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SYNOPSIS 

This  r e p o r t  p r e s e n t s  the  visual-accumulat ion- tube method and a p p a r a t u s  
f o r  determining t h e  s i z e  f requency  dis t r ibut ion of sand  s a m p l e s  on t h e  b a s i s  
of fa l l  veloci ty  o r  fa l l  d iamete r .  The  p r inc ip les  a r e  not new, but f o r m e r  
p r o c e d u r e s  have been improved.  The  r e s u l t s  of ana lyses  w e r e  checked 
thoroughly t o  es tabl ish  corl.ections, l i m i t s  of applicabil i ty,  and def ini teness  
of p r o c e d u r e  that would e levate  the  method f r o m  the  approximate  c l a s s  and  
e l iminate  objections s o m e t i m e s  m a d e  t o  th i s  genera l  type of analys is .  

The  method was or iginal ly  developed with g lass -bead  s a m p l e s .  ( F o r  
c h a r a c t e r i s t i c s  of t h e s e  s a m p l e s  s e e  Report  No. 10 ,  "Accuracy of Sediment  
Size  Analyses  Made by the  3ot tom-Withdrawal-Tube Method, " which is one  
of the  r e p o r t s  in  th i s  s e r i e s .  ) Also,  extensive  t e s t s  of the  visual-accumulat ion 
lube have been made  with sand s a m p l e s  t o  ca l ib ra te  the  method f o r  u s e  with 
na tu ra l  sed iments .  The  r e s u l t s  of t h e s e  t e s t s  a r e  given in detail .  The  
cal ibra t ion of the  visual-accumulation-tube method r e q u i r e d  new techniques  
f o r  p r e p a r i n g  sand s a m p l e s  f o r  which the  sed imenta t ion-s ize  dis t r ibut ion 
was  p rede te rmined  f r o m  the  fal l  veloci ty  of individual pa r t i c les .  

T h e  visual-accumulation-tube method a p p e a r s  t o  f i l l  a  definite need i n  
s i ze -ana lys i s  p r o g r a m s ,  especia l ly  those  re la ted  t o  the  t r a n s p o r t  of s a n d s  
In s t r e a m s .  It is a fas t ,  economical ,  and a c c u r a t e  m e a n s  of determining 
the  s i z e  dis t r ibut ion in t e r m s  of the  fundamental  hydrau l ic  p r o p e r t i e s  of t h e  
pa r t i c les .  
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THE DEVELOPMENT AND CALIBRATION OF THE 
VISUAL-ACCUMULATION TUBE 

I. INTRODUCTION 

1. Scope of the general study--The investigation discussed in  this  repor t  
is one segment of the general project,  "A Study of Methods Used in Measure- 
ment and Analysis of Sediment Loads in  Streams,  " which has  been sponsored 
by cooperating Federa l  agencies s ince  1939. The objective of the project is 
to  gather basic  engineering data and information on the charac te r i s t ics  and 
behavior of sedimentary mater ia l s  t ransported by natural s t r e a m s  in o r d e r  
to  gain a bet ter  knowledge of the fluvial-sediment problem and i t s  solution a s  
related to  the development of r ivers  fo r  industrial ,  commercial ,  and domestic 
purposes.  The various aspects  of the problem that have been investigated a r e  
indicated by the following t i t les  and brief abs t rac ts  of previously published 
repor t s  : 

rep or^ Xo. 1 - - " ~ i e l d  P r a c t i c e  and Equipment Used in Sampling Suspendei  Sediment" 
i s  a i:ctailcC 1,cview of tile equipnicr~t arld met;iods used in suspended-sediment sampl ing  
f;oui tlle ea1,liest l ; ~ o w n  ii l \-cstizations to  the  p resen t ,  with discuss ions  of tile advantages 
3116 6isadx.ai1ta:;es of tile v a r - i o ~ ~ s  ll~etilocis and ins t rumel i ts  uses .  The  r e q u i r e m e n t s  of 
a san ip le r  that would sat is f j .  al l  f ield coilditions a r e  s e t  forth.  

Repo i i  No. 2--"Equipment Used fo r  Sampling Bed Load and Bed Mater ia l"  r ev iews  
rile ~ i ~ i ; i p r n e c i  and niethods used in bed-load and i ~ e d - m a t e r i a l  sampling in a m a n n e r  
s ~ m i l a r  'to that in which Report  IYo. 1 c o v e r s  suspended sediment .  

Report  KO. 3--"Alialytical Study of Methods of Sampling Suspended Sediment" 
co7;ers an in~es t ika t io i :  of the  a c c u r a c y  of va r ious  methods of sampling suspended 
secii1l;ent in a ver t ical  sect ion of a s t r e a m .  Analytical  s tudy i s  based on tile application 
of tuvbrJeilce til?ol.ies to  se i imei i t  t ranspor ta t ion.  

Report  30. 4--"h1e't!lods of Analyzing Sediment Samples" descr ibes  many  ~ l l e t h o d s  
<ex-elope2 l o r  detel.niiiii~ig the  s i z e  of snla l l  pa r t i c les  and f o r  establish in^ ihe  pa r t i c le -  
s i z e  zi adation an3  tile total  concentration of sediment  in  samples .  Detailed ins t ruc t ions  
ai-e given f o r  man;. of the comnlon methods that have been developed and uscd h y  agen- 
c i e s  doin?; c- : i i r - r - !s .~rre  wol-1: in  sedimentation. 

Repoi t  KO. 5 - - " ~ a ? 3 o r a t o r y  Investigations of Suspended-Sediment Samplel ,s t1  r e p o r t s  
ti1 e eff ec i s  of intaiie conditions on the  represen ta t iveness  of seciiment s a m p l e s  and on 
the fi l l ing charac te r i s t i c s  of slow-filling s a m p l e r s .  

Repol-t S o .  b - - " ~ l l e  Design of Improved Types  of Suspended-Sediment Sample rs"  
cescr ihe;  the 2cvelopn.ei:t of vai,ious in tegrat inz  salilplel-s suitable foi. taking ve r t i -  
call j-  Lept i l - in ie~rat2d samples  in  flowing s t r e a m s  ail6 o the rs  suitable f o r  taici~lg t i m e -  
in'cegraicd s a m p l e s  at a fixei: point. Detai ls  of the  adopted types  a r e  given. 

Report  KO. 7--"A Study of K e v ~  Methods f o r  Size Analysis  of Suspended-Sediment 
Sa inp les t t  r e p o r t s  on r e s e a r c h  t o  develop methods of s i z e  analysis  sui table  f o r  m o s t  
suspensed-  seciriieiit inx-estig,arions and d e s c r i b e s  a new appara tus  and technique, the  
i~ott011;- wit!ldrawal-ik:ie nlethod. 
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Report  No. 8 - - "Measurement  of the  Sedirnent Discharge  of S t r e a m s "  d e s c r i b e s  
methods and equiprne,;~ fol use  in ma!iing s e d i m e ~ t  measurements under t h e  d i v e r s e  
co~ci i t ions  that  a r e  encourltered in  s t r e a m s .  

Reporr Xo. 9--"Densi ty  of Sediments  Deposited i n  R e s e r v o i r s "  p r e s e n t s  data  on t h e  
apparent  densi ty  of sediment  deposi ted  i n  va r ious  exist ing r e s e r v o i r s .  The  r e s u l t s  
a r e  s u m m a r i z e d ,  and ce r t a in  conclus ions  useful i n  engineering s tud ies  a r e  given. 

Report  No. 10--"Accuracy of Sediment Size Analyses  Made by the  Bottom- 
Withdrawal-Tube Method" recoun t s  deta l led  and extensive  t e s t s  m a d e  t o  evaluate  the  
accuracy  of the  bottom-withdrawal-tube method. G l a s s  s p h e r e s  of sand  s i z e s  w e r e  
used a s  the  sediments. 

2. Authority and personnel--The general project i s  current ly sponsored by 
the Subcommittee on Sedimentation of the Inter-Agency Committee on Water 
Resources.  The present  investigation was conducted by active participation 
of the Geological Survey, Bureau of Reclamation, and Corps of Engineers .  
The laboratory work was done by Byrnon C. Colby, George M. Watts, Clyde 
0. Johnson, John J. Casey, and Lawrence J. Garfield. The report  was pre-  
pared by Byrnon C. Colby, Clyde 0. Johnson, and George NI. Watts with the 
cooperation of Russell  P. Chris tensen and under the general supervision of 
Martin E. Nelson and Paul C. Benedict, who a lso  reviewed the report .  

3.  Acknowledgments--Many helpful suggestions and constructive c r i t i c i s m  
have been received f rom E. W. Lane and W. M. Borland, ~ u k e a u  of Recla- 
mation; R. F. Kre iss  and C. S. Howard, Geological Survey; D. C. Bondurant, 
Corps of Engineers;  and Dr. L. G. Straub, Director  of the St. Anthony Fa l l s  
Hydraulic Laboratory. 

4. Purpose  of the investigation--The objective of the present  investigation 
was to develop an improved method for  determining the s i ze  distribution of 
sand samples ,  par t icular ly of suspended-sediment samples  composed mainly 
o r  par t ly  of sand s izes .  Emphasis  was placed on simplicity, economy of 
operation, and the accurate  determination of the fall velocities of the part ic les  
composing the samples.  The need for  such a method of s i ze  analyses  of sands 
has  been evident for  many years ,  The importance of the work is attested by 
the extensiveness of the cur ren t  field programs of sediment measurement .  
With recent added attention to  sediment-transport problems in s t r eams ,  this  
need has  become m o r e  acute, and the emphasis has  shifted toward the deter- 
mination of fall  velocity o r  sedimentation s i ze  instead of physical s i ze  o r  
volume of the individual grains .  The fall velocity of an individual sediment 
par t ic le  i n  water appears  to  be  the most significant and fundamental measure-  
ment of par t ic le  s ize  [I, 2, 31:::. 

::; Numbers in  brackets  indicate references l is ted on pages 95  and 96 ,  
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The acute need fo r  a laboratory method of analyzing sediment samples ,  
par t icular ly in  the sand range, rapidly and with reasonably good accuracy 
appeared to be amenable t o  solution by means  of some  type of sedimentation 
tube. This approach led  to  the eventual development of the visual-accumulation- 
tube apparatus  and method. Samples of natural sands could be  prepared ac-  
curately to  predetermined fall-velocity distributions only by a long and tedious 
process .  Fortunately, however, the charac te r i s t ics  of glass-bead samples  
had been established in  a previous investigation of the accuracy  of the bottom- 
withdrawal-tube method, the study described in  s e r i e s  Report No. 1 0  [4]. 
Consequently, glass-bead samples  of known fall-velocity distribution by weight 
could be compounded readily, and such samples  were used for  the initial 
development and checking of the visual-accumulation tube. 

5. Definitions--Several t e r m s  pertinent t o  analysis of fluvial sediments 
a r e  defined in  this section. Some have special o r  l imited meanings in  this  
report ;  others  have m o r e  usual significance, but the general ly  accepted defi- 
nitions a r e  not prec ise  enough f o r  the present  purpose. 

DISPERSED SYSTEM is one in  which part ic les  begin t o  se t t le  f rom an initial 
uniform dispersion and in which part ic les  of different sedimentation s i ze s  
set t le  together. Size distribution may  be  determined by measuring the con- 
centration of sediment at  given intervals  of depth and settling time, a s  in the 
pipette method, o r  the distribution may  be obtained f rom the quantity of sedi- 
ment remaining in  suspension af ter  var ious settling t imes ,  a s  in  the bottom- 
withdrawal- tube method. 

STRATIFIED SYSTEM is one in  which the part ic les  s t a r t  falling f rom a 
common source  and become strat i f ied according t o  settling velocities, a s  in  
the visual-accumulation-tube method. At any given instant, the part ic les  
coming to  r e s t  at  the bottom of the tube a r e  of one sedimentation s i ze  only and 
a r e  f iner  than the part ic les  that have previously settled out and a r e  c o a r s e r  
than those remaining in  suspension. Consequently, the determination of s i z e  
distribution for  s t rat i f ied sys tems is much s impler  than fo r  dispersed sys tems.  

DISPERSE, DISPERSED, o r  DISPERSION applied to a sedimentation 
sys tem indicates a distribution of par t ic les  that was obtained by mechanical 
means. Chemical-dispersing agents were not used with the g lass  beads. 
However, prel iminary t reatment  of sand samples  t o  remove s i l t  and clay 
sometimes involved chemicals that. may have made subsequent mechanical 
dispersion of the sand fraction m o r e  effective. 

SETTLING VELOCITY is any r a t e  of settling of par t ic le  o r  sample. 

STANDARD FALL VELOCITY is the average r a t e  of fall  that a par t ic le  
would finally attain if falling alone in  quiescent distilled water of infinite ex- 
tent and at a tempera ture  of 24°C. FALL VELOCITY, f o r  pract ical  purposes,  
i s  applied to  a settling velocity that closely approximates a s tandard fall  ve- 
locity o r  to  a settling velocity that would closely approximate a s tandard fal l  
velocity i f  corrected fo r  water temperature.  A measured  fall velocity at  a 
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tempera ture  within a few degrees of 24°C m a y  be  converted to a fall velocity 
at  24°C by use  of the relation fo r  spheres  [5]. 

SIEVE SIZE o r  SIEVE DIAMETER of a par t ic le  is the length of the s ide of 
a square s ieve  opening through which the given part ic le  will just pass .  

SAND SIZES a r e  part ic le  s i ze s  f rom 0. 0625 t o  2. 0 m m  (62. 5 to 2000 mi- 
crons)  s ieve diameter.  

SEDIMEXTATION SIZE denotes any s i ze  o r  diameter  that is determined 
f rom the settl ing o r  fall  velocity of sediment par t ic les  o r  samples .  

FALL DIAMETER of a par t ic le  i s  by analogy the diameter  of a sphere  that 
has  a specific gravity of 2. 65 and has  the s a m e  fall velocity a s  the particle.  
Fa l l  d iameters  may  be determined f rom fall velocities by use  of the relation 
fo r  quartz sphe res  [5]. 

SEDIMENTATION DLAMETER of a par t ic le  is the diameter  of a sphere that 
has  the s a m e  specific gravity and the s a m e  standard fall velocity a s  the par -  
ticle. This  differs f rom the usual definition of sedimentation diameter ,  which 
allows the diameter  t o  be based on any settling velocity regard less  of fluid o r  
tempera ture  [6]. 

SIZE DISTRIBUTION, o r  s imply DISTRIBUTION, when applied in relation 
to any of the s i ze  concepts, denotes the s i ze  gradation o r  s i ze  spectrum of 
mater ial  in  percentages o r  proportions by weight. 

VELOCITY-SIZE RELATION: The visual-accumulation-tube method is a 
means of determining the sedimentation-size distribution of sand samples  
based on settl ing velocities of the part ic les  falling in m a s s  in the tube, The 
method is calibrated to give resu l t s  in fall velocities of the individual par t ic les .  
The analytical resu l t s  a r e  discussed in t e r m s  of velocities and could readi ly 
have been reported in  those t e rms ;  however, the resu l t s  a r e  reported in  fall  
diameters  because the s i ze  concept i s  deeply embedded in sedimentation 
thinking and fo r  the added convenience in comparing analytical resu l t s  with 
sieve- s i ze  distributions. 

6 .  Review of sedimentation-size analysis methods--A brief review of 
several  methods of sedimentation-size analysis follows: 

a. Bottom-withdrawal tube--In the bottom-withdrawal-tube method of 
s ize  analysis,  sedimentation s t a r t s  f rom an initially dispersed suspension of 
par t ic les  i n  water [2, 41. Several withdrawals of water and deposited sediment 
a r e  made f r o m  the bottom of the sedimentation tube at t imed intervals .  Tne 
sediment is dr ied and weighed, and the s i ze  distribution is determined by the 
0dkn curve procedure. The method is accurate  fo r  samples  l imited to  s i l t  
and clay s izes .  A single analysis of a sample containing sands i s  l ikely to  be 
e r ra t ic ,  and the method is tedious and expensive. 



b. Photographic sedimentation--The "photographic sedimentation" 
method was developed by Carey  and Stairmand [7]. This involved measuring, 
f rom a photographic plate, the length of the s t reak  that represented the dis- 
tance a par t ic le  settled during a given t ime of plate exposure. Distance on 
the  plate was correlated with distance in the prototype, and the velocity of fall  
was computed f rom the distance of fall  in known time. The fall velocities 
determined were presumably accurate;  however, the process  required fa i r ly  
elaborate special equipment and was t ime consuming and expensive. 

c. Fal l  of representat ive individual particles--In a comparison of s ieve 
and sedimentation diameters ,  Se1.r [8] used a method for  obtaining the fal l  
velocities of the individual par t ic les  of a sand. He dropped severa l  hundred 
individual par t ic les  to  determine the distribution fo r  a sand sample. S e r r ' s  
method would resul t  in  the best type of s i ze  analysis i f  the mathematical 
treatment was m o r e  rigorous and if par t ic les  of the smallest  sand s i ze s  were 
dropped; however, the cost would be high. 

d. P r e s s u r e  differential--A pressure-differential  method was developed 
at the University of Iowa [I ,  91. Two piezometers  measured a hydrostatic 
p re s su re  differential that was proportional to the submerged weight of sedi- 
ment in suspension; the differential p r e s s u r e  t r ave r se ,  which was recorded 
by the aid of a t ransducer ,  could be calibrated fo r  par t ic le  s ize.  Results 
probably approximate the desired fall velocity, but the accuracy has  not been 
proved. The method has  not been adapted to  the full range of sand s izes ;  i t  i s  
moderately expensive, requi res  specialized equipment, and involves lengthy 
computations. 

e. Electronic and ultrasonic measurements--The basic  principles of 
two electronic and one ultrasonic method fo r  measuring the concentration of 
sediment in a fluid will be mentioned briefly. 

A method based on the res i s tance  of a sedimentation column to  the 
passage of high-frequency electr ic  current  was developed by Morgan and 
Pi rson  [ lo] .  If par t ic les  were of a mineral  fo r  which the combination of sed- 
iment and fluid had a resis tance to an imposed cur ren t  much different f r o m  
the res i s tance  of the fluid alone, the method, when calibrated f o r  that mineral ,  
ylelded clear ly defined concentrations fo r  par t ic les  of uniform size.  

A second method, developed by Boyer and Lonsdale [ I l l ,  was based on 
the reduction in  the internal res i s tance  of an electrolytic cell that resu l t s  
f rom any movement of the electrolyte a t  the cathode. Sediment par t ic les  
falling near  the cathode produce movements of the electrolyte and change the 
internal res i s tance  of the cell. A properly designed external circuit  can am-  
plify and record  the voltage change caused by varylng concentrations of sedi- 
ment moving past the cathode. 

Amethod reportedbyKil len 1121 depends on the scat ter ing effect that sed- 
iment par t ic les  exert  on supersonic radiation. Supersonic waves were created 
by electronic means, and the intensity of the waves that passed undeflected 
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thl,ough the water column was recorded. When sediment was mixed with tile 
water, tile intenslty of the waves that passed through the column without being 
deflected outside the range of tile receiving unit decreased. F o r  par t ic les  of 
one s lze distribution the decrease  in intenslty a t  the receivingtunit  was a 
function of the concentration in  the column. 

The accuracy  of most electronic and ultrasonic procedures  has  not been 
satisfactorily established fo r  routine analysis of sands. In general,  the 
necessary  equipment is expensive, complicated, and difficult fo r  unsliilled 
pel>sonnel to operate.  This c lass  of measuring methods offers many possl- 
uilities fo r  future development. 

f .  Sieve and microscopic methods--Sieve and microscopic methods 
have been used extensively f o r  analysis of a l l  sand s izes  [5]. By themselves,  
these methods do not yield fall velocities; but, for  a given type of sand, the 
relation of s ieve o r  microscopic s i ze  to fall diameter  may be established by 
dropping individual par t ic les  o r  by analysis in  the visual-accumulation tube. 
Tile sieve- o r  microscopic-s ize distribution may  then be used to  compute fall- 
diameter o r  fall-velocity distribution. If many analyses a r e  made on one type 
of sand, the cost of each analysis i s  moderate.  

g. General stratified- sedimentation methods- -Stratified- sedimentation 
methods, in  which sediment set t les  f rom the top of a column of water, have 
been used by many investigators over a period of severa l  years  [5]. Such 
methods yield a settling velocity that may  be much different f rom the standard 
fall velocity. However, because the resu l t s  of such analyses a r e  generally 
hi2hly reproducible, i t  appears  that the apparatus could be calibrated to  obtain 
resul ts  direct ly  in  t e r m s  of s tandard fall velocity. The methods a r e  well a- 
dapted to  the range of sand s izes;  and they a r e  rapid, simple, and inexpensive. 

The s implest  general type of stratified-sedimentation analysis appeared 
to be a visual-tube method s imi l a r  to  the methods used by Bennigsen [5], 
Kennedy [13], Clausen [5], Werner [5], Emery  [5], Travis  [14], and others  
151. Three typical kinds of apparatus a r e  shown in Fig. 1. Bennigsen used a 
s i l t  flask in which the water-sediment mixture was agitated. Tnen the flasli 
was inverted, and the depth of the mater ial  that sett led in  the s t em in certain 
t ime intervals  was observed. Clausen improved the equipment by making the 
sten1 removable f r o m  the mixing o r  dispersion b d b  and by using a smal le r  
bulb and a longer sedimentation column wlth a contracted section for  meas-  
uring the accumulated sediment. In 19  25, Werner devised a sedimentation 
apparatus that consisted of a 1. 5- cm tube with a smal le r ,  graduated tube in- 
ser ted a t  the bottom f o r  volumetric measurements  of the accumulation; a 
magnifying g lass  was provided to  improve the accuracy of readings. The 
Emery  settling tube and method of operation were developed in 1936: Tne 
sample was dispersed in a short  tube and then was poured into the top of the 
settling tube; the settl ing tube was tapped lightly during the sedimentation 
period to  insure  even and gradual compaction and to level off the top of the 
sand colurnn s o  that accurate  readings could be made. In al l  these  methods 
the s ize  distribution was obtained in t e r m s  of the volumetric accumulation of 
deposited sediment with respect  to  t ime. 
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11. GENERAL VISUAL-ACCUMULATION-TUBE METHOD 

7 .  Eas ic  requirements  of a sat isfactory method--The essent ial  c r i t e r i a  
for  a sat isfactory method of analysis fo r  sand samples  a r e  speed of operation, 
directness  of measurements ,  applicability t o  analysis of sand s izes ,  elimi- 
nation of excessive routine computations, and, most  important of all, the 
accurate  determination of fall velocities. The following specific requirements  
for  a sat isfactory stratified-sedimentation method a r e  obvious: (1) The 
settling column must be  long enough to  allow the separat ion of the la rges t  
par t ic les  that norrrlally appear  in samples  of suspended sedimects ,  aboct 70Cl 
microns, and provision f o r  separat ion of l a r g e r  par t ic les  would be desirable.  
In the light of methods of s i ze  analysis presented in Report KO. 4 [5], tlie 
minimum dimensions of the settling tube would be a length of 1 0 0  cm and an  
internal diameter  of 2.  5 cm. ( 2 )  The sample must be  introduced at the top of 
the settling medi~lrn to produce a stratified-sedimentation sys t em and to avoid 
the more  colnplicaied analysis  of a dispersed-sedimentation system. ( 3 )  The 
quantity of mater ial  that has  settled out of sllspension must be  determined iz: a 
s imple manner.  The bottom par t  of the settling column must  be  contracted t o  
a small  diameter  to  permi t  accurate  reading of the quantity of accumulated 
sediment. The measured  height of sediment i s  proportional to  volurne, where- 
a s  the analysis i s  desired in t e r m s  of weight. Although difficulties :{,ere an- 
ticipated in relation to  the contracting and contracted sections of :he tube a s  
well a s  in  the conversion of volume measurements  to  weight, the speed arid 
sinlplicity of the visual stratified-sedimentation method seemed to 7,uarrac"t 
fur ther  study. 

The preceding considerations defined the general r e q u i r e m e n ~ s  fo r  t h e  
visual-accumulation-tube (o r  V.A-tube) method of sedimenta.tion a~ia lys i s .  
Three  questions were basic:  (1) Would the method yield accurate  fa1.l.-s-eiociiy 
analyses? ( 2 )  If the uncorrected analyses were not saSficiently accurate,  
could a calibration be applied to provide requisite accliracy? ( 3 )  Just  how 
valuable would the method be iri routine laboratory prograrns i f  s a t i s f ac to r i  
accuracy could be acta:.ned? 

Available sedimentation !.iteraim-e did not fully answer any oZ these  qu.estlo:~s 
but indicated that the resu l t s  of analyses of lliis type ~vo-dd be  consistent and 
reproducible,  A report  of r e sea rch  on *[he Emery  [i 51 setLling tube indicate6 
that such analyses were v e r y  consistent except for  the c o a r s e r  sznds. TO il-~-.-- 

prove analyses in the l a r g e r  sand s izes ,  t h ree  modii'ications or' the sppai-atus 
used in the Emery  tube r e sea rch  project were proposed: ( I )  The n le~hod of 
iiitroducing the sample would be made mechanical to provide grea:er consis:- 
ency ~ h a n  could be attained with tlie manual introduction method. ( 2 )  X tapper 
would be used lo  jar. the tube slightly throughout the analysis,  t o  aid In main- 
taining a level upper sur face  on the accumulation, and to  reduce bulliin; of the 
sands. ( 3 )  A manually operated recording device would be used to t race  the 
accumulation of sediment on a t ime  sca le  controlled by an el.ectric motor. Tile 
r eco rde r  '~vould eliminate hasty reading and recording of the accurnulation at 
definite t ime intervals  and a l so  would provide a permanent and continuous 
record  of accumulatioli. 



Unfortunately, no information was available on the significance and accuracy  
of the resu l t s  that had been obtained with this  general method. Some investi-  
gato1.s had sieved one o r  m o r e  samples  of sand and used these t o  cal ibrate  the 
settling-tube method in t e r m s  of the t ime of fall  for  s ieve s i ze s  of sands. A 
sieve calibration did not sat isfy the c r i t e r i a  adopted fo r  this investigation, 
which required the determination of the fall velocity o r  fall diameter  of the 
mater ia l  in  suspended-sediment samples .  In one sense,  the s i ze  distribution 
f rom a sedimentation analysis is always a function of the settling velocity of 
tine mater ial .  However, identical samples  would not necessar i ly  fall  with the 
s a m e  velocity in a tube a s  in an identical fluid of unlimited extent, nor  would 
a group of par t ic les  necessar i ly  set t le  in  the  tube with the s a m e  velocity that 
the individual par t ic les  would have if allowed to  set t le  alone. 

If the resu l t s  of an analysis a r e  to  be independent of concentration, dis- 
persion,  and other var iables  peculiar t o  the s ta te  of the mater ial  at  a given 
time, the fall-velocity distribution obtained f o r  a sample must  correspond to  
the distribution that represents  a composite of all the standard fall velocities 
of the individual par t ic les .  Although settling-tube methods that develop 
stratified-sedimentation sys tems have been widely used, there  was a complete 
lack of data f rom which to cor re la te  the s i z e  distribution by analysis with the 
s i ze  distribution f rom the s tandard fall velocities of the individual par t ic les .  
Consequently, analytical apparatus had to be  made, and complete calibration 
t e s t s  had t o  be run a s  a par t  of this investigation. The f i r s t  s e r i e s  of t e s t s  
were made with glass-bead samples  because the spherical  par t ic les  provided 
a way of correlat ing physical s i ze  with fall velocity. The method was applied 
af terward t o  sand samples  that were carefully prepared by techniques devel- 
oped especially for  this  investigation. 

8 .  Visual-accumulation-tube apparatus--A drawing of the apparatus  in i t ia l .1~  
developed fo r  testing the general VA-tube method is shown in Fig. 2. The - - 
main section of the g lass  sedimentation tube was 25 m m  in internal d iameter  
and 80 c m  in length. The transition section was 20 c m  in length and reduced 
f rom the s i ze  of the main tube to  the s i ze  of the accumulation section. The  
accumulation section was 20 c m  long and had a uniform inside diameter .  
Originally, the accumulation sections of the sedimentation tubes were made  
in different diameters  f rom 2 t o  5 mrn a s  a bas i s  for  determination of the 
d iameters  needed f o r  the range of sample quantities and s izes  of sediment t o  
be analyzed, La ter ,  l a r g e r  sedimentation tubes were tested. 

A rubber  tube connected a glass  funnel t o  the top of the sedimentation tube. 
A pinch clamp sealed the walls of the rubber  tubing together t o  isolate  the 
funnel section f rom the sedimentation tube. Releasing the clamp allowed the 
tubing to  re turn  to  a cylindrical shape almost  instantly. The upper par t  of the 
rubber  tube and the s t em of the g lass  funnel formed a chamber in which the 
part ic les  could be mixed and dispersed in  water before r e l ea se  into the sedi- 
mentation tube. 

A leaf spr ing near  the bottom of the t ransi t ion section was actuated by a n  
electr ic  motor  having a cam attachment that imparted a tapping action to  the 
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FIG. 2 - VISUAL-ACCUMULATION -TUBE AND RECORDER 

AS I N I T I A L L Y  DEVELOPED 
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spl-ing a t  the  r a t e  of 240 cyc les  p e r  minute.  The  s p r i n g  ac ted  d i r e c t l y  on t h e  
tube and c r e a t e d  a v ibra t ion that  helped t o  keep the  walls  of the  t r ans i t ion  
sect ion f r e e  of clinging p a r t i c l e s  and improved  the  packing of t h e  sed iment  in  
the  bottom of tile tube. 

Tile r e c o r d e r  consis ted of a n  eyepiece,  a plate,  a r ecord ing  pen, and a 
char t .  The  eyepiece,  which had a magnification of two d i a m e t e r s  and a hor i -  
zontal hai r l ine ,  fac i l i ta ted a c c u r a t e  t r ack ing  of the  l eve l  of accumulat ion.  It 
was a t tached t o  a 12-by- 9-by- 1 / 16-in. magnet ic  s t a in less -  s t e e l  p la te  that  
could b e  moved ver t i ca l ly  on a double rack  and pinion b y  a manual ly  operated 
wheel. The record ing  pen, mounted independently of the  r a c k  and pinion 
movement,  was  dr iven b y  a 1 - r p m  e l e c t r i c  motor  and cable  a r r a n g e m e n t .  The 
pen tras-eled hor izonta l ly  a t  the  r a t e  of 1. 10 m m  p e r  s e c  ( l a t e r  changed t o  0. 70 
nlni p e r  s e c  o r  1. 353 in.  p e r  min).  Guided b y  a t ightly s t r e t c h e d  piano wire,  
the  pen t rave led  along a t r u e  horizontal  l ine.  The  r e c o r d e r  cha.rt was held  
upside down on the  pla te  b y  s m a l l  magnets .  In record ing  the  accuniulation of 
sediment ,  the  eyepiece and the  pla te  moved upward a s  a unit while t n e  pen 
nloved horizontally.  Thus ,  the  accumulat ion was  r e c o r d e d  di rect ly ,  but up- 
s id?  down, on the  char t .  

9. Deslgn of uncal ibra ted char t s - -The  uncal ibra ted c h a r t s  of F i g s .  3 and 
4, one f o r  g lass-bead s a m p l e s  and one f o r  sands ,  w e r e  based  on the  uncor- 
1-ected se t t l ing veloci t ies  of p a r t i c l e s  fal l ing in  m a s s  i n  the  sedimentat ion tube.  
Tile g lass-bead char t  was  based  on tlie r e la t ion  of s i ze ,  de te rmined  with a 
mic roscope ,  t o  se t t l ing velocity;  the  relat ion was  es tabl ished exper imenta l ly  
and p resen ted  in Fig .  4 and Table  3 of Report  Xo. 10 141. F G ~  the  sand char t  
the  re la t ion of s i z e  t o  se t t l ing veloci ty  was obtained f r o m  Fig.  5 of Report  Xo. 
4 [5] 01- f r o m  Table  1 of Report  ,KO. '7 [2], which show the  s i z e s  of quar tz  
s p h e r e s  that  correspond t o  c e r t a i n  r a t e s  of sett l ing.  

It vjas n e c e s s a r y  t o  1;now the  fal l  d is tances  f o r  p a r t i c l e s  of v a r i o u s  s i z e s  
in  o r d e r  t o  compuze the  location of the  s i z e - t e m p e r a t u r e  l i n e s  on the  u n c d i -  
:;ix-ated c h a r t s .  If the  s a m p l e  was not d i s p e r s e d  ir-1 t he  mixing chamber ,  a l l  
pa r t i c les  s t a r t e d  fall ing f r o m  the  bottom of tlie mixing chamber ,  which had an  
ecc, . iccti~.-e elevation ab0v.t that  of the  cen te r  of tile pinch c lamp.  (Altilough the  
bottonl of tlle mixing cliamber was s l ight ly  h igher  tila11 the  c e n t e r  of t h e  clamp, 
~ l l e  capacity of tile rubbel- tube was g r e a t e r  f o r  tlie cyl indr ical  c r o s s  sect ion 
so  that  opening tile pinch c lamp lowered the  water  colum:: sl ightly.  ) The -fall 
d is tance f r o m  the  pinch c lamp t o  the  s topper  in the  botton-, of tile sedimentat ion 
Zube was 123 c m .  When the  accumulation reached  a h e i ~ i l t  of 10 cm,  the  fa l l  
distnnce To:- a pa r t i c le  was  1 0  c m  l e s s ,  o r  1 l 3  cm. The  s lan t  of the  division- 
scze l ines  of F i g s .  3 ar,d 4 is the  resu l t  of the  d e c r e a s e  in fa l l  d i s t ance  a s  the  
accu~~:ulation of sediment  grows.  

1Iost of tile s a m p l e s  w e r e  d i spersed ;  the re fore ,  the  fal l  d i s t a c s e s ,  a t  l e a s t  
io: ;:le Tine p a r t i c l e s  of t h e s e  samples ,  exceeded those  fo; tile undis1;er,sec; 
san;p!es. A s tudy of the  effectis-eness of d i spers ion  i n i i c a t e d  that a t  t he  tinye 
~ ~ 1 2  pli>c:i c l amp was opened, the  p a r t i c l e s  l a r g e r  than 243 m i c r o n s  sfrere 
i - e ~ r i n : ~  a t  tile bottom of tile n i i s i ~ g  chamber ,  and p a r t i c l e s  of sniallt.1- s i z e s  
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INCHES l o  9 8 7 6 5 4 3 2 I 0 

SPECIFIC GRAVITY 2 . 8 0  - 2 . 9 0  PEN SPEED 0.7 M M / S E C  (1.653 I N . / M I N )  
I I 

FIG. 3 -UNCALIBRATEB CHART FOR ANALYSIS OF GLASS-BEAD SAMPLES 

FIG. 4 -UNCALIBRATED CHART FOR ANALYSIS OF SAND SAMPLES 



were par t ly  dispersed.  The degree of distribution was progress ive ly  m o r e  
conlplete toward the snlal lest  s i ze s ;  however, even at the 62. 5-micron s i ze  
the distribution was not ent i rely uniform throughout the 20-cm length of the 
mixing chamber. Points of origin were assumed to  vary  f r o m  the pinch clamp 
fol, the 246-micron s i ze  to  i c m  above the pinch clamp fo r  the 62.  5-micron 
s ize.  

Computations of distances f rom the t ime origin for  some  of the s i ze s  and 
teniperatures  on the uncalibrated char t s  a r e  shown in Table 1. Many other 
computations of this type were made fo r  preparing the char t s  of Figs .  3 and 
4. The dix-ision s i ze s  a r e  those frequently used in s ize  analysis,  but other 
divisions may be used to  meet  specific needs. Settling velocities v a r y  with 
the iiinematic viscosi ty  of tile fluid and, therefore,  with water tempera ture ,  
Consequently, the effect of water tempera ture  was taken into account in  p re -  
pal*ing Table 1 and Figs .  3 and 4. 

Horizontal distances on the charts  a r e  pr imar i ly  measu res  of t ime. If r e -  
lated to corresponding fall distances,  they a l so  indicate settl ing velocities. 
The s izes  shown a s  settl ing d iameters  on the t ime sca les  of F igs .  3 and 4 a r e  
the diameters  of g lass  beads and of quartz spheres ,  respectively, that have 

TABLE 1 

COMPUTATION OF ABSCISSAS FOR UNCALIBRATED RECORDER CHARTS 

-- 
Sphere s i ze ,  r i c rons  

Ti-e t o  f a l l  100 cm, / 0.M0 1 1.25 / L.37 
(B) fror. Reuts.7 10 

Fa i i  d is tance ,  cm 
( A )  - 

Tofal t i ~ e  of f a l l ,  min 10.2~2 / 0.566 / 1.58 1 5.62 
( C )  = A  xB/100 

- 
Glass beads 

500 1 2L6 1 1 2 5 7 2 . 5  

Base l i n e  a is tance ,  i n .  L O O  1 0  1 2.61 1 9*39 
(D) = 5 x 1.653" 

Distanze 10 cm aSo7.e 

Sands 

500 1 250 1 125 ( 62.5 

123 

kase l i n e ,  i n .  10.367 1 0.860 I 2.h0 / 3.57 
(E) = D (A - 1.0)/A 

Texperature 30°C 

Time 51 f a l l  1383 cm, 
(E)  fro^. Repte, 7 and 10 

Tot21 t i n e  of f a l l ,  
( G) = A x /130 

3a;e l i n e  a is tance ,  
( D )  = 5 x 1.653" 

Distance 10 cm above 

a For s a ~ p l e s  not, dispersed before analys is ,  these  f i q r e s  would be 123. 
* Chart speed, 1.653 in.  2er min. 

123 1 2 6 ~  130' 123 1 123 1 126 1 130 
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standard fall velocities equal t o  the settling velocities at those locations on the 
charts.  If the part icles  in m a s s  in the VA tube all  settled at their  respective 
standard fall velocities, the uncalibrated charts would give s i ze  analyses in 
sedimentation diameters  fo r  glass beads and in fall diameters  for  sands. 

10. Procedure fo r  s ize analysis--The procedure used in development and 
calibration of the VA-tube method was applied to  samples consisting of vari- - - 

ous selected s ize  distributions and quantities of glass beads o r  sands. Sand 
samples were thoroughly wetted and washed before analysis. 

The step-by-step procedure for  the analysis follows: 

1. A stopper was placed in the small end of the sedimentation tube, the tube was fixed 
in a vertical position and filled with distilled water to approximately 2 cm above the ele- 
vation of the pinch clamp, and then the pinch clamp was closed. 

2. The eyepiece was adjusted by turning the operating wheel s o  that the horizontal hair- 
line coincided with the upper surface of the stopper in the bottom of the sedimentation tube. 

3. The date, temperature of the distilled water, and the notes necessary to identify the 
sample were entered on the recorder chart. The chart was adjusted on the recorder plate 
so  that the pen would start  at the point of origin on the base line and s o  that the base line 
was parallel to the direction of travel of the pen. 

4. The electric motor that actuated the spring tapper' was started. 

5. The test sample was transferred to the chamber above the closed pinch clamp. A 
disk type of agitator on a rod was used to disperse the particles in the mixing chamber ex- 
cept for those samples that were analyzed without prior dispersion. 

5 .  The pinch clamp was opened immediately, and the electric motor that propelled the 
recorder pen was started. These two operations were made a s  nearly simultaneously a s  
possible. A newer mechanism simultaneously releases the clamping device and operates 
a switch to start  the timing clock. 

7 .  The operator, watching through the eyepiece, turned the operating wheel a s  re- 
quired to keep the horizontal hairline level with the surface of the accumulating sediment. 

8, The tapper and recorder were turned off when practically all particles had settled 
into the accumulation section. 

9. The sample was removed from the bottom of the tube, and the tube was cleaned by 
flushing. 

11. Derivation of part icle  s ize  f rom an accumulation curve-- The procedure 
outlined in Section 10 produces a recorded curve having t ime of fall a s  the ab- 
sc i s sa  and height of acc~lrnulated sediment a s  the ordinate. A sedim-entatisn- 
s ize  distribution cannot be determined f r o m  the sediment-accumulation curve 
without assuming o r  establishing a relation between time of fall and particle 
size. The uncalibrated charts  were constructed on the basis  of the fall velocity 



and s i ze  relations in the references cited in Section 9 ,  and the fall velocity 
was related to  t ime and chart  distance by means of the conlputations i l lustrated 
in  Table 1. The calibrated char t s  were based oil tne average relation of t i m e  
of fal l  and part ic le  s i ze  established by ?/-A-tube analyses of s co res  of sarnples 
with known velocity distribution. 

Size distributions were determined f rom many accurnulation curves,  f r o m  
both uncalibrated and calibrated charts .  If an accumulation curve was not 
recorded originally on the desired chart ,  the curve was superimposed on the 
chart  that had the desired relation of t ime and s ize.  Tile s i ze  distribution was 
determined a s  follows: The intersect ions of the accurnulation curve and the 
division-size l ines  for  the tempera ture  of analysis were rnarlted by t icks a s  
shown in Fig. 5. The percentages f iner  than tiie division s i ze s  were found 
f rom tile chart  by use  of any convenient sca le  that would divide the total accu- 
nlulation into 100 par t s .  The ze ro  percent  of the sca le  was placed on the total- 
accunlulation line, and the 100 percent on the zero-accumulation line.  The 
sca le  was moved horizorltally lo  the tick marks .  The pei.centage f iner  than 
tile division s ize  was read direct ly  on the scale .  These percentages a r e  actu- 
ally percentages by volunie; but, a s  will be explainec la te r ,  they do not differ 
mater ial ly  f rom percentazes by weight. 

111. DEVELOPMEKT OF THE VISUAL-ACCUMULATIOT\;- TUBE METHOD 
WITH GLASS SPHERES 

12. Pilot samples  and their ana lyses- -Tie  fundarrlental problem in the de- 
xielopment of the VA-tube l-nethod was to  establish i t s  accuracy. The nietiiod 
could be considered accurate  only if the s i ze  distribution indicated b y  the anal- 
ysis azreeci with that obtained f rom a summatioil of the standard fall velocities 
of a l l  the individual par t ic les  compounded on the basis  of weight. The ~ inca l i -  
hi-ated method was not sufficiently accurate ,  s o  calibration was required to  
develop sat isfactory accuracy. The development of tiie VA-tube metiloci and the 
,,etz~-mination of i t s  accuracy required the analysis of many samples  for  which 
the s ize  distributions in t e r ~ n s  of s tandard fall velocities were known. 

TIie prel iminary investigation of the VA-tube method was based on analyses  
of glass-bead samples .  Glass  beads w-hose standard fall velocities and other  
character is t ics  were known [ 4 ]  were compounded into pilot samples  of var ious  
weights and s ize  distributions. The s i ze  distributions and the fall velocities at  
th1,ee tempera tures  a r e  shown in Table 2 .  

The glass-bead samples  were analyzed by the procedure described in  Sec- 
tion 10. The analyses a r e  shown in Figs.  6 to 10 in t e r m s  of deviations of the 
s ize  Gistributions based on the uncalibrated chart  f rom the ltnown s i ze  distl-i- 
i~utiorls. The ltnown s ize  distribution for  the group of samples  i s  shown a t  the  
jot tom of each figure. Tne s i ze  distribution f rom analysis differs f rom the  
kllowil s i ze  distribution by the plotted deviations. F o r  example, if the s i z e  
distribution obtained f rom the analysis was Si;. 2 percent f iner  than 350 microns  
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TABLE 2 

GRADATION AIJD FALL VELOCITY OF GLASS-BEAD SAMPLES 

a Determined by microscopic methods. 
b Determined by dropping p a r t i c l e s  individual ly  (from Table 3 of Report No. 10  [h]). 

Specific gravi ty  of the glass  beads varied with size.  

and the k ~ o w n  s i ze  distribution was 7 2  percent f iner  than 350 microns,  the 
deviation was - 3 .  b percent. 

S i z e a  

Microns 
700 

500 

3 50 

246 

17 5' 

149 

13. Effect of method of introducing the sample- -Investigators who have 
experimented with stratified-sedimentation methods of analysis have used 
various techniques in introducing the sediment samples  at  the top of the sedi- 
mentation column, but they have not been in  agreement a s  to  which technique 
of introduction i s  best.  Sufficient data a r e  not available fo r  an evaluation of 
the various techniques of introduction. In the VA-tube method the sample can 
be dispersed in the mixing chamber o r  i t  can be at r e s t  at  the bottom of the 
mixing chamber at  the moment the pinch clamp is opened. The s a m e  sample 
could be run repeatedly under both conditions of dispersion, and the effect 
could readily be  compared. The resu l t s  of such analyses a r e  shown in Figs.  
6 to  9. The resu l t s  for  the two conditions did not differ greatly; however, be- 
cause [he analyses  for  the dispersed samples  were somewhat m o r e  consistent, 
sample dispersion in  the mixing chamber was adopted a s  the s tandard proce- 
dure for  the VA-tube method. 

: 1 t!: , 1 :/! 1 ::::8 1 ::::9 1 :::6 

74 10.6 12.2 0.531 0.593 0.656 

62 , s  - 17.0 0.381 0.427 0.476 

- 
F a l l  velocity--cm/secb 

The data of Figs .  6 to  9 indicate that the technique of introducing the 
sample into the VA tube does not cr i t ical ly  affect  the accuracy  of analysis.  

Distribution--percent f i n e r  

30°C 
13.12 

9.26 

6.2h 

4.10 

2-59 

2.03 

20°C 
12.08 

8.46 

5.63 

3.62 

2.26 

1 -75  

Fine 
100 

96.1 

90.0 

82.1 

69.9 

63 .3 

2 5OC - 
12.63 

8.87 

5.95 

3.86 

2.42 

1.89 

Intermediate 
100 

90.4 

79.3 

64.7 

47.0 

39.7 

Coarse 
100 

88.2 

72.0 

54.4 

37.9 

32.2 
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S i z e  - microns 

Basic size distribution 

96 Finer 8.7 12.2 15.9 26.1 32.2 37.9 54.4 7 2 . 0  88.2  100.0 

FIG. 6 - EFFECT OF CLEANING AND DISPERSING METHODS FOR 
COARSE SAMPLES OF GLASS BEADS I N  2-MM TUBE 
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Size 62.5 7% 88 125 149 179 2% 6 350 500 700 
Basic s i ze  distr ibut ion 

%F ine r  170 24.4 33.2 54.6 63.3 69.9 82.1 90.0 96.1 100.0 

F IG.7-  EFFECT OF Cl_EARIING AND DISPERSING METHODS FOR 
F I N E  SAMPLES OF GLASS BEADS IN 2 - M M  TUBE 
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S i z e  - microns 
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S i z e  62.5 74 88 125 149 175 246 350 500 700 
Basic slze distr i  b u t ~ o n  

% F i n e r  8.7 12.2 15.9 26.1 32.2 329 54.4 72 0 88 2 100.0 

FIG.8 - EFFECT OF CLEANING AND DISPERSING METHODS FOR 

COARSE SAMPLES OF GLASS BEADS I N  5 - M M  TUBE 
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14. Effect  of tube-cleaning methods--When glass-bead samples  were ana- 
L\zed eithei in  the bottom- withdrawal tube o r  in the VA tube, some  beads gen- 
e"rally adhered to the s ides  and shoulders of the tubes. Although the adherence 
of the beads dld not appear  to  affect significantly the accuracy  of the analyses,  
l t  was a disturbing factor  and, a s  such, warranted investigation. 

Rinsing the sedimentation tube with distilled water o r  cleaning with mild 
cleansing agents did not inhibit the attraction between the g lass  beads and tube. 
However, the following special t reatment  just before analysis pract ical ly  e- 
liminated the adherence of the beads. A cleaning solution was prepared  by 
adding 1 l i t e r  of concentrated sulphuric acid to  35 ml of saturated sodium 
dichromate (technical) solution. A small  quantity of this cleaning sol.ution 
was used to  r inse  the tube until the inside surface was thoroughly wet. The 
cleaner  was drained f r o m  the tube, which was then flushed successively with 
tap waier and with distilled water. (The cleaner may  be reused.  This c leaner  
is for  ,?lassware only; contact with the skin o r  clothing should be  avoided. A 
cleter.g?nt, "Alconox, " was subsequently found to be an adequate cleaner,  a t  
l eas t  fo r  analysis of sand samples . )  

r e s t s  were made to  determine the effect of special cleaning of the VA tubes. 
The resu l t s  a r e  shown in F igs .  6 to  9. The curves in  the upper group of each 
figure a r e  f r o m  analyses of glass-bead samples  in tubes not specially cleaned; 
those in  the middle group a r e  f rom analyses of the s a m e  samples  in tubes that 
were  specially cleaned; and the curves in the lower group a r e  f rom analyses 
of E check se t  of s imi l a r  but not identical samples.  Each sample of a given 
s i ze  distribution and weight was analyzed four different ways. 

The effect of the cleaning procedure i s  most apparent for  the fine-grained 
samples  and f o r  the analyses in  the 2-mm accumulation tubes. (See Fig. 7. ) 
Even f o r  these  conditions the average difference between analyses in  normally 
rinsed tubes and specially cleaned tubes i s  only about 2 percent of the total 
sample for  the f iner  division s i ze s  and l e s s  for  the l a r g e r  s izes .  Because 
the analyses with the specially cleaned tubes were m o r e  consistent and ad- 
herence  was reduced, special cleaning was made a par t  of the standard pro- 
eedure fo r  analyses of glass-bead samples.  La ter  t e s t s  indicated that sand 
grains  have l e s s  tendency t o  stick to  the tube; consequently, the special- 
cleaning procedure makes the glass-bead behavior duplicate m o r e  closely 
that of sand samples .  

15 .  Correct ions applied to  glass-bead analyses--The s i ze  distributions 
indicated by the uncalibrated analyses were not sufficiently close t o  the known 
s i ze  distributions to glve sat isfactory accuracy. The percentages f iner  by 
analysis were generally too small ;  obviously, the settling velocities of the 
part ic les  falling in  m a s s  in the tube were g rea t e r  than the s tandard f a l l  ve- 
locities.  

The s i z e  distributions shown In Figs.  5 to  1 0  for  c'ispersed samples  ana- 
lyzedln specially cleaned tubes were used to  establish correction fac tors  that 
could be zpplled to make the resu l t s  of the analyses check the known s i ze  
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FIG. 10- ANALYSES OF INTERMEDIATE SAMPLES OF GLASS BEADS 

I N VARIOUS SIZES OF V ISUAL-  ACCUMULATION TUBES 
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distributions m o r e  closely. ,Each s i ze  distribution of Fig. 10 i s  not f rom a 
single analysis  a s  in  Figs .  6 to  9 but represents  the average of at  l eas t  two 
analyses of the s a m e  sample, and all  the analyses were fo r  dispersed samples  
in specially cleaned tubes. Of many types of adjustments t r ied,  a percentage 
reduction in  the t ime of fall  was chosen because it was s imple and reasonably 
accurate.  The correct ions applicable to  the t ime of fall  were a s  follows: F o r  
the 2-mm tube, -19 percent; fo r  the 3. 2-mm tube, -13 percent;  fo r  the 4-mm 
tube, -12 percent;  and fo r  the 5-mm tube, -11 percent.  The correct ions were 
applied to  the data of Figs .  6 to  10, and the corrected deviations were gener- 
ally within 5 percent.  (See F igs .  11 and 12. ) 

All the curves in Figs.  11 and 12 have cer tain charac te r i s t ics  that depend 
upon the respect ive part ic le-s ize distributions in  the samples ,  but a general 
pattern i s  m o r e  o r  l e s s  typical of a l l  the analyses.  A correct ion that var ied 
f rom size division t o  s i ze  division could have been used to make the analyses 
agree  bet ter  with the known s ize  distributions. However, because the known 
s i ze  distributions could be inaccurate by a s  much a s  3 percent  at  points in  any 
ofrthe s i ze  distributions 141, m o r e  complicated correct ions did not s eem 
justified. 

New char t s  adjusted fo r  the reduced t ime of fall can be prepared.  The new 
charts  would be  the s a m e  a s  the chart  of Fig. 3 except that the abscissa sca le  
would be reduced by the correction percentages adopted for  each s i ze  of tube; 
fo r  example, 11 percent for  the 5-mm tube. No change in  analytical proce- 
dure would be required in using the new charts.  

1 .  Effect of tube s i ze  and sediment concentration--Figs. 11 and 1 2  indi- 
cate ve ry  l i t t le  difference in the accuracy of resu l t s  obtained with tubes of 
various s izes .  Deviations generally a r e  slightly l e s s  fo r  samples  analyzed in 
the l a r g e r  tubes. The deviations for  0. 1-gm samples  indicate the effect of 
smallness  of sample  on the accuracy of the analyses; the resu l t s  were slightly 
errat ic ,  probably because the total height of accumulation was small ,  

Analyses of samples  with a coa r se  s i z e  distribution indicated that appreci- 
able quantities of par t ic les  l a r g e r  than 500 microns  tended to  reduce the ac- 
curacy of analysis  in the 2-mm tube. The greatest  inaccuracy was obtained 
with the 0.8-gm sample, which was the heaviest that was run in  the 2-mm 
tube. Analyses in  the 5-mrn tube were not affected s o  much by the s izes  of 
the la rges t  par t ic les  a s  by the combination of relatively l a rge  s i ze  and high 
concentration a t  the 350-micron s ize.  

The s i ze  of tube did not s e e m  t o  be a cr i t ical  factor  in  accuracy  of analysis 
except when l a r g e  part ic les  were analyzed in too smal l  a tube. However, -be- 
cause of concentration effscts, the quantity of sample should b e  kept wikhin 
reasonable l imi t s  fo r  each s ize  of tube. A height of accumulation of 3 o r  4 
in. is normally desirable,  and a maximum height of 6 in. and a minimum of 
1 in. should be used a s  l imits .  The tracking of sediment in  the accumulation 
srct lon i s  difficult if the accumulation i s  v e r y  rapid at  any point in  the analysis.  
'Tl>ercfor-e, i t  is desirable  that the quantity of sample be sma l l e r  when the s i ze  
ra,ige i s  ve ry  limited. 
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FIG. I I - ACCURACY OF SIZE ANALYSES FOR GLASS B E A D S  B Y  
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Size  -microns 

FIG. 12 - ACCURACY OF SlZE ANALYSES FOR l NTERMEDIATE SlZE DISTRIBUTION OF GLASS 

B E A D S  BY VISUAL-ACCUMULATION TUBE WITH ADJUSTED T IME  OF FALL 



Differences in  the analyses of var ious weights of samples  that were run  in  
one s i ze  of tube a r e  inconclusive, but possibly the l ighter  samples  fell  sl ightly 
fas te r .  If samples  with high concentrations of par t ic les  that were l a rge  in  
relation to  the s i ze  of the tube a r e  excluded, there  is no evidence that concen- 
t ra t ion is a cr i t ical  factor  in  the accuracy  of analysis. 

No attempt was made to  define prec ise ly  the l imitations of par t ic le  s i z e  
and concentration fo r  analyzing glass-bead samples  because the l imitations 
fo r  glass-bead samples  differ f rom those f o r  sand samples .  

17, Accuracy for  glass-bead samples- -For  analyses of glass-bead sam-  
ples,  the VA-tube method was generally accura te  within 5 percent at  all points 
of a s i ze  distribution a s  shown in Figs.  11 and 1 2 .  Very  few of the points de- 
viated f rom the known s ize  distribution m o r e  than 4 percent;  in  fact, most  of 
the points were within 3 percent.  The deviations a r e  due, in par t ,  t o  the fac t  
that the known s i ze  distributions contain e r r o r s  which may  be a s  l a rge  a s  3 
percent 

18. Comparative accuracy of the VA-tube and bottom-withdrawal-tube 
methods--Six pa i r s  of samples  with an intermediate  s i ze  distribution were 
analyzed f i r s t  in the VA tube and l a t e r  in the bottom-withdrawal tube to  com- 
pa re  the accuracy of the two methods. One sample of each pa i r  was analyzed 
in one s ize  of VA tube and the other in  another s ize  of VA tube. The devia- 
t ions f rom the known s i ze  distribution a r e  plotted on Fig. 13. The resu l t s  
f rom the VA-tube analyses a r e  m o r e  accura te  and m o r e  consistent. 

19. Volume- weight relations for  glass  beads--The VA-tube analyses  a r e  
based on percentages by volume, which do not differ substantially f r o m  per -  
centages by weight. The heights occupied in  the 2-mm tube and in the 3. 2-, 
4-, and 5-mm tubes by given weights of the various s i ze s  of g lass  beads a r e  
shown in Fig. 14. The only volume-weight relation affecting the VA-tube 
analysis is the difference in  height of accumulation f o r  the different par t ic le  
s izes ,  the tube s i ze  and sample weight remaining the same.  

A rrlethod fo r  computing the differences between percentages f iner  based 
on voliirrle and those based on weight is shown in Table 3. This comparison 
depends somewhat on the s i ze  distribution of the sample. Even in the 2-mm 
tube, in which variations a r e  greatest ,  the change in volume-weight relat ions 
seldom makes m o r e  than 1 percent  difference in percentage-finer f igures ,  
except fo r  unusual s i ze  distributions. 
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Size  - microns 

, , 

Size 62.5 74 88 125 149 175 246 350 500 700 
Basic size d is t r ibu t~on  

% Finer 7.5 10.6 14.9 31.4 39.7 470 64.7 79.3 90.4 100 

FIG. 13 - SIZE ANALYSES OF GLASS-BEAD SAMPLES BY THE 

BOTTOM-WITH9RAWAL AND VISUAL-ACCUMULATION TUBES 
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Size - microns 

5 0  60 8 0  100 200  3 0 0  400 500 6 0 0  700 8 0 0  900 

10.8 10.8 

10.4 10.4 

10.0 10.0 

9.6 9.6 

9.2 9 .2  

8.8 8 .8  

8.4 8 . 4  

8.0 8.0  

7.6 7.6 

7.2 7.2 

6.8 6.8 

6.4 6 . 4  

6 .0  6 . 0  

5 0  6 0  8 0  100 150 2 0 0  300 400 500 600 700800 9 0 0  

Size - microns 

FIG. 14 - VOLUME-WEIGHT RELATIONS FOR GLASS BEADS 

( Va r i a t i on  of height of occumulafion with sieve size ) 
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TABLE 3 

DIFFERENCES I N  PERCENTAGES FINER BY WEIGHT AND BY VOLUME 
FOR A GLASS-BEAD SAMPLE I N  A 2-MM TUBE 

a 100 x column ( 5 )  div ided  by t o t a l  of column ( 5 ' ) .  
b Cumulative of column (4). 
c Column (2) minus column ( 7 ) .  

IV. CALIBRATION OF THE VISUAL-ACCUMULATION- TUBE METHOD 
FOR ANALYSIS OF SANDS 

20. Sieves and sieve calibration--The accuracy of the sieves used in this 
investigation has no direct influence on the accuracy of the VA-tube method; 
however, sieve-size distribution is used for  comparison throughout the study. 
Sieve corrections were based on microscopic analyses of glass-bead samples 
having s i ze  ranges from 20 to  700 microns. The data for  sieve correction 
may be found in Report No. 10 141. The sieve analysis was reported in per- 
centages of total material contained between nominal sieve s izes  but may be 
readily changed to  cumulative percentages finer than sieve sizes.  If the 
microscopic analysis of the 20- to  700-micron s ize  distribution of Table 4 of 
Report No. 10 is plotted, the s izes  at which the original sieve distribution 
percentages near the bottom of Fig. 2 of Report No. 10 a r e  equaled may be  
quickly noted to  determine the s ize  at which the sieve actually divided the 
sample. F o r  example, the sieve analysis showed 29.9 percent (3 .1  + 4.9 + 
3. 2 + 4.9 + 13.8 percent) of the sample finer than the 125-micron sieve, but 
the microscopic analysis showed a s ize  of 121 microns at the 29.9-percent- 
finer point. So the sieve with a 125-micron nominal s ize separated glass 
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beads a t  a microscopic s i ze  of 121 microns.  Similarly, the 250-micron s ieve  
(shown in the glass-bead analyses a s  246 microns-- the manufacturer 's  cali- 
bration s ize)  actually divided a t  245 microns,  the 149 divided a t  146 microns,  
the 68 divided at 90 microns,  the 74 divided at 78 microns,  the 62. 5 divided 
at 64.5 microns, and the 44 divided at 49 microns.  The correct ions for  the 
other s ieves were negligible; that is, they would affect any normal  s i ze  dis- 
tribution l e s s  than 1 percent ,  

The corrected s ieve-size distributions fo r  sands were determined by 
plotting cumulative percentages against corrected-  -not nominal- - sieve s izes ;  
f rom the plo-tted curves,  a distribution fo r  s tandard s i ze s  was obtained. 
Throughout the remainder  of this  report  any s ieve-size distribution in  the text, 
tables,  o r  f igures  will be  the corrected distribution based on the s tandard 
s izes ,  except that the corrected s i ze s  a r e  used instead of s tandard s i ze s  i n  
Table 5. 

21. Need fo r  calibration of the VA-tube method--Because the evaluation of 
the accuracy of sedimentation methods of s i ze  analysis  of sand samples  is 
difficult o r  t ime consuming, investigators have tended t o  study these  methods 
only in  relation t o  reproducibility of resu l t s  [5] o r  by calibrating o r  checking 
against s ieve analyses  [I  61. 

Figs .  15 and 16 show the differelices betweenthe cor rec ted  s ieve analyses  
of two s ize  distributions of Powder River  sand (the sands used in  this  investi- 
gation a r e  descr ibed in  Section 27) and the uncalibrated VA-tube analyses  for  
samples  made up with these s ieve distributions. The differences a r e  plotted 
a s  deviations of the VA-tube analyses f rom the s ieve analyses  and a r e  the 
algebraic differences between the cumulative-percentage-finer f igures  f o r  the 
two types of analyses.  

Each distribution in  the upper three  pa r t s  of Fig. 15 i s  the average of four  
analyses and of Fig. 16 i s  the average of two analyses.  Half the analyses  of 
Fig. 1 6  were made  in tubes specially cleaned with a sulfur ic  acid-sodium di- 
chromate solution a s  explained in  Section 14. The special cleaning showed 
no advantages over  cleaning with Alconox, which was not considered to be  a 
special c leanser  but was used for  the other half of the analyses  of Fig.  16 and 
fo r  a l l  other analyses  of sands. The uncalibrated VA-tube analyses were ob- 
tained by using the uncorrected chart  for  sands, which is shown in Fig. 4. 
Figs .  15 and 16 show that the relation between s ieve and uncalibrated VA-tube 
analyses va r i e s  not only fo r  fine and coa r se  distributions composed of the 
s a m e  basic  sand but a l so  with part ic le  s izes .  The uncalibrated VA-tube anal- 
yses  do not approximate the s ieve-size distribution. 

The VA-tube method could be calibrated to  provide f a i r l y  consistent analy- 
s e s  in t e r m s  of s ieve  s izes ,  but par t ic le  shape and specific gravity might 
affect the resu l t s  significantly. The calibration would be  applicable only t o  
one se t  of s ieves  under a single sys tem of operation. Even i f  a s ieve calibra- 
tion established a m o r e  uniform standard of comparison, i t  would not meet  
the need of this  study, which required the development of a method of s i ze  
analysis based on the fall  velocities of the sediment par t ic les .  
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Slze -mic rons  62.5 88 125 175 250 350 500 700 
96 f ~ner -  sieves 1.0 4.1 13.9 27.0 48.0 69.0 85.5 94.5 

FIG. 15 - SIEVE SIZE v s  UNCALIBRATED VISUAL-ACCUMULATION -TUBE ANALYSIS 

OF COARSE DISTRlBUTIOPv OF POWDER RIVER SAND 
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S i z e  - microns 

S i z e  - m i c r o n s  62.5 88 125 175 250 350 500 
% finer-sieves 12. 1 26.7 50.5 69.5 85.5 94.5 100.0 

FIG. 16- SIEVE SIZE v s  UNCALIBRATED VISUAL-ACCUMULATION-TUBE ANALYSIS 

OF F I N E  DISTRIBUTION O F  POWDER RIVER SAND 



4 4 Section 2 2  

To make the VA-tube analyses  of universal use, i t  was neces sa ry  to cali- 
b ra te  the method in  t e r m s  of some definite, easi ly  understood, and readily 
reproducible unit of sedimentation size.  The concepts of s tandard fall velocity 
and fall diameter  a s  defined in  this report  provide a s imple  foundation f o r  the 
expression of the s i ze  distribution of samples  analyzed by sedimentation meth- 
ods. This  sys tem of units expresses  the fundamental hydraulic propert ies  of 
the sediment sample on the bas is  of the fall  of the individual par t ic les;  a type 
of analysis which, whether i t s  u s e  becomes general o r  not, is a t  l eas t  sus-  
ceptible of ready and p rec i se  definition. 

The initial development of the VA-tube procedure, with glass-bead samples ,  
indicated that the method was pract ical  and gave highly reproducible resul ts ,  
but it a l so  showed that the  analyses  did not direct ly  determine the s tandard 
fall-velocity distribution which would be obtained by a summation of the fal l  
velocities of the individual par t ic les .  That fundamental type of ds t r ibu t ion  
could only be obtained by application of a calibration correct ion to  the VA-tube 
resul ts ,  The glass-bead analyses  indicated that the method would requi re  
calibration f o r  use  on sand samples;  however, there  was no assurance  that the 
calibration correct ions fo r  sands would be  the s a m e  a s ,  o r  s imi l a r  to, the 
calibration coefficients found f o r  g lass  beads. 

A calibration f o r  sands was attempted by such indirect means  a s  the com- 
parison of analyses  of a given sample  in  severa l  different tubes o r  the com- 
parison of analyses of samples  having l ike distribution but different total 
weights. Determinations of calibration correct ions by these  means were not 
conclusive enough f o r  a s su red  accuracy. F o r  sands, the only way t o  cal ibrate  
the VA-tube method in t e r m s  of the s tandard fall  velocity appeared t o  be  by 
use of sand samples  f o r  which the s tandard fall-velocity distribution had been 
predetermined by another method. 

22. Method fo r  determining fall- diameter  distribution- - F o r  this  investi- 
gation a new method f o r  determining the f a l l -dame te r  distribution of a sand 
was developed. A bulk sample  of each of five different sands ( see  Section 27)  
was sieved, 10 gm a t  a t ime,  until the des i red  supply of mater ia l  of each 
sieve fract ion had been obtained. The s ieve-size distribution based on the 
total weight of each fract ion was  recorded. Then each s ieve  fract ion f o r  which 
fall-diameter distribution was t o  be  determined was carefully split  and re -  
split until about 100 representat ive part ic les  remained; the remaining part ic les  
were dropped individually in  distilled water. The fal l  velocity of each was 
determined, and the mean fall  velocity was accurate  within about 5 percent. 
Fal l  velocity was converted into fall  d;ameter by Table 10 in  the appendix. 

The fall  diameters  of the par t ic les  were cubed to  approximate the i r  re lat ive 
volumes and weights. A fal l  diameter  was chosen a t  about the median division 
of a summation of the cubed diameters  a r ranged  in o rde r  of s ize.  A summa- 
tion was made of all cubed f igures  sma l l e r  than the cube of the chosen fall  
diameter,  and this  sum was expressed a s  a fraction of the total  of a l l  the  
cubes; f o r  example, 0. 517 sma l l e r  than (and 0.483 l a r g e r  than) the cube of 
400 microns  in  the s ieve fract ion 350 to  500 microns. (See Table 4. ) Similar  
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FALL-DIAMEmR DISTRISUTION BASED ON FALL VELOCITTES OF 100 INDI'JIDUAL PARTICLES 

F a l l  distance 100 cm. Temperature of d i s t i l l e d  water 25.2" C. 
Sieve size--350 to  500 microns 

Time of 
f a l l  

seconds 

21 .1  
15.2 
17.4 
14.0 
17.7 
19.1 
18.4 
18.1 
15.6 
15.6 
16.0 
17.4 
16.8 
18.9 
15.0 
18.3 
15.9 
15.4 
19.6 
19.1 
16.0 
17.0 
15. o 
20.6 
13.0 
14.9 
13.3 
17.2 
18.0 
16.5 
16.3 
16.7 
19.7 
15.4 
16.6 
21.0 
15.8 
19.2 
15.9 
16.3 
17.9 
16.6 
19.6 
13.4 
13.6 
16.0 
14.7 
13.0 
15.8 
17.4 

Total  of 
is 31020. 

d 

Velocity 

cm/sec 

4.74 
6.58 
5.75 
7.14 
5.65 
5.24 
5.43 
5.52 
6.41 
6.41 
6.25 
5.75 
5.95 
5.29 
6.67 
5.46 
6.29 
6.49 
5.10 
5.24 
6.25 
5.88 
6.67 
4.85 
7.69 
6.71 
7.52 
5.81 
5.56 
6.06 
6.13 
5.99 
5.08 
6.49 
6.02 
4.76 
6.33 
5.21 
6.29 
6.13 
5.59 
6.0? 
5.10 
7.46 
7.35 
6.25 
6.80 
7.69 
6.33 
5.75 

cubes smaller 
31020/6004%. 

Cube of 
f a l l  

diameter 

584x10~ 
447 
92 3 

1018 
356 
92 3 
459 
566 
584 
6 50 
571 

1018 
3 50 
6 84 
5 32 
447 
812 
589 
376 
467 
515 
630 
704 
720 
36 9 
259 
589 
414 
571 
801 
801 
447 
720 
553 
6 12 
6 16 
566 
486 

22 
589 
393 
650 
549 
999 
5 32 
4 36 
298 
337 
5 36 

60042 
600 

of the sieve class has f a l l  diameters 
f i ne r  than 400 microns. 

F a l l  diameter in  microns obtained from f a l l  

F a l l  
diameter 
microns 

3 18 
421 
374 
452 
369 
346 
3 56 
36 1 
411 
411 
402 
374 
385 
349 
426 
358 
404 
4 16 
338 
346 
402 
381 
426 
324 
483 
428 
473 
377 
364 
391 
395 
388 
337 
415 
389 
3 19 
407 
344 
404 
395 
365 
389 
338 
470 
464 
402 
433 
483 
407 
374 

than the 
517. Then 

velocity by use of Table 10. 

Cube of 
f a l l  

diameter 

3 ~ 2 ~ l o 5  
746 
523 
923 
502 
4 14 
451 
4 70 
694 
6 94 
6 50 
52 3 
571 
42 5 
773 
459 
659 
720 
386 
414 
6 50 
553 
773 
340 

1127 
784 

1058 
5 36 
482 
598 
6 16 
5 84 
383 
715 
589 
32 5 
674 
407 
659 
6 16 
486 
589 
3% 

1038 
999 
6 50 
8 12 

1127 
674 
523 

cube of 400 
51.7% 

Time of 
f a l l  

seconds 

16.7 
18.5 
14.0 
13.5 
20.3 
14.0 
18.3 
16.9 
16.7 
16.0 
16.8 
13.5 
20.4 
15.7 
17.3 
18.5 
14.7 
16.6 
19.8 
18.2 
17.5 
16.2 
15.5 
15.4 
20.0 
23.1 
16.6 
19.1 
16.8 
14.8 
14.8 
18.5 
15.4 
17.0 
16.4 
16.3 
16.9 
17.9 
18.7 
17.9 
16.6 
19.5 
16.0 
17.1 
13.6 
17.3 
18.7 
21.8 
20.7 
17.2 

Totals 
Averages 

Velocity 

cm/sec 

5.99 
5.41 
7.14 
7.41 
4.93 
7.14 
5.46 
5 . 9  
5.99 
6.25 
5.95 
7.41 
4 . 9  
6.37 
5.78 
5.41 
6. 
6.02 
5.05 
5.49 
5.71 
6.17 
6.45 
6.49 
5.00 
4.33 
6.02 
5.24 
5.95 
6.76 
6.76 
5.41 
6.49 
5.88 
6.10 
6.13 
5 . 9  
5.59 
5.35 
5.59 
6.02 
5.13 
6.25 
5.85 
7.35 
5.78 
5.35 
4.59 
4.83 
5.81 

598.25 
5.98 

F a l l  
diameter 
microns 

3 m  
355 
452 
467 
329 
452 
358 
3@4 
388 
402 
385 
467 
327 
409 
376 
355 
433 
389 
335 
360 
372 
398 
413 
4 16 
333 
2% 
389 

385 
346 

431 
431 
355 
4 16 
381 
394 
395 
384 
365 
352 
365 
389 
340 
402 

464 
380 

376 
3 52 
310 
323 
377 

3872 5 
387 
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data were obtained for  each s ieve fract ion f o r  which fall-diameter distribution 
was determined. If 37. 0 percent of the sample  was contained in  the s ieve  
fractions f iner  than 350 microns,  and 25.0 percent in  the 350- t o  500-micron 
fraction, then 49. 9 percent (37. 0 plus the product of 0.517 x 25. 0) of the total 
sample had fall diameters  sma l l e r  than 400 microns. These data i l lustrate  

the derivation of the fall-diameter distribution. Table 5 shows the data f o r  a 
Cheyenne River  sand. 

Four  assumptions o r  qualifi'cations that pertain to  the method of determining 
fall-diameter distribution justify comment. 

1. The cube of the fall diameter  was assumed to be proportional t o  the weight of the 
particle.  The relationship i s  not direct,  but the cube more  nearly represen ts  the volume 
and weight than would the f i r s t  power of the fall  diameter.  Even the use  of the f i r s t  power 
of the fall diameter  would not significantly a l t e r  the resu l t s  if the range of s i ze s  in  each 
sieve fraction was small .  

2. Tne computations in the cited example a r e  generally adequate. However, occasion- 
al ly  a significant percentage or' mater ial  in  the s ieve fractions coa r se r  than 500 microns 
has fall d iameters  l e s s  than 400 microns,  o r  a significant percentage of mater ial  in the 
sieve fract ions f iner  than 350 microns has  fall diameters  grea te r  than 400 microns.  Then, 
by ex-tra computations, the weight equivalent of offending mater ial  was moved f rom the 
sieve fraction where it  was originally t o  the proper  s ide of the 400-micron s ize.  

Table G shows data f rom 100 part ic les  of a 1000- to  1400-micron sieve fraction. The 
fall-diameter distribution of this coarse  s ieve fraction overlaps the median fall diameters  
of adjacent fractions. When there  is overlap, the determination of s i ze  distribution re -  
quires the type of computations shown in  Table 7. 

3. A 100-particle split a s  the basis  f o r  determining the fal l -diameter  distribution for  
a sieve fract ion was satisfactorily accurate  a s  shown by the consistency of resu l t s  
throughout the s i ze  ranges of the samples. (See Section 28.) Usually about eight such 
splits were used to  define a curve of fal l -diameter  distribution for  a complete sample. 
Secause  the shape of this  curve was necessar i ly  ve ry  s imi la r  t o  that f o r  the sieve-diameter 
distribution, an inconsistent split was immediately obvious. If inconsistencies were minor ,  
adjacent resu l t s  were averaged; but if any major  discrepancy was found, the split  was r e -  
cnecked. In the  cited example, if the 0.517 sma l l e r  than the cube of 400 microns should 
actually have been 0. G O O  (an extreme variation),  the percentage f iner  would have been 
changed f r o m  49.9 to  52. 0 percent,  which i s  within acceptable l imi t s  of accuracy. E r r o r s  
in individual spl i ts  a r e  independent of those fo r  other splits,  a r e  not subject t o  cumulative 
e r r o r s ,  and generally apply to  minor fract ions of a total sample. 

4. Within the temperature range of 20" t o  35OC, the effect of temperature on the  set-  
tling velocity fo r  a par t ic le  of sediment in water i s  considered t o  be essentially the s a m e  
a s  that f o r  a sphere  of specific gravity 2. 65. Table 11 (in the appendix), which was de- 
rived f rom the data of Fig. 5 of Report No. 4 [ 3 ] ,  may then be used to find the fall velocity 
at 24°C i f  the settl ing velocity i s  known at another temperature.  Also, Table 10 may be 
used to  find the sedimentation s ize  o r  fall diameter  of a par t ic le  f rom tile fall velocity a t  
24°C o r  direct ly  f rom the settling velocity at another temperature.  

Possibly t he r e  will be some sand grains  fo r  which the effect of temperature on fall 
velocity will be radically different f r o m  that for  spheres  of specific gravity 2. C5. A study 
of res i s tance  curves for  settling part ic les  has  indicated that generally for  a group of 
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T m m  5 

CObtFUTATIOIi OF FALL-DLAMEZF;R DISTRIBUTION FOR A C£lEYENIYE RIVEX S m D  

I S ieve  F a l l  d iameter  

S i z e s  C u m ~ l a t i v e  Pe rcen t  i n  W d l a n  

$ f i n e r  f r a c t i o n  h. lr-e 

microns 

a Approximte  median s i z e  i n  microns 

b F r a c t i o n  f l n e r  t h a n  m d l a n  s i z e  from d a t a  s iml1ar  t o  tkt of Table  4 

c Data of columns 4 & 7 were p l o t t e d  and percentages  f i n e r  t han  d i r l e a o n  s i z e s  were t aken  from curve (Fig. 34) 
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FAX-DIAMETER DISTRIBUTION BASED ON FALL VELOCITIES OF 100 INDIVIDUAL PARTICIES 

F a l l  d is tance 100 cm. Temperature of d i s t i l l e d  water 27.2' C. 

1000-1400 microns s ieve s i z e  

Cube of 
f a l l  

diameter 

580x10~ 
5 16 
836 
836 
868 
868 
924 

1400-1120 do 

veloci ty  by use of Table 10. 

F a l l  
diameter 
microns 

834 
802 
942 
942 
954 
954 
974 

Velocity 

crn/sec 

13.7 
13.2 
15.4 
15.4 
15.6 
15.6 
15.9 

Time of 
f a l l  

seconds 

7.3 
7.6 
6 .5  
6.5 
6.4 
6.4 
6.3 

Cube of 
f a l l  

diameter 

924x10~ 
868 
528 
373 
634 
924 
722 

F a l l  
diameter 
microns 

974 
954 
808 
720 
859 
974 
897 

Time of 
f a l l  

seconds 

6 .3  
6.4 
7 .5  
8.4 
7 .1  
6 .3  
6.8 

Velocity 

cm/sec 

15.9 
15.6 
13.3 
11.9 
14.1 
15.9 
14.7 



TABLE 7 

COMPUTATION OF FALL-DLAMETER DISTRIBUTION FOR A VERY COARSE SAND 

a That part of the sieve fraction within the given fall-diameter range (from Table 6 for 1000 to 1400-micron sieve fraction) 
b (a) multiplied by "percent in sieve fraction" 

Sieve 

Partials (sum of column) 

Reference sizes 

Cumulative percentages f iner 
(cumulative of partials) 

Division sizes 

Cumulative percentages finer 
(from plotting of cumulative 
percentages finer than 
median sizes. See Fig. 35.) 

percent in 

fraction 

sizes 

microns 

cumulative 

& finer 
540 - 390 

a 

0.005 

0.009 

720 - 540 

from sieve fractions b 

0.20 

0.09 

a 

0.011 

0.039 

0.482 

microns 

883 - 720 2000 - 1400 

540 

0.29 

b 

0.55 

1.56 

4.82 

a 

0.032 

0.383 

0.441 

a 

0.125 50.0 

40.0 

10.0 

2000 

1400 

1000 

700 

0.29 

720 

7.22 

b 

1.60 

15.32 

4.41 

b 

6.25 

Fall 

1400 - 1120 

100.0 

50.0 

10.0 

0.0 

500 

0.0 

6.93 

880 

28.55 

diameter range in 

1120 - 880 

2000 

100.00 

a 

0.493 

0.135 

700 

6.2 

2000 

100.00 

21.33 

a 

0.339 

0.438 

0.068 

6.25 

b 

24.65 

5.40 

b 

16.95 

17.52 

0.68 

1400 

93 75 

1400 

93.8 

1120 

63-70 

30.05 

1000 

46.0 

35.15 
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particles the relatlon fo r  spheres  1s adequate. Unpublished t e s t s  by the Corps of Engineers 
on M ~ s s o u r l  Rlver sand indicate that the relation fo r  spheres  may be used sat lsfactor l ly  
fo r  sand grains  settl lng at water  t empera tures  of 3" to  31°C [I?]. Addltlonal studies of 
the effect of t empera ture  on the fall veloclty of sands a r e  belng made for  the report  "Some 
Fundamentals of Particle-Size Analysis. " 

23. Test  samples  of known fal l -  diameter  distribution- - The supply of each 
of the s ieve fract ions of a sand was used t o  compound samples  whose fall- 
diameter distributions were determined f r o m  the known distributions of the 
fractions.  F i r s t ,  the required weight of the coarses t  f ract ion was placed in 
a freslily ta red  dish, and the g ros s  weight was recorded; this  procedure was 
continued until a l l  s i ze  fract ions were included. Those samples  that were 
synthesized in proportion t o  the weights of the original s ieve fract ions had a 
fall-diameter distribution the s a m e  a s  that of the original supply. Samples 
that were synthesized in other proportions had different fal l -diameter  dis t r i -  
butions. The fall-diameter distributions within the individual s ieve fract ions 
were not altered; therefore,  the fall-diameter distribution f o r  the ent i re  syn- 
thetic sample did not general ly  f o r m  a smooth curve. Sieve fract ions f r o m  
two sands o r  m o r e  somet imes  were combined to  obtain a des i red  s i ze  range 
o r  type of sample. 

How well the computed distributions represent  the distributions in the tes t  
samples  is important but hard  to  determine. When the data for  each of about 
eight sieve fract ions were used to  compute a cumulative fal l -diameter  dis t r i -  
bution, the percentages a t  division s i ze s  were probably within 2 percent.  That 
i s ,  i f  the percentage f iner  was computed a s  45 a t  350 microns,  the t rue  per-  
centage f iner  was within the range 43 to  47. Inevitably, minor  e r r o r s  a l so  
occurred in  weighing out the samples  and in obtaining representat ive mater ial  
f r o m  each s ieve fract ion fo r  use  in compounding tes t  samples .  

24. Analysis of samples  of known fall- diameter distributioli- - Each of the 
linown samples  was analyzed according to  the procedure of Section 10 .  The 
sedimentation tubes were cleaned with Alconox before use  each day. The 
samples  were dispersed in the mixing chamber before analysis.  

Duplicate samples  were made up and analyzed fo r  the f i r s t  sand that was 
investigated (Powder River) ;  otherwise, only single samples  of each weight 
were used in  these tes t s .  Each sample  was analyzed at l ea s t  twice in  each 
of the tube s i ze s  suitable to  the sample. The repetitious use  of the samples  
provided consistency checks independent of the fal l -diameter  distribution and 
a l so  independent of any differences between samples.  

Generally flocculation was not a significant problem in  the analysis of the 
sands investigated, but there  were occasional analyses in which part ic les  fell 
a s  groups o r  conglomerates.  If samples  were allowed to  stand f o r  a long 
t ime in water,  the part ic les  would sometimes fall a s  groups of two o r  m o r e  
r a the r  than set t le  a s  single par t ic les .  St i r r ing up the sample, allowing the 



par t ic les  to  settle,  and decanting the supernatant liquid usually conditioned 
the sample sufficiently fo r  analysis,  especially if that p rocess  -were repeated. 
A few drops of a cliemical dispersing agent could be added i f  desired; but, 
except fo r  the oxidation of organic matter ,  chemicals were hot used in t hese  
t e s t s .  

Samples that contained objectionable quantities of organic ma t t e r  o r  that 
had been left  in  a moist condition f o r  s o  long that organic ma t t e r  had formed 
a binder, which washing did not remove, were t reated with a 6-percent solu- 
tion of hydrogen peroxide. One to  ten m l  of the peroxide was added; the a- 
mount depended on the est imate of organic mat te r  in  the sample. The sample  
was boiled gently on a hot plate and s t i r r e d  occasionally until the oxidation of 
organic mat te r  was complete. The sample  was washed three  t imes  by adding 
distilled water, s t i r r ing,  allowing to set t le ,  and decanting the supernatant 
liquid; then the sample was cooled to  room tempera ture  before analysis.  

The VA-tube method is adapted to  the analysis of sand s i ze s  only. The  
method of compounding the known samples  eliminated the problem of sepa- 
rat ing the sands f r o m  f iner  par t ic les ,  except for  the " ~ a ~ l o r s  Fal ls"  sand 
which was a surface wash sand that contained a l a rge  portion of organic ma-  
teria.1 and v e r y  fine s i l t s  and clays. The usual dry-sieving operation was used 
in  preparing the original s ieve fract ions of the Taylors  Fa l l s  sand, but i t  did 
not eliminate the v e r y  fine part ic les  that were  attached to  the sand part ic les .  
Those part ic les  with fal l  diameters  l e s s  than 44 microns were removed f r o m  
the sands by allowing the sample to set t le  through a water column. To obtain 
the final sieve analysis,  the d r y  weight of the fines removed was added to  that 
par t  of the sample shown by s ieve analysis  to  be f iner  than 49 microns.  

A special s e r i e s  of samples  of the Taylors  Fa l l s  sand was compounded s o  
that m o r e  than 50 percent of the sample was f iner  than 6 2  microns;  much of 
this  fine mater ial  was of clay s ize.  The s e r i e s  was used for  studying the r e -  
moval of fine mater ial  f rom the sample  p r io r  to  VA-tube analysis of the sand. 
Each sample was introduced a t  the top of a sedimentation tube and allowed to  
se t t le  for  the t ime  of fall of a 55-micron quartz sphere.  Then, the set t led 
par t ic les  were removed and analyzed in t he  VA tube. The resu l t s  of the a- 
nalyses were satisfactory; but, because the separation procedure had not 
eliminated the fine part ic les ,  the t ime required for  complete settl ing of the  
sample  in the VA tube was excessive. A second s imi l a r  separation by se t -  
tling in the sedimentation tube eliminated most  of the f iner  mater ia l  s o  that 
the remainder  could be analyzed rapidly and accurately.  

The  differences between the fall- diameter  distribution f rom the uncalibrated 
VA-tube analyses and the known fal l -diameter  distribution f o r  Powder River  
sand samples  a r e  shown in Figs.  1 7  and 18. The s a m e  VA-tube analyses were  
previously compared with s ieve-diameter  distribution in  Figs.  1 5  and 16.  The 
uncalibrated VA-tube resu l t s  did not check the fall-diameter distribution; 
therefore,  a calibration adjustment was necessary.  
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FIG. 17-FALL DIAMETER vs  UNCALIBRATED VISUAL-ACCUMULATION-TUBE ANALYSIS 

O F  COARSE DISTRIBUTION OF POWDER RIVER SAND 
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Size - microns 

$ finer-fall diem, 10.0 26.0 49.0 68.5 86.0 96.0 100.0 

FIG. 18-FALL DIAMETER v s  UNCALIBRATED VISUAL-ACCUM ULATION-TUBE ANALYSIS 

OF F I N E  DISTRIBUTION OF POWDER RIVER SAND 
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Because of cur ren ts  generated by the movement of par t ic les  o r  of water- 
sediment mixtures ,  the settling velocity of the part ic les  falling in m a s s  in  the 
VA tube is general ly  g rea t e r  than the s tandard fall  velocity of the part ic les .  
Percentagewise, the greatest  differences within the range of sand s i ze s  a r e  
for  the f iner  sediments.  Very  coa r se  sand pa r t i c l e s  fall  in  m a s s  in  the VA 
tube at velocities close to  the i r  standard fall  velocities. The settling velocity 
for  a given sedimcizt s e e m s  to  be fas tes t  a t  a r a the r  low concentration, lower 
than generally used fo r  VA-tube analyses.  As  concentrations increase  
throughout the range of VA-tube analyses,  the settl ing velocities tend t o  be- 
come progressively slower.  

The effects of concentration on the settling velocity of sediments in  water 
probably depend on part ic le  s i ze  and density, on tube dimensions, and to  a 
l e s s e r  extent on part ic le  shape and water temperature.  Present  theory and 
knowledge a r e  inadequate to  evaluate the relationships,  especially fo r  a s t ra t -  
ified sedimentation sys tem in which the sample  is introduced a t  the top of a 
sedimentation column. 

25. Calibration of charts--The calibration of the VA-tube method cor rec ts  
fo r  the effect of fluid cur ren ts  generated in the tube and a l so  co r r ec t s  for  
volume-weight relations.  Nearly 300 analyses  of samples  with predetermined 
fall-diameter distributions were available fo r  the calibration of the VA-tube 
method. The calibration is an  average based on the variety of sands, s i ze  
distributions, and known concentrations analyzed. Two char t s  were required 
for  the calibration, one fo r  the 120- c m  tubes and one f o r  the 180-cm tubes. 

Each analysis  produced a curve (Fig. 19A) of sediment accumulation with 
time. F o r  each analysis,  points represent ing the percentages of the known 
fall-diameter distribution fo r  selected division s i ze s  were marked on the 
curve. If 40 percent  of a calibration sample was f iner  than 125 microns,  the 
intersection of the curve with the 40-percent-finer l ine fixed the distance f rom 
the t ime origin f o r  the 125-micron size.  Consequently, fo r  the tempera ture  
of analysis, each analysis established a point f o r  each division s i ze  for  use  in 
calibrating the VA tube. Points f rom severa l  analyses  were t ransfer red  to a 
chart, Fig. 19B. A l ine i o  represent  a par t icular  division s i ze  and water 
temperature was drawn through each se t  of points. The distance of a division- 
s ize l ine f rom the t ime origin of the chart  was a measu re  of the t ime for  that 
division s i ze  of par t ic le  to  fall  in  the VA tube. 

Analyses a t  different tempera tures  provided information fo r  tempera ture  
adjustments. The analyses  did not define completely the effect of temperature 
on the t ime of fall  but indicated that the effect of changes in  tempera ture  was 
approximately proportional to the effect on the fall. velocities of quartz spheres .  
Because the relation f o r  quartz spheres  could not introduce much e r r o r  for  the 
relatively nar row range of tempera tures  in  the calibration, the effect of tem- 
perature changes on the fall  velocities of sediment par t ic les  was assumed to 
be the same  a s  that f o r  quartz spheres .  



T O T A L  ACCUMULATION 

S IZE  DISTRIBUTION 

ACCUMULATI 
NOTE: 

Data simplified for  
c learer  presentation 

1 ZERO ACCUMULAT JON \ 

A--CALIBRATION POINTS FROM A SINGLE ANALYSIS 

microns) I+/ 

8-- CALiBRATIBN POINTS FROM SEVERAL ANALYSES AT 25" C 

FI G. 19 - FUNDAMENTALS OF CALIBRATION METHOD 
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The calibration charts  show nearly vertical size-temperature lines, al- 
though the  uncalibrated charts  of Figs. 3 and 4 showed a reduction in t ime of 
fall a s  the accumulation of sediment increased and the fall distance became 
less. Consequently, fo r  a division s ize  the correction to  t ime of fall differs 
with height of accumulation. The difference was caused by the retarding effect 
of the grea ter  concentrations of material in the samples with the l a rge r  accu- 
mulations of sediment. 

The final calibrated charts for  the VA-tube analysis of sands a r e  shown in 
Fig. 20. The chart of Fig. 20A is for  a tube length of 120 cm and collecting 
tubes of 2.1- to 7.  0-mm inside diameter. The chart of Fig. 20B is for  a tube 
length of 180 cm and a collecting tube of 9- o r  10-mm inside diameter. The 
fall distances from the pinch clamp to the stopper in the bottom of the tube 
(see  Fig. 2)--the minimum fall distances for  sands-- were 125 (123 cm in 
original design) and 185 cm, respectively, at the s tar t  of sedimentation. 
These calibrations were based on these samples that were analyzed within 
acceptable limits of particle s ize and concentration. The final charts were 
smoothed for  continuity of adjustment and equalizing of e r r o r s .  

Some of the analyses showed reduced accuracy because of the la rge  quan- 
tit ies of material analyzed o r  because of high concentrations of certain sizes 
of particles. Such analyses were not used directly in the chart calibration. 
Ilowever, they helped establish the upper l imits  of sample quantity and par- 
ticle s ize  that could be analyzed satisfactorily in the respective s izes  of VA 
tubes. These upper l imits  a r e  necessary because the fall of the sample was 
retarded by excesses in either particle s ize  o r  quantity o r  by any combination 
of the two that was excessive. 

The smallest particle s ize  analyzed was 62 microns. The presence of 
some coarse silt in the sample did not destroy the accuracy of analysis but 
made the analysis take longer. The smallest quantity of material  in test sam- 
ples was 0.1 gm, and this weight was run only in the 2.0-rnm tube. The 
minimum quantities of sample for  other s izes  of tube were based on the least  
height of accumulation that permitted reasonably accurate analyses. The top 
of the accumulation was more  difficult to  follow accurately in the l a rge r  tubes, 
and a grea ter  minimum height of accilmulation was desirable. 

A study of the analyses of test  samples indicated approximate limits on the 
particle s izes  and quantities of sample that could be analyzed accurately in the 
various s izes  of sedimentation tubes. (See Table 8. ) 

Sedimentation-tube s izes  in Table 8 differ f rom some that were used in the 
~ n a l y s e s .  The tube s izes  shown a r e  the ones finally accepted a s  standard. 
The maximum particle s izes  a r e  those that should not be exceeded by a signif- 
icant percentage of the sample. The percentage of excess could be grea ter  if 
the sample were small in relation to  the capacity of the tube o r  i f  the analysis 
of the coa r se r  part  were not highly important. Generally the best results  were 
obtained i f  the total height of accumulation in the bottom of the tube was between 
1 and 4 in . ,  but a reduction in this maximum height was desirable for  a sample 
of very limited size range o r  of predominantly coarse material.  
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A. FOR 120-CM TUBES 

8.  FOR 1 8 0  - C M  TUBES 

F I G . 2 0  - CALIBRATED CHARTS FOR ANALYSES OF SANDS 
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TABLE 8 

GUIDE TO SELECTION OF CORRECT VA-TUBE S I Z E  

Sample 
Maximum 

p a r t i c l e  si.ze 
Sedimentation 

tube 
I 

Length Diameter 
cm I 

V. ACCURACY OF ANALYSES OF SAND SAMPLES 

26. Records of VA-tube analyses--The r eco rde r  pen t r aces  a continuous 
curve of accumulation of sediment with t ime. The ordinate is the height of 
sediment settled on the bottom of the tube. The absc issa  is t ime of sett1i:lg; 
1 min is equal to  2 .020  in. chart  distance on standard recorders .  Accumu- 
lation curves  f o r  different types of sediment samples  a r e  qhown on Fig. 21. 

Accumulation curve A of Fig. 2 1  shows a total accumulation of sufficient 
height f o r  accura te  reading of percentages but not excessively high with r e -  
gard to  concentration, The curve represents  a uniform distribution and 
has intercepts  cutting the s i ze  l ines  a t  angles that make percentages ea sy  to 
read. Ten percent of the total sample  is f iner  than 62 microns. The analysis 
took longer than i t  would have if the fines had not been present.  

Accumulation curve B has  the s a m e  character is t ics  a s  A except that the 
total height of accumulation is only about 314 in. Inherent e r r o r s  in the r e -  
cording of the accumulation and in reading percentages a r e  likely to  become 
significant at  such a low total height. However, this  height record  is sat is-  
factory f o r  the 2. 0- o r  2.1-mm tube. 

Accumulation curve C is s imi l a r  to  curves A and B except that the total  
height of accumulation is a maximum. The resu l t s  f rom curve C a r e  sa t i s -  
factory only because the distribution in the sample is uniform and because the 
concentration of mater ial  i s  not high at any of the division s izes .  Even fo r  a 
uniform distribution, the total height of accumulation of curve A would be 
more  desirable .  
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120-crn tubes 

Sample 

Tube 

Date 

Chart dated; Jum, 7-4, 1953 

Chart a p e d :  2.020 in./min. 

Fall diameter in microns 

ANALYSIS  A -  Powder River sand, f i n e  d i s t r i b u t i o n ,  Sample N o .  7 ,  5 .0  mm t u b e ,  26O C 
B - Powder River sand, f i n e  d is t r ibu t ion  , Sample N o .  1 , 2 . 0  mm t u b e ,  2 5 "  C 
C- Powder Rlver sand,  f i n e  d i s t r i b u t i o n ,  Sample N o .  9 ,  5.0 m m  t u b e ,  22- C 
D-  Cheyenne River sand, Sample No.4 ,  7 . 0  mm tube ,  2 E ° C  
E- Republicon River sand ,  f i n e  d i s t r i b u t i o n ,  Sampie No .  2 ,  2.0 mm tube, 25OC 

F I G. 2 1 - CURVES OF V I SUAL-ACCUMULATION -TUBE ANALYSES 
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Curve D shows a desirable  maximum accumulation fo r  a sample that has  a 
distribution concentrated in a l imited medium and coa r se  sand s ize  range. If 
the total height of accumulation had been grea te r ,  the 500-micron l ines  would 
not, without extension, intersect  the curve. The division- s ize  l ines  a r e  al- 
ready drawn to  the safe maximum height. If the total height of accumulation 
at the 500-micron l ine had been greater ,  the r a t e  of accumulation would have 
been excessive. A rapid r a t e  of accumulation is difficult to  t rack,  and i t  
indicates that par t ic le  settling may be adversely affected by an excessive con- 
centration in  the accumulation section. Because the sample was concentrated 
in the coa r se r  s izes ,  great  c a r e  was required in  setting the pen to  the zero- 
t ime line of the chart .  

Curve E shows that 32.0 percent of the sample  was sil t .  The presence  of 
the sil t  did not destroy the accuracy of analysis.  Because the sil t  se t t les  at a 
slow rate ,  the analysis required 30 min f o r  reasonable accuracy and 60 min 
were actually taken f o r  these test  samples.  

Table b i s  the p r imary  guide to  the relation of tube s i ze  and sample. The 
type of sediment-accumulation curve indicates what is important to consider 
in  determining the best  tube s i ze  for  a given sample. These a r e  general cr i -  
t e r ia  fo r  guidance; departures  f rom the best conditions normally make only 
nominal differences in  analyses.  

27. Basic  sands analyzed- - Test  samples  were compounded f rom five basic  
sands that had different s i ze  distributions. 

The "powder River sand" was taken f rom the s t r e a m  bed of the Powder 
River a t  Sussex, Wyoming, Mar. 1, 1951. 

The "Republican River sand" was taken f rom the s t r eam bed of the Repub- 
lican River a t  Stratton, Nebraska, Apr. 3, 1951. 

The "Cheyenne River sand" was taken f r o m  the s t r e a m  bed of the Cheyenne 
River near  Hot Springs, South Dakota, Mar. 9, 1951. 

The "Taylors  F a l l s  sand" was surface wash mater ia l  composed of nredium 
and fine sands and a high percentage of s i l t  and clay. The mater ial  was not 
a s  well sor ted and washed a s  sands found in main s t r eam channels. The sand 
was obtained near  Taylors  Fa l l s ,  Minnesota, on Aug. 11, 1952. 

The "special sand" was chosen fo r  i t s  coa r se  s i ze  distribution. The sand 
was f rom a bulk supply that was reportedly f rom the banks o r  bed of the 
Missouri River nea r  Garrison, North Dakota. 

Figs .  2 2  to  26 show the specific gravities determined for  various s ieve 
fractions of each sand and a l so  show the volume-weight relations for  several  
sieve fractions of each sand. Volume weights a r e  shown a s  heights of accu- 
mulation of given weights of the s ieve fract ions of the sands. The volume- 
weight changes f rom tube s ize  t o  tube s i ze  o r  f rom sand to  sand a r e  not 
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Sieve size-microns 62.5 88 125 175 250 350 500 1000 

Specific gravity 2.69 , , 2.70 , I 2 . 7 2  , , 2.69 , 
( by sieve fractions 

I i 

FIG. 22 - VOLUME - WEIGHT RELATIONS FOR POWDER RIVER SAND 
( Voriotion of height of accurnuiotlon with sieve size ) 
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Size - mic rons  

40 60 8 0  100 150 200 300 400 500 600 700 800 1000 

10.8 10.8 

10.4 10.4 

10.0 10.0 

9.6 9.6 

9.2 9.2 

8.8 8.8 

8.4 8.4 

8.0 8.0 

7.6 7.6 

3.2-MM TUBE 
7.2 7.2 

6.8 6.8 

6.4 6.4 

6.0 6 .0  

5.6 5.6 

Sieve size-microns 62.5 125 175 250  3 5 0  5 0 0  7 0  0 1000 

Specific gravity 2.71 , 2 . 66  , 2.62 , 2 . 6 4  , 2 .62  , 2 .63 , 2.63 , 2.63 
by sieve fractions) 

FIG. 2 3  - VOLUME - WEIGHT RELATIONS FOR REPUBLICAN RIVER SAND 
( Variat ion o f  height o f  accumulation with sieve size ) 
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S i z e -  m i c r o n s  

S i e v e  size-microns 62.5 8 8  125 195 250 350 500 70 0 1000 
Specif ic  grav i ty  2.7 3 2.64 , 2.61 , 2.68 , 2.69 , 2.66 , 2.65 

( by sieve f rac t ions  ) ' 

FIG. 24 - VOLUME- WEIGHT RELATIONS FOR CHEYENNE RIVER SAND 
( Variot ion of  height o f  accumuiation with sieve s ize  ) 
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Size  - microns 

4'4 
I 

62.5 68 175 250 350 500 700 1000 
Sieve  s ize  - microns 

I 2.69, 2.70 , 2.69 , 2.67 , 2.64 , 
Specif ic grav i ty  ( by sieve f roct lons  

FIG. 25  - VOLUME-WEIGHT RELATIONS FOR TAYLORS FALLS SAND 
( Voriot ion o f  height o f  occurnulation with sieve size ) 



Size - m i c r o n s  

FIG. 2 6  - VOLUME - WEIGHT RELAT IONS FOR SPECIAL SAND 

( V a r i a t i o n  o f  he igh t  o f  a c c u m u l a t i o n  w i t h  s ieve  s i ze  ) 



significant to the analyses.  Only the changes in  height of accumulation f rom 
sieve fraction to  s ieve fraction of a given sand a r e  significant. 

The differences in percentages by volumes and by weights may be  computed 
for  a ~ i v e n  s i ze  distribution from the variation of height of accumulation with 
size.  Table 3 showed the computations fo r  a glass-bead sample and demon- 
s t rated the relative magnitude of the volume-weight effects. However, volume- 
wei2llt effects  a s  well a s  many others  a r e  covered by the calibration of the VA- 
tube method. 

Figs.  2'1 to 31 show microphotographs of representat ive part ic les  f rom four 
sieve fract ions of each sand and indicate the general  shape and roughness 
character is t ics  of the particles.  (The samples  were photographed by the 
Missouri River  Division Laboratory, Corps of Engineers,  Omaha, Nebraska.) 
Shape fac tors  were not determined fo r  this  study because the p r imary  interest  
was in fall velocity, which could be direct ly  determined f a r  m o r e  easily and 
accurately than the srlape factor could be determined. 

2 b .  Size distributions of tes t  samples--The known fall-diameter dis- 
tributions fo r  the tes t  samples  of naturally worn sands a r e  shown in Figs.  
32 to 3C and Table 1 2 .  The natural s ize  distributions for  each sand were al- 
ways used and artificial  distributions were sometimes used. Distributions 
a r e  designated a s  fine, medium, o r  coarse,  but the t e r m s  have only a com- 
parative meaning within an individual i l lustration and do not imply standard 
s ize classifications of sands. 

The natural s ieve-size distribution of each sand is identified. The curves 
a r e  normally smooth for  natural size-frequency distributions. Some curves 
for  artificial  s i ze  distributions were i r r egu la r  because the s i ze  distribution 
within each s ieve fraction was the same  a s  the natural distribution, whereas 
the sieve fract ions were not proportioned a s  in  the natural sand. The sharpest  
i r regular i t ies  in  the curves occurred at the actual s i ze  at  which a sieve divided 
F o r  example, in  Fig. 32  the fine distribution breaks  at  121 microns, which 
was the dividing s i ze  for  the nominal 125-micron sieve. 

The known fall-diameter distribution shown fo r  each s ieve distribution was 
based on the plotted points, each of which was computed f rom fall-velocity 
data on at l eas t  100 part ic les .  (See Tables 4 to  7 .  ) The fall-diameter dis- 
tributions were based on fundamental computations of basic  data that were 
entirely independent of the VA-tube.analysis. 

In general,  for  sand part ic les  with specific gravities of about 2. 65,  the fall  
diameter of naturally worn sediments is g rea t e r  than the s ieve diameter  for  
the smal le r  sand s izes ,  equals the sieve diameter  at  some intermediate s izes ,  
and is l e s s  than the sieve diameter  at the coa r se r  sand s izes .  Because the 
openings of most s ieves a r e  square,  an i r r egu la r  par t ic le  with a nominal dia- 
me te r  perhaps 10 percent g rea t e r  than the s ieve diameter  will pass  through 
a sieve. F o r  smal l  sand part ic les  (which fall  at  low Reynolds numbers) the 
effect of the 1 0 - p e r c e ~ t  l a r z e r  s ize  in accelerat ing the fall velocity is much 
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500 - 700 -- NOMINAL SIEVE SIZES, MICRONS -- 250 - 350 
II X MAGNIFICATION 24 X 

125 - 175 -- NOMINAL SIEVE SIZES, MICRONS -- 62 - 88 
45 X MAGNIFICATION 45 X 

FIG.  27-REPRESENTATIVE PARTICLES FROM FOUR SIEVE 

FRACTIONS OF POWDER RIVER SAND 
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580 - 700 -- NOMINAL SlEVE SIZES, MICRONS -- 250 - 350 

I I  X MAGNIFICATION 24 X 

125 - 175 -- NOMINAL SIEVE SIZES, MICRONS -- 62 - 88 

45 X MAGNlFlCATlON 45 X 

FIG. 28-REPRESENTATIVE: PARTICLES FROM FOUR SIEVE 

FRACTIONS O F  REPUBLICAN RIVER SAND 
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500 - 700 -- NOMINAL SIEVE SIZES, MICRONS -- 250 - 350 

II X MAGNIFICATION 24 X 

125 - 175 -- NOMINAL SIEVE SIZES, MICRQNS -- 62 - 88 

45 X MAGNlFICATION 45 X 

FIG. 29 -REPRESENTATIVE PARTICLES FROM FOUR SlEV 

FRACTIONS O F  CHEYENNE RIVER SAND 



250- 350 -- NOMINAL SIEVE SIZES, MICRONS -- 125 - 175 

24 X MAGNIFICATION 45 X 

62 - 88 -- NOMI.NAL SIEVE SIZES, MICRONS -- 44 - 62 

45 X MAGNIFICATION 100 X 

'IG. 3 0  -REPRESENTATIVE PARTICLES FROM FOUR S lEVE 

FRACTIONS OF TAYLORS FALLS SAND 
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1000- 1400 -- NOMINAL SIEVE SIZES, MICRONS -- 500 - 700 

II X MAGNIFICATION II X 

250 - 350 -- NOMINAL SIEVE SIZES, MICRONS -- 125 - 175 

24 X MAGNIFICATION 45 X 

FIG. 3 1--REPRESENTATIVE PARTICLES FROM FOUR SIEVE 

FRACTIONS OF SPECIAL SAND 
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FIG.32 - S I Z E  DISTRIBUTIONS OF  POWDER R I V E R  SAND 
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Size-microns 

FIG.33-SIZE DISTRIBUTIONS OF REPUBLICAN RIVER SAND 
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F I G . 3 4  ---SIZE D I S T R I B U T I O N S  OF CHEYENNE RIVER 
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Size - microns 

80 100 150 200 300 500 70 0 1000 1500 2000 

FIG.35  - S I Z E  D I S T R I B U T I O N S  OF SPECIAL SAND 
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FIG. 36 - SIZE DISTRIBUTIONS OF COMBINATIONS OF SANDS 



m o r e  significant lthanthe retarding effect of shape and roughness; consequently, 
the fall d iameter  is grea te r  than the s ieve diameter .  At l a r g e r  sand s izes  
shape and roughness have a relatively g rea t e r  retarding effect on the fall  ve- 
locity, and the slowing effect becomes paramount. 

The average fall-diameter distributions f rom VA-tube analyses a r e  plotted 
for  each of the division s izes  l is ted along the bottom of the figure. The points 
a r e  identified by triangles,  but the points were not connected t o  fo rm a sepa- 
ra te  curve. The average analysis data were based on all analyses within the 
acceptable ranges of quantity of sample and part ic le  size.  (See Table 12 . )  
Samples omitted f rom the averages and f r o m  future discussion of accuracy  
a r e  indicated in  the table by an  as te r i sk .  

29. Accuracy of analysis of individual sand samples--The accuracy fo r  a- 
bout a quar te r  of the available analyses with the VA tube is shown in Figs.  37- 
41. Analyses were selected t o  cover a s  wide a range of sands, s i ze  distribu- 
tions, and s i ze s  of VA tube a s  possible. ~ h &  f i r s t  th ree  analyses of a sample 
were plotted whenever there were that many. Data fo r  Figs .  37 to  40 were 
f rom analyses in VA tubes 120 c m  long. 

The upper two groups of curveson  each f igure show the accuracy of analy- 
s i s  based on the deviations of the cumulative percentage-finer data f o r  the 
analysis f rom the known fall-diameter distribution for  the individual par t ic le  
drops. That is, i f  the fal l -diameter  distribution showed 69 percent f iner  than 
500 microns  and the analysis showed 92. 5 percent f iner ,  this plotting would 
show + 3 .  5 percent  a t  500 microns.  Such deviations may  be readily obtained 
f rom Table 12 and a r e  plotted to indicate the e r r o r s  at  division s i ze s  of per-  
centage f iner  o r  coa r se r  curves.  

To some extent the magnitude of deviations in cumulative percentage-finer 
curves increased a s  the r e l a t i ~ e  quantities of mater ia l  at  a given division s i ze  
increased. P a r t  of the cause may be inherent in the difficulty of reading per-  
centages f iner  accurately f rom steep accumulation curves such a s  curve D of 
Fig. 21, but par t  i s  undoubtedly the resul t  of smal l  e r r o r s  in the analytical 
determination of fall  velocity. If the curve is steep, a smal l  e r r o r  in  fall 
velocity resu l t s  in a relatively l a rge  e r r o r  in  percentage finer.  

The accuracy  of analyses in  the upper two groups of curves of Figs .  3'1 to  
39 is consistently within 5 percent of the total sample. Fig. 40 shows ra ther  
high deviations at  the 88-micron s i ze  especially fo r  the 3 .  4-mm tube, but 
three-fourths of the sample analyzed in the VA tube was in  the s i ze  range 62.5 
to 125 microns.  Fig.  41 also shows some deviations around 5 percent,  but 
these a r e  fo r  distributions with high concentrations of mater ial  at  the division 
s izes  at  which the relatively l a rge  deviations occur.  

The lower two groups of curves on each of Figs.  37 to  41 show the accura- 
cy  of the VA-tube analyses in t e r m s  of e r r o r s  in fall  velocities a t  each divi- 
sion s ize.  The derivation of the data may be  i l lustrated with curve A of Fig. 
21:  At a fall diameter  of 88 microns the percentage f iner  should have been 
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Size  - microns 

Size- microns 62.5 88 125 175 250 350 500 700 1000 
% finer-fall d iom.  1.0 3.8 11.6 25.4 48.5 71.2 89.0 98.2 100.0 

FIG. 37 - ACCURACY OF INDIVIDUAL SIZE ANALYSIS 

POWDER RIVER SAND - COARSE DISTRIBUPI ON 
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S l t e  - mlcrons 82.5 8 8 125 I75 250 350 500 700 1000 

% flner-fall dlom. 33.0 46.6 60.4 91.0 82.0 89.0 94.8 98.5 100.0 

F I G .  38 - ACCURACY OF INDIVIDUAL SIZE ANALYSIS 

REPUBLICAN RIVER SAND - F l  NE BlSTRlBldTlON 
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Slze - mlcronr 62.5 88 125 175 250 3 50 400 700 1000 
% finer- fall dlarn. 0.8 1.9 3.8 7.2 18.4 40.0 70.2 94.4 108.8 

F I  G.39 -ACCURACY OF INDIVIDUAL SIZE ANALYSIS 

CHEYENNE RIVER SAND 
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Size  - microns 

Size- rnbcrons 62.5 88 125 250 350 500 700 lob0 14'00 2000 

finer- fa l l  diom. Special sand-coarse distribution - 0 . 0  5.5 
{;O---l; 2 8 . 2  38.2 4 9 . 6  6 1 . 0  

26.0 65.6 9 6 2  100.0 
72.6 8 4 . 0  9 4 . 2  99.4 100.0 

FIG. 4 1 - ACCURACY OF INDIVIDUAL SIZE ANALYSIS 

TUBES 180 CM LONG 



25 percent.  At 25. g°C, which was the tempera ture  of analysis,  the 88-micron 
division-size l ine was 4. 22 in,  f rom the t ime origin. The 26-percent-finer 
point on curve A occurs  at  a distance of 4. Ob in. f rom the t ime origin. Be- 
cause the distances a l so  represent  t ime of fall, the rat io  of the velocity f rom 
the analysis to  the t rue  velocity is 4. 2214. 08 o r  1. 034. That i s ,  the analysis 
showed a fall  velocity that was 3.4 percent too high. 

The e r r o r s  in velocity shown in the f igures  were taken direct ly  f rom the 
analytical curves drawn by the VA-tube recorder .  Approximately the s a m e  
resu l t s  could be obtained by plotting an analysis  f rom Table 12 a s  a smooth 
curve on one of the calibrated charts  and proceeding a s  indicated above. 

In general,  the fall velocities were determined within 10 percent  a s  com- 
pared to  fall- diameter  deviations of 5 percent  in  percentage-finer curves.  
The l a rges t  e r r o r s  a r e  those at  62.5 microns  in  Fig. 39. These e r r o r s  re -  
sult f rom the difficulty of tracking, recording, and interpreting analyses  
c loser  than 1 percent of the total sample. These l a rge  velocity e r r o r s  apply 
only to  v e r y  smal l  portions of the total sample. In Figs.  37 and 38 e r r o r s  
around 10 percent a r e  associated with s i ze s  of 700, 500, and t o  some  extent 
350 microns  in  the 3.2-mm tube. These fall  d iameters  a r e  l a r g e r  than rec-  
ommended for  analysis i n  that s i ze  of tube. A somewhat s imi l a r  condition is 
found a t  700 microns  in Fig. 39. Although the 700-micron s i ze  was not of it- 
self too l a rge  fo r  analysis in the 7- and 9-mm tubes, the combination of the 
s ize  and high concentration was undesirable for  the 9-mm tube and was ex- 
cessive fo r  the 7-mm tube. 

A study of the velocity e r r o r s  indicated that if the desira,ble l imi t s  of 
par t ic le  s i ze  and concentration a r e  respected, velocities determined with the 
VA tube will seldom be more  than 10 percent in  e r r o r  at  any point in  the anal- 
ysis  where an appreciable quantity of the total  sample  is involved. 

30. General accuracy of a l l  analyses--Table 9 presents  a summary  of the 
accuracy of the VA-tube analyses of sand samples .  The e r r o r s  a r e  the alge- 
bra ic  differences between the known fall-diameter distribution and the dis t r i -  
bution by analysis.  These e r r o r s  may be obtained direct ly  f rom Table 12 in  
the appendix. The e r r o r s  did not exceed 2 percent fo r  over  three-fourths of 
all analyses,  3 percent for  nine-tenths of a l l  analyses,  and 5 percent f.or 
practically 99 percent of the analyses.  

Analyses in the various s i ze s  of tube were about equally accurate  except 
for  the g rea t e r  deviations in tubes having a 2. 0-mm accumulation section. 
The g rea t e r  deviations probably reflected difficulties in  compounding duplicate 
samples  and in analyzing the small  quantities of the samples  fo r  this  small  
tube. 

The accuracy differed somewhat for  the various s i ze  distributions. The 
very  coa r se  sands contained only a small  range of s izes  and, consequently, 
had high concentrations of mater ial  a t  some of tile division s izes ;  the devia- 
tions were g rea t e r  for  thesz sands. Any smal l  difference in  chart  t ime, fall 
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TABLE 9 

ACCURACY OF ANALYSES 

observations 

811 observat io  

Predominant 

Do------------------ 
Do- - - - -- - - - - - - -- - -- - 
Do- -- - - - - -- - -- -- - - - - 

Medium sand--- --- ----- -- 
Do- - - - - - - - - - - - - - - - - - 

Fine sand ---- ------- ---- 
Do- - -- - - - - -- - - - - - - - - 

. Very f i n e  sand---------- 
Do------------------ 

-- 
b Experimental tube not  used f o r  rout ine  analyses,  



velocity, o r  calibration produced much g rea t e r  deviations in  percentage of the 
total sample i f  the concentration of par t ic les  was high a t  a division s ize.  

Variations in accuracy  a t  the different fall  diameters  were probably not 
significant except that the high concentrations of mater ial  at  the 1000-micron 
s i ze  resulted in g rea t e r  deviations. Only a few samples  had high concentra- 
tions a t  other division s izes .  Analyses at  the 62-micron s i ze  tended to  be 
a c c ~ r a t e  because in  many samples  the concentration at this  s i z e  was ra ther  
low. 

Occasionally there  may  be  samples  that depart  f rom the probabili ty of 
accuracy of Table 9. The effect of specific gravities much different f rom 
2. ~5 nas not been evaluated, except that samples  containing s o m e  relatively 
l i~ i l t~ve igh t  mater ial  showed no identifiable reduction in  accuracy. Several 
samples  composed of one o r  two sieve fract ions have been analyzed, but no 
. ,enera1 evaluation of accuracy has  been made fo r  these samples .  Analysis of 
u 

a sin.-;le s ieve fraction is undesirable because of high and rapidly changing 
coi:cer,trations. 

'<I. VISUAL-ACCUMULATION-TUBE METHOD FOR ROUTINE 
ANALYSES OF SANDS 

31. General--Tne experimental apparatus and procedure f o r  testing the 
VA- tube method were described in Sections 8- 11. Because the method showed 
definite promise, the apparatus  was redesigned fo r  commercial  manufacture 
and i.outi;?e laboratory use, and the procedures  and operating techniques were 
alt2rcd coi-rzsporidingly. Added experience should indicate modifications and 
refinelnents that would improve the method. However, the VA-tube apparatus 
and pl-ocedui-e described h e r e  have been used by several  l abora tor ies  f o r  a 
total of tnousands of analyses.  

32.  Apparatus-- Tne apparatus for  the VA-tube method of analysis  consists 
of the fol lowii l~ main pa r t s  a s  shown in Fig.  42: 

1. A glass funnel, about 25 cm lonz. A reference mark on the s tem of the funnel 
indicates the proper height for  the water column prior  to analysis. 

2.  A rubber tube, which connects the funnel and the main sedimentation tube and 
which together with a special clamping mechanism serves  a s  a valve. (Details of the 
mechanism for  clamping the rubber tube together a r e  shown in Fig. 43. ) 

3. A glass sedimentation tube. Tubes a r e  of two lengths. A 160-cm tube has a 140- 
cm section of 50-mm inside diameter, a 20-cm contracting section, and a 20-cm accu- 
mulation section of 10-mm inside diameter. This long tube i s  used for  the analysis of 
bed, beach, o r  other sands of coarse s izes when a sufficient quantity of the material  i s  
available. A 120-cm tube has an 60-cm section of 25-mm inside diameter; a 20-cm 
contracting section; and a 20-cm accumulation section with an inside diameter  of 2 . 1 ,  
3. 4, 5. 0, o r  7 .  0 mm. The short tube i s  suitable for  the analysis of samples that contain 
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only small  quantities of sand mostly l e s s  than 1 m m  in sieve diameter .  An elast ic  plug 
is inserted in the bottom of the accumulation section. 

4. An electrically operated tapping mechanism, which s t r ikes  against the glass  tube 
and helps keep the accumulation of sediment uniformly packed and level on top. 

5. A special VA-tube recorder ,  which consists of: (1) A carr iage,  which can be  
moved vert ical ly by a hand-operated mechanism and on which a r e  mounted a recording 
pen and an optical instrument consisting of a two-power telescope eyepiece with a hori- 
zontal c ros s  hair .  ( 2 )  A cylinder, which ca r r i e s  a chart and rotates  at a constant r a t e  
during the analysis.  

6. The recorder  chart,  which i s  a printed form incorporating the fall-diameter cali- 
bration. The recorder  pen draws a continuous curve of sediment accumulation on the 
chart.  

Plans and specifications a r e  available fo r  a l l  i t ems  of the VA-tube equip- 
ment. The cost of the complete VA-tube apparatus is about $500, o r  approx- 
imately that of a s e t  of s ieves  and s ieve shaker.  

3 3 .  Samples suitable f o r  analysis--Samples whose part ic les  a r e  mainly 
in  the range of sand s i ze s  a r e  suitable fo r  analysis in the VA tube. The weight 
of the samples  may  be a s  smal l  a s  0.05 gm fo r  fine sands and a s  l a rge  a s  15 
gm fo r  samples  with a normal  s i ze  distribution. If many coa r se  part ic les ,  
l a r g e r  than a sieve diameter  of 1 o r  2 mm, a r e  present  in  a sample, they a r e  
removed by sieving. If any clay o r  much s i l t  ( s izes  under 62  microns)  is con- 
tained in  a sample, i t  is removed before analysis. Some coa r se  s i l t  does not 
affect the accuracy  of resul ts ,  but appreciable quantities of s i l t  requi re  addi- 
tional t ime fo r  making the analysis.  The clay and s i l t  f ract ions should be 
separated f r o m  the sand by sieving o r  by sedimentation processes ,  but the 
division need not be  at  a p rec i se  s ize.  

The calibration of the VA-tube method has  been made with sand part ic les;  
that is, the grains  were of i r r egu la r  shape and the specific gravi ty f o r  each 
sample was about 2. 65 even though many part ic les  of higher and lower speci- 
f i c  gravities were sometimes included. F o r  special par t ic le  shapes, o r  
samples  with specific gravi t ies  much different f rom 2.65, accura te  analyses 
might requi re  a special calibration. 

34. Prepara t ion  of samples  fo r  analysis--Because most  samples  t o  b e  
analyzed by the VA-tube method originally contain clays and s i l ts ,  the sepa- - 

ration of sand s izes  f rom the f iner  mater ial  p r io r  to analysis is a basic  
problem. The m o r e  thoroughly the clays and s i l t s  a r e  removed f rom the 
sample, the s impler  and f a s t e r  the VA-tube analysis will  be. Present  meth- 
ods of removing the clays and s i l t s  a r e  not entirely satisfactory, and fur ther  
investigation of the problem should be made with a view toward reducing the 
total t ime of analysis.  

Two wet-sieving processes  may  be used to  separa te  the sands f rom the 
f iner  s izes .  If separation is made with a 62.  5-micron sieve, some  part ic les  
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with fall  diameters  l a r g e r  than 62. 5 microns  will pass  the sieve; but, par t ly  
because of incomplete sieving, many par t ic les  with fall  d iameters  much small-  
e r  than that s i ze  will be retained on the sieve. An accurate  sedimentation 
analysis requi res  that the sil t  ( f a l l  d iameters  sma l l e r  than 62.  5 microns)  re-  
tai1:ed by the s ieve should be identified and a l so  the sand (fall d iameters  
c o a r s e r  than 62.  5 microns)  must  be identified in  the fraction passed by the 
sieve. If separation is made igith a 50-micron sieve, v e r y  l i t t le  sand will be  
passed and an accura te  sedimentation analysis  can be  made by combining a 
sedimentation analysis of the clay and s i l t  i n  the passed fra,ction with the VA- 
tube analysis of the retained fraction. However, the sma l l e r  the opening of 
the sieve, the m o r e  t ime consuming and difficult i s  the sieving process .  

By another process ,  initial separation of sands f rom s i l t s  and clays may 
be made with a sedimentation tube. The sample  may  be introduced a t  the top 
of a tube and allowed to  set t le  for  the t ime interval that will permit ,  for  the 
given water tempera ture  and distance of fall, a l l  the part ic les  with sedimen- 
tation d iameters  g rea t e r  than 52. 5 microns t o  set t le  to  the bottom of the col- 
umn. The pa r t  of the sample settled may  be analyzed in the VA tube, and the 
part  not sett led may  be analyzed by any method suitable fo r  s i l t s  and clays. 
This type of separat ion allows accurate  analyses,  but the t ime fo r  analysis in  
the VA tube may  be undesirablylong because some  fine mater ia l  maybe  present .  

Sand part ic les  should be  thoroughly soaked in  water before analysis s o  that 
every  part ic le  i s  completely wetted; they should be contained in  not m o r e  than 
40 rnl of water at  a tempera ture  no lower than that of the water in  the VA tube. 
Samples fo r  analysis  should be relatively f r e e  of organic mat te r  and in such 
condition that the gra ins  will fall a s  individual par t ic les  and not a s  aggregates.  

If the organic mat te r  in a sample i s  of sufficient volume t o  decrease  the 
accuracy of analysis,  i t  will be visible in  the sample and v e r y  obvious a s  the 
sample se t t les  in  the VA tube. Also, during a VA-tube analysis,  the presence  
of aggregates i s  noticeable through the eyepiece, and a competent operator  
will rea l ize  the analysis  is erroneous. 

Whether par t ic les  will fall individually may  be determined in a beaker  
p r io r  to  analysis by s t i r r ing  tile immersed  sample  in  a rapid c i rcu lar  motion 
fo r  a few moments and then allowing the part ic les  to  set t le  and accumulate a t  
the center  of the bottom of the container. If there  is only a slight tendency to  
fo rm aggregates,  a few repetitions of a washing process-  -adding distilled wa- 
t e r  t o  the sample, s t i r r ing ,  allowing to  settle,  and decanting the supernatant 
liquid--will general ly  improve the settling character is t ics .  

Organic mat te r ,  which may  be objectionable because of i t s  volume o r  be- 
cause i t  f o rms  a binding agent fo r  floccules, may  be  oxidized by the following 
procedure: A 6-percent solution of hydrogen peroxide is added to  the sample 
that is contained in  about 40 ml  qf water. About 5 ml  of the solution is added 
for  each g r a m  of d r y  sample. The mixture i s  s t i r r e d  thoroughly and covered. 
If the oxidation is slow, o r  a f te r  it has  slowed, the mixture is heated to  a- 
round 200°F and allowed to  remain at that t empera ture  with occasional s t i r r ing,  
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and possibly the addition of m o r e  hydrogen peroxide, until the oxidation ap- 
pears  complete. Then two o r  th ree  repetit ions of the washing process  of the 
preceding paragraph adequately p repa res  the sample fo r  analysis except that 
additional cooling may  be  desirable.  

The water i n  the VA tube slzould be  changed frequently if contamination 
f rom repeated analyses of t reated samples  is to  be  avoided. The contamina- 
tion does not s e e m  to a l t e r  the accuracy  of the analyses; but i f  the sample is 
dried and weighed af te r  analysis,  the weight may  be changed. 

35. Selection of tube size--A necessary  prel iminary to  analysis is the 
choice of the proper  tube s i ze  fo r  a given sample. Frequently, two s izes  o r  
more  would be satisfactory. The quantity of sand and the upper par t ic le-s ize 
limit in a sample  a r e  used a s  guides i n  selecting the tube s ize.  Table 8 indi- 
cates the s i ze  of tube f o r  l imits  of sand samples .  If the pertinent character-  
is t ics  of samples  a r e  not known f rom previous experience with the sampled 
s t ream, the sample to be analyzed may  be compared with a se t  of synthetic 
samples.  F o r  example, a sample may  be analyzed in a 2 .1-mm tube if i t  
does not exceed in quantity o r  par t ic le  s i ze  a synthetic sample containing 0. b 
gm of sand with a maximum part ic le  s i ze  of 250 microns. 

The maximum part ic le  s izes  shown in Table 8 a r e  those that should not be 
exceeded by a significant percentage of the sample.  The percentage of excess  
may  be  g r e a t e r  if the sample i s  small  in  relation to  the capacity of the tube o r  
i f  the analysis  of the coa r se r  portion is not highly important.  

Normally, the best resu l t s  a r e  obtained if the total height, of accumulation 
in the bottom of the tube is between 1 and 4 in. If a sample has  a ve ry  limited 
s ize  range o r  the mater ial  i s  predominantly coarse,  bet ter  resu l t s  a r e  obtained 
with maximum heights l e s s  than 4 in. If a sat isfactory tube s i ze  is not selected 
the f i r s t  t ime,  the sample can be r e run  in another s i ze  of tube. Hovrever, the 
choice of a suitable tube i s  not difficult because the usable l imi t s  of the re-  
spective tubes overlap considerably. 

36. Method of analysis--The procedure fo r  s i ze  analysis that was given in 
Section 1 0  h a s  been modified for  the improved VA-tube recorder .  Analyses 
may be made in  l e s s  than 10 min if the part ic les  .in the sample have fall dia- 
me te r s  g rea t e r  than 62 microns. More t ime is required i f  s i l t  is present  in 
the sample. The recommended chronological procedure fo r  VA-tube analysis 
i s  a s  follows: 

1. The chart  i s  chosen for  the length of the tube; af ter  notes to identify the sample, 
operator, and analysis a r e  recorded, the chart  i s  placed on the cylinder. The base line 
of the chart should be parallel to the bottom of the cylinder s o  that the pen t race  will be 
parallel to the base line except when sediment i s  accumulating. (The 180-cm and the 
120-cm tubes requi re  different charts  because of the unequal distances through which the 
sample must settle.  ) 

2. The recorder  pen i s  oriented on the zero-accumulation and zero-t ime lines of the 
chart. The pen should be  s tar ted to the right of the zero-t ime line and brought to the l ine 
by the motor-driver1 rotation af the cylinder. 
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3. The recorder  i s  adjusted to bring the horizontal hair  in the eyepiece level with the 
top of the tube plug where the accumulation of sediment begins. 

4. When the apparatus, including the proper sedimentation section, i s  assembled, 
the tube i s  filled with distilled water to just above the valve. The temperature of the wa- 
t e r  in the tube i s  determined and recorded, and the valve i s  closed. Normally the water 
need not be changed after  each analysis. 

3. The electrical tapping mechanism i s  started; this operation also closes the elec- 
t r ical  circuit to  a switch at the valve so  that rotation of the cylinder will s ta r t  when the 
valve is opened. 

6. The sand sample is washed into the funnel above the closed valve; the funnel i s  
filled to the reference marl;; then the sample is s t i r red  briskly for  1 0  sec  with a special 
s t i r r ing  rod. 

7 .  The valve i s  immediately and fully opened. Because opening the valve automati- 
cally s t a r t s  the cylinder, the chart  time and the settling of the part icles  in the tube begin 
simultaneous1 y. 

8 .  The operator watches through the eyepiece and, a s  soon a s  the f i r s t  particles 
reach the bottom of the tube, he s t a r t s  moving the carr iage vertically at  a r a t e  that keeps 
the horizontal hair level with the top of the accumulation of sediment. This procedure 
continues until the pen has  passed the 62-micron s ize  on the chart. Then rotation of the 
cylinder automatically stops. If material  is still  falling, the tracking operation is con- 
tinued, at least  intermittently, until the maximum height of accumulation is determined. 

9. While the pen stands at the maximum height of accumulation, the cylinder drive 
clutch i s  released and the cylinder is rotated by hand to extend the l ine of maximum ac- 
cumulation across  the chari. 

10. After the valve is closed, the sample is drained into a beaker by removing the 
tube plug. The valve i s  opened slightly to drain out excess water and to wash out the 
lower end of the tube more  completely. The plug is replaced. 

11. The chart i s  removed f rom the recorder .  

37 .  Size distribution f rom the chart--The procedure of Section 36 produces 
a pen t r a c e  on a chart  that incorporates  the fall-diameter calibration fo r  the 
VA-tube method. The t r a c e  is a con t i~uous  curve of sediment accumulation, 
with t ime a s  the absc issa  and height of accumulated sediment a s  the ordinate. 
Generally, analytical resil l ts a r e  desired a s  percentages of the sample f iner  
(o r  coa r se r )  than cer tain definite s izes .  One common s e r i e s  of these s i ze s  
is shown on the calibrated char t s .  The percentages f iner  than those s izes  on 
the chart  may  be  read  f rom the chart  by use  of a sca le  that will conveniently 
divide the total accumulation into 100 equal par t s .  (The general procedure 
was shown in Fig. 5. ) The intersect ions of the accumulation curve and the 
division-size l ines  (interpolated, i f  need be, for  the tempera ture  of analysis)  
a r e  marked by ticks.  The chart  i s  spread  out flat; the ze ro  percent of the 
sca le  i s  placed on the total-accumulation l ine and the 100  percent on the zero- 
accuniulation line. The sca le  is moved horizontally to  the intersection of the 
curve with the s ize- temperature line. If horizontal l ines  instead of t icks a r e  
drawn through the intersections,  all  percentages rnay be read  f rom one position 
of the scale.  The percentage f iner  than the division s i ze  may  be  read  direct ly  
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on the sca le  a s  i t  is represented by the portion of the total accumulation that 
l i e s  above the curve. Percentages coa r se r  may  b e  read  by reversing the 
scale .  

If 1 0  percent of mater ia l  coa r se r  than that analyzed in the VA tube was 
removed f rom the sample  p r io r  to  analysis,  then the 90-percent mark  may  be  
used on the zero-accumulation l ine to  show readings direct ly  in percentages 
01 the total sample. Similarly, if 40 percent of the original sample was re -  
moved a s  s i l t  and clay before VA-tube analysis,  the 40-percent mark  may  be 
used on the total-accumulation l ine to  obtain direct  readings in  percentages of 
the total sample. 

VII. CONCLUSIONS 

3C. Conclusions--Many insest igators  have used a bas ic  type of sedimenta- 
tion analysis in which sediment was introduced at the top of a column of dis- 
tilled water and the settling velocity distribution was determined f rom the r a t e  
of accumulation of sediment at  the bottom. The basic  type of analysis was 
Ceveloped into the VA-tube method. 

A sediment-introducing device activated by a valve was designed that 
simplified and systematized the introduction of sediment and promoted repro-  
duci'uility of analyses .  

A recorder  was evolged that provided a s imple means of obtaining a per-  
manent, continuous, and accurate  record  of sediment accumulation without 
the need fo r  specially talented o r  trained operators .  The record  could be 
converted easi ly  t o  s i z e  distribution. 

Glass-bead samples  were an aid in  the initial development of the VA-tube 
method. However, a calibration was required to  obtain sat isfactory accuracy, 
and the calibration f o r  glass-bead samples  was not adequate f o r  sands. 

The VA tube required special calibration fo r  accura te  analysis of natural 
sand samples .  Calibration was in  t e r m s  of the s tandard fall-velocity o r  fall- 
diameter distribution by weight and was based on 300 analyses of sand samples  
for  which the fal l -diameter  distribution was known. Previous investigators 
had not calibrated the basic  method o r  had calibrated against s ieve-size dis- 
tl,i$ution. The unique type of calibration fo r  the VA tube was much m o r e  
laborious but a l so  much m o r e  significant fo r  analysis  of sediments.  

The accuracy of the VA-tube method was established by many analyses.  

The ;/A-tube method is a simple, fast ,  and economical procedure fo r  s i ze  
analysis of sediments  of sand s izes .  The method has  been used f o r  thousands 
of routine analyses  in different laborator ies .  
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A 400-ft, 16-mm, colored f i lm is available for  demonstrating the method. 

The calibration procedure required a new process for  preparing sand sam- 
ples for  which the size distribution based on the standard fall velocity of the  
individual particles was known. The process may be advantageously applied 
to other sedimentation problems. 
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APPENDIX 

39. Explanation of tables--Tables 10 and 11 show the relations of diameter  
and fall-velocity of quartz sphe res  in  distilled water a t  var ious tempera tures .  
F o r  many purposes the -tables a r e  a m o r e  convenient and accura te  tool than the 
m o r e  usual graphical presentation. 

Table 1 2  shows the s e r i e s  of analyses  on which the calibration of the VA 
tube was based. Tile s ieve and known fall-diameter distributions, i n  percen- 
tages f iner  by weight, a r e  shown fo r  each s e r i e s  of samples .  The known fall- 
diameter  distribution was computed f rom the fall velocities of groups of 100 
part ic les ,  each of the part ic les  having been dropped individually. The VA- 
tube analyses,  af ter  calibration, a r e  shown f o r  the various samples  and tube 
diameters .  Both sieve- and fall- diameter  distributions were always 100 per-  
cent f iner  than 2000 microns.  

The following syrnbols a r e  used in  Table 12: 

:% Indicates an analysis that was not used direct ly  in  calibration o r  in 
the probability of accuracy  in  Table 9 because the sample  was f a r  outside the 
range of concentration and part ic le  s i ze  recommended fo r  the d iameter  of the 
tube. 

a Denotes a duplicate sample  that was substituted because of l o s s  o r  
contamination of the original sample. 
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RELATIOX OF DIAMETER TO FALL TELCCITY 

FOR QUARTZ SPHERGS 

Fall diameter in microns 

Velocity 

,cm/see 

Tempcratum in  degrees Centigraae 

0' 10' 20' 21' 22' 23' 24' 25' 26' 27' 28' 29' 30' 40' 

Velocity 

c~/..c 
I 
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TABLE ll 

CHANGE OF FALL YELOCITY XTH WLTER WERAT[IRE 

FOR QUARTZ SPHERES 

Fall velocity changes in cm/sec 

Velocity 
Tempratwe in degrees Centigrade 

cm/sec oO lo0 20' 21' no 23' 24' 25' 26' 27' 28' 29' 30" 40' 

0.10 +O. 10 +0.042 +.010 +.007 +.004 +.a 0 -.W -.005 -.007 -.009 -.011 -.014 -.030 

0.20 +O. 19 +0.085 +.On +.016 +.OlO +.005 0 -.005 -.009 -.014 -.ole -.On -.026 -.056 
0.30 +0.27 +O. 125 c.032 9.024 +.016 +.WE 0 -.007 -.014 -.MO -.w6 -.032 -.038 -.& 
0.40 +0.34 +0.16 +.Oh1 +.030 9.020 +.010 0 -.a39 -.018 -.026 -.034 -.042 -.050 -.lo 
0.50 +0.40 +0.19 +.050 +.037 +.024 +.OV 0 -.011 -.On -.032 -.Oh2 -.051 -.060 -.I2 

NOTE: To the velocity a t  a given temperature add the change from this table to  obtain 
the f a l l  velocity for the same quartz sphere in dis t i l led w t e r  a t  Z ° C .  



TABLE 12 

SIZE DISTRIBlJTIOilS OF TEST SAMPLE 

I N  CUMULATIVE PERCENTAGES FINER TK46 D I V I S I O N  SIZES 

Division size--microns 62.5 88 125 175 250 350 500 

Powder River Sam-- Coarse Dis t r ibut ion 

Sieve d i m .  d i s t r i b u t i o n  1.0 h.1 13.9 27.0 h8.0 69.0 85.5 
Known fall dim. d i s t r i b u t i o n  1.0 3.8 11.6 25.11 h8.5 71.2 89.0 

Sample analyzed 
1 (0.5 gm.) 

do 
do 

2 (0.5 gm.) 
do 

Average 

4 (0.9 gm.) 
do 
do 
do 

Average 

5 (1.5 gm.) 

Average 

7 (2.5 gm.) 
do 

8 (2.5 em.) 
do 
uo 

Average 

Average 

5 (1.5 gm.) 
cio 

6 (1.5 gm.) 
do 

Average 

7 (2.5 gm.) 
a3 
do 

8 (2.5 gm.) 
do 

Average 

9 (3.5 gm.) 
do 
do 
do 

10 (3.5 gm.) 
do 
do 

Average 

do 

Average 

Fall Diameter Dis t r inut ions  Obtainec i n  3.2 mm. Tube 

1.0 h.5 1h.0 27.5 h9.0 73.0 91.0 
0.5 4.0 13.5 26.0 h6.0 68.0 88.0 
1.0 3.5 1 0  27.0 h8.5 69.0 88.0 
1.0 5.0 1h.5 27.0 L8.0 72.0 91.0 
1.5 5.0 lh.0 27.5 h7.0 73.0 90.0 

1.0 h.h 13.8 27.0 h7.7 71.0 89.6 

0.5 3.5 3 27.0 h3.5 71.0 92.5 
1.0 3.5 13.0 25.0 b7.5 72.0 93.5 
1.0 h.0 13.5 2 .  h7.0 71.0 91.0 
1.0 Ii.0 13.0 26.5 h6.5 70.0 92.0 

0.9 3.8 13.2 26.2 h7.h 71.0 92.2 

1.0 3.5 2 25.0 h8.0 69.5 90.0 
0.5' 3.5 12.0 26.0 h9.0 70.0 91.0 
1.0 3.5 12.0 2h.5 46.5 56.0 S9.5 
0.5 3.5 12.0 2L.5 h7.5 69.0 91.0 

0.8 3.5 12.0 25-9 h7.8 69.1 90.h 

1.5 3.5 12.0 2 .  h8.0 71.5 90.0 
1.2 3.5 12.0 25.0 h9.0 75.0 93.0 
1.0 3.5 11.0 23.0 h5.0 69.5 92.0 
0.8 3.5 1.5 25.0 h7.5 71.0 90.0 
1.0 2.5 10.5 23.5 h7.5 72.0 92.0 

1.1 3.3 ll.L 2 .  117.11 71.8 91.h 

Fall Dianeter D i s t r i  .a t ions  O5tainea i n  h.O .m. Tube 

1.0 4.0 lb.0 27.0 h7.0 68.0 87.0 
1.5 h.0 lh.0 28.0 47.0 67.0 89.0 
1.5 4.5 13.0 27.0 50.0 72.0 90.0 
1.0 3.5 13.5 26.5 50.0 71.0 90.0 

1.2 11.0 13.6 27.1 18.5 69.5 89.0 
1.0 h.0 12.5 25.5 17.5 57.0 86.0 
1.0 4.0 12.5 26.5 L8.5 68.0 90.0 
1.0 4.0 12.5 26.0 7 70.0 89.0 
1.0 L.0 2.5 26.5 L8.5 69.0 88.0 

1 b.0 2 26.1 ~5.0 52.5 58.2 

1.0 3.5 12.5 26.0 h9.0 72.0 87.0 
1.5 h.0 12.0 25.0 h7.0 70.0 89.0 
1.0 3.5 12.5 26.0 50.5 72.0 91.0 
0.5 3.0 12.0 26.0 48.5 69.0 88.0 
0.5 3.5 12.0 25.5 5 64.0 88.0 

0.9 3.5 12.2 25.7 118.5 70.u 88.6 

0.5 3.0 10.5 25.0 hn.0 72.0 92.0 
0.5 2.8 10.5 22.0 L6.5 69.0 88.0 
0.5 3.0 10.5 23.5 /6.0 70.0 89.0 
0.5 3.0 11.0 23.0 a6.5 68.0 88.0 
0.5 2.5 i0.5 230 h9.0 72.0 92.0 
0.5 2.0 10.5 2 L5.0 70.0 91.0 
0.5 2.5 9.5 22.0 j6.0 69.0 99.0 
0.5 2,7 1O.h 23.1 46.7 70.0 89.9 

F a l l  Diameter Distri : ;utions Oatainea i n  5.0 :-m. 21lbe 

0.5 h.0 12.0 25.0 1,i.O 66.0 89.0 
0.5 h.5 13.0 26.0 u6.0 67.0 53.0 
1.0 h.0 12.0 27.0 0 69.0 99.0 
1.5 L.O 1h.o 27.0 h7.0 69.0 86.0 

0.9 h a 1  12.8 26.2 h5.5 67.8 88.0 

Appendix 
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TABLE 12--Continued 

SIZE DISTRIBUTIONS OF TEST SAMPLES 

I N  CIiMULATIVE PERCENTAGES FINER THAN DIVISION SIZES 

Division size--microns 62.5 88 125 175 250 350 500 

Powder River Sand--Coarse Distr ibut ion 

Sieve d i m .  d i s t r ibu t ion  1.0 
Known f a l l  dim. dis t r ibu t ion  1.0 

F a l l  Diameter 
Sample analyzed 

5 (1.5 gm.) 1.0 
do 1.0 
do 1.5 

6 (1.5 ga.) 0.5 
do 1.0 

Average 1.0 

7 (2.5 gm.) 1.0 
do 1.0 

8 (2.5 gm.) 0.5 
do 1.5 

Average 1.0 

9 (3.5 gm.) 0.5 
do 0.5 
do 1.0 
do 0.5 
do 0.0 
do 0.0 
do 0.5 

10 (3.5 gm.) 0.5 
do 0.5 
do 0.0 
do 0.2 

Average 0.h 

1 13.9 27.0 h8.0 
3.8 1 1 6  2 h8.5 

Distributions Obtained i n  5.0 mn~. 

3.5 11.5 2h.O h5.0 
h.0 13.5 27.0 h8.0 
h.0 12.5 25.5 h6.0 
3.5 12.0 25.0 h5.5 
h.0 12.5 25.0 h5.5 

3.8 1 .  25.3 h6.0 
L.0 12.0 2h.5 116.0 
3.5 12.0 2h.5 h7.5 
3.0 11.5 2h.O h5.0 
h.0 13.0 26.5 48.0 

3.6 12.1 2h.9 h6.6 

2.0 9.0 23.0 h7.0 
3.0 11.5 2h.0 h6.0 
2.5 12.0 2h.5 h8.0 
2.0 7.5 21.0 h5.0 
2.0 10.0 2h.o h5.5 
1.5 9.0 23.0 h6.0 
1.8 10.0 2h.o h5.5 
1.5 8.0 20.0 hh.5 
2.L 11.0 2 . 0  h7.0 
1.5 8.5 21.5 h5.5 
1.8 9.0 22.0 hh.5 
2.0 9.5 22.8 h5.9 

69.0 85.5 
71.2 89.0 

Tube-- Continued 

67.0 87.0 
70.0 86.0 
69.0 86.0 
68.0 90.0 
70.0 89.0 

68.8 87.6 

73.0 91.0 
72.0 93.0 
69.0 86.0 
70.0 91.0 

71.0 89.8 

71.0 90.0 
70.0 91.0 
70.0 87.0 
70.0 92.0 
68.5 90.0 

Powder River Sand--Fine Distribution 

Sieve dim. d i s t r ibu t ion  12.1 26.7 50.5 69.5 85.5 9h.5 100.0 
Known f a l l  d i m .  d i s t r ibu t ion  10.0 26.0 h9.0 68.5 86.0 96.0 100.0 

Sample analyzed 
1 (0.1 gm.) 

do 
do 

2 (0.1 gm.) 
do 

Average 

3 (0.5 gm.) 

Average 

5 (0.9 gm.) 
do 

6 (0.9 gm.) 

Average 

3 (0.5 gm.) 
do 

h (0.5 gm.) 
do 

Average 

F a l l  Diameter D i s t r i h t i o n s  Obtained i n  2.0 mm. Tube 

15.0 30.0 52.0 71.0 89.0 98.0 100.0 
lh.0 29.0 53.0 71.0 91.0 99.0 100.0 
17.0 32.0 53.0 71.0 90.0 98.0 100.0 
1h.O 29.0 53.0 70.0 89.0 98.0 100.0 
16.0 30.0 51.0 70.0 89.0 98.5 100.0 

15.2 30.0 52.h 70.6 89.6 98.3 100.0 

9.5 25.0 51.0 70.5 86.0 97.0 100.0 
11.0 27.5 53.0 72.0 86.5 97.0 100.0 
12.0 28.5 52.5 71.0 86.5 97.5 100.0 
12.5 29.5 53.0 71.5 86.5 98.0 100.0 

11.2 27.6 52.h 1 . 2  86.h 97.h 100.0 

8.0 23.5 h9.0 68.5 86.5 98.0 100.0 
9.0 23.0 h7.5 67.5 85.0 98.0 100.0 
8.5 24.0 49.5 68.5 86.5 98.0 100.0 
8.5 23.0 h8.0 67.0 8 3 5  97.0 100.0 

8.5 23.h h8.5 67.9 85.h 97.8 100.0 

Fa l l  Diameter Distributions Obtained I n  3.2 mm. Tube 

13.0 29.0 52.0 69.5 85.5 96.0 100.0 
lh.0 30.5 53.0 71.0 8h.5 97.0 100.0 
15.0 1 52.5 70.0 8h.5 96.0 100.0 
15.0 32.0 5h.O 70.0 86.0 97.0 100.0 



102 Appendix 

TABLE 12--Continued 

SIZE DISTRIBUTIONS OF TEST SAMPLES 

I N  CUIWLATIVE PERCENTAGES FINER THAN DIVISION SIZES 

Division size--microns 62.5 88 2 175 250 350 500 700 1000 1400 

Powder River Sand--Fine Distribution 

Sieve d i m .  d i s t r ibu t ion  12.1 26.7 50.5 69.5 85.5 9h.5 100.0 
Known f a l l  dim. d i s t r ibu t ion  10.0 26.0 h9.0 68.5 85.0 96.0 100.0 

Sample analyzed 
5 (0.9 gm.) 

do 
6 (0.9 gm.) 

do 

Average 

7 (2.5 gm.) 
do 

8 (2.5 gm.) 
do 

Average 

Average 

7 (2.5 gm.) 
do 

8 (2.5 gm.) 
do 

Average 

9 (h.5 gm.) 
do 

Average 

F a l l  Diameter Distributions Obtained i n  3.2 mm. Tube-"Continued 

12.5 28.5 53.5 69.0 85.5 96.0 100.0 
1 0  28.5 52.0 69.0 8h.5 96.0 100.0 
12.0 29.0 51.5 69.5 8h.0 95.0 100.0 
1 . 0  29.5 52.0 70.5 86.0 96.0 100.0 

12.6 28.9 52.2 69.5 85.0 95.8 100.0 

8.8 25.5 50.0 68.5 85.0 96.0 100.0 
10.0 25.5 50.0 68.5 8h.0 96.0 100.0 
9.2 25.5 50.5 70.0 85.5 96.0 100.0 
9.0 23.0 h7.0 68,O 85.0 97.0 100.0 

9.2 2h.9 h9.h 68.8 8h.9 96.1 100.0 

F a l l  Diameter Distr ibut ions Obtained i n  5.0 mm. Tube 

1 3 0  3 1 0  55.0 72.0 8 5 5  96.5 100.0 
9.5 29.0 52.5 71.0 8h.0 97.0 100.0 

13.0 30.0 53.0 71.0 86.0 98.0 100.0 
13.0 30.0 52.5 72.0 87.0 98.0 100.0 

12.1 30.0 53.2 71.5 85.6 97.h 100.0 

10.5 25.0 h9.0 68.5 85.0 95.0 100.0 
11.0 26.5 .50.0 69.0 85.0 95.0 100.0 
10.5 27.0 51.0 70.0 86.5 96.0 100.0 
12.0 2 51.5 70.0 86.0 96.0 100.0 

11.0 26.5 50.h 69.11 85.6 95.5 100.0 

10.0 27.0 52.5 71.5 87.0 95.0 100.0 
10.8 27.0 52.0 70.5 86.0 95.0 100.0 

l0.h 27.0 52.2 71.0 86.5 95.0 100.0 

Republican River Sand--Fine Distribution 

Sieve dlam. d i s t r ibu t ion  35.6 L8.8 63.1 73.0 83.2 89.2 9h.2 97.0 100.0 
K n o w n f a l l d i a m . d i s t r i b u t i o n  33.0 46.6 60.4 71.0 82.0 89.0 9h.8 98.5 100.0 

Sample analyzed 
1 (0.1 gm.) 

do 

Average 
2 (0.5 gm.) 

do 

Average 

3 (0.9 gm.1 
do 

Average 

Average 

3 (0.9 gm.) 
do 
do 

Fa l l  Diameter Distributions Obtained i n  2.0 mm. Tube 

F a l l  Diameter Distributions Obtained i n  3.2 mm. Tube 



Appendix 103 

TABLE 12--Continued 

SIZE DISTRIBUTIONS OF TEST SAMPLES 

I N  CUMULATIVE PERCENTAGES FINER TKAN DIVISION SIZES 

Division size--microns 62.5 88 125 175 250 350 500 

Republican River Sand--Fine Distribution 

Sieve d i m .  dis t r ibut ion 35.6 h8.8 63.1 73.0 83.2 89.2 96.2 
Known f a l l  dim. d i s t r ibu t ion  33.0 46.6 60.h 71.0 82.0 89.0 9h.8 

F a l l  Diameter Distributions Obtained i n  3.2 mm. Tube--Continued 
Sample analyzed 

h (2.0 gm.) 32.5 h7.0 60.5 71.5 83.0 89.0 95.5 
do 31.5 hh.5 59.0 70.5 81.5 91.0 97.0 

Average 32.0 8 59.8 71.0 82.2 90.0 96.2 

F a l l  Diameter Distributions Obtained i n  5.0 mm. Tube 

3 (0.9 gm.) 32.0 h7.0 60.0 72.0 81.0 88.0 9h.O 
do 33.0 h6.5 61.0 72.0 80.5 88.0 93.0 

Average 32.5 h6.8 60.5 72.0 80.8 88.0 93.5 

h (2.0 gm.) 32.0 h7.5 61.0 71.5 82.0 88.5 9h.5 
do 3 5 0  h8.5 60.5 72.5 83.0 88.5 9h.O 

Average 33.5 h8.0 60.8 72.0 82.5 88.5 9h.2 

5 (h.opm.) 35.0 h9.0 62.5 72.0 83.5 89.0 95.0 
do 33.0 h7.5 61.0 71.5 82.0 88.0 93.0 

Average 3h.O h8.2 61.8 71.8 82.8 88.5 9h.0 

F a l l  Diameter Distributions Obtained i n  7.0 mm. Tube 

Average 

5 (L.Opm.) 
do 

Average 
6 (8.0 gm.) 

do 

Average 

Republican River Sand--Coarse Distribution 

Sieve dim. dis t r ibu t ion  1.1 h.0 3 . 6  27.0 h8.0 68.8 85.3 
Known f a l l  a i m .  d i s t r ibu t ion  0.6 3.3 11.0 23.8 116.5 68.0 87.0 

Sample analyzed 
1 (0.5 gm.) 

do 

Fa l l  Diameter Distributions Obtained i n  3.4 mm. Tube 

Average 0.2 3.2 0 2  23.5 h5.0 65.5 86.0 

2 (1.0 gm.) 0.0 2.5 9.5 23.0 h6.0 65.0 87.0 
do 0.0 2.0 9.0 21.5 hh.0 6h.5 87.5 

Average 0.0 2.2 9.2 22.2 45.0 6h.8 87.2 

3 (2.0 gm.) 0.5 2.2 8.0 20.0 43.5 65.5 86.5 
do 0.0 2 9.0 21.2 45.5 66.0 85.5 

Average 0.2 2.3 8.5 20.6 hh.5 65.8 86.0 

F a l l  Diameter Distributions Obtained i n  5.0 mm. Tube 

2 (1.0 gm.) 0.5 3.0 10.0 2h.0 46.5 65.0 8h.0 
do 0.5 3.5 11.0 25.0 47.0 65.0 85.0 

Average 0.5 3.2 10.5 2h.5 46.8 65.0 8h.5 

3 (2.0 gm.) 0.5 2.5 l o  2h.0 49.0 70.0 86.0 
do 1.0 3.5 10.5 23.5 49.0 68.0 85.0 

Average 0.8 3.0 1 0 5  23.8 49.0 69.0 85.5 
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TABLE 12-- Continued 

SIZE DISTRIBUTIONS OF TEST SAMPLFS 

IN CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES 

Division size--microns 62.5 88 125 175 250 350 500 700 1000 1400 

Republican River Sand-- Coarse D i s t r i bu t i on  

Sieve d i m .  d i s t r i b u t i o n  11 h.0 1 6  27.0 h8.0 68.8 85.3 9h.2 100.0 
K n o w n f a l l d i m . d i s t r i b u t i o n  0.6 3.3 11.0 23.8 h6.5 68.0 87.0 97.0 100.0 

F a l l  Diameter D i s t r i bu t i ons  Obtained i n  5.0 mm. Tube--Continued 
Sample analyzed 

h (h.0 gm.) 1.0 2.0 9.5 22.5 50.5 72.0 88.0 99.5 100.0 
do 1.0 2.5 9.5 22.0 h7.5 71.5 88.0 97.0 100.0 

Average 1.0 2.2 9.5 22.2 L9.0 71.8 88.0 99.2 100.0 

F a l l  Diameter D i s t r i bu t i ons  Obtained i n  7.0 mm. 1 

0.0 2.5 11.0 2h.0 h9.0 71.0 
0.5 3.0 9.0 22.0 h6.0 68.0 

0.2 2.8 10.0 23.0 h7.5 69.5 
0.5 2.0 9.5 23.0 h6.0 69.0 
0.5 2.0 10.0 25.0 50.0 71.0 

0.5 2.0 9.8 2h.O L8.0 70.0 

0.0 1.5 8.5 22.0 h7.0 68.0 
0.5 2.5 9.5 23.5 h9-0 69.5 
0.5 2.5 8.5 22.5 h9.0 70.0 

0.3 2.2 8.8 22.7 h8.3 69.2 

Average 

h (he0 gm.) 
do 

Average 

5s (8.0 em.) 
do 
do 

Average 

F a l l  Diameter D i s t r i bu t i ons  obta in& i n  9.0 mm. Tube 

Average 

5+ (8.0 gm.) 
do 
do 
do 
do 

Average 

6* (12.0 gm,) 
do 
do 
do 

Average 0.5 2.6 11.9 27.9 5h.5 73.0 88i9 99.2 100.0 

Cheyenne River Sand 

Sieve d i m .  d i s t r i b u t i o n  1.2 2.2 h.0 7.2 17.6 37.0 62.0 86.0 100.0 
K n o w n f a l l d i a m , d i s t r i b u t i o n  0.8 1.9 3.8 7.2 18.h 110.0 70.2 9h.h 100.0 

Sample analyzed 
I* (0.5 gm.) 

do 

F a l l  Diameter D i s t r i bu t i ons  Obtained i n  3.h mm. Tube 

Average 

Average 

34 (2.0 gm.) 
do 

Average 
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TABLE 12--Continued 

SIZE DISTRIBUTIONS OF TEST SAMPLES 

I N  CUr+ULATIVE PERCENTAGES FINER THAN DIVISION SIZES 

Divis ion size--microns 

Cheyenne River Sand 

Sieve  d i m .  d i s t r i b u t i o n  
Known f a l l  d i m .  d i s t r i b u t i o n  

F a l l  Diameter D i s t r i bu t ions  Obtained i n  5.0 mm. Tube 
Sample analyzed 

2 (1.0 gm.) 
do 

Average 

Average 

h* (he0 gm.) 
do 

Average 

F a l l  Diameter D i s t r i bu t ions  Obtained i n  7.0 mm. Tube 

3 (2.0 gm,) 
do 

Average 

h (11.0 @I.) 
do 

Average 

Average 

F a l l  Diameter D i s t r i bu t ions  Obtained i n  9.0 mm. Tube 

Average 

Taylors F a l l s  Sand--Coarse D i s t r i bu t ion  

Sieve dim, di::tribilti?n 
Known f a l l  dim, d i9 t r i bu t ion  

F a l l  Diameter D i s t r i bu t ions  Obtained i n  2.0 mm. Tube 
Sample a r a l y ~ e d  

1 (0.1 y,.) 
do 
do 

Average 

Fa11 Diameter D i s t r i bu t ions  Obtained i n  3.h mm. Tube 

Average 
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TABLE 12--Continued 

SIZE DISTRIBUTIONS OF TEST SAMPLES 

I N  CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES 

Division size--microns 62,5 88 2 175 250 3 500 700 1000 lh00 

Taylor Fa l l s  Sand--Coarse Distribution 

Sieve dim. 'distribution 23.0 39.0 62.5 84.9 97.0 100.0 
K n o w n f a l l d i a m , d i s t r ~ b u t ~ o n  18.5 35.0 59.0 8h.O 97.0 100.0 

Sample analyzed 
3 (0.9 gm.) 

do 

Average 

h (2.0 gm.) 
do 

ha (2.0 gm.) 
do 

Average 

Average 

Average 

Average 

Average 

5 (he0 gm.) 
do 

Average 

6* (8.0 gm.) 
do 

Average 

Fa l l  Diameter Distributions Obtained i n  3.11 mm. Tube--Continued 

F a l l  Diameter Distributions Obtained i n  5.0 mm. Tube 

16.5 35.0 58.0 82.0 98.0 100.0 
19.0 37.0 62.0 82.0 99.0 100.0 

17.8 36.0 60.0 82.0 98.5 100.0 

18.0 3 .  60.5 8h.0 97.0 100.0 
19.0 36.0 61.0 85.0 96.0 100.0 
20.0 37.0 60.0 83.0 98.0 100.0 
20.0 37.5 62.5 8.4.5 98.0 100.0 

19.2 36.2 61.0 8h.l 97.2 100.0 

15.5 31.0 60.0 85.0 97.0 100,O 
17.0 36.0 6h.0 87.0 98.0 100.0 

16.2 33.5 62.0 86.0 97.5 100.0 

Fa l l  Diameter Distributions Obtained i n  7.0 mm. Tube 

17.0 35.0 58.0 86.0 97.0 lO0,O 
16.0 35.0 61.0 85.0 96.0 100.0 
18.0 36.0 59.0 82.0 98.0 100.0 
19.5 36.0 59.0 82.0 97.0 100.0 

17.6 35.5 59.2 83.8 97.0 100.0 

17.0 3h.O 60.0 83.0 96.5 100.0 
18.5 36.0 61.5 8h.O 96.5 100.0 

17.8 35.0 60.8 83.5 96.5 100.0 

18.0 38.0 65.0 85.0 95.5 100.0 
18.5 37.0 65.0 86.0 97.0 100.0 

18.2 37.5 65.0 85.5 96.2 100.0 

Taylors Fa l l s  Sand--Fine Distribution 

Sieve d i m .  d i s t r ibu t ion  56.5 73.0 92.0 100.0 100.0 
Known f a l l  diam. d i s t r ibu t ion  91.0 69.0 89.0 99.0 100.0 

Sample analyzed 
1 (0.1 gm.) 

do 

Average 

2 (0.5 gm.) 
do 

Average 

3 (0.8 gm.) 
do 
do 

Average 

Fa l l  Diameter Distributions Obtained i n  2.0 m. Tube 
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TABLE 12--Continued 

SIZE DISTRIBUTLONS OF TEST SAMPLES 

I N  CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZES 

Division size--microns 62.5 88 125 175 250 350 500 

Taylors Fal ls  Sand--Fine Distribution 

S ieve  diam. d i s t r ibu t ion  56.5 73.0 92.0 1ao.o 100.0 
Known f a l l  dim, d i s t r ibu t ion  5h.O 69.0 89.0 99.0 100.0 

Sample analyzed 
2 (0.5 gm.) 

do 

Fa l l  Diameter Distributions Obtained i n  3.h mm. Tube 

Average 

3 (038 gm.) 
do 

Average 

h (2.0 gm.) 
do 

Average 

F a l l  Diameter Distributions Obtained i n  5.0 mm. Tube 

3 (0.8 gm.) 
do ' 

Average 

h (2.0gm.) 
do 
do 

Average 

5 (h.0 gm.) 
do 

Average 

F a l l  Diameter Distributions Obtained i n  7.0 mm. Tube 

53.0 69.0 88.0 99.0 100.0 
53.5 7 88.5 98e5 100oO 
53.2 70.2 88.2 98.8 100.0 Average 

5 (h.0 gm.) 
do 

Average 

Average 

Special Sand--Fine Distribution 

Sieve d i m .  d i s t r ibu t ion  0.0 0.5 1.6 h.0 10.0 20.0 36.0 
K n o w n f a l l d i m . d i s t r i b u t i o n  0,O 0.2 1.0 3.7 9.6 21.h 39.0 

Sample analyzed 
l* (2.0 gm.) 

do 

Fa l l  Diameter Distributions Obtained i n  10.00 mm. Tube 

Average 

2 (5.0 P.) 
do 
do 

Average 

Average 

Average 
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TABLE 12- Continued 

SIZE ~STRIBUTIONS OF TEST SAMPLES 

I N  CUMULATIVE PERCENTAGES FINER THILN DIVISION SIZES 

Division size--microns 

Special Sand-4edium Distribution 

Sieve &am. d i s t r ibu t ion  
Known f a l l  diam. dis t r ibut ion 

Fa l l  Diameter Distributions Obtained i n  10.0 mm. Tube 
Sample analyzed 

1 (2.0 gm.) 
do 
do 

Average 

2 (5.0gm.) 
do 
do 

Average 

Average 

Special Sand--Coarse Distribution 

Sieve dim. d i s t r ibu t ion  
Known f a l l  diam. d i s t r ibu t ion  

F a l l  Diameter Distributions Obtained i n  10.0 mm. Tube Sample analyeed 
l* (1-0 gm.) 

do 
do 

Average 

2 (2.0 gm.) 
do 

Average 

3 (5.0 gm.) 
do 

Average 

Average 

Combination of Special and Powder River Sand 

Sieve dim. dis t r ibu t ion  
Known f a l l  diam. dis tr ibut ion 

Fa l l  Diameter Distributions Obtained i n  10.0 mm. Tube 
Sample analyzed 

1 (5.0 gm.) 
do 
do 

Average 

2 (10.0 gm.) 
do 

Average 

3 (15.0 gm.) 
do 

Average 
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TABLE 12--Continued 

SIZE DISTRIBUTIONS OF TEST SAMPLES 

I N  CUMULATIVE PERCENTAGES FINER THAN DIVISION SIZE 

Division size--microns 62.5 88 125 175 250 3 500 700 1000 lh00 

Combination of Special and Republican River Sand 

Sieve dim. d i s t r ibu t ion  9.2 19.2 30.8 hO.0 50.6 60.0 70.0 80.0 90.0 95.0 
K n o w n f a l 1 d i a m . d i s t r i b u t i o n  6.0 2 28.2 38.2 h9.6 61.0 72.6 8h.0 9h.2 99.4 

Sample analyzed 
l* (2.0 gm.) 

do 

Fa l l  Diameter Distributions Obtained i n  10.0 mm. Tube 

Average 

Average 

3 (10.0 gm.) 
do 

Average 

h (15.0 gm.) 
do 

Average 

Cheyenne River Sand 

Sieve d i m .  d i s t r ibu t ion  
Known f a l l  d i m .  d i s t r ibu t ion  

1.2 2.2 h.0 7.2 17.6 37.0 62.0 
0.8 1.9 3.8 7.2 18.h h0.0 70.2 

F a l l  Diameter Distributions Obtained i n  10.0 mm. Tube 

1.0 3.0 h.0 1 . 0  2h.0 50.0 80.0 
1.0 2.0 h.0 12.0 25.0 50.0 8h.0 

1.0 2.5 h.0 11.5 2 50.0 82.0 

1.0 2.0 h.0 7.5 2 1 0  hO.0 73.0 
l o o  2.0 h.0 6.5 20.0 h1.0 71.5 

1.0 2.0 h.0 7.0 20.5 h0.5 72.2 

0.5 1.5 3.5 6.5 20.0 0 73.0 
0.0 1.0 2.5 6,O 19.0 h0.0 7 l S 5  
0.2 1.2 3.0 6.2 19.5 h2.0 72.2 

1.0 2 .9  h.5 7.5 20.0 h2.0 73.0 
1 5  2.5 4.5 7.0 18.0 h2.0 72.0 

1.2 2.2 h.5 7.2 19.0 h2.0 72.5 

Sample analyzed 
l* (2.0 gm.) 

do 

Average 

2 (5.0 gm.) 
do 

Average 

3 (10.0 gm.) 
do 

Average 

h (15.0 gm.) 
do 

Average 

Powder River Sand--Fine Distribution 

Sieve dim. f i s t r ibu t ion  2 . 1  26.7 50.5 69.5 85.5 9h.5 100.0 
Known f a l l  dim. dis t r ibu t ion  10.0 26.0 h9.0 68.5 86.0 96.0 100.0 

Fa l l  Diameter Distributions Obtained i n  10.0 mm. Tube 
Sample analyzed 

I* (2.0 gm.) 6.0 25.0 52.0 63.0 86.0 98.0 100.0 
do 8.0 26.0 h7.0 57.0 78.0 98.0 100.0 
do 8.0 25.0 h5.O 60.0 85.0 98.0 100.0 

Average 7.3 25.7 h8.o 60.0 83.0 98.0 100.0 

Average 9.0 '30.0 h9.0 66.5 8h.O 95.5 99.0 

3 (10.0 gm.) 10.0 30.0 h8.5 65.5 86.5 96.5 100.0 
do 9.5 29.0 h8.0 6h.5 85.5 95.5 100.0 

Average 9.8 29.5 h8.2 65.0 86.0 96.0 100.0 

h (15.0 ~mo)  9.5 29.5 50.0 67.0 87.0 96.0 100.0 
do 10.5 30.5 50.0 67.0 86.0 96.0 100.0 

Average 10.0 30.0 50.0 67.0 86.5 96.0 100.0 
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