. Determinat ion of accuracy of a n a l y s i s  w i th  known samples--The accuracy 
of a method of sedimentat ion a n a l y s i s  may be r e a d i l y  proved o r  disproved by ana l -  
y s i s  of known samples and comparison of r e s u l t s  w i th  t h e  known f a l l - d i ame te r  d i s -  
t r i b u t i o n  of t h e  samples. Most p r e sen t  methods of sed imenta t ion  a n a l y s i s  do n o t  
y i e l d  r e s u l t s  which check such a d i s t r i b u t i o n  d i r e c t l y .  However, i f  any method 
shows c o n s i s t e n t  r e s u l t s  a v a r i e t y  of samples of known d i s t r i b u t i o n  can be  used 
t o  e s t a b l i s h  a c o r r e c t i o n  c o e f f i c i e n t  o r  c a l i b r a t i o n  f o r  t h e  method. Many sam- 
p l e s  would have t o  be analyzed t o  eva lua t e  t h e  e f f e c t s  of such items a s  concen- 
t r a t i o n  of m a t e r i a l ;  s i z e ,  shape, and s p e c i f i c  g r a v i t y  of p a r t i c l e s ;  and o t h e r  
s i g n i f i c a n t  f a c t o r s .  
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The visual-accumulation-tube method of s i z e  a n a l y s i s  w i l l  b e  used t o  i l l u s -  
t r a t e  a  c a l i b r a t i o n  procedure based on a n a l y s i s  of known samples. The v i s u a l -  

accumulation-tube method r e s u l t s  i n  a  graph of accumulation of m a t e r i a l  s e t t l e d  
o u t  of a  s t r a t i f i e d  ( top- in t roduc t ion)  sedimentat ion system wi th  time. The 
c a l i b r a t i o n  was accomplished by superimposing t h e  r e s u l t s  of t h e  ana lyses  of 
many known samples. The da t a  have been s i m p l i f i e d  by cons ider ing  only d i v i s i o n  
s i z e s  of 62.5, 125, 250, and 500 microns. 

Each a n a l y s i s  produced a  curve (Fig. 9A) of sediment accumulation w i th  time. 
For each a n a l y s i s ,  p o i n t s  r ep re sen t ing  t he  percentages  of t he  known f a l l - d i ame te r  
d i s t r i b u t i o n  f o r  s e l e c t e d  d i v i s i o n  s i z e s  were marked on t he  curve. I f  40 pe rcen t  
of a  c a l i b r a t i o n  sample has f a l l  diameters  l e s s  than 125 microns, t h e  d i s t a n c e  
from the  time o r i g i n  i s  f i xed  f o r  t h e  125-micron s i z e  by t he  i n t e r s e c t i o n  of t h e  
curve w i th  t he  h o r i z o n t a l  l i n e  a t  which 60 pe rcen t  of t h e  sample has accumulated 
i n  t he  bottom of t h e  tube.  Thus each a n a l y s i s  e s t a b l i s h e d  a  c a l i b r a t i o n  po in t  
f o r  each d i v i s i o n  s i z e  and f o r  t h e  water  temperature i n  t he  tube. Po in t s  from 
seve ra l  ana lyses  were t r a n s f e r r e d  t o  a  c h a r t ,  Fig.  9B. A l i n e  t o  r ep re sen t  a  
p a r t i c u l a r  d i v i s i o n  s i z e  and water  temperature was drawn through each s e t  of 
po in t s .  The d i s t a n c e  of such a  l i n e  from t h e  time o r i g i n  of t h e  c h a r t  was a  
measure of t h e  time f o r  t h a t  d iv i s iorL s i z e  of p a r t i c l e  t o  f a l l  i n  t h e  v i s u a l -  
accumulation tube.  Analyses a t  o the r  temperatures  provided information f o r  t e m -  
p e r a t u r e  adjustments .  

The de te rmina t ion  of f a l l - d i ame te r  d i s t r i b u t i o n  i n  terms of t h e  f a l l  v e l o c i t y  
of t he  i nd iv idua l  p a r t i c l e  i n  water  and t he  compounding of samples f o r  which 
t h i s  d i s t r i b u t i o n  may be computed a r e  l abo r ious  processes .  However, bo th  a r e  
e n t i r e l y  p r a c t i c a l  and r e q u i r e  no s p e c i a l  equipment f o r  t h e  range of sand s i z e s .  
These procedures  make a  ba s i c  s tandard  of accuracy a v a i l a b l e  t o  a l l  i n v e s t i g a t o r s .  
I f  t h i s  s tandard  were u n i v e r s a l l y  used, d i r e c t l y  comparable s i z e  da t a  could b e  
ob ta ined  r e g a r d l e s s  of where, when, o r  how t h e  ana lyses  were made. 
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TOTAL ACCUMULATION 

PREDETERMINED 
SIZE DlSTRlBUTlON 

2 5 0  
5 0 0  9 0 PEN TRACE 

ACCUMULATI 
NOTE: 

Data simplified for  
c learer  presentation 

A-- CAL.IBRATlON POINTS FROM A SINGLE ANALYSIS 

B-- CALIBRATION POINTS FROM SEVERAL ANALYSES AT 25' C 

FI G .  9 - FUNDAMENTALS OF CALIBRATION METHOD 
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VII. CONCLUSIONS 

35. Concluding remarks--This paper does n o t  p re tend  t o  be an organized re -  
view of t he  e n t i r e  f i e l d  of sedim6nt-size a n a l y s i s  bu t  i s  merely a  r e p o r t  of in-  
v e s t i g a t i o n s  and concepts  e s s e n t i a l  t o  a  s p e c i f i c  development, which r e l a t e d  
p r imar i l y  t o  sand s i z e s  of sediment. Although much work should s t i l l  be done a-  
long s i m i l a r  l i n e s ,  some conclusions have been reached:  

1. The fundamental p roper ty  governing t h e  motion of a  sediment p a r t i c l e  i n  a  
f l u i d  i s  i t s  f a l l  v e l o c i t y .  Standard f a l l  v e l o c i t y  conf ines  f a l l  v e l o c i t y  t o  
d e f i n i t e  l i m i t s  f o r  un i formi ty  and p rec i s ion .  F a l l  diameter  i s  an  express ion  
f o r  s tandard  f a l l  v e l o c i t y  t h a t  i s  more u sab l e  f o r  many purposes because i t  does 
n o t  vary w i th  f l u i d  temperature and provides a  l i n e a r  dimension t o  a i d  i n  v i sua l -  
i z i n g  s i z e .  

2 .  I f  pos s ib l e ,  methods of sed imenta t ion-s ize  a n a l y s i s  should be c a l i b r a t e d  
o r  co r r ec t ed  t o  g i v e  answers i n  terms of t h e  s tandard  f a l l  v e l o c i t i e s ,  o r  f a l l  
diameters ,  of t h e  p a r t i c l e s ,  and t h e  s ize-frequency d i s t r i b u t i o n  should be  based 
on weight of m a t e r i a l .  

3, Methods a r e  a v a i l a b l e  f o r  determining t h e  f a l l  v e l o c i t y  d i s t r i b u t i o n  of 
sand samples and f o r  compounding sand samples of known d i s t r i b u t i o n  s o  t h a t  meth- 
ods of p a r t i c l e - s i z e  a n a l y s i s  can be  c a l i b r a t e d  f o r  p a r t i c l e  s i z e s  coarsyr  than 
60 microns. 

4 .  Sedimentation diameter  may be  based on a  s e t t l i n g  v e l o c i t y  developed under 
a n y  condi t ion  of f l u i d .  Also t h e  d e f i n i t i o n  of sedimentat ion diameter has  no t  
e f f e c t i v e l y  l i m i t e d  o t h e r  condi t ions  of a n a l y s i s .  Therefore,  a  f i g u r e  f o r  sed i -  
mentat ion diameter should be  accompanied by a  d e s c r i p t i o n  o r  des igna t ion  of t h e  
merhod used (Pu r i  tube  f o r  example) toge ther  w i t h  a  s ta tement  of s p e c i f i c  grav- 
i t y .  Without t he se  q u a l i f i c a t i o n s  t h e  sedimentat ion diameter  does no t  express  
t h e  s e t t l i n g  c h a r a c t e r i s t i c s  of t h e  p a r t i c l e  o r  sample. 

5. Standard sedimentat ion diameter i s  s p e c i f i c a l l y  def ined  so  t h a t  i t  must 
be based on t he  s tandard  f a l l  v e l o c i t y  of t h e  i nd iv idua l  p a r t i c l e .  Then t h e  
s tandard  sedimentat ion diameter  depends only on t h e  volume of t h e  p a r t i c l e  and 
t h e  e f f e c t  of i t s  shape and roughness on i t s  f a l l  v e l o c i t y .  

6 .  I n  terms of t h e  s i eve  diameters  of t h e  i nd iv idua l  p a r t i c l e s ,  a s tandard  
s i e v e  d iv ides  a t  d i f f e r e n t  s i z e s  depending on p a r t i c l e  shape, t ime of s i ev ing ,  
and prepara tory  t rea tment  of t h e  sample. 

7 .  The shape f a c t o r ,  SF, based on t h e  volume, d e n s i t y ,  and f a l l  v e l o c i t y  i n  
a  f l u i d  of known d e n s i t y  and v i s c o s i t y  should be a  good i n d i c a t i o n  of t h e  hy- 
d r a u l i c  c h a r a c t e r i s t i c s  of t h e  p a r t i c l e  i n  o t h e r  f l u i d s  and i n  t h e  same f l u i d  a t  
o t h e r  temperatures.  

8. Much t h a t  i s  important  t o  an o rde r ly  development of sedimentat ion s c i ence  
and technique i s  s t i l l  unknown and a d d i t i o n a l  r e sea rch  i s  u rgen t ly  needed. Some 
e s t a b l i s h e d  r e l a t i o n s  have been expressed i n  ambiguous terms. The va lue  of 
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f u t u r e  research  depends on t h e  degree t o  which da t a  a r e  determined and expressed 
i n  fundamental u n i t s  t h a t  have p r e c i s e  meanings. 

9 .  O f  t h e  many p o s s i b i l i t i e s  f o r  f u t u r e  r e sea rch  t h a t  a r e  suggested by t h i s  
r e p o r t  two s p e c i f i c  i tems a r e :  

a .  E f f ec t  of concent ra t ion  on f a l l  v e l o c i t y  f o r  a v a r i e t y  of 
sedimentat ion systems. 

b. The % versus Re r e l a t i o n  f o r  n a t u r a l  sediment p a r t i c l e s ,  
perhaps emphasizing s tudy of t h e  same p a r t i c l e  a t  s eve ra l  
d i f f e r e n t  Reynolds numbers. 
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APPENDIX 

36. Several  p o s s i b l e  uses  of F ig .  1--Six v a r i a b l e s  a r e  involved i n  t h e  com- 
p u t a t i o n s  def in ing  Fig.  1: f l u i d  dens i ty  and v i s c o s i t y ;  and p a r t i c l e  dens i ty ,  
shape f a c t o r ,  nominal diameter ,  and f a l l  ve loc i ty .  Any one v a r i a b l e  may b e ,  
determined i f  t h e  o the r  f i v e  a r e  known. The unknown v a r i a b l e  may b e  determined 
from Fig .  1 a s  fol lows:  

Because dens i ty  appears  t o  t h e  same powers both above and below t h e  l i n e ,  
F ig .  1 r e l a t i o n s  may be  solved us ing  mass dens i ty  i n  gm sec2/cm4 o r  dens i ty  i n  
grams/cm3 a s  long a s  cons is tency  i s  maintained throughout a  given computation. 

A .  F lu id  dens i ty  unknown -- Compute Re f o r  a  known p a r t i c l e ,  a  sphere  i f  
pos s ib l e ;  determine CD from t h e  i n t e r s e c t i o n  of Re and t h e  shape f a c t o r  curve 
and so lve  f o r  t h e  mass dens i ty ,  P f ,  from 

4 dn c e s  - f'f) g  

CD = (CS o r  CW could be  used in s t ead  of  CD) 

3  e f  v  2  

B. F lu id  v i s c o s i t y  unknown -- Compute CD f o r  a  known small p a r t i c l e ,  a  , 
sphere  t h a t  f a l l s  w i th  a  CD h igh  enough t o  be s e n s i t i v e  t o  changes i n  Re i s  
b e s t ;  determine R, from t h e  i n t e r s e c t i o n  of CD and t h e  shape f a c t o r  curve 

and so lve  R - 4 f o r  t h e  kinematic  v i s c o s i t y , V .  (CS o r  CW could be  used e " -  
2/ 

i n s t e a d  of R,.) 

C. P a r t i c l e  dens i ty  unknown -- Compute Re and determine CD from t h e  i n t e r -  

s e c t i o n  of Re and t h e  shape f a c t o r  curve ( i n t e r p o l a t e  between shape f a c t o r  

curves a s  necessary);  so lve  C - ( 's - 'fig f o r  t h e  mass dens i ty ,  cs .  
D - 3  e f v2 

(CS o r  CW may be  used in s t ead  of CDa) 

D. Shape f a c t o r  unknown -- Compute Re and C,, and t h e  l o c a t i o n  of t h e  i n t e r -  
s e c t i o n  on Fig.  1 w i l l  i n d i c a t e  t h e  shape f a c t o r .  (Any two of Re, CD, CS and 
CW may be used.) The shape f a c t o r ,  S.F., i s  by d e f i n i t i o n  c /  Jab f o r  natu-  
r a l l y  worn sediment p a r t i c l e s .  The shape f a c t o r  determined from F ig .  1 i s  SF 
and i n d i c a t e s  t h a t  a  p a r t i c l e  has a  shape wi th  t h e  same hydrau l i c  e f f e c t  a s  
t h e  average f o r  p a r t i c l e s  w i th  a  numerical ly equal  shape f a c t o r ,  S.F. 

E. Nominal diameter o r  volume unknown -- Compute CW and determine Re from 

t h e  i n t e r s e c t i o n  of (+ and t h e  shape f a c t o r  curve; so lve  Re = 9 f o r  dn. 
2/ 

(C, o r  CD could be used in s t ead  of Re .) Volume : d: by d e f i n i t i o n  of dn. 
6 

F. F a l l  v e l o c i t y  unknown -- Compute C and determine Re from t h e  i n t e r -  s 
s ec t ion  of CS and the  shape f a c t o r  curve; so lve  Re - dnv f o r  v. (CD o r  CW 
could be  used in s t ead  of Re.) t' 



G. Specia l  cases  ( r a r e l y  used) 

1. The f l u i d  i s  water  bu t  t h e  temperature i s  unknown -- Temperature may 
be  found by t r i a l  and e r r o r  s u b s t i t u t i o n s  of f f  and g f o r  water  a t  
d i f f e r e n t  temperatures. 

2. P a r t i c l e  dens i ty  and nominal diameter unknown, but  buoyant weight ,  
shape f a c t o r ,  and f a l l  v e l o c i t y  known -- Compute CS, determine Re 
from t h e  i n t e r s e c t i o n  of CS and t h e  shape f a c t o r  curve and s o l v e  

- %v Re f o r  h. Compute t h e  d e n s i t y  by so lv ing  f o r  e s  i n  buoyant 
t, 3 

weight  dn ( ?s  " e f )  8.  =T 

The unknowns usua l ly  determined a r e  nominal diameter and f a l l  v e l o c i t y .  Spe- 
c i f  i c  examples fol low: 

1. A n a t u r a l l y  worn sediment p a r t i c l e  has a nominal diameter of 250 microns 
3 (.025 cm), a dens i ty  of 3.00 grams pe r  cm , and a shape f a c t o r  of 0.7. 

What i s  t h e  f a l l  v e l o c i t y  i n  d i s t i l l e d  water  a t  20°c? 

From Fig.  1 i f  CS = 159.0 and t h e  shape f a c t o r  i s  0.7, Re = 8.20 

%Iv and Re = - = 8.20 = '025v a n d v = 3 . 3 0 c m / s e c .  
1/ .01005 

2. Assume t h e  same p a r t i c l e  except t h a t  t h e  nominal diameter i s  no t  known 
and i s  t o  be determined from t h e  o the r  f i v e  v a r i a b l e s .  

From Fig .  1 t h e  i n t e r s e c t i o n  of CW = .550 and a shape f a c t o r  of 0.7 
shows Re = 8.20 

d, l7 3.30d Re = = 8.20 z and d, = .025 cm. 
LJ .01005 
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3. The same answers cou ld  have been found by t r i a l  and e r r o r  s u b s t i t u t i o n  i n  
t h e  e x p r e s s i o n s  f o r  CD and Re. 

Thus i f  d, = .025 cm 

and v = 3.00 3.20 3.29 3.30 

Re = 7.46 7.96 8.19 8.21 ) 
) on c u r v e  f o r  S.F. = 0.7 

CD = 7.29 6.40 6.06 6.02 ) 

and a v e l o c i t y  of 3.30 cm/sec i s  s a t i s f a c t o r y .  

and dn = .0220 .0240 .0249 .0250 

Re a 7.22 7.88 8 .18 8 .21  ) 
) on curve  f o r  S.F. = 0.7 

CD = 5.30 5 .78 5 .93 6.02 ) 

and dn i s  .025 cm. 

The a d d i t i o n  of CS and CW s c a l e s  t o  t h e  u s u a l  CD v e r s u s  Re r e l a t i o n  a l l o w s  
d i r e c t  s o l u t i o n  f o r  dn and v because  t h e  d iamete r  e x p r e s s i o n  does n o t  a p p e a r  i n  
CW and t h e  v e l o c i t y  does n o t  appear  i n  CS a 

Fig.  1 was based on d a t a  f o r  s p h e r e s  and n a t u r a l l y  worn sediment p a r t i c l e s  
and i s  v a l i d  o n l y  f o r  t h e s e  p a r t i c l e s .  The shape f a c t o r  i s  c / G  and may n o t  
a d e q u a t e l y  d e f i n e  shape f o r  i n d i v i d u a l  p a r t i c l e s .  Consequently many of t h e  
computat ions  i l l u s t r a t e d  y i e l d  answers which a r e  o n l y  approximate  f o r  an 
i n d i v i d u a l  p a r t i c l e .  
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