
T he Size-G rading of Sand by W ind

B y  R . A. B a g n o l d

mmunicated by G. I. Taylor, F—Received 17 June 1937)

In  the  course of experim ents on th e  changes w hich tak e  place in  th e  size

grading o f the  grains w hen sands are  p icked up, tra n sp o rte d  an d  redeposited 

by  a  wind, i t  was found  th a t  by  p lo ttin g  th e  p ropo rtiona l w eights of the  

constituen t sieve-separated  grades on a  log scale, im p o rta n t changes can 

be observed in  th e  charac ter o f th e  grad ing  w hich are  im percep tib le  w hen the  

usual grad ing d iagram  is used. L e t th e  abscissa o f th e  usual d iagram  be 

R =  log diam eter, so th a t  SR is th e  log ra tio  betw

apertu res. I f  Sp is th e  w eight o f a grade (to ta l w eight o f sam ple un

ou  cLf)
th e  o rd inate  (j) = . W ith  an  infinite n um ber o f sieves 0  =  . The whole

area included under th e  d iag ram  is j<fidR =  1.

1— T h e  G r a d i n g  D i a g r a m

Fig. 1 a shows th e  grad ing  curve o f a  sam ple o f dune sand, together w i

a su itab ly  chosen “ norm al p ro b ab ility  c u rv e ” =  e~«2(R-Ro)25 where
Ĵ7T

R0 is log (m ost frequen t d iam eter). T hough  com parison is difficult owing to  

th e  low values o f th e  o rd inates rep resen ting  th e  ex trem e grades, i t  is som e

tim es assum ed th a t  th e  grain-size d is tr ib u tio n  m ay  be a random  effect.

In  fig. 16 th e  sam e tw o curves a re  p lo tte d  w ith  y =  loglo0  as o rd inate. 

The p robab ility  curve becom es a  pa rabo la

V' =  l°g e0 ' =  - a 2(R-

while in  th e  case of th e  ac tu a l sand  sam ple th e  curve is seen to  d ep art very  

considerably from  th e  parabolic  p ro b ab ility  form . The curves given by the  

analyses of a nu m ber of sand  sam ples, w hen p lo tte d  in  th e  m anner of fig. 16 , 

suggested to  m e th a t  th e  ex trem e grades ten d ed  to  die aw ay  in  proportional 

w eight exponen tia lly  on each side o f th e  m ean  d iam eter. T hough I  can find 

no theo re tical reason w hy th is  should be so, as an  app rox im ate  assum ption  

it provides a useful m ethod  of specifying th e  g rad ing  o f a sand  by th ree  

quan tities, th e  m ean d iam eter, and  tw o coefficients defining th e  slopes of 

the  s tra ig h t lines of fig. 16. Sands in  w hich th e  g rad ing  can be specified in 

th is w ay I  will call “ regu lar s a n d s” .

[ 250 ]
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G ra in  d i a m e te r  in  c m .
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F i g . 1__ C o m p a r is o n  o f  s a n d - g r a d in g  c u rv e  (h e a v y  lin e )  w i th  p r o b a b i l i t y  c u r v e

( d o t te d ) ,  a, o r d in a te s  o n  u s u a l  l in e a r  s c a le ;  b, o r d in a te s  o n  lo g  sca le .
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2— M e t h o d  o p  G r a i n -s i z e  A n a l y s i s

I t  was im p o rtan t th a t  as m any  po in ts  as possible should  be ob ta ined  on 

each side of every experim en ta l g rad ing  curve. This m ean t very  accura te  

estim ation  o f th e  re la tive  size lim its  used in  th e  analyses. I t  is well know n 

th a t  th e  sam e analysis resu lts  are  n o t ob ta ined  w ith  sieves w hich, though  

th ey  have  th e  sam e a p p a ren t ap ertu re , a re  m ade w ith  a  slightly  different 

com bination o f m esh an d  wire gauge. A correction  is necessary.

This correction was m ade as follows: A n u m b er o f sand  sam ples were 

ob ta ined  w hich gave, w hen analysed  by  th e  se t o f sieves in  use, grading 

curves of m ore or less “ re g u la r” shape, b u t for w hich th e  position  o f the  

peak  varied  considerably along th e  scale o f size. N ow  since th e  o rd inate  (j) 

of th e  (j)-R d iagram  is th e  q u o tien t o f th e  original w eight d iv ided by  th e  

log ra tio  of th e  lim iting  ap ertu res, an  erro r in  estim ating  one o f these 

apertu res w ould cause a  corresponding  e rro r in  I t  w ould also cause an  

erro r in  th e  opposite sense in  th e  (f) o f th e  n e x t grade. T he resu lt w ould be 

a k ink  in  th e  final g rad ing  curve.

Such a kink  m ight, how ever, arise from  a  rea l irreg u larity  in  th e  sand 

grading. B u t if  th e  k ink  occurs in  a  series o f sam ples a t  th e  sam e grain  size 

b u t in  re la tively  different positions on th e  curves— e.g. on th e  left-hand  

slope of one an d  th e  rig h t-h an d  slope o f a n o th e r— it  is clearly due to  an  

erro r in  th e  size of th e  sieve. F u rth e r , if  a  sligh t a d ju s tm en t can be m ade 

which causes th e  k ink  to  d isappear sim ultaneously  in  all positions on th e  

curves, th a t  ad ju s tm en t is leg itim ate . O f th e  th ir te e n  sieves used to  cover 

the  range of sand  grain  sizes such a d ju s tm e n t was found  necessary in  th ree  

cases.

R . A. B ag n o ld

3— T h e  Cy c l e  o f  S a n d  M o v e m e n t

A t a  certa in  w ind stren g th  sand  grains begin to  m ove a t  some po in t on 

th e  exposed surface. T he m otion  continues dow n w ind, an d  th e  m ass of sand  

passing an  observer in  u n it tim e increases as th e  observer m oves dow n wind, 

till, for a  hom ogeneous sand  surface u n d er a s tead y  w ind, i t  reaches a steady  

equilibrium  value. This equ ilibrium  sand  flow proceeds on u n til some change 

in  th e  conditions causes deposition to  occur. There  is in  general therefore  a 

lim ited length  of surface up  w ind w here sand  rem oval takes place, followed 

by  a length  in  w hich sand is ne ith er rem oved  nor deposited, followed again 

by  a length where deposition occurs.

Sand Removal— The th resho ld  w ind requ ired  to  s ta r t  th e  rem oval depends 

on the  d iam eter of th e  grains w hich cover an d  p ro tec t th e  surface. I f  th e
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The Size-Grading of Sand by Wind 253

w ind  is feeble a  rem o v a l ta k e s  p lace  o f th e  finer g rades exposed  on th e  

su rface , b u t  th e  m o v em en t ceases w hen  th e  su rface  becom es s tab ilized  b y  

th e  p ro te c tio n  affo rded b y  exposure  o f sufficient large  g ra in s on  th e  surface . 

T his lim ited  rem ova l c learly  con tinues loca lly  fo r a  longer tim e  if  th e  large 

g ra in s a re  re la tiv e ly  few.

I f  th e  w ind  is s tro n g  enough  to  m ove th e  la rg est g rains, th e n  rem oval 

p roceeds indefin ite ly . I n  th is  case sa n d  is u ltim a te ly  rem oved  in  th e  sam e 

g rad in g  p ro p o rtio n s  as th o se  o f th e  u n d e rly in g  bed. Since large  g rains can  

be ro lled  a long  th e  surface  b y  th e  b o m b a rd m e n t o f fa r  sm aller ones even  b y  

a  gen tle  w ind , rem o v a l also ta k e s  p lace  indefin ite ly  i f  th e  oncom ing w ind is 

c a rry in g  a  l i t t le  fine san d  rem oved  from  elsew here u p  w ind. T here  is a  

d is tin c tio n , affecting  th e  g rad in g  o f th e  rem oved  sand , b e tw een  san d  rem oval 

b y  d irec t p ick -up  a n d  rem ova l s tim u la te d  b y  th e  b o m b ard m en t o f o n 

com ing grains.

Transportation— T he m ass flow o f rem oved  san d  consists (a) o f a  sm all 

p ro p o rtio n  o f v e ry  fine g ra in s in  t ru e  suspension ; ( ) o f g ra in s in  sa lta tio n  

over th e  su rface; (c) o f th e  surface  creep o f g ra in s ro lled  or im pelled  along 

th e  surface  b y  th e  fo rw ard  im p a c t o f g ra in s descending from  th e  sa lta tio n . 

Ow ing to  a  con tinuous in te rch an g e  o f g ra in s be tw een  th e  sa lta tio n  a n d  th e  

surface  creep a  rigorous d is tin c tio n  is im possible. I n  m y  exp erim en ts I  

define th e  su rface  creep as consisting o f g ra in s o f such  low  ve lo c ity  th a t  th e y  

tu m b le  over in to  a  n a rro w  tran sv e rse  slo t (fig. 2 inse t) if  such  is c u t in  th e

Berms

t

F i g . 2— G e n e ra l  a r r a n g e m e n t  o f  a p p a r a tu s .

Vol. CLXI1I—A. s
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floor beneath  th e  sand  bed. The ra te  o f flow o f th e  surface creep is of the 

order o f 25 % of th e  to ta l flow.

The surface creep consists of a  large m ass of sand  (per u n it a rea  of surface) 

m oving ve ry  slowly, w hereas th e  sa lta tion , carry ing  th e  bu lk  of th e  flow, 

consists o f a re la tively  sm all m ass m oving a t  a  speed of th e  order of half 

th a t  of th e  w ind. H ence in  th e ir  jou rney  dow n w ind th e  grains in  surface 

creep lag fa r behind those in  sa lta tion . I t  is doub tfu l, therefore , w hether 

even over a continuous hom ogeneous sand  bed  a  tru e  hom ogeneous condi

tio n  of sand  flow can ever ensue over a  considerable leng th  of p a th . W herever 

sa lta tion  occurs there  is a com plem entary  surface creep of re la tively  larger 

grains, and  so th e  surface sand, excep t w here deposition  is tak in g  place, 

tends to  becom e coarser th a n  th a t  im m edia te ly  beneath .

Deposition— T here ap p ea r to  be th ree  w ays b y  w hich grains reach  their 

final resting places in  a sand  deposit, (a) T rue  sed im en ta tio n , in  w hich grains 

falling th rough  slowly m oving a ir strike  th e  surface w ith  insufficient for

w ard  velocity  e ither to  be carried  on again  or to  je rk  o th er surface grains 

forw ard. In  th e  case of th e  ve ry  fine grains carried  in  tru e  suspension this 

is p robab ly  th e  only m ethod  of deposition  possible. (6) A ccretion. The grains 

in  sa lta tio n  in  a dim inished w ind m ay  strik e  th e  surface w ith  sufficient 

velocity  to  je rk  o th er grains fo rw ard  an d  so to  co n trib u te  to  a  dim inished 

surface creep, b u t some o f th e  im pacting  grains m ay  them selves come to 

rest in  th e  process. H ere  th e  deposit is b u ilt up  from  th e  surface creep and 

from  th e  sa lta tio n  sim ultaneously , (c) E ncroachm en t. I f  th e  surface is no t 

continuous b u t contains an  o b stru c tio n  o f an y  so rt, e.g. an  a b ru p t step up 

or down, th e  surface creep is held up  while th e  sa lta tio n  passes on. The 

resulting deposit, w hich need n o t requ ire  an y  d im inu tio n  in  th e  w ind for its 

occurrence, consists only o f th e  surface creep. I n  th e  case o f a steep slope 

down, such as th e  slip-face o f a  dune, th e  surface grains roll over th e  crest 

o f it  and  come to  res t because th ey  becom e shelte red  from  th e  im pelling 

bom bardm en t of th e  sa lta tion . T he slope encroaches dow n w ind form ing a 

re la tively  coarse deposit.

R . A. B ag n o ld

4— E x p e r im e n t s  a n d  N o t a t i o n  u s e d  t o  E x p r e s s  R e s u l t s

E xperim ents were designed to  find o u t by  im ita tin g  th e  foregoing n a tu ra l 

cycle of sand m ovem ent u nder controlled  conditions (a) th e  changes which 

tak e  place in  th e  slopes of th e  asym pto tes of “ re g u la r” sands and  in  the  

position of th e  peaks; and  (6) how a sand  o f h aphazard  grad ing is tra n s 

form ed in to  a regular sand.

The wind tunnel used has a lready  been described (Bagnold 1936). He-

 D
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The Size-Grading of Sand by Wind 255

po sition  w as b ro u g h t a b o u t b y  in se rtin g  a n  expansion  section  a t  th e  dow n 

w ind en d  to  check th e  ve lo c ity  o f th e  a ir  s tream . T he a rra n g em e n t is show n 

in  fig. 2 . T he san d  bed  w as la id  in  th e  pa ra lle l tu n n e l A tran sv e rse  slot 

2 cm. long a n d  0-5 cm. w ide w as c u t in  th e  cen tre  o f th e  floor a t  B, th ro u g h  

w hich  a  sam ple  o f th e  su rface  creep could fall in to  a  con ta in er. T he san d  

rem oved  b y  th e  w ind  from  A B  w as d eposited  be tw een  B  a n d  F. R em oval 

close to  A  could  be s tim u la te d  b y  in tro d u c in g  a  trick le  o f san d  a t  A .

D ifficu lty  w as en co u n te red  ow ing to  a  ten d e n cy  fo r th e  finer g rains to  

se p a ra te  o u t sidew ays a n d  to  co llect in  th e  zones o f slow -m oving  a ir along 

th e  tu n n e l walls. T h is w as reduced  p a rtia lly  by  ad d in g  sm oo th  w ood berm s 

a t  each  side as show n in se t in  fig. 2 . T he su rface  o f th e  berm  being free from  

th e  d rag  o f th e  san d  m ovem en t, th e  w ind  a t  th e  edge o f th e  san d  lay e r could, 

b y  a  su itab le  a d ju s tm e n t o f th e  w id th  o f  th e  berm s, be m ad e  as s tong  as 

th a t  over th e  c en tra l san d  p o rtio n  o f th e  floor.

O bserva tions w ere m ade  on  ( a)com position  o f th e  

(6 ) com position o f su rface  creep tra p p e d  a t  B; (c) re la tiv e  w eigh ts an d  

com positions o f th e  deposits  collected from  BC, CD, DE, EF  a n d  o f a n y  

ca rry -o v er found  in  th e  box G.

R esu lts  will be show n in  d iag ram s o f th e  form  o f fig. 16 , a n d  th e  follow ing 

te rm s will be used.

T he “ C arrier G ra d e ” is th e  san d  o f g ra in  d iam ete rs  ly ing  betw een  th e  

size lim its  bound ing  th e  ro u n d ed  p o rtio n  of th e  curve. I t  form s th e  bu lk  o f 

th e  sa lta tio n  a n d  is th e  d riv ing  a g en t w hich im pels th e  larger g rains along 

th e  surface.

T he “ P e a k  S ize” R0 is defined b y  th e  in te rsec tio n  o f th e  tw o  asy m

T he “ P eak  H e ig h t” y0 =  log10^ 0 is th e  h e ig h t o f th e  in te rsection .

T he “ Sm all G rade C oeffic ient” s is th e  slope o f th e  le ft-h an d  a sy m p to te  

rep resen ting  th e  g rad ing  o f g rains finer th a n  th e  carrier grade. T he “ Coarse 

G rade C oefficient” c sim ilarly  refers to  th e  r ig h t-h a n d  side:

= ,

dR

V =  log io 0  = js .d R  + y0 = s (R -R 0)+y0

<j) = (fr0e2'3s(~R~Ro), le ft-hand  side, 

sim ilarly  0  =  ^ 0e2-3c(J?_i?o), r ig h t-h a n d  side.

Some sand  sam ples are  composed of a  num ber of co n stitu en t sands each 

having  a  different grading . I f  th e  a rea  o f th e  whole curve p lo tted  as
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in  fig. 1 a  is u n ity  for a sam ple of u n it w eight, th e  grad ing  of an y  constituen t 

is show n com paratively  by  reducing  all its  o rd inates (f) by  a  constan t f  

representing  the*ratio o f th e  w eight of th e  c o n stitu en t to  th a t  of th e  whole. 

On the  log scale o f fig. 1 b th e  co n stitu en t is rep resen ted  by  a  curve lowered 

bodily th rough  a d istance lo g /.

The “ w id th  o f a s a n d ” is defined b y  th e  expression l /s+l/c  w hich is the 

leng th  o f th e  base o f th e  triang le  cu t off by  an y  abscissa divided by  the  

height.

5— R e s u l t s

(a) Regular Sands

In  fig. 3 a th e  h eavy  curve shows th e  grad ing  o f a  w ide sand  com

artificially  from  a stock  range o f sep ara te  grades. T he grad ing  coefficients 

s an d  c are T9 and  3-0 respectively . T he peak  size is 0*034 cm. T he irregu larity  

in  th e  tw o finest grades w as m ade acc id en ta lly  du ring  th e  m ixing. I t  was 

purposely left uncorrected .

The th in  continuous curves rep resen t th e  g rad ing  of th e  constituen t 

deposits collected in  th e  sections CD, DE, EF  o f th e  expansion  tu n n el and  

th a t  carried over in to  th e  box G. E ach  has been  reduced  in  scale according 

to  th e  re la tive  w eight o f th e  deposit to  th e  to ta l  w eight collected. The 

deposit in  BCwas inseparab le  from  th e  surface creep w hich accum ulated 

there . I t  is o m itted  from  fig. 3 a  for clearness.

I t  will be seen th a t  th e  slopes o f th e  deposit curves becom e steeper and  

th a t  th e  peak  size falls as th e  w ind  slackens, b u t  th a t  in  sp ite  of th is  the  

grad ing coefficients, th ough  larger th a n  those  o f th e  original sand , are bo th  

nearly  constan t th ro u g h o u t th e  deposition  (sdep =  2 '5> cdep =  9). Since, 

outside th e  lim its o f th e  carrier grade, an y  o rd ina te  <pR =  <fi0e2'3s(-R~R,j), the  

sum  o f all o rd inates (f)R o f a  set o f deposits 1, 2 , 3, etc. them selves lie on an 

exponentia l curve

(01 +  02 +  03+  etc.) =  e2‘3sii(^ Oie~s/?oi +  0 o2e_si?o2 +  0o3e-s'Ko3+ etc.).

If, therefore, sOc represen ts th e  com position o f u n it m ass o f a  regular sand 

w ith  grading coefficients s an d  c, a n y  group o f regu lar sands of vary ing  peak 

size b u t w ith constan t g rad ing  coefficients can  be m ixed  together in  p ro 

portions A, B, C, etc ., to  form  an o th e r regu lar sand

E sOc =  s^ c(A + B+C+  etc.).

The line MN  jo ining th e  peaks o f th e  four frac tional deposits is approxi-

dY
m ately  stra ig h t. I ts  slope T  =  —2- is a m easure o f th e  ra te  o f change of

R . A. B ag n o ld
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The Size-Grading of Sand by Wind 257

re la tiv e  m ass d ep o sited  a t  a n y  p lace w ith  th e  p eak  g ra in  size a t  th a t  place. 

1 /T  m ay  be called th e  “ s e p a ra t io n ” caused  b y  th e  process. I t s  va lue  is 

here  0 *11 . I t  is re m a rk a b ly  sm all; on ly  1 -55%  o f th e  deposit h a d  so fa r 

se p a ra te d  o u t th a t  i ts  p eak  size h a d  sh ifted  from  0-034 cm. fo r th e  o rig inal 

m ix tu re  to  0-029 cm .
- M

G ra in  d ia m e te r  in  c m .

F i g . 3 a — L a s t  s ta g e  o f  r e m o v a l  b y  a  m o d e r a te  w in d . B e d  b e c o m in g  c o a rs e r  w i th  

c o n s e q u e n t  s h i f t  o f  t h e  l in e  M N  t o  t h e  r ig h t .  O r ig in a l  b e d  m ix tu r e  s h o w n  b y  h e a v y

lin e  ( jfidR  =  1 j . F r a c t i o n a l  d e p o s i t s  in  v a r io u s  p la c e s  in  t h e  tu n n e l  DE, e tc .  

s h o w n  b y  t h i n  c u r v e s  fo r  w h ic h  t h e  o r d in a te s  h a v e  b e e n  r e d u c e d  a c c o rd in g  to  t h e  

p r o p o r t io n  o f  s a n d  b y  w e ig h t  f o u n d  a t  e a c h  p l a c e ; e .g . fo r  d e p o s i t  in  CD = 0 -465 .

T o ta l  d e p o s i t  fo r  w h ic h  j(pdR =  0 -334  +  0-465  +  0 -1 3 6 +  e tc .  =  1 is  s h o w n  b y  d o t t e d  

l in e  in  fig . 36 .

Fig. 36 show s th e  com position  o f th e  surface creep (cross do tted ), th e  

first deposit BC o m itted  from  fig. 3 an d  th e  to ta l  sand  m ovem ent 

(broken  line) w hich is th e  sum  of all th e  frac tio nal deposits. On th e  left-hand  

side i t  will be no ticed  th a t  th e  irreg u larity  in  th e  ex trem e grades is fa ith fu lly
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258 R . A. B ag n o ld

G ra in  d i a m e te r  in  c m .

bD

F ig  36— O th e r  d e ta i ls  o m i t te d  f ro m  fig . 3 a .  E x t r e m e  u p -w in d  d e p o s i t  b e tw e e n  B  

a n d  C s h o w n  b y  c o n t in u o u s  c u rv e .  T o ta l  s a n d  r e m o v e d  a n d  d e p o s i te d  sh o w n  d o t te d .  

S u rfa c e  c re e p  c o lle c te d  b y  t r a p  in  tu n n e l  f lo o r sh o w n  c ro ss  d o t te d .

,'M

G ra in  d ia m e te r  in  c m .

F i g . 4— E a r ly  s ta g e  o f  re m o v a l  b y  m o d e ra te  w in d .
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rep ro d u ced  in  all th e  deposits , b u t  th a t  i t  h as  been  a lm o st f la tte n e d  o u t in  

th e  case o f  th e  surface  creep . O n th e  r ig h t-h a n d  side, th e  su rface  creep has 

ta k e n  up  a  new  slope, s teep e r th a n  th e  orig inal b u t considerab ly  f la tte r  th a n  

th a t  o f th e  deposits . T he p eak  size o f th e  surface  creep has sh ifted  to  th e  

rig h t. T he ad v an ce  o f th e  su rface  creep a n d  its  m ingling w ith  th e  up -w ind  

deposits  is well m ark e d  b y  th e  ex tre m e  d ep o sit g rades bend in g  up  to  

becom e p ara lle l w ith  it. T h is is a n  exam ple  o f th e  sum  o f tw o  m ix tu res  

differing in  g rad in g  coefficient.

T he above  w as th e  re su lt o f a  ru n  u n d e r a  m o d era te  w ind  m a in ta in ed  

till th e  su rface  becam e s tab le  a n d  m o tio n  ceased. D u rin g  th e  la te r  p a r t  o f 

th e  ru n  th e  failing  su p p ly  o f fine g ra in s caused  th e  ca rrie r g rade  to  becom e 

coarser. C onsequen tly  th e  line M N  jo in ing  th e  peaks o f th e  deposits  passes 

to  th e  r ig h t o f th e  p eak  0  o f th e  orig inal bed  m ix tu re . F ig . 4 resu lted  from  

a ru n  o f th e  sam e p eriod— 3 m in .— w hen a  fresh  surface  o f th e  sam e san d  

w as k e p t d is tu rb e d  b y  a  sm all incom ing  fall o f san d  a t  th e  m o u th . T he  

g rad ing  coefficients o f th e  deposits  a re  u nchanged , b u t  th e  line has 

sh ifted  to  th e  le ft so th a t  i t  now  passes th ro u g h  O. Since, how ever, th e  

coarse g rad in g  coefficient c fo r th e  to ta l  san d  rem oval is g re a te r  th a n  th a t  

o f th e  bed  m ix tu re , th e  consequen t c o n cen tra tio n  o f th e  coarsest g rades on 

th e  rem oval bed  m u st in  tim e  sh ift th e  w hole deposit p a tte rn  to  th e  r ig h t 

again .

In  fig. 5 th e  sam e san d  w as exposed  to  a  considerab ly  s tro n g er w ind, above 

th e  th resh o ld  req u ired  to  m ove th e  la rg est g rains. On th e  le ft, th e  increased  

w ind  has m ade th e  slope o f th e  deposits  ap p ro ach  v e ry  closely to  th a t  o f 

th e  bed  m ix tu re ; b u t  th e  slope o f th e  surface  creep has rem ained  unchanged . 

T he peak  size o f th e  surface  creep has sh ifted  still fa r th e r  to  th e  rig h t, a n d  

th e  long line o f e igh t analysis p o in ts  illu s tra te s  well th e  pers istence  o f th e  

exponen tia l re la tionsh ip . A gain th e  irreg u la rity  has s tra ig h ten e d  ou t. On 

th e  r ig h t th e  slope o f th e  deposits  rem ains unchanged  a t  c =  9. T he d u ra tio n  

of th e  ru n  w as on ly  2 m in. b u t  th e  rap id  rem oval, w ith  its  consequent 

coarsening o f th e  rem oval bed, has a lread y  sh ifted  th e  line to  th e  rig h t, 

an d  has steepened  th e  rig h t-h a n d  slope o f th e  surface  creep. In  th e  final 

s ta te  o f s te ad y  m ovem en t th e  peak  of th e  surface creep sh ifts  so fa r to  th e  

r ig h t th a t  its  r ig h t-h a n d  coefficient rises to  th e  com m on value  o f 9 as show n 

b y  th e  d o tte d  line in  th e  figure.

F ig. 6 show s th e  b ehav iou r o f a n a tu ra l “ fine silver s a n d ” as ob ta ined  

from  a b u ild e r’s m erchan t. T he peak  size is finer th a n  th a t  o f th e  artific ia l 

m ix tu re ; an d  th e  com position curve is ty p ica l o f th e  sand  o f desert dunes. 

The w ind in  th is  case w as low er th a n  th a t  in  fig. 5 b u t was o f corresponding  

s tre n g th  hav ing  regard  to  th e  th resho ld  w ind requ ired  to  m ove th e  coarsest

The Size-Grading of Sand by Wind
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grains. On th e  left th e  deposit slope is again  nearly  para lle l to  th a t  of the  

original m ix tu re . On th e  r ig h t i t  has ta k e n  up  th e  sam e value as before, 

c =  9 . The coarse grades o f th e  surface creep have  again  ta k e n  up  a  slope 

in te rm ed ia te  betw een those  o f th e  deposits an d  of th e  original m ix tu re .

Owing to  th e  re la tive  lack  o f coarse grains in  th is  sand , th e  coarsening of 

th e  rem oval bed, as ind icated  by  th e  sh ift o f th e  line to  th e  righ t, is 

considerably less th a n  in  th e  case o f th e  “ w id e ” sand.

R . A. B a g n o ld

G ra in  d ia m e te r  in  cm .

F i g . 5— G ra d in g  e f fe c ts  o f  s t r o n g  w in d .

•e-
o
-I

(b) Irregular Sands

The foregoing experim ents show th a t  regu lar sands te n d  to  re ta in  th e ir 

exponentia l g rad ing no m a tte r  how  th e ir  coefficients m ay  change. F u r th e r  

experim ents were m ade to  asce rta in  w hether, an d  if  so in  w h a t p a r t  of the  

cycle, a non-regular sand  is tran sfo rm ed  in to  a  regu lar sand. The n a tu ra l 

sand  o f fig. 6 was used; an d  by  th e  add ition  o f m ore sand  (a) th e  ex trem e fine 

grade, and  (6) th e  ex trem e coarse grade were separa te ly  increased abou t 

tenfold. Since changes in  th e  grad ing  on one side o f a  curve appear to  have
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The Size-Grading of Sand by Wind 261

no ap p rec iab le  effect on  th e  o th e r  side, th e  ir re le v a n t halv es o f th e  curves 

a re  o m itte d  from  fig. 7.

I f  th e  d is to rtio n  n is defined as th e  ra tio  o f th e  c o n te n t o f a  g rade  a c tu a lly  

p re se n t in  a  m ix tu re  to  th a t  o f th e  sam e g rad e  if  i t  confo rm ed  to  th e  general 

p a t te rn  o f th e  reg u la r g rad in g  curve , th e n  th e  difference in  th e  h e ig h t y o f 

th e  o rd in a te  in  th e  figure  be tw een  th e  s tra ig h t line a n d  th e  a c tu a l curve  is 

log n.

M

G ra in  d i a m e te r  in  cm .

F i g . 6— A  “ n a r r o w ”  n a t u r a l  s a n d .  O r ig in a l  b e d  m ix tu r e  s h o w n  b y  h e a v y  c u rv e .

F r a c t io n a l  d e p o s i t s  s h o w n  b y  t h i n  c u rv e s .  S u r fa c e  c re e p  s h o w n  c ro ss  d o t t e d .

In  fig. la  th e  d is to rtio n  a rtific ia lly  caused w as a b o u t sevenfo ld for th e  

ex trem e fine grade. I n  th e  deposits  i t  will be seen th a t  n has dropped , m ost 

p ronounced ly  in  th e  early  up -w ind  deposits, an d  to  a lesser e x te n t as th e  

deposit dies off dow n w ind. M ost o f th e  excess o f th e  finest g rade  was left 

beh in d  on th e  rem oval bed , w here i t  form ed sm ooth  sheets over w hich the  

w ind  passed  w ith o u t causing an y  m ovem en t on them . C onfirm ation o f th is  

ra th e r  surprising  re jec tion  o f fine sand  in  th e  pick-up  process is given  by  

fig. 36 w here th e  slope of th e  to ta l sand  rem oved  is steeper th a n  th a t  of the
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rem oval bed. In  th e  case o f th e  surface creep as trap p e d  a t  B  th e  d isto rtion  

is m uch reduced.

262 R . A. B ag n o ld

G ra in  d ia m e te r  in  c m .

F i g . 7— E ffe c ts  o f  d is to r t io n  o f  p a t t e r n  o f  o r ig in a l  b e d  m ix tu r e .  B e d  m ix tu r e  sh o w n  

b y  h e a v y  c u rv e s — e x tre m e  g ra d e s  o n  r ig h t  a n d  le f t  in c re a s e d , in  t u r n ,  in  w e ig h t b y  

th e  a d d i t io n  o f  e x t r a  s a n d . O n  t h e  r ig h t  (c o a rse  g ra in s )  t h e  r e g u la r  e x p o n e n tia l  

g ra d in g  te n d s  to  b e  r e s to r e d  in  t h e  su c c e s s iv e  d o w n -w in d  d e p o s its .  O n  th e  le f t  (fine  

g ra in s )  th e  r e s to r a t io n  is m o s t  p ro n o u n c e d  in  t h e  s u r fa c e  c re e p .

Fig. 7 6 shows th e  changes w hich took  place in  a d isto rtion  on th e  righ t of 

th e  curve, n was 10 for th e  original m ix tu re . I t  was reduced  least, to  6*3, in 

th e  case of th e  surface creep, an d  w as progressively m ore reduced in  the  

deposits till i t  had  d isappeared  a lto g e th e r as th e  deposit died aw ay tow ards 

th e  down-w ind end of th e  expansion  tunnel. A gain m ost o f th e  excess of the  

d isto rted  grade was left behind  on th e  rem oval bed, w here in  th is  case it  

form ed typ ical “ residue r id g es” (B agnold 1937).

The tendency  for sand  grains to  grade them selves according to  the  

exponentia l re la tion  log10 (j> — — c(R — 

com posed of a  com plete con tinu ity  of grain  size. Fig. 8 shows the  result 

of tw o experim ents w ith  a m ix tu re  consisting o f a narrow  carrier grade of
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The Size-Grading of Sand by Wind 263

a lm o st un ifo rm  size a n d  tw o coarser g rades se p a ra ted  b y  gaps. As before, 

th e  g rad in g  te n d s  to  becom e linear, a n d  c increases to w ard s  th e  a p p a re n t 

lim itin g  va lu e  o f 9 u n d e r th e  ac tio n  o f th e  w ind.

O riginal m ix tu re  f 

R e m o v e d  s a n d  I"

0 019 0 027 0 041 0 059 0 076 0 14 0 019 0 027 0 041 0 059,

F i g . 8— D is c o n t in u o u s  g ra d in g .  T e n d e n c y  o f  t h i n  s a n d s  e a c h  o f  n e a r ly  u n i fo rm  

g r a in  s ize  t o  a s s u m e  a n d  m a i n t a i n  t h e  g e n e ra l  e x p o n e n t ia l  g r a d in g  r e la t io n .

F i g . 9— S e p a r a t io n  o f  s a l t a t i o n  f r o m  s u r f a c e  c r e e p  a t  d u n e  c r e s t .

(c) Grading of an Encroachment Deposit

O bserva tion  o f th e  m ovem en t o f sand  over a  ty p ica l dune such as th a t  

show n in  fig. 9 ind icates th a t  t^ie dune advances dow n w ind by  th e  trap p in g  

o f th e  surface creep, w hich is d riven  by  th e  sa lta tio n  over th e  crest in to  th e  

she lte r o f th e  leew ard  slip-face. I t  seems, therefore , th a t  m ost o f th e  m ass 

o f th e  dune, above th e  level o f th e  foot o f th e  slip-face, is com posed o f sand  

w hich has been  g raded  by  a  process sim ilar to  th a t  o f th e  slo t m ethod  used 

to  collect th e  surface c reep ; an d  i t  is th is  process w hich appears to  be m ost 

effective in  producing  th e  exponen tia l form  o f th e  le ft-h an d  side o f th e  

g rad ing  curve. Thus, w hile th e  steepness an d  th e  exponen tia l grad ing  of th e  

rig h t-h an d  side m ay  be regarded  as arising  from  th e  rem oval process, those  

of th e  le ft-hand  side ap p ea r to  be due to  th e  separa tion  o f th e  surface creep 

a t  th e  dune crest. This is born  ou t by  th e  fac t th a t  th e  grad ing  curves o f 

sam ples I  have analysed  of sands tak e n  from  th e  g rea t u n d u la tin g  desert 

sand  accum ulations, w here no crest or slip-face ex ist, all have a ve ry  flat 

le ft-hand  side w ith  b u t little  approach  to  regu la rity  o f form .

Since th e  analysis of sam ples of tru e  dune sands also show ed th a t  in  m any
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cases th e  left-hand  side o f th e  curve w as steeper th a n  th a t  of th e  surface 

creep in  an y  of th e  preceding experim ents, some fu rth e r  grad ing  process 

was looked for. Such was found  in  th e  e lu tria tin g  or w innow ing action  of 

th e  upw ard  a ir cu rren t due to  th e  w ind eddy  in  th e  lee o f th e  crest. F o r in 

im ita tion  o f th is  upw ard  a ir cu rren t an  in -d rau g h t o f a ir was m ade to  rise 

th rough  th e  collecting slot a t  B  (fig. 2 ); an d  as a  resu lt, though  there  was 

no change in  th e  rig h t-h an d  side o f th e  curve or in  th e  position of th e  peak, 

th e  left-hand  side becam e considerab ly steeper. I t  is no tew orthy  th a t  in 

th is  process, too, th e  a ltered  left-hand  side still re ta in e d  its  linear form.

I t  w ould seem from  th e  above resu lts  th a t  th e re  is experim en tal evidence 

th a t  th e  assum ed grad ing law  of th e  form  oc is som eth ing m ore th a n  a 

p rac tica l approx im ation , an d  th a t  deposits o f g rains w hich have been 

rem oved and  tran sp o rte d  by  th e  w ind  from  a bed  com posed of sand  graded  

in  any  irregu lar w ay te n d  to  becom e g raded  accord ing to  th e  above law, m ost 

o f th e  superfluous grains being left beh in d  on th e  bed.

Su m m a r y

The size-grading of sam ples o f eo lian  sand  deposits  w hen p lo tted  as 

w eight per log-cent change in  g rain  d iam ete r aga in st log d iam eter give 

curves which show th a t  th e  ex trem e grades on each  side o f th e  m ean d ia 

m eter die aw ay in  percen tage w eight accord ing to  an  exponen tia l law. The 

exponentia l coefficients on each side differ in  value. These an d  o ther 

coefficients defined in  th e  pap er num erica lly  describe th e  g rad ing  of sand 

in  a m anner independen t o f th e  usual d iag ram m atic  rep resen ta tio n  an d  of 

th e  sieve sizes used  in  its  analysis.

B y im ita tin g  experim en tally  a  sim ple cycle o f sand  m ovem ent consisting 

of rem oval from  a sand  bed  of know n com position, tra n sp o rta tio n  over the  

bed, and  deposition u nder various conditions, th e  fac to rs controlling th e  

value of each coefficient separa te ly  have been  investigated .

The tendency  of sand  to  grade itse lf according  to  th e  above bi-exponential 

p a tte rn  was confirm ed by  experim ents w ith  sands whose grad ing  p a tte rn  

had  been artificially  d is to rted  b y  th e  a d d itio n  o f e x tra  sand  of certain  

grades. The process b y  w hich th e  e x tra  sand  is re jec ted  by  th e  m ix tu re  is 

described.

The resu lts are applied to  th e  size-grading of a ty p ica l sand  dune.

R e f e r e n c e s
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