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Analysis of Filter Requirements for Compacted Clays
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SUMMARY

It is recognized that conventional filter design criteria based 

on grain size, when applied to cohesive soils, may result in 

uneconomical design.

Theoretical and experimental studies on the selection of 

suitable filter materials for fat clay have been conducted in 

Israel during the last decade. The paper reports recent studies 

made on m odels o f compacted clay placed in contact with actual 

filter material, as well as with bases with holes simulating filter 

material, and subjected to controlled flow of water. Testing con­

ditions included variation of pressure on the clay, and o f the 

size o f holes within the bases and gradients. When failure took 

place the gradient was noted and the shear strength of the clay 

was determined. The experimental results show that a fat clay 

may be protected by a fairly coarse filter material. Relatively 

high average gradients were required to cause failure even when 

the clay was allowed to swell under zero pressure. A fairly 

reasonable agreement was found between the experimental results 

and a theory correlating the size o f clay aggregate washed out, 

the exit gradients, and the tensile strength o f the clay at failure.

SOMMAIRE

On sait que le critère de calcul d’un filtre conventionel, basé 

sur les dimensions des grains, s’il est appliqué aux sols cohérents, 

peut avoir com m e conséquence des projets non économiques.

D es études théoriques et expérimentales, concernant la sélec­

tion des matériaux de filtre convenables pour l’argile grasse, ont 

été exécutées en Israël pendant les dernières années. L’article 

contient les résultats des études récemment exécutées sur des 

modèles d’argile compactée mise en contact soit avec le matériel 

de filtre même, soit avec des supports troués simulant le matériel 

de filtre et exposés à l’action d’un courant d’eau contrôlé. Les 

variables durant les essais furent la pression sur l’argile, les 

dimensions des trous dans les supports et les gradients. Au  

mom ent de la rupture, le gradient a été noté et la résistance au 

cisaillement de l’argile a été déterminée. Les résultats expéri­

mentaux démontrent qu’une argile grasse peut être protégée par 

un matériel de filtre assez grossier. Pour arriver à la rupture, des 

gradients moyens relativement élevés étaient nécessaires, même 

quand l’argile se gonflait sous une pression nulle. On a établi 

qu’il y a une corrélation raisonnable entre les résultats expéri­

m entaux et la théorie, laquelle établit une relation entre les 

dimensions de l’agrégat lavé, les gradients à la sortie et la 

résistance à la traction de l’argile au m om ent de la rupture.

v a r i o u s  e n g i n e e r i n g  s t r u c t u r e s , bu ilt w ith in  c lay  en ­

v ironm ents and subjected  to  flow  o f  w ater, pose  problem s of  

seepage contro l and filter requirem ents for  drainage. P ervious  

m aterials are used  as filters to  d issipate hydrostatic  pres­

sures, rem ove w ater quick ly, and elim inate  w ash ing  ou t o f  

soil particles w h en  danger o f  p ip in g  exists. It is generally  

recogn ized  that the con ven tion a l filter design criteria based  

on  grain size, w h en  used fo r  coh esive  so ils, ignore basic  

factors such as the resistance to p ip in g  o w in g  to coh esive  

forces, so il structure, and the actual ex it gradients d evelop in g  

in the soil-filter in terface. A s  a result, the use o f  conventiona l  

criteria fo r  coh esive  so ils m ay lead  to u n eco n o m ica l design  

o f  filters. It seem s that m ore econ om ica l design  criteria m ay  

be develop ed  through rational analysis and experim ental 

procedures. T h is is particu larly im portant in areas lack in g  

natural deposits o f  granular so ils and w here the on ly  source  

o f  filter m aterials is crushed stone, processed  in quarries and 

hau led  over lon g  distances.

A s com pared  w ith  co h esion less so ils, co h esiv e  m aterials  

offer far larger resistance to  separation  and w ash ing  out o f  

particles by drag forces. In addition , c lays require a sm aller  

hydraulic con d u ctiv ity  for  a filter, as the flux required for  

drainage is sm aller. H en ce , design  criteria m ay be less severe  

and the range o f  possib le  filter m aterials w ider.

In recogn ition  o f  the consideration s involved , several in­

vestigators have d evelop ed  n ew  approaches treating the  

problem  both  theoretically  and experim entally . D avidenk off

(1 9 5 5 )  m ade an im portant contribution  in  this field  by  

develop in g  a form u la  relating the coh esio n  o f  the base soil 

to  the size o f  the protecting  filter m aterial and the hydraulic  

gradient. T his w as p ossib le  by usin g  over-sim plified  assum p­

tions both  as to the coh esive  strength o f  the base soil and  

as to the critical gradient. Z w eck and D a v id en k off (1 9 5 7 )  

sh ow ed  experim en ta lly  that w ith  increasing fineness o f  the  

base soil the ratio o f  the 50  per cen t sizes suggested  by the  

U .S . B ureau o f  R eclam ation  for un iform  filters m ay be in ­

creased. T h ey  also  sh ow ed  that this ratio  is dependent on  

the seepage gradient. T h ey  did not investigate, how ever, base  

soils w ith  m aterials finer than 0 .01 m m . Z aslavsky and 

K assiff (1 9 6 5 )  presented a theoretical analysis o f  pip ing  

m ech an ism  in coh esive  soils, tak ing into consideration  the  

actual ex it gradients d evelop in g  in the so il. T h e  application  

o f the theory  for  filter design  w ill be attem pted in  this 

paper.

E xperim ental studies o n  the se lection  o f  su itab le filter  

m aterials for  fat c lay  have  been condu cted  in Israel during  

the last decade in co n n ection  w ith the design o f  various 

hydraulic structures foun ded  on  and built o f  this m aterial 

(B ar-Shany, et a l., 1957; A isen stein , et a l., 1 9 6 1 ) . T he  

present paper includes the experim ental results obtained  in 

the past, as w ell as those o f  recent m odel studies o f  pip ing  

in  fat clays. A  reasonable correlation  w as foun d  betw een  

the experim ents, the results o f  the m odel studies, and the  

theoretical approach to p ip ing  in  coh esive  soils.
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A  theoretica l analysis o f  p ip ing in co h esiv e  so ils (Z aslavsky  

and K assiff, 1 9 6 5 ) has sh ow n that for a com p acted  c lay  the  

factor o f  safety , F ,  against p ip ing  m ay be approxim ately  

expressed  as fo llow s:

F =  b a j y ^ j d ,  (1)

in w h ich  <rt is the tensile  strength o f  the c lay , estim ated from  

a drained triaxial test; j  is the actual exit gradient (d ifferent 

from  m easured  average gradient, /'); d  is the m ean  size o f  

aggregates separated from  the c lay  surface; and b is a 

d im ension less soil constant o f  the order o f  un ity, dependent 

on  the m ean size and geom etry  o f  the aggregates w ashed  out.

T h e  engineering  problem  o f  protecting  a com p acted  clay  

from  w ashing out is to u tilize  a filter m aterial w ith  pore  

sizes sm aller than the size o f  w ashab le aggregates associated  

w ith the design gradients. T his requirem ent com b in ed  w ith  

E qu ation  1 is schem atica lly  illustrated in  F ig . 1, in w h ich

THEORETICAL CONSIDERATIONS

ds = S/ze o f  s ta b /e  

a g g re g a te s  5t  

■ r  o£

&

FIG.

udc t/ds t/df i/a

7  /
dc • P o s  s ib /e  s / z e  o f  c d f « Pecom m enc/ed  

w o  shab ie  a g g re g a te s  f i / t e r  p o r e  s iz e

1. Determination of pore size o f filter material 

required to protect clay soil from washing out.

the exit gradient, j ,  is p lotted  against l / d  for a particular  

clay. A ssu m in g  crt =  constan t for  a certain range o f  w ashable  

sizes, straight lines are obtained  for  various safety  factors  

( lin e  (a )  for  F  =  1.0; lin e  (b )  for F  >  1 ) .  U s in g  a given  

hydraulic gradient, j c, the critical size l / d c m ay be deter­

m ined from  F ig . 1. U n der  this gradient, particles to  the  

le ft o f  l / d c are unsafe. T h e  pore size o f  the filter m aterial 

should  be selected  to  the right o f  l / d c, so that the aggregates 

o f  the c lay  w ou ld  have a factor o f  safety , F  >  1. P ore size  

m ay be used as a design  criterion by taking in to  account 

the grain size, shape, and porosity  o f  the filter m aterial.

It m ay be noted that the lin es (a )  and (b )  in F ig . 1 

w ou ld  tend to curve upw ard, as c r t  increases w ith  decreasing  

stable aggregates size (lin e  ( c ) ) .  T his occurs b ecause the  

bond betw een  ind ividual particles is stronger than that 

betw een aggregates. T he firm er the clay soil, and the higher  

the tensile  strength, the steeper w ill be  the lines show n in 

Fig. 1, ind icating larger resistance to  separation, resulting  

in coarser filter m aterial. It sh ould  be po in ted  out, how ever, 

that the present analysis is lim ited  to relatively  sm all pore  

sizes, say 5 - 1 0  m m , because it is questionable w hether the 

com pacted  state o f  the c lay  w ou ld  be m aintained  after  

saturation in the v icin ity  o f  larger voids.

DESCRIPTION OF BASE SOILS INVESTIGATED

T he so ils studied represent typical c lays in Israel utilized  

for  the b lanketing o f  reservoirs, for earth dam  and canal 

construction , etc. T h ey  are very  plastic (w r =  6 0 -8 0 ;  / p — 

3 8 -5 5 ;  w s =  8 .5 -1 1 )  and exhib it h igh sw ellin g  properties.

T he soils belong  to the C H  group (U n ified  Soil C lassifica­

t io n ) , w ith  5 5 -6 5  per cen t o f  the particles sm aller than 5 

m icrons. T he dom inant c lay  m ineral is m ontm orillon ite  

(sm e c tite ) . T h ey  have free sw ell o f  1 0 0 -1 1 0  per cent.

T he c lays w ere p laced  at dry densities varying from  1.41 

to 1 .50 g ra m s/cu  cm  w ith corresponding m oisture conten ts  

o f  29  to  23 per cen t. U n der  these con d ition s the hydraulic  

cond u ctiv ity  o f  the c lay  varied  betw een  1 0 - 8  and 1 0 - 9  

c m /s e c .

EXPERIMENTS WITH FILTER MATERIALS 

C h a ra c te r is tic s  o f  F i l t e r  M a te r ia ls

In Israel, the use o f  beach  sands for filters in  large  

hydraulic structures, usually  located  in land , is un econ om ica l 

because o f  lo n g  hau lin g  d istances. T h erefore, in itia l studies 

w ere concentrated  on  the determ ination  o f  the su itab ility  o f  

crushed aggregates as filter m aterials in contact w ith  the  

clay. T he aggregates originated from  lim eston e  rocks o f

T ABLE  I. TYP I CAL GRAI N SI ZE CHARACTERI STI CS OF  F I LTER MATERI ALS

Uniformity
Coeff.

Deo/Dio

Grain size (mm)

Type of aggregate
Maximum  

size Dss D 50 D,5

Fine crushed 
stone 2 .5 10 8 .5 4 2 .2

Medium crushed 
stone 2 .5 20 10 7 4 .0

variable hardness. T h e  quarry w aste  w as not considered  

suitable, ow in g  to the p resence o f  a large percentage o f  

fines w h ich  rendered the m aterial im pervious w h en  w et. 

T w o  un iform ly  graded aggregates, fine and m edium  crushed, 

w ere studied . T ab le  I presents typical grain size characteris­

tics o f  the aggregates.

T esting  P ro g ra m m e , E x p e r im e n ta l S e t-U p , a n d  R esu lts  

T h e study w as carried out in tw o  stages and consisted  o f  

seepage tests on  com p acted  c lay , 2 .5  cm  thick, p laced  in

f i g . 2. Photo showing clay, after free swelling, in 

contact with coarse filter material.
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contact w ith  the crushed aggregate w ithin  transparent per- 

m eam eters. In the first stage the c lay  w as co m p lete ly  c o n ­

fined in the perm eam eters, sim ulating a cond ition  in w h ich  

the c lay  w as not a llow ed  to sw ell under a relatively  large  

surcharge. T he  second  stage consisted  o f  a detailed  testing o f  

the sam e system , but under m ore severe cond itions, nam ely  

after the c la y  had been  a llow ed to sw ell freely  w h ile  in 

contact on ly  w ith  the coarser o f  the tw o m aterials (F ig . 2 ) .  

In both  series the m axim um  average gradients reached 50 . 

A fter  tw o m onth s o f  observation  n on e o f  the experim ental 

com binations sh ow ed  failure, either partial or com p lete . In 

sp ite  o f  the h igh  average gradients under w h ich  the c lay  w as 

tested  no c lay  particles w ere w ashed  out into the filter 

m aterials. T his behaviou r w as attributed to  the relatively  high  

resistance o f  the c la y  to separation  by the drag forces, ow ing  

to its co h esiv e  strength.

It m ay be noted  that ever since the study w as com pleted  

(1 9 5 5 )  the fine crushed aggregate has been exten sively  used  

in  various structures in Israel as a filter m aterial in contact 

w ith  expansive clays. P rototype results for  som e years now  

sh ow  satisfactory  p erform ance o f  the drainage provisions. 

O n the other hand, som e cases o f  co m p lete  fa ilure have been  

observed  w h en  large-size gravel or stones w ere in contact 

w ith  the c lay , possib ly  ow in g  to a lack, o f  com p action  o f  the 

c la y  m ass as w ell as the large pore size.

RECENT STUDIES OF FLOW-THROUGH LAYERED SYSTEMS

In recent years the problem  o f  flow -through layered sys­

tem s has been investigated  in Israel from  various v iew poin ts, 

both theoretica l and experim ental, using laboratory and field  

m odels. T he results o f these investigation s also  shed light on  

the factors in vo lved  in filter requirem ents for  c lay  soils. 

K isch  (1 9 5 9 )  has sh ow n that w hen  a c la y  b lanket is p laced  

on  a perv iou s soil and subjected  to  a dow nw ard flow  o f  

w ater, unsaturated flow  m ay take p lace, resu lting in a nega­

tive pore pressure head (su c t io n ) , -q, at the in terface betw een  

the tw o m aterials. B y m odels o f  im pervious soils p laced  on  

sands varying in coarseness, he sh ow ed  that the suction  

decreased  w ith  the increase o f  the size o f  the pervious  

m aterial. G lob in sk y  (1 9 6 4 )  verified these results and ex ­

tended the study to m odels o f  c lay  supported by a crushed  

gravel w ith  a m axim um  size o f  32  m m .

Z aslavsky (1 9 6 2 )  defined theoretica lly  the cond itions for  

saturated and unsaturated flow  in layered system s. H e  

p oin ted  out that, in order for saturated flow  to occu r, rela­

tively  h igh heads are required to operate on  the c lay  blanket. 

H e  also sh ow ed h o w  17 m ay be calculated .

It m ay be stated, thus, that in cases w here unsaturated  

flow  occurs the effective  pressure in the c la y  at the in terface  

betw een  the tw o m aterials is increased as fo llow s:

o ' =  a  +  0 u  =  <r +  )3 jj7 w> (2 )

w here f t  is a num erical factor equal to or less than unity  

(Jennings, 1 9 6 1 ) . T herefore, in order to separate particles 

o f  the c lay  from  the interface during unsaturated flow  w ith  

high suction  values, extrem ely  large drag forces are required  

and the danger o f  c logg in g  o f  the filter m aterial is relatively  

low . A  direct app lication  o f  these con cep ts to engineering  

practice m ay be in the field o f  drainage for  h igh w ays and  

runw ays. T he flow  that takes p lace under the pavem ent or 

the shoulders is usually  unsaturated, because o f  the relatively  

lo w  heads operating and their short duration. H en ce , rela­

tively  large gravel m ay be used in drainage system s for these  

types o f  structure.

In certain hydrau lic structures, how ever, it is conceivab le

that saturated flow  w ou ld  occur. In a study o f  c lay  b lanketing  

A isenstein , et a l. (1 9 6 1 )  have  sh ow n that ow ing  to sw elling  

o f  the top  portion o f  the b lanket non -un iform  distribution o f  

hydraulic cond u ctiv ity  w as obtained. T he result w as a non- 

uniform  distribution o f  gradients, w ith  actual exit gradients 

m uch higher than the average. In this case the danger o f  

pip in g  in the clay  is great and a carefu l design o f  the filter 

is required.

It should  be poin ted  out in this co n tex t that even  a sm all 

overburden decreases sw ellin g  in the top layer o f  the clay, 

thus low ering  its hydrau lic cond u ctiv ity  w h ich  results in a

f i g . 3. Perforated base with 15-mm holes used for model studies 

of piping in compacted clay.

f i g . 4. Photo showing over-all set-up used for model 

studies o f piping in compacted clay.
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TABLE II. SUMMARY OF SEEPAGE MEASUREMENTS IN THE PERMEAMETERS CLOSE TO FAILURE BY PIPING

Test no.

Diameter 
of holes 

D
(cm)

£>2
(cm2)

Number of 
holes, n

Total discharge Critical 
measured, qt, discharge, 
prior to failure qc, =  q jn  

(cu.cm ./sec) (cu.cm ./sec)

Measured-average
critical

gradient,

i'c

Calculated
critical

gradient,
i  *J c

1 0 .2 0 .04
Surcharge : 

250
= 0 kg/sq.cm .; Assumed K  =  10~6 cm 

No failure at about
/sec

100
2 0 .5 0.25 100 1.03 X 1 0 “2 0.103 X 10-3 60 262
3 1.0 2 .25 14 1.30  X IO “2 0 .930  X 1 0 “3 20 222
4 3 .0 9.00 4 1.42 X IO "2 3 .5 6  X 10-3 10 252

5 0 .2 0 .0 4
Surcharge =  0 .1  kg/sq.cm .; Assumed K  =  5 X 10 7 

250 No failure at about
cm /sec

1000
6 0 .5 0 .25 100 3 . 0 X 1 0 “* 0 .3 0  X 10"3 935 1530
7 1.5 2.25 14 3 .3  X IO "2 2 .3 6  X IO “3 686 1340
S 3 .0 9.00 4 4 .1  X 1 0 “2 10.25 X 10“3 ooo 1456

*The critical exit gradient causing failure was computed from:_7c =  2qcr/w D 2K  (Zaslavsky and Kassiff, 1965)

m ore even ly  d istributed gradient and less dangerous co n d i­

tio n s at the exit.

MODEL STUDIES OF PIPING IN CLAY 

E x p e r im e n ta l S e t-U p  a n d  P rocedure

T he experim ents inclu ded  m od el testing o f  a c la y  layer,

3 .0  cm  thick , com p acted  to a predeterm ined density  w ithin  

luc ite  perm eam eters. T he  layer w as supported by various  

perforated  lucite  bases, w ith  circu lar holes, varying in size  

from  a m axim um  diam eter o f  30  m m  to a m in im um  o f  2 

m m . E ach  base has un iform  size holes. F ig . 3 sh ow s on e  o f  

the perforated  bases, w ith  15-m m  holes. T he c lay  layer w as 

saturated first and a llow ed  to sw ell under surcharges varying  

from  0 to 0 .2  k g /sq .c m , sim ulating various overburden  

pressures. T he pressures w ere  applied  by a spring set-up  

(F ig . 4 ) .  T he perm eam eters w ere then subjected  to a gradual 

increase o f  a head o f  w ater and continuou s m easurem ents o f  

discharge w ere taken during flow  until pip ing occurred . T he  

gradient w as increased in increm ents o f  10 and w as kept at 

the sam e va lue for  tw o w eeks. T he tim e required for  failure  

varied accordingly  from  several w eek s to  nearly eight 

m onths, depend ing on  the surcharge.

A fter  fa ilure the perm eam eters w ere d ism antled  and the 

c lay  w as tested  for  strength by a laboratory vane. In addition , 

the strength o f  the c lay  w as m easured in the triaxial shear 

apparatus, w ith  pore-pressure m easurem ents, by quick  shear­

in g  after conso lidation . F rom  the strength data, the tensile  

strength, crt, w as evaluated .

Test R esu lts

O bservations o f  the m echanism  o f  p ip in g  o f  the clay  

sh ow ed  that p ip in g  started at the perim eter o f  the holes, 

form in g  cavities at this zon e . T his p h en om en on  w as o b ­

served by D avidenkofF  (1 9 5 5 )  and exp la in ed  by Z aslavsky  

and K assiff ( 1 9 6 5 ) .  A s the gradients over the h o le  tended  

to  b eco m e even , and as the so il at the cen tre o f  the h o le  lost 

support, the cav itations progressed tow ards the centre, as­

su m in g  a d om e-lik e shape. F urther increase o f  hydraulic  

gradients brought about com plete  fa ilure o f  the layer in the  

form  o f  a tapered h o le  w ith  a base o f  the size o f  the hole. 

It w as also observed that the m aterial w ashed  out from  the  

h o le  during the process w as in the form  o f  v isib le  aggregates 

rather than in  that o f  ind ividual particles. T h e  size o f  

aggregates w ashed  w as dependent on  the structure o f  the  

clay  and increased w ith  the strength o f  the clay.

T h e  m easured average gradients required to cause fa ilure  

through the h o les increased w ith  decreased  size  o f  holes. 

H ow ever , an estim ate o f  the actual exit gradients, based on  

hydraulic consideration s o f  seepage through the dom e-shaped

£

Com pacted C/ oy 4 / / owed 

to  5we/ /  Under Surcharge =<£?/ kg/ cm

Compacted C/ay /¡//owed 

/o Swell Under Surcharge=o kg/cm

Zone o f Anticipo/ed behamr 

fo r  Normo//y Conso/idoted

\ ^ C / a y ' f '  —

5one/'

10 15 2 0  2 5

5/ze o f  Uo/est Dmm

f i g . 5. Lines o f  critical gradients for various soils.

/
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a t  o .i kg
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K  /0*5*
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/ cm 2 su/ 
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,o - * - 2 4 *
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< ° n
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/
L ine  o f  

F /o iv  a t

C r it / c a /

•horge -/ / / /  C 4.0,/¿?-3 
I K  SO*/O'6 "

f ig . 6. Critical flow against the square of hole size for determina­

tion o f U.
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TABLE III. PREDICTION OF MAXIMUM SIZE OF FILTER REQUIRED

Su rcharge 
on clay, 

(kg/sq.cm .)

Actual critical 
exit gradient,

j c

Mean size of 
washable 

aggregate 
observed, d 

(cm)

Calculation of d*, assuming 6 = 1

Tensile
strength,

<rt
(kg/sq.cm .) (cm)

Maximum filter sizet 
predicted

From d From d 

computed observed 
(cm) (cm)

Actual 
maximum filter 

size used§ 
(without failure) 

(cm)

0 .0  250 0 .2  0 .12  4 X 102 0 .4  2 .0  1 .0  2 .0
0 .1  1500 0 .5  0 .93  2 .4  X 1 0 3 0 .6  3 .0  2 .5  2 .0

*The computation is made from d =  irb a J 'iy ^ U  (Zaslavsky and Kassiff, 1965). 
fFrom Fig. 6.
{M aximum filter size is based on the assumption that, for uniform crushed stones, the size of pores is approximately 1/5 of the maximum size. 
§From Table I.

cav itation  (Z aslavsk y  and K assiff, 1 9 6 5 ) ,  has sh ow n  that 

the exit gradients w ere a so le  fu n ction  o f  the c lay  properties  

and y w, in d ep en dently  o f  the size o f  holes. It m eans, actually , 

that the critical flow  causing  fa ilure in  the base so il w as 

independent o f  the size  o f  filter m aterial, provided  that 

w ashab le  soil aggregates w ere several tim es sm aller than the  

filter pore size.

D u rin g  th is study, fa ilure in the c lay  layers by p ip ing  

occurred  on ly  under surcharges o f  0  and 0.1 k g /sq .c m . N o  

fa ilu res w ere obta ined  fo r  tests under a surcharge o f  0 .2  

k g /sq .c m ., desp ite use  o f  gradients o f  up to 1000. T able  II 

sum m arizes the results obta ined  from  the seepage m easure­

m ents just prior to  failure. T he d ifferences in  m agnitude  

betw een  the average critical gradients m easured  and those  

ca lcu lated  m ay  be noted  from  T ab le  II. F ig . 5 presents the  

experim ental results fo r  the c la y  tested  in  term s o f  the critical 

ex it gradients against the size o f  h o les in the base o f  the  

perm eam eters, from  w h ich  it m ay be seen  that the average  

ca lcu la ted  critical gradient, /c, is about 2 5 0  for  zero surcharge  

and 15 0 0  fo r  a surcharge o f  0 .1  k g /sq .c m ., assum ing h y ­

draulic condu ctiv ities o f  1 X 1 0 ~ 6 c m /s e c  and 5 X 1 0 -T  

c m /s e c ,  respectively . F o r  com parison , critical ex it gradients 

fo r  sand and for norm ally  conso lid ated  c la y  are also  show n  

o n  the figure.

C O R R E L A T I O N  W I T H  T H E O R E T I C A L  A P P R O A C H

T he results o f  the experim en ts w ith  actual filter m aterials 

and w ith  the m od els m ay  be correlated  now  w ith  the th e o ­

retical approach, as presented  in E quation  1.

T ab le  III presents values o f  the m axim um  grain size o f  

filter m ateria ls required to protect the c lay  under the tw o  

surcharges, ob ta ined  by usin g  the th eoretica l form u la  at 

fa ilure cond itions, i.e. F  =  1.0. T h ese  va lues are also co m ­

pared in the tab le w ith  va lues o f  m ax im um  filter size pre­

d icted  from  observation  o f  aggregate size  at failure, as w ell 

as w ith  the tests w ith  actual filter m aterials (T a b le  I ) .  T he  

com parison  sh ow s that the theoretical approach w o u ld  have  

predicted  a m axim um  filter size o f  the sam e order as that 

w h ich  w as actually  tested  w ith ou t fa ilure occurring.

C O N C L U S I O N S

T he experim en ta l results sh ow ed  that a fa t c lay  m ay be  

protected  by a fa irly  coarse filter m aterial, depend ing  o n  the  

con d ition s o f  the c lay , that is, on  its strength after sw elling.

T he surcharge on  the c lay , h ow ever sm all, p lays a significant 

role in  protecting  it from  w ash ing  out.

A  reasonable correlation  w as foun d  betw een  a theoretical 

approach to p ip ing  on  co h esiv e  soils and experim ental 

results w ith  actual filter m aterials, ind icatin g  that additional 

w ork on  the subject m ay lead  to the estab lishm ent o f  filter 

design  criteria for com pacted  clays.
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