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Collapsible behaviour of granulated clay 
L’effondrement d’une argile granulee

J. Feda -  Academy o l Sc iences o l the Czech Republic , Prague, Czech Republic  

J. BohciC -  Charles University, Prague, Czech Republic

ABSTRACT: A special type o f  clay, granulated clay w ith grain size 1-2 mm to  4-8 mm w as subjected to laboratory experim ents. T he granulated  

clay w as p repared  by crush ing  intact clayey soil a t the  natural w a te r  con ten t and by separa ting  individual g rain-size fractions. L ikew ise all 

double-porosity materials, granulated clay has a high porosity The total porosity, resulting from  the  intra- and in tergranular porosity , am ounted  

lo about 70% . The high porosity triggers different m echanism s o f  collapse T hese are classified as bifurcation and subsidence collapses, activated  

by the load, tim e and w a te r  inundation  T he principal d eg radation  fac to r - grain  crushing - depends on the shear stress: it is m uch larger in a 
shear box than in an oedom eter.

RESUME: La form e particuliere d ’argile, l ’argile g ranulee, don t le d iam etre  des particu les varie  de  1 - 2 mm a  4 - 8  mm s ’est soum ise a des 

essais laboratoires. Egalem ent que tous les m ateriaux de double porosite , la po ro site  to ta le  d ’argile exam inee est assez forte, superieur a 70% . 

Cette porosite p rovoque les differentes types des m ecanism es de l ’efFondrem ent, c ’es t-a-d ire  I’effondrem ent de b ifurcation  et de  subsidence. 

C'est la charge, le tem ps et l’humidite qui provoquent ces processus. Le fac teur principale de  la degradation  de  la stru c tu re  - l’ecrasem ent des 

grains - depend de  la cisaillem ent: il est plus haut en bo ite  de  cisaillem ent q u ’en oedom etre.

1 IN TR O D U C T IO N

Landfills o f  clayey m aterials in N orth -w estern  B ohem ia  rise to  

heights o f  up to  150 m  and extend  over a to tal area  o f  abo u t 

100 km2. They are by-products o f  open-cast b row n coal m ining and 

consist o f  clayey (clay and claystone) fragm ents, b locks and clods 

with sizes in the range 1 to  1000 mm (Figure 1). At the periphery  the 

landfills are subjected to  sliding, w ith  the  largest slides involving up 

to 140 million cubic m etres o f  soil m ass (H erstus e t al., 1994). T he 

sliding resu lts from  the  transform ation  o f  the  originally g ranu lar 

material into a com pact (cohesive) one. This m echanism  brings to  
mind the ill-fated 1962 A berfan d isaster in W ales, U. K. (B ishop , 

1973). Similar tipped material - but only to  th e  height o f  about 25 m

- required the use o f  piles w hen constructing  foundations on  th e  fill 

in Pietrafitta, Italy  (C alabresi et al., 1994)

To be able to  propose remedial m easures if  the  sliding o ccu rs  and 

to explore the future use  o f  the  landfills as deposits fo r fuel ash  and 

municipal w aste  it is necessary  to  understand  th e  m echanism  by 

which the  initially g ranu lar m aterial is transform ed  in to  a  com pact 

firm clay. This s ta te  transfo rm ation  is accom panied  by a significant 

worsening o f  the  shearing resistance o f  the  m aterial. Its  d rop  is 

promoted by the rise o f  th e  p o re -w a te r p ressure, resu lting  from  the  

growth o f  the  deg ree  o f  sa tu ra tion  up  to  about 100% .

In addition to  the practical reasons it is attractive to  s tudy  th e  s ta te  
transition, its m echanism  and consequences and thus to  con trib u te  

to the understand ing  o f  the  fundam entals o f  th e  m echanics o f  

particulate m aterials.

2 M A TER IA L A N D  M E T H O D S

The material tested is an illitic N eogene clay and claystone. A lthough  

Ihe clay seem s hom ogeneous, its p roperties vary  w ith in  a 

considerable interval. Its index o f  colloidal activity  is 0 .75  to  1.8, 

liquid limit 73%  to  92% , plasticity  index 50%  to  60%  and p lastic

Figure 1 E xam ple o f  claystone b locks and fragm ents in-situ. T he 
size o f  the  b locks on th e  P la te  up  to  1 m.

limit 27%  to  32% . N atural w ater con ten t varies from  25%  to  33% , 

initial porosity  is 38%  to  48%  and degree o f  saturation is 100% . T he 

degree o f  cem entation varies, as well as loss on ignition which ranges 
from  1%  to  18%.

G ran u la ted  clay w as prepared  by crushing intact sam ples at the 

n atu ra l w a te r con ten t and by separa ting  various frac tions w ith  the 
pseudo-gra in  size from  1-2 mm to  4-8 mm. T ests w ere  carried  out 

w ith oven-dried, w et (at natural w ater con ten t o f  the  pseudo-gra ins) 

and sa tu ra ted  (inundated  by w ater) specim ens T he m ean 

experimental total porosity w as 67 ± 5%. C onsidering  th e  m easured  

experim ental in tragranular porosity  (i.e. the  internal po rosity  o f  the 

g ra in s)  o f  43 ±  5% , the  m ean in tergranular (ex ternal, am ong  the 

grains) porosity  w as about 42% .

C lay  w as tested  in th e  shear box appara tus, w ith  the  m axim um
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n orm al stress up  to  0 3 M P a, in th e  triaxial appara tus, w ith  the 
m axim um  cell p ressu re  up to  1 5  M P a and in the  oedo m eter w ith 

increm ental loading up to  3 M Pa
The load increm ents in th e  o ed o m eter w ere  applied either in one 

la rg e r  step , fo r exam ple reach ing  the  target value o f  axial stress 

300  kP a in a single step. Such tes ts  are referred  to  as tes ts  w ith  

single-step loading. Alternatively, a  num ber o f  smaller increm ents has 

been applied to  reach the target axial load and these tests are referred  

to  as m ultip le-step  loading.
T estin g  ra tes o f  all drained te s ts  w ere  sufficiently low  for the 

s tresses to  be considered  effective T he sam e applies to  the  final 

stresses w ith  th e  increm ental loading

3. C O L L A PS E

A  sudden change in th e  s tructu ra l configura tion  is called collapse. 
It can be m anifested by a  b reak d o w n  o f  th e  soil struc tu re , w hich  is 

called subsidence collapse, o r by th e  b ifurcation  phenom enon 

(b ifu rcation  collapse). A  necessary  p rerequ isite  fo r co llapse is the 

relatively  high po rosity  o f  th e  soil. F o r exam ple, porosities above 

4 0%  are necessary  fo r loess to  b ecom e collapsible. T he p rocess o f  

collapse is, as a  rule, o f  a random  nature. H ow ever, w ithin a critical 

interval, small im pulses suffice to  trig g e r it.

In the  case o f  subsidence collapse, tw o  basic form s o f  behaviour 

m ay be distinguished. U n d er a  constan t strain  rate  testing  regim e 

(e  =  const ), collapse is manifested by a tem porary decrease o f  stress. 

W ith increm ental loading, i.e. w ith  o  =  const, in each loading  step, 

th e  co llapse can be observed  as an in tense increase o f  strain. T he 

collapse o f  loess on inundating  (hydroco llapse) is a typical exam ple 

o f  th is second ty p e  o f  collapse.

B ifurcation  collapse is v isualized  by a kink in a constitu tive 

function, for example in the com pression curve or strength envelope. 

T herefore it can be  described by a  sudden  jum p-like change o f  a 

constitu tive param eter, e.g. th e  com pression  index C t o r the  angle 
o f  internal friction 4>

W ith  th e  m aterial in question , due to  its high initial porosity , 

various form s o f  collapse can  be  expected . H ow ever, co llapse may 

o ccu r, usually  on a reduced  scale, also  w ith  such natural soils as 
calcarenites, w eak rocks, loess etc.

F ig u re  2 O edom etric  com pression  curves o f  granu lated  clay with 

different granulom etry (1-2 m m  to  4 -8  m m ) p lo tted  to  an arithmetic 

scale. D ry  (2 and 3), desiccating  (4 ) and inundated  (1 ) specimens 

subjected  to  m ultip le-step  loading.

F ig u re  3 A s in F igure  2 bu t p lo tted  to  a  sem ilogarithm ic plot 
(L ine 5: w et intact specim en).

4. C O M P R E S S IO N

F ig u re s  2 and 3 depict a  series o f  com pression  curves o f  various 

grain-size fractions o f  dry (lines 2 and 3), desiccating  (4), inundated

(1) and intact (5) material p lo tted  to  arithm etic  and sem ilogarithm ic 

scales. T h ree  types o f  com pression  curves can  be observed: 

m ultilinear (2, 4 - the  initial part), garland-like (3, 4 ) and 

sem ilogarithm ic (1). T he com pression  o f  th e  intact specim en (5 in 
Figure 3) is, to  a first approxim ation, linear (up  to  o  =  0.8 M P a) and 

reversible
O n the  com pression lines 3 and 4, num erous kinks can be identified 

w hich are attribu ted  to  the  effect o f  g rain  crushing. O ne kink on 

curve 2 is caused by the phase transition. It is a  com bination o f  grain 

crushing and rearrangem ent, possibly a percolation phenom enon. N o 

k ink  is p resen t on curve 1. In th is case th e  tangential deform ation  

m odulus E, increases linearly w ith  stress o  during the  uniform  

rearran g em en t o f  the  partic les w hich  resu lts from  the  decay o f  

inundated  grains.

W ith multiple-step loading, one may notice the so-called immediate 

collapse: within the first 5 m inutes after the load application the  axial

and volum etric strains (ej and e£) increase in th e  low er stress range, 

i.e. fo r o  < 400  to  600 k P a  (see  F igu re  4). This phenom enon is 

typical fo r specim ens w ith  w eak e r grains (w et specim ens and fine

g ra in ed  dry  specim ens) and m ay express th e  first w ave o f  grain 

c ru sh in g , w hich is fo llow ed  by an in tense rearrangem ent. Grain 

crushing is m ore p ronounced  w ith  w et grains but also occurs with 
sm aller dry  grains due  to  the ir  p laty  shape  w hich reflects the 

sed im en ta tio n  h istory  o f  th e  clay (com pression  line 3 in Figure 2; 

F igure 3 from  Feda, 1995 and F igu re  7 from  Feda, 1996).

B ifu rca tion  o f  the  com pression  curves (F igures 2 and 3) and 
im m ediate  collapse (F igure 4 )  a re  trig g e red  by th e  load. The 

immediate collapse is associated with the m ultip le-step  loading since 
a series o f  small loading step s is necessary  to  initiate the 

p henom enon . It is supp ressed  in the  single-step  p rocedure  where 
g rain crushing increases m ore o r  less uniform ly w ith  stress o  (see 

Figure 9) and strain-softening (m o n o to n o u s increase o f  e j  prevails

B ifurcation  collapse triggered  by tim e w as found on many 

seco n d ary  com pression  curves, fo r exam ple in F igure 5a (dry 
specim en , o  = 950  kPa, 2-4 m m ). K inks may be  concealed if 

hyperbolic creep  is assum ed (F igu re  5b).
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Figure 4 Axial and vo lum etric  im m ediate  iso trop ic  com pression  

(triaxial appara tu s) o f  w et and inundated  specim ens.

Figure 5 S econdary  com pression  o f  a dry specim en o f  granu lated  

clay (2-4 mm ) a t the  load  a  = 950  kP a m easured  in the  oedo m eter 

(a: sem ilogarithm ic, b: hyperbo lic  represen tation).

In addition to  bifurcation collapse, an o th er type o f  tim e-produced  

collapse o f  subsidence n a tu re  m ay occur. F igure 6 show s one 

example. In the co u rse  o f  tim e th e  strain  increases considerably. It 

is a diffusive process, similar to  the prim ary conso lida tion  o f  a w ate r 

saturated soil, but representing a subsidence-type co llapse It seem s 

that subsidence collapses are, as a  rule, diffusive in nature: the 

deformation (o r stress) w ave travels from  the loaded surface th rough  

the specimen until it reaches the b o tto m  Such collapse w as actually

Figure 6 O edom etric com pression  o f  a dry specim en o f  granulated  

clay (1 -2  m m ) under an increm ental loading 460 -  585 kPa.

A X IA L  STRESS i ‘a

F igu re  7 T he relationship  o f  the coefficient o f  secondary  

com p ress io n  C„ and axial load a  o f  the  granulated  clay in the 
o ed o m eter (grain  size from  1-2 m m  to  4-8 mm).

described by V aughan (1995) in the  case o f  the C arsing ton  dam.
C o llap se , as sta ted  above, is to  a considerable exten t a random  

process. H ow ever, if  the secondary com pression phase is reasonably 

regular, the  values o f  the  coefficient o f  secondary  conso lida tion  Ca 

m ay be  reco rded  (F igure 7). T he strain-hardening (2 ) and 

strain -soften ing  phases ( 1) are  typically produced  m ainly by grain  

squashing (2) and grain crushing ( 1). N evertheless, there  is a locus 

o f  C a not depending on  the  w ate r con ten t (o  = 700 to  900  kPa). 

B o th  m echanism s (1 and 2) are  com bined in a strongly  

stress-dependen t m anner w ith sa tu ra ted  (inundated) specim ens (3 

in F igure  7)

5 SH E A R  R E S IS T A N C E

Figure 8 presents the shear-box streng th  envelopes m anifesting - by 

k inks - evident b ifurcation  collapse. This may again be ascribed to 
the  com bination  o f  grain crushing and rearrangem ent (phase 

transition) Shear box test results correspond  to th o se  o f  the  triaxial 

apparatus. The governing param eter is the w ater con ten t. T he effect 

o f  g rain  size is suppressed  T here is a kink on the  critical sta te  line 

o f  th e  inundated  shear box specim ens at the stress level o f  about 

150 kPa. H ow ever, the transitional stress found with the triaxial tests 

is about 250 kPa. T he kink on the  triaxial C SL  is ra ther suppressed  

in Figure 8 since the part o f  th e  C SL  at h igher stress level w as not 

p lo tted  in this scale. N evertheless, the  triaxial C SL  w as clearly 

bi-linear w ith  (J>’= 24 .7 ° and 16 7° in the  low er and higher stress 

Tange, respectively.

Figure 9 depicts the extent o f  grain crushing (in %  by w eight) w ith 

the initial grading o f  2-4 mm as observed in the  oedom eter and shear 

box  tests. T he u pper lines show  the to ta l percen tage  o f  particle
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effect o f  o ther sta te  param eters, for exam ple o f  tem pera tu re , has not 

been investigated.

The occurrence o f  collapse is, to  som e exten t, a determ inistically 

random  process. T his m akes its  reliable pred iction  m ore difficult.
T he observed subsidence co llapse is diffusive in nature.

Studying  various k inds o f  co llapse p rov ides an insight into the 

stru c tu re  o f  soils and elucidates th e  s tructu ra l m icro-m echanism s 

responsib le  fo r th e  b ehav iou r reco rd ed  at the  phenom enological 
level.
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Figure 8 Strength envelopes o f  th e  granu lated  clay o f  various grain 

sizes and w a te r  con ten ts as m easured  in th e  shear box  and in the  

triaxia] apparatus. The angle o f  internal fric tion  indicated in degrees

1 mm _ /

8 /0 .4 8  mm

■ So— t)-------- fS------

/ °
° /

< 2  mm /

/  OEDOMETER

0 .4 8  mm

F ig u re  9 E x ten t o f  grain  crush ing  (single-step  loading) w ith  the 

rising load (oedom eter, shear b ox ) o f  dry  g ranu la ted  clay (the  initial 

g rain  size 2-4 mm).
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fragments produced by crushing (line m arked < 2 m m ) and the  o th er 

lines th e  residues on th e  sieves w ith th e  openings 1 mm and

0.48  mm
F ro m  Figure 9 it is ev ident th a t, fo r a  particu lar stress level, the 

am ount o f  grain crushing w as m uch larger w ith  the  shear box tests ,

1.e. the crushing is m ore intense if  the  specim en is sheared. This may 

explain th e  low er transitional p ressu res w ith  the  shear box (100 to  

150 kP a in F igure 8) than  w ith  the  oedo m eter (approxim ately  400 

kPa in Figure 2, curve 2 ) and w ith  the  triaxial appara tus (250  kP a - 

C SL  in Figure 8).

6 C O N C L U SIO N S

Soils w ith  double porosity , i.e. w ith  bo th  in tragranu lar and 

in terg ranu lar porosities, are  latently  lo o se  and reveal a  specific 

behaviour. T heir m ost consp icuous fea tu re  is the  collapsibility.

G ranular clayey m aterial (frac tions 1-2 m m  to  4-8  m m ), tes ted  in 

th e  o edom eter, shear box  and triaxial appara tus, p roduced  

b ifu rca tion  and subsidence co llapses o f  th e  soil struc tu re . T he 

co llap ses w ere  triggered  by load, tim e and w ate r inundation. T he
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