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A study of sand migration in gravel 

Une étude de la migration des sables dans les graviers

D.K.ATMATZIDIS, Professor of Civil Engineering, University of Patras, Greece

SYNOPSI S:  I mpr ovement s  and modi f i c at i ons  wer e i nt r oduced t o a met hod whi ch i s bas ed on pr obabi l i t y  t heor y  and i s used 

t o des c r i be t he pr ocess  of  sand mi gr at i on i n gr avel .  The val i di t y  and l i mi t at i ons  of  t he t heor y  wer e i nv es t i gat ed ex pe ­

r i ment al l y .  I n gener al ,  good agr eement  was  obt ai ned bet ween pr edi c t ed and obs er ved mi gr at i on pat t er ns .  An expl anat i on i s 

of f er ed f or  t he det r i ment al  ef f ec t s  of  sand mi gr at i on i nt o openwor k  gr avel  i n t he al l uv i al  f oundat i on soi l s  of  a l ar ge 

dam and i t  i s shown t hat  t hese ef f ec t s  can be pr edi c t ed and ant i c i pat ed us i ng t he avai l abl e t heor y.

1 I NTRODUCTI ON

The nat ur e and f unc t i on of  a dam i nev i t abl y  as s oc i at e i t  

wi t h al l uv i al  soi l s ,  whi c h somet i mes  cont ai n l ayer s or  

l enses of  openwor k  gr avel .  Hi gh hydr aul i c  gr adi ent s  at ' t he 

ups t r eam mar gi ns  of  t hes e l ayer s  may  caus e mi gr at i on of  

l ar ge amount s  of  t he sur r oundi ng soi l  i nt o t he gr avel , f or ­

mat i on of  cav i t i es  i n t he f oundat i on,  and s i gni f i c ant  s et ­

t l ement  of  t he gr ound sur f ace.  A t heor et i cal  appr oac h was 

devel oped and used t o anal ys e t he pr ocess of  sand mi gr a ­

t i on i n a gr avel  depos i t .  A s i ze di s t r i but i on of  t he voi ds 

i n t he gr avel  i s obt ai ned and i s compar ed t o t he gr ai n si ze 

di s t r i but i on of  t he s ur r oundi ng soi l  t o y i el d t he pr obabi ­

l i t y  of  a gr ai n encount er i ng a voi d of  a par t i cul ar  si ze;  

f i nal l y ,  t he pr obabl e mi gr at i on di s t anc es  of  i nvadi ng 

gr ai ns  ar e det er mi ned.  Theor et i cal  pr edi c t i ons  ar e check ed 

agai ns t  r esul t s  of  l abor at or y  exper i ment s .  The cas e of  a 

l ar ge ear t h and r ock  f i l l  dam whi ch r es t s  on al l uv i al  s o ­

i l s cont ai n i ng openwor k  gr avel ,  sand,  and sand chocked c ob ­

bl e gr avel  i s i nves t i gat ed.  Mi gr at i on di s t ances  ar e c om­

put ed t heor et i c al l y  and ar e c ompar ed wi t h t he r esul t s  of  

expl or at or y  gr out i ng wi t h gr out  c ont ai ni ng al l uv i al  sand.  

The pr edi c t ed sand mi gr at i on pr ocess of f er s  an expl anat i on 

f or  t he dev el opment  of  a l ar ge number  of  s i nkhol es  i n t he 

ups t r eam i mper meabl e bl ank et  of  t he dam whi c h appear ed a f ­

t er  f i l l i ng of  t he r eser voi r .

2 THEORETI CAL CONSI DERATI ONS

The ef f ec t i veness  of  a gr anul ar  mat er i al  as a f i l t er  de ­

pends  on numer ous  f ac t or s,  mos t  i mpor t ant l y  on t he geome ­

t r i c  char ac t er i s t i cs ,  i nc l udi ng par t i c l e s i zes  and shapes 

of  t he f i l t er  and base mat er i al s ,  t he vel oc i t y  and d i r ec ­

t i on of  seepage,  and t he t i me dependenc y  of  t he f i l t er  

c l oggi ng mechani sm.  Voi d s i zes  have been s t udi ed ex t en ­

s i vel y  us i ng i deal i zed model s  of  uni f or m spher es ,  and un ­

i f or m and gr aded aggr egat es .  For  a mat er i al  wi t h a gi ven 

gr ai n s i ze di s t r i but i on,  di f f er ent  voi d s i zes and voi d s i ze 

di s t r i but i ons  can oc cur  wi t h di f f er ent  s t at es  of  packi ng.  

I ncr eas i ng uni f or mi t y  of  gr ai n s i ze r esul t s  i n an i nc r ease 

of  t he voi d s i zes  and of  t he uni f or mi t y  of  t he voi d s i ze 

di s t r i but i on.  Angul ar i t y  and spher i c i t y  of  t he gr ai ns  al so 

af f ec t  t he voi d si zes.  The abi l i t y  of  base mat er i al  gr ai ns  

t o mi gr at e i nt o t he mat r i x  of  a f i l t er  depends  on t hei r  

s i ze,  shape,  and uni f or mi t y .  However ,  l i mi t ed i nf or mat i on 

i s avai l abl e concer ni ng t he geomet r i c  r el at i onshi ps  be ­

t ween mi gr at i ng base mat er i al  gr ai ns  and f i l t er  voi ds and 

t he ef f ec t  of  such r el at i onshi ps  on t he pr ocess of  mi gr a ­

t i on.  Acc or di ngl y ,  an at t empt  i s made her ei n t o devel op a 

met hod f or  t he quant i f i cat i on of  t hi s r el at i onshi p based 

on pr obabi l i t y  t heor y.

To s t udy  t he pr ocess  of  mi gr at i on of  base mat er i al  gr ai ns 

i nt o a f i l t er ,  t he geomet r y  of  t he f i l t er  mat r i x  shoul d be 

quant i f i ed by obt ai ni ng a voi d s i ze di s t r i but i on cur ve;  

t hi s r equi r es  es t i mat es  t o be made of  al l  t he poss i bl e v o ­

i d di amet er s ,  d,  and t hei r  r espec t i ve pr obabi l i t i es  of  oc ­

cur r ence,  p.  As pr opos ed by  Si l vei r a ( 1965) ,  t he gr ai n 

s i ze di s t r i but i on of  t he f i l t er  i s t r ans f or med i nt o a di s ­

c ont i nuous  cur ve by  di v i di ng i t  i nt o m par t s ,  each one r e ­

pr es ent ed by  i t s av er age di amet er ,  di .  By  as sumi ng t hat  

t he pr obabi l i t y  of  oc cur r ence p^,  can be di r ec t l y  r el at ed 

t o t he per cent age of  occur r ence f or  a r epr esent at i ve sampl e,  

a pr obabi l i t y  of  occur r ence,  p- i ,  i s obt ai ned f or  each r e ­

pr esent at i ve di amet er ,  d- j ,  ana t he gr adat i on cur ve can be 

r epr es ent ed by a ser i es  of  m di amet er s ,  di ,  wi t h t hei r  r e ­

spec t i ve pr obabi l i t i es  of  occ ur r ence,  p ^ , as shown i n Fi g ­

ur e 1.

I t  i s t hen as sumed t hat  t he f i l t er  mat er i al  has s pher i ­

cal  gr ai ns  and i s at  i t s max i mum dens i t y ,  and t hat  r el a ­

t i ve pos i t i ons  oc cupi ed by  t he f i l t er  gr ai ns  ar e r andom.  

Accor di ngl y ,  at  any  poi nt  i n t he i nt er i or  of  t he f i l t er  

t her e mus t  be a cor r espondi ng gr oup f or med by t hr ee t an­

gent  spher es ,  r epr es ent ed i n a pl ane by t hr ee t angent  

c i r c l es  wi t h di amet er s  di ,  dj  and d| < and r espec t i ve pr o­

babi l i t i es  of  occ ur r ence p, - ,  pj  and pk as shown i n Fi gur e 1.  

For  each of  t hese gr oups ,  an i nt er nal  voi d r esul t s  t hat  

can be r epr esent ed by  t he i nt er nal  t angent  c i r c l e wi t h d i ­

amet er ,  d,  whi c h i s eas i l y  comput ed ( Soddy , _1936;  At mat z i -  

di s ,  1973) .  The pr obabi l i t y  of  occ ur r ence,  p,  of  a voi d 

wi t h di amet er  d i s equal  t o t he pr obabi l i t y  of  occur r enc e 

of  a combi nat i on of  t hr ee spec i f i c  gr ai n s i zes  di ,  dj ,  and 

d| <,  and i s comput ed by adopt i ng a t heor em f r om t he " i nde­

pendent  t r i al  pr ocess"  ( Kemeny et  a l . ,  1959;  Si l vei r a,  

1965;  At mat z i di s ,  1973)  as:

P =  - - - - ^ - - - - -  Pi r i  p / j  Pk r k ( 1)

r i ! r j ! r k !

wher e r i , r j ,  and r| < ar e t he number  of  t i mes t hat  d ^ , dj ,  

and d| <,  r espec t i vel y ,  oc cur  i n a gr oup and ar e non- ne-  

gat i ve i nt eger s  such t hat  t hei r  sum i s equal  t o t hr ee.  Af ­

t er  t he var i ous  voi d di amet er ^ ,  d,  and t hei r  c or r es pondi ng 

pr obabi l i t i es  of  oc cur r ence,  p,  have been comput ed,  t he 

voi d s i ze di s t r i but i on cur ve can be pl ot t ed as shown i n 

Fi gur e 1.
Ac cor di ng t o t he voi d s i ze di s t r i but i on obt ai ned,  i t  i s 

as sumed t hat  t he pr obabi l i t y  of  enc ount er i ng a voi d of  a 

gi ven di amet er  i s equal  t o i t s vol ume pr obabi l i t y .  How­

ever ,  i t  appear s  t o be mor e r eal i s t i c  t o assume t hat  t he 

enc ount er  pr obabi l i t y  i s r el at ed t o t he c r oss - sec t i onal  

ar eas  r at her  t han t he vol ume of  voi ds .  Ther ef or e,  t he c on ­

t i nuous  cur v e of  t he voi d s i ze di s t r i but i on by  vol ume i s
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Fi gur e 1.  Voi d Si ze Cur v es  of  Fi l t er  Mat er i al

t r ans f or med t o a di sc ont i nuous  c ur v e by  di v i di ng i nt o_ m 

par t s ,  each one r epr es ent ed by i t s av er age di amet er ,  d- j ,  

and hav i ng a per cent age of  occur r ence,  ( Fi gur e 1) .  I n 

a s i ngl e t r i al ,  t he pr obabi l i t y  t hat _a base mat er i al  gr ai n 

wi l l  encount er  a voi d wi t h di amet er  di  i s:

p . 1,1 _  _______

1  '  " I T"

I  " j d j  

j  = i

c r oss  sec t i onal  ar ea of  voi ds d-j  

c r oss  sect i onal  ar ea of  al l  voi ds

( 2 )

wher e n^ i s t he number  of  voi ds  of  di amet er  d-j _̂  Pi  can be 

expr es sed as t he r at i o of  t he vol ume of  voi ds di  t o t he 

vol ume of  a l 1 voi ds

Pi  =

i  3 
n i d i

TT T  3

- r n i d i n-  d

h  njdj3

( 3)

V voi ds  _5_ K

4 I nJ d/  

j = 1

i f  i t  i s c ons i der ed t hat  t he t ot al  vol ume of  voi ds  i s 

equal  t o t he c r oss  sec t i onal  ar ea of  t he voi ds  mul t i pl i ed 

by a geomet r i c  f ac t or  K,  hav i ng uni t s  of  l engt h.  Di v i s i on 

of  Equat i on ( 2)  by Equat i on ( 3)  y i el ds:

P - P ITI P *

i  - 3 J i _  or  P-j m = c - J— , wher e cx £  =1 ( 4)

2 di

A compar i s on of  t he enc ount er  pr obabi l i t y  cur v e and t he 

gr ai n s i ze di s t r i but i on cur v e of  t he base mat er i al  i ndi ­

cat es  t hat  any  base mat er i al  gr ai n wi t h di amet er  bet ween 

t he max i mum and mi ni mum es t i mat ed f i l t er  voi d s i ze wi l l  

be capt ur ed i n t he f i l t er  af t er  i t  t r aver ses  a cer t ai n 

di s t anc e of  mi gr at i on,  S.  The number  of  voi ds ,  n,  t hr ough 

whi c h a base mat er i al  gr ai n moves  bef or e i t  encount er s  a 

voi d of  si ze^ s mal l er  t han i t s di amet er  i s ( Si l vei r a,  1965)  

n_= l og ( 1- P/ 100) / l og P,  wher e P i s t he c onf i denc e l evel  

( P per  cent  of  c onf i denc e t hat  a bas e mat er i al  gr aj n of  a 

gi ven di amet er  wi l l  be s t opped wi t hi n n t r i al s or  P per  

cent  of  t he gr ai ns of  a gi ven di amet er  wi l l  be s t opped wi ­

t hi n n t r i al s )  and P i s t he pr obabi l i t y  t hat  a base mat e ­

r i al  gr ai n encount er s  a f i l t er  voi d l ar ger  t han i t s d i ame ­

t er  and i s equal  t o t he per cent age of  voi ds l ar ger  t han 

t he par t i cul ar  base gr ai n.  The act ual  mi gr at i on di s t ance,  

S,  can be comput ed i f  t he av er age mi gr at i on di s t ance,  s,  

per  t r i al  i s quant i f i ed.  I f  t he av er age di amet er  of  f i l t er  

gr ai ns,  d 50, f ,  i s as sumed t o r epr esent  s,  t he t ot al  mi gr a ­

t i on di s t ance can be es t i mat ed as S = n - d5o , f .

3 APPLI CATI ON

The pr ocedur e desc r i bed i n t he f or egoi ng par agr aphs  was 

empl oyed i n or der  t o anal yz e t he mi gr at i on pr ocess  of  sand 

gr ai ns  i nvadi ng gr avel  l ayer s hav i ng t he gr adat i ons  shown 

i n Fi gur e 2.  The comput ed voi d s i z e- enc ount er  pr obabi l i t y  

cur ves  shown i n Fi gur e 2 i ndi cat e t hat  voi d s i zes dec r ease 

s i gni f i c ant l y  wi t h i nc r eas i ng sand c ont ent  of  t he gr avel .  

For  exampl e,  i n gr avel s  hav i ng r es i dual  sand cont ent s ,  0%,  

4%,  and 8%,  t he enc ount er  pr obabi l i t y  f or  a voi d wi t h di a ­

met er  equal  t o 0 . 5 mm i s 3%,  45%,  and 80%,  r espec t i vel y .  

Thi s  i mpl i es t hat  t he f i ner  f r ac t i on of  t he gr avel  gr ada ­

t i on cont r ol s  t he voi d s i zes  i n t he gr avel .  Thi s obs er v a ­

t i on,  i s’ i n good agr eement  wi t h obs er v at i ons  made on pr ot ec ­

t i ve f i l t er s.  Kenney  et  a l . ( 1985)  conduc t ed anal y t i cal  

and exper i ment al  s t udi es  and conc l uded t hat  t he f i ne r ange 
of  f i l t er  par t i c l es  ( expr essed by a r epr esent at i v e di ame ­

t er  D5 or  D1S) c ont r ol l ed t he c ons t r i c t i on s i zes  i n t he 

net wor k  of  voi ds  i n t he f i l t er s ;  s i mi l ar  f i ndi ngs  have 

been r epor t ed by  Sher ar d et  al .  ( 1984) .

Es t i mat ed mi gr at i on di s t anc es  of  sand gr ai ns  wi t h d i a ­

met er s  r angi ng f r om 0 . 1 mm t o 1. 0 mm ar e shown i n Fi gur e 3.  

Mi gr at i on di s t ances  r ange wi t hi n ver y  wi de l i mi t s  and ar e 

s i gni f i c ant l y  af f ec t ed by t he voi d s i ze di s t r i but i on of  

t he gr avel  whi ch,  i n t ur n,  i s cont r ol l ed by t he r es i dual  

sand cont ent .  For  exampl e,  t he av er age mi gr at i on di s t ance 

of  a sand gr ai n wi t h di amet er  0 . 5mmi s  200cm,  20cm,  and 5cm 

when i t  ent er s  a gr avel  wi t h OX,  4%,  and 8% r esi dual  sand,  

r espec t i vel y .  I t  i s f ur t her  i ndi cat ed t hat  t he mi gr at i on 

pr ocess  can r esul t  i n s i gni f i cant  s egr egat i on of  t he mi ­

Grain or vo id  s ize (m m ).

Fi gur e 2.  Gr ai n ana voi d Si ze Di s t r i but i on of  Mat er i al s  

Used f or  Theor et i cal  Pr edi ct i ons and Labor at or y  Tes t i ng Fi gur e 3.  Pr edi c t ed Mi gr at i on Di s t anc e of  Sand Gr ai ns
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gr at i ng sand gr ai ns .  However ,  i t  appear s  t hat  t he degr ee 

of  s egr egat i on depends  on t he c ompos i t i on of  t he gr avel  

( r esi dual  sand cont ent )  as wel l  as on t he c ompos i t i on of  

t he mi gr at i ng sand.  Si nce t he mi gr at i on p r o c e s s i s a  t i i ne-  

dependent  phenomenon,  i ni t i al l y  i nvadi ng sand gr ai ns  t hat  

ar e capt ur ed i n t he gr avel  al t er  t he c ompos i t i on of  t he 

gr avel  and r educe t he avai l abl e voi d s i zes ;  t hi s r esul t s ,  

i n s hor t er  mi gr at i on di s t ances  and l ower  degr ee of  s egr e ­

gat i on f or  s ubsequent l y  i nvadi ng sand gr ai ns .

4 EXPERI MENTAL OBSERVATI ONS AND COMPARI SON WI TH THEORY

A ser i es of  l abor at or y  ex per i ment s  was  per f or med i n or der  

t o ev al uat e t he pr edi c t i ve capabi l i t i es  of  t he t heor et i cal  

model .  Wat er  was  al l owed t o f l ow hor i zont al l y ,  under a  c on ­

s t ant  gr adi ent  of  0. 25,  t hr ough var i ous combi nat i ons  of  

sand and gr avel  hav i ng t he gr adat i ons  shown i n Fi gur e 2.  

The equi pment  used,  t he oper at i ng pr ocedur es  f or  a t ypi cal  

t est ,  and t he r esul t s  obt ai ned have been pr esent ed and 

di scuss ed i n det ai l  el sewher e ( At mat z i di s ,  1973 and 1987) ,  

but  i nf or mat i on on f our  of  t he t est s conduc t ed,  whi ch ar e 

mos t  per t i nent  t o t hi s pr esent at i on,  i s r epor t ed next .  

Tabl e 1 gi ves  a summar y  of  t es t  condi t i ons  and r esul t s .  

Fi gur e 4 shows t he sand cont ent ,  by wei ght ,  of  t he gr avel  

at  t he end of  each t est ,  pl ot t ed agai ns t  di s t anc e f r om t he 

sand- gr avel  i nt er f ace.  For  t es t s  5 and 6, t he amount  of  

sand r epor t ed has been adj us t ed t o r ef l ec t  onl y  t he amount  

of  sand ac t ual l y  ent er i ng t he gr avel  and not  t he r esi dual  

sand i n t he gr avel  bef or e t he s t ar t  of  t he mi gr at i on pr o ­

cess.

I t  can be obser ved t hat  t he pr edi c t ed mi gr at i on d i ­

s t ances  of  mos t  sand gr ai ns  i nvadi ng a " c l ean"  gr avel  ( 0% 

r es i dual  sand cont ent )  ar e much l ar ger  t han t he ex per i men ­

t al l y  obs er ved di s t ances  i n t est s 7 ( 125 c m)  and 8( 215 cm) .  

Good agr eement  bet ween pr edi c t ed and obser ved mi gr at i on 

di s t anc es  was  obt ai ned f or  t he c oar ser  sand gr ai ns.  For  

exampl e,  a sand gr ai n wi t h a di amet er  of  0 . 5 mm has a pr e ­

di c t ed mean mi gr at i on di s t ance of  about  200 cm whi c h i s 

appr ox i mat el y  equal  t o t he obser ved mi gr at i on di s t ance of  

mos t  sand gr ai ns  i n t est  8. Thi s gr ai n s i ze cor r esponds  t o 

t he D9o and t he of  t he sands  used i n t est s  8 and 7,  r e

Tabl e 1.  Summar y  of  Tes t  Condi t i ons  and Resul t s

T e s t  Nu mb e r

5 6 7 8

Gr a d a t i o n  o f  Sa n d  a n d  Gr a v e l  ( F i g . 2) A , 3 A , 2 B,  1 A, 1

Sa n d  Co n t e n t  o f  Gr av e l  [% b y  we i g h t ) 8 % 4 % 0 « 0 %

Ma x i mu m Sa n d  Mi g r a t i o n  Di s t a n c e  ( c m) 75 11 0 125 2 1 5

A mo u n t  o f  Sa n d  En t e r i n g  Gr a v e l  ( k g) 3 . 1 7 7 . 8 8 9 . 2 5 1 4 . 5

Ne g l i g i b l e  Mi g r a t i o n  a f t e r  ( h r s ) 3 . 2 5 3 . 5 0 3 . 0 0 6 . 5 0

25

¿2 0

. 15

10

i

W

Test 8

V
Tes^

N
Test7̂

\
Test 5

X

0 0. 5 1.0 1.5 2.0
Distance from  sand-gravel interface(m )

Fi gur e 4.  Sand Cont ent  of  Gr avel  at  End of  Tes t s

2.5

spec t i vel y ,  and r epr es ent s  onl y  a f r ac t i on of  t he i nvadi ng 

sand gr ai ns.  I t  shoul d be not ed t hat ,  al t hough t he sands 

used i n t es t s  7 ( sand B)  and 8( sand A)  had t he same r ange 

of  gr ai n s i zes ,  a l ar ger  per cent age of  c oar s er  sand gr ai ns 

r esul t ed i n a dr as t i c  dec r ease of  t he t ot al  obser ved mi ­

gr at i on di s t ances.
Obser ved and pr edi ct ed mi gr at i on di st ances or e i n good 

agr eement  f or  pr ac t i cal l y  t he whol e r ange of  sand si zes 

used when t he gr avel  had a 4% r esi dual  sand cont ent .  Sand 

gr ai ns  wi t h di amet er  equal  t o or  l ar ger  t han 0 . 1 5 mm have 

a pr edi c t ed av er age mi gr at i on di s t ance of  about  110 cm 

whi c h i s pr ac t i c al l y  equal  t o t he obs er v ed mi gr at i on di s ­

t ance i n t es t  6. These gr ai ns  c ons t i t ut e about  87% by 

wei ght  of  t he sand and,  t her ef or e,  may  wel l  domi nat e t he 

mi gr at i on pr ocess .  For  t he case of  sand i nvadi ng gr avel  

wi t h 8% r esi dual  sand cont ent  ( t es t  5)  t he pr edi c t ed mi gr a ­

t i on di s t ances  wer e smal l er  t han t hose obser ved.  Thi s  may  

be at t r i but ed t o t he f act  t hat  t he pack i ng of  t he gr avel  

di d not  c or r es pond t o t hedens es t  pos s i bl e pack i ng,  as a s ­

sumed i n t he t heor y,  and r esul t ed i n l ar ger  voi ds t han t hose 

pr edi c t ed.  Never t hel ess ,  bot h pr edi c t i ons  and obs er vat i ons  

y i el d t he same pat t er n f or  t he ef f ec t  of  t he mechani cal  

c ompos i t i on of  t he gr av e l : i ncr eas i ng r esi dual  sand c on ­

t ent  f r om 0% t o 8% r esul t ed i n dec r eas i ng mi gr at i on di s ­

t ances  of  t he i nvadi ng sand gr ai ns .

I n addi t i on t o shor t eni ng of  t he mi gr at i on di s t ances ,  an 

i nc r ease i n t he r el at i ve amount  of  coar s e gr ai ns  i n t he 

i nvadi nq sand shor t ened s i gni f i cant l y  t he t i me r equi r ed f or  

r eachi ng a s t abl e condi t i on.

Fi nal l y ,  i t  can be obser ved t hat  at  t he end of  t he mi ­

gr at i on pr ocess,  i n al l  t es t s conduc t ed,  t he sand cont ent  

i n t he f i r s t  5 t o 7 cm of  t he gr avel  adj acent  t o t he sand-  

gr avel  i nt er f ace was  ex t r emel y  hi gh ( on t he or der  of  20%,  

by wei ght ) .  Thi s  obser vat i on i ndi cat es  t hat  a " f i l t er "  f or ­

med at  t he sar . d- gr avel  i nt er f ace whi ch pr event ed f ur t her  

pi pi ng of  sand i nt o t he gr avel  and caused t he s t abi l i z a ­

t i on of  t he mi gr at i on pr ocess .  Thi s  exper i ment al  obs er v a ­

t i on i s i n good agr eement  wi t h t heor et i cal  pr edi c t i ons  of  

max i mum mi gr at i on di s t anc es  of  2cm t o 3 c m when t he gr a ­

vel  has a r es i dual  sand cont ent  of  20%.

5 CASE STUDY

The Tar bel a Dam Pr oj ec t  i s a maj or  i r r i gat i on s t or age and 

hydr oel ec t r i c  pr oj ec t  on t he I ndus Ri ver  i n nor t her n Pak i ­

s t an.  The mai n embank ment  i s an ear t h and r oc k f i 11 damwi t h  

a max i mum hei ght  of  145 m and a vol ume of  116 mi l l i on cubi c  

met er s  and i s f ounded on al l uv i um of  var i abl e t hi ckness 

wi t h a max i mum dept h of  230 m.  An ups t r eam i mper v i ous bl an ­

ket  wi t h a l engt h of  about  1700 m i s t i ed i nt o t he mai n 

dam i nc l i ned cor e t o mi ni mi z e under - s eepage l osses and 

f oundat i on gr adi ent s .  Fol l owi ng col l apse of  one of  t he 

t wo power  t unnel s  and f ai l ur e of  i t s cent r al  i nt ake gat e,  

t he r eser v oi r  was  empt i ed and mor e t han 600 s i nk  hol es or  

c r at er s  wer e di scover ed i n t he ups t r eam i mper meabl e b l an ­

ket  ( Apl et on,  1975) .  An ex pl anat i on f or  t he f or mat i on of  

t hese s i nk hol es i s of f er ed her ei n i n t er ms  of  sand mi gr a ­

t i on pr ocess es  i n t he f oundat i on al l uv i um under  t he b l an ­

ket  and t he dam.
A var i et y  of  subsur f ac e expl or at i on met hods  wer e empl oyed 

t o i nves t i gat e t he al l uv i al  mat er i al  f i l l i ng t he val l ey  at  

t he dam s i t e ( Lowe and Sandf or d,  1982) .  I t  was  conc l uded 

t hat  t he al l uv i um i s composed of  ess ent i al l y  t wo c ompo ­

nent s:  f i ne sand and cobbl e gr avel .  I n pl aces t he cobbl e 

gr avel  i s choked wi t h sand but  t her e i s ev i dence of  ex t en ­

s i ve depos i t s  of  openwor k  gr avel  i n c ont ac t  wi t h f i ne sand 

l ayer s.  Typi cal  gr adat i ons  of  val l ev  al l uv i um ar e shown i n 

Fi gur e 5 ( af t er  Lowe and Sandf or d,  1982) .  The gr ai n s i ze 

di s t r i but i ons  of  t he gr avel s  shown i n Fi gur e 5 wer e used 

t o obt ai n voi d s i z e- enc ount er  pr obabi l i t y  cur ves  and t hese 

cur ves  wer e compar ed wi t h t he gr ai n s i ze di s t r i but i on of  

t he sand t o y i el d t he pr edi c t i ons  of  mi gr at i on di s t anc es  

shown i n Fi gur e 6. I t  can be obser ved t hat  ( a)  sand can 

ver y  eas i l y  ent er  i nt o an openwor k  gr avel  l ayer  wi t h l ow 

r esi dual  sand cont ent  and ( b)  quant i t i es  of  r esi dual  sand
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Figure 6. Sand Migration Distance in Openwork Gravel

ar e abl e t o move f r om pl ace t o pl ace wi t hi n t hi s  l ayer .  

I nt er nal  mi gr at i on,  accor di ng t o t he l at t er  obser vat i on,  

can r esul t  i n a r educ t i on of  t he sand cont ent  of  a choked 

j r avel  whi ch woul d t hen be c apabl e of  acc ept i ng sand f r om 

s ur r oundi ng sand l ayer s t hus f ur t her  i nc r eas i ng t he da­

magi ng ef f ec t s  of  sand mi gr at i on i nt o openwor k  gr avel  l ay ­

er s

An ex t ens i v e ex pl or at or y  gr out i ng pr ogr am us i ng sanded 

gr out  ( 1. 0 cement ,  0. 2 bent oni t e,  5. 0 sand,  and 11. 0 wat er )  

i ndi cat ed t hat  wi de zones  of  openwor k  gr avel  wi t h c ont i nu ­

i t y i n t he ups t r eam- downs t r eam di r ec t i on ex i s t ed at  t he 

s i t e ( Lowe and Sandf or d,  1982) .  Gr out  t akes i n t he open ­

wor k  var i ed f r om 75 t o 230 m3/ m of  sol i ds.  Us i ng an av e ­

r age mi gr at i on di s t ance of  20m ( accor di ng t o r esul t s  

shown i n Fi gur e 6) i t  can eas i l y  be comput ed t hat  t he 

amount  of  sol i ds  ( most l y  sand)  pumped i nt o t he openwor k  

l ayer s dur i ng gr out i ng r esul t ed i n an i nc r ease of  t he 

g r av e l ’ s sand cont ent  by about  6% t o 18% by  wei ght .  Si nce 

t he r esi dual  sand c ont ent  of  t he openwor k  r anged f r om 

about  4% t o about  12%,  t he f i nal  sand c ont ent  coul d eas i l y  

have r eached val ues of  18% t o 20% or  gr eat er .  The mi gr a ­

t i on s t udy  i ndi cat es  t hat  f or  such amount  of  r es i dual  sand 

t he i nvadi ng sand gr ai ns  have negl i gi bl e mi gr at i on d i s ­

t ances ,  and t hi s pr edi c t i on i s i n ver y good agr eement  wi t h 

t he f i el d obs er v at i on of  gr out  t akes  equal  or  l ess t han 

141/ mi n ( Lowe and Sandf or d,  1982)  when t he openwor k  had 

been chok ed wi t h sand.

The subs t ant i at i on of  t he t heor et i cal  pr edi c t i ons  by  t he 

f i el d obser vat i ons  and measur ement s  per mi t s t he f ol l owi ng 

pi c t ur e of  t he dev el opment  of  t he mi gr at i on pr ocess  t o be

pos t ul at ed.  Under  t he hi qh hy dr aul i c  qr adi ent s  caus ed bv 

f i l l i nq of  t he r eser voi r ,  l ar ge vol umes  of  sand mi gr at e 

i nt o adj ac ent  openwor k  gr avel  l ayer s.  Due t o t he l ar ge d i ­

mens i ons  of  t he voi ds  i n t he openwor k ,  even t he l ar ges t  

sand gr ai ns  can mov e t hr ough mos t  of  t hem.  The t ot al l y  mi ­

gr at i ng sand l eaves a space whi ch i s f i l l ed i n by  t he s ur ­

r oundi ng sand.  The net  r educ t i on i n t he vol ume of  t he f oun ­

dat i on soi l s  i s r ef l ec t ed by set t l ement  of  t he gr ound s ur ­

f ace whi ch can cause di r ec t  f or mat i on of  a s i nkhol e or  

c r at er  or  may  r esul t  i n c r ack i ng of  t he i mper v i ous  bl anket  

whi c h i s t hen er oded by seepi ng wat er  and f or ms  a c r at er .  

The r at e of  mi gr at i on i s r educed wi t h t i me as t he c oar s er  

sand gr ai ns  get  caught  i n t he voi ds  of  t he openwor k ;  voi d 

s i zes and sand gr ai n s i zes t hat  can be caught  i n t he voi ds  

dec r eas e c ont i nuous l y  unt i l  a " f i l t er "  i s f or med near  t he 

sand- openwor k  i nt er f ace whi ch pr event s  f ur t her  sand mov e ­

ment  and causes  t he mi gr at i on pr ocess  t o t er mi nat e.  Thi s,  

however ,  i s no c onsol at i on s i nce sev er e damage has a l r ea ­

dy  been sus t ai ned.

6 CONCLUSI ONS

Based on t he i nf or mat i on and di sc uss i on pr esent ed her ei n,  

and wi t hi n t he l i mi t at i on of  t he t heor y  dev el oped and ex ­

per i ment al  obser v at i ons  made,  t he f ol l owi ng conc l us i ons  

can be advanced:

( 1)  A met hod based on pr obabi l i t y  t heor y  has  been de ­

vel oped i n or der  t o des c r i be t he pr ocess  of  sand mi gr at i on 

i n gr avel .  I n gener al ,  pr edi c t i ons  of  t he mi gr at i on d i s ­

t ances  of  i nvadi ng sand gr ai ns  wer e i n good agr eement  wi t h 

l abor at or y  and f i el d obser vat i ons .  Bes t  pr edi c t i ons  wer e 

obt ai ned f or  common and openwor k  gr avel  wi t h modes t  sand 

cont ent  ( 4% and 8%,  r espec t i vel y )  whi l e agr eement  bet ween 

pr edi c t i on and obser v at i on was  not  as good f or  " c l ean"  

gr avel  wi t h hi gh sand c ont ent  and t hi s  may  be at t r i but ed 

t o t he l i mi t at i ons  of  t he t heor y .

( 2)  The phenomenon of  sand mi gr at i on i n gr avel  i s a t i me-  

dependent  pr ocess  whi ch t er mi nat es  when a t hi n l ayer  of  

gr avel  wi t h hi gh sand cont ent  ( on t he or der  of  20%)  i s 

f or med nex t  t o t he sand- gr avel  i nt er f ace.

( 3)  Mi gr at i on di s t ances ,  as wel l  as dur at i on of  t he mi ­

gr at i on pr ocess ,  ar e c ont r ol l ed by  t he f i ner  f r ac t i on of  

t he gr avel  gr adat i on ( amount  of  r esi dual  sand)  and by  t he 

c oar s er  f r ac t i on of  t he i nvadi ng sand gr ai ns .
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