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Irregular Stress — Strain and Progressive Failure
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E. S O T IR O P O U L O S  D i r e c t o r ,  G e o m e c h a n i k i  S . A . ,  A t h e n s ,  G r e e c e

S . C A V O U N ID IS  H e a d  D e s ig n  D e p t . ,  G e o m e c h a n ik i  S . A . ,  A t h e n s

SYNOPSI S The s t r es s - s t r a i n c ur v es  of  a s i z eabl e number  of  s ampl es  of  an ov er c ons ol i dat ed
bl ue mar l  ex hi bi t ed i r r egul ar  behav i our .  An i mpor t ant  t ype of  i r r egul ar i t y  was  t hat  t he s hear  s t r ess  
pas s ed t o t he s of t eni ng s i de of  t he c ur v e wi t hout  ever  r eac hi ng t he ex pec t ed peak  s hear  s t r engt h.
The pos s i bl e i mpl i c at i ons  of  s uc h behav i our  on t he mec hani s m of  pr ogr es s i v e f ai l ur e of  s l opes  ar e 
ex ami ned .

I NTRODUCTI ON

Pr ogr es s i v e f ai l ur e was  s hown t o be one of  t he 
pr i nc i pal  modes  of  ov er c ons ol i dat ed c l ay  and 
c l ay  s hal e s l ope f ai l ur es ,  i n t he wel l  k nown 
wor k  of  Bj er xuni  ( 1967) .  An i nher ent  as s umpt i on 
of  t hi s  mode of  f ai l ur e i s t hat  t he s t r es s -  
s t r ai n behav i our  of  t he soi l  i s a r egul ar  s t r ai n 
s of t eni ng t ype of  behav i our .  Rec ent  i nv es t i ga ­
t i ons  of  t he behav i our  of  an ov er c ons ol i dat ed 
mar l ,  f ound i n Epi r us ,  Gr eece,  s howed t hat  t hi s  
as s umpt i on may  not  hol d f or  al l  geol ogi c al  mat ­
er i al s  .

Thi s  paper  pr es ent s  a c er t ai n t ype of  i r r egul ar  
behav i our  of  t he mar l  and at t empt s  an anal y s i s  
of  t he i mpl i c at i ons  such a behav i our  mi ght  have 
on s l ope s t abi l i t y ,  i n t he c ont ex t  of  Bj er r um' s  
pr ogr es s i v e f ai l ur e t hes i s .  Anot her  t ype of  i r ­
r egul ar  behav i our  as wel l  as i t s pos s i bl e i mpl i ­
c at i ons  f or  s l ope s t abi l i t y  was  pr es ent ed el s e ­
wher e ( Cavouni di s  and Sot i r opou l os , 1980) .

ON GEOLOGY

The gener al  ar ea wher e t he mar l  ex hi bi t i ng t he 
i r r egul ar  behav i our  was  f ound i s i n t he nor t h ­
wes t er n par t  of  Gr eece,  about  50 k m nor t h of  t he 
t own of  Pr ev ez a and about  1 k m i nl and f r om t he 
I oni an Sea.

The I oni an sea i s a geos y nc l i ne zone wi t h deep 
sea sedi ment s .  Dur i ng t he Pl i oc ene t he ar ea was  
f l ooded,  pos s i bl y  bec aus e i t  sank.  I n t he l ake 
c r eat ed,  pr oduc t s  of  r i v er  depos i t i on wer e ga ­
t her ed,  f ound t oday  i n t he f or m of  s and- gr av el s  
and c ongl omer at es .  I n t he per i ods  of  i nc r eas ed 
l ake dept h mar l y  c l ay s  wer e depos i t ed.  The par t ­
i c ul ar  mar l  whi c h ex hi bi t s  t he i r r egul ar  behav ­
i our  was  depos i t ed dur i ng t he Neogen.

The I oni an zone was  f ol ded i n t he l at e s t ages  
of  t he a l pi ne or ogenes i s .  Faul t s  r un nor t h- s out h 
or  nor t hwes t - s out heas t  di ppi ng t owar ds  t he wes t .  
Tec t oni c  mov ement s  ar e not  unc ommon i n t he r eg ­
i on,  r es ul t i ng i n oc c as i onal  ear t hquak es .  Af t er  
t he l ake was  f i l l ed wi t h  t he s edi ment s  appr ox i m­

at el y  t o t h^ i r  pr es ent  al t i t ude:  Rec ent  f aul t i ng 
has  al s o t ak en pl ace.

The hi l l y  par t  of  t he ar ea c ont ai ns  a number  of  
r at her  r ecent ,  smal l  nat ur al  l ands l i des ,  hav i ng 
an appr ox i mat el y  eas t - wes t  di r ec t i on of  mov ement  
t hat  i l l us t r at e t he gener al  i ns t abi l i t y  of  t he 
r egi on.  I t  i s on t hese hi l l s  t hat  ex c av at i on f or  
a h i ghway  pr ompt ed a s er i es  of  s l i ps .  The geo ­
t ec hni c al  i nv es t i gat i on of  t he c aus e? f or  t hese 
s l i ps  l ed t o t he i dent i f i c at i on of  t he i r r egul ar  
behav i our  of  t he mar l .

TEST RESULTS

The l abor at or y  t es t s  c onduc t ed dur i ng t he soi l  
i nv es t i gat i on at  s ev er al  s i t es  wher e f ai l ur es  
had ei t her  oc c ur r ed or  wer e pos s i bl e,  f oc us s ed 
mai nl y  on t he behav i our  of  an ov er c ons ol i dat ed,  
f i s sur ed,  bl ue mar l  whi c h was  i dent i f i ed as t he 
s t r at um i n whi c h mos t  al i des  or i gi nat ed.

The bl ue mar l  appear ed i n a v ar i et y  of  c ond i ­
t i ons  c or r es pondi ng t o di f f er ent  s i t es  wher e i n ­
v es t i gat i ons  wer e c ar r i ed out .  I t  c an be r oughl y  
c l as s i f i ed as ( A)  mar l y  c l ay  ( Cavouni di s  and So ­
t i r opoul os ,  1979a) ,  ( E)  mar l y  c l ay  s hal e ( Ca­
v ouni di s  1979) ,  and ' ( C)  mar l y  r oc k  ( Cavouni di s  
and Sot i r opoul os ,  1979b) ,  i n as c endi ng or der  of  
s t r engt h and br i t t l enes s .

The f i r s t  s er i es  of  t es t s  was  c onduc t ed on mar l s  

( A)  and ( C) . Thes e wer e r out i ne qui c k  di r ec t  
s hear  t es t s  at  t he nat ur al  wat er  c ont ent  of  t he 
mar l s ,  adequat e f or  pur pos es  of  s peedi l y  ob t a i n ­
i ng appr ox i mat e r es ul t s  on t he s t r engt h of  t he 
mar l  i n or der  t o pr es c r i be r emedi al  meas ur es , but  
r at her  i nadequat e f or  t he pur pos es  of  r es ear c h ­
i ng i t s  ac t ual  s t r es s - s t r a i n behav i our .  When t he 

i r r egul ar i t i es  i n t he behav i our  of  t he mar l  wer e 
obs er v ed i n a number  of  t he di r ec t  s hear  t es t s ,  
t he need f or  bet t er  t es t i ng was  c ombi ned wi t h 
t he ons et  of  t he i nv es t i gat i on of  anot her  s l i de 
ar ea,  c or r es pondi ng t o mar l  ( B) . Unl i k e t he 
s ampl es  of  mar l s  ( A)  and ( C)  whi c h wer e  obt ai ned 
f r om bor ehol es ,  t he s ampl es  of  mar l  ( B)  wer e
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l ar ge i nt ac t  s ampl es  ex t r ac t ed by  hand af t er  an 
i ni t i al  ex c av at i on of  t es t  pi t s  by  power  shovel .  
Fr om t hese,  s mal l er  ( 1. 5 i n.  di am. )  s ampl es  wer e 
pr epar ed and c ons ol i dat ed dr ai ned t r i ax i al  t es t s  
wer e c ar r i ed out .  For  r eas ons  of  c ompar i s on wi t h 
t he r es ul t s  of  t es t s  on s ampl es  of  mar l s  ( A)  and 
( C) , qui c k  d i r ec t  shear  t es t s  at  t he nat ur al  wa ­
t er  c ont ent  wer e al s o c ar r i ed out  on s ampl es  of  
mar l  ( B) . The i r r egul ar  behav i our  s ubs equent l y  
des c r i bed was  obs er v ed i n a s i gni f i c ant  per c ent ­
age of  bot h t ypes  of  s hear  t es t s  ( 6% of  t es t s  
on mar l  ( A) ,  10% on mar l  ( B) , 20% on mar l  ( C) ) .  
Thus  i t  i s r eas onabl e t o c onc l ude t hat  t he i r r e ­
gul ar  behav i our  has  not hi ng t o do wi t h  t he me ­
t hod and qual i t y  of  t es t i ng but  c an onl y  be a t ­
t r i but ed t o t he mat er i al  pr oper t i es .

A s ummar y  of  t he i ndex  pr oper t i es  of  t he t hr ee 
t ypes  of  mar l  i s p r es ent ed i n Tabl e 1 . I t  can 
be obs er v ed t hat  mar l  ( B)  was  l ess  pl as t i c  t han 
ei t her  mar l s  ( A)  and ( C)  and had a s mal l er  c o ­
hes i on i nt er cept .  However ,  t he angl es  of  s hear ­
i ng r es i s t anc e ar e i n as c endi ng or der  wi t h mar l  
( A)  hav i ng t he l ower  val ue,  mar l  ( B)  t he i nt er ­

medi at e and mar l  ( C)  t he hi gher .

X- r ay  di f f r ac t i on anal y s es  per f or med i n s ampl es  
of  mar l s  ( B)  and ( C)  s howed t hat  t he c l ay  mi ner ­
al s  wer e i l l i t e and c hl or i t e.  The c ar bonat e c on ­
t ent  of  mar l  ( B)  was  gr eat er  ( 20% -  25%)  t han 
t hat  of  mar l  ( C)  ( 15%) .

I n t he maj or i t y  of  t he s hear  t es t s  per f or med 
( ei t her  d i r ec t  shear  or  t r i ax i al )  t he s t r ess -  
s t r ai n c ur v es  f or  al l  t hr ee t ypes  of  mar l  wer e 
of  r egul ar  s t r ai n s of t eni ng t ype.  However ,  i n 
a number  of  t he t es t s  t he s t r es s - s t r a i n c ur v e 
pas s ed t o t he s of t eni ng s i de wi t hout  ev er  r eac h ­
i ng t he ant i c i pat ed peak.  Fi g.  1, 2 and 3 s how 
t y pi c al  t es t  r es ul t s  i l l us t r at i ng t hi s  behav ­
i our .  I n par t i c ul ar  Fi g.  1a pr es ent s  t he r es ul t s  
of  qui c k  d i r ec t  s hear  t es t s  on mar l  ( A) . The 
" t r unc at ed peak"  behav i our  c an be seen f or  t he

2
c ur v e c or r es pondi ng t o 2C0 k n/ m nor mal  pr es ­
sur e.  The dot t ed l i ne i s an as s umpt i on of  how 
t he " r egul ar "  c ur v e mi ght  hav e l ooked.  Fi g.  1b 
shows  how t he obs er v ed " t r unc at ed peak "  s t r engt h 
l i es  bel ow t he peak  s t r engt h env el ope.  Fi g.  2a 
pr es ent s  a s er i es  of  dev i at or i c  s t r es s - ax i al  
s t r ai n c ur v es  obt ai ned dur i ng c ons ol i dat ed 
dr ai ned t r i ax i al  t es t s .  The c ur v e c or r es pondi ng

2
t o 300 k n/ m cel l  pr es s ur e ex hi bi t s  t he t r unc at ­
ed peak  behav i our .  Fi g.  2b s hows  t hat  t he Mohr  
c i r c l e bas ed on t he t r unc at ed peak  s t r engt h l i es  
bel ow t he peak  s t r engt h env e l ope . The.  dot t ed l i ne 
i s.  an.  as s umpt i on of  how t he r egul ar  c ur v e mi ght  
hav e l ooked.  Fi g.  3 pr es ent s  qui c k  di r ec t  s hear  
t es t  r es ul t s  on mar l  ( C)  ex hi bi t i ng t he t r unc ­
at ed peak  behav i our .

DI SCUSSI ON

On t he bas i s  of  t he t es t  r esul t s ,  some of  whi c h 
wer e pr es ent ed i n t he pr ev i ous  sec t i on,  i t  c an 
be s ugges t ed t hat  i t  i s pos s i bl e t hat  por t i ons  
of  c l ay ey  soi l  mass ,  when shear ed,  may  pas s  t o 
t he s of t eni ng s i de of  t he s t r es s - s t r ai n c ur v e 
wi t hout  ever  r eac hi ng t he peak  s t r engt h of  t he 
mat er i al  ex hi bi t ed by  d i f f er ent  por t i ons  of  t he 
same mass.

At  t hi s  poi nt  t her e i s no c onc l us i v e ev i denc e

as t o t he c aus es  of  t hi s  behav i our .  I t  s eems  
pos s i bl e t hat  nat ur al  c ement at i on may  be a f ac t ­
or  ( Mi t chel l  1970,  Towns end et  al  1969) .  Some ­
what  s i mi l ar  behav i our  of  Keuper  mar l  was  r e f er ­
r ed t o as " as s oc i at ed wi t h t he s t r uc t ur al  br eak ­
down whi c h i ni t i at es  l at er al  ex pans i on" ( Chand ­
l er ,  1967,  p . 105) .  The mos t  pr obabl e ex pl anat i on 
t hough,  s houl d be c ent er ed ar ound t he ex i s t enc e 
of  ( non- appar ent )  f i s s ur es  i n t he sampl es .  Such 
f i s s ur es  wer e obs er v ed on s ampl es  of  mar l  ( B)  
whi c h wer e ex ami ned i n t he s c anni ng el ec t r on mi ­
c r os c ope ( Lupi ni  et  al ,  1980) .  The or i ent at i on 
of  a f i s s ur e wi t h r es pec t  t o t he f ai l ur e pl ane 
may  gr eat l y  i nf l uenc e t he s t r engt h of  t he s ampl e 
( Br own et  al ,  1977) .  An i nt er nal  f i ssur e,  or  set  
of  f i s sur es ,  or i ent ed appr opr i at e l y  may  pr oduc e 
ef f ec t s  s uc h as t he t r unc at ed peak.

Dr awi ng on J aeger  and Cook ' s  ( 1976)  anal y s i s  of  
t he ef f ec t  of  ani s ot r opy  on s t r engt h,  one.  can 
as s ume t hat  t he c r i t er i on f or  f ai l ur e al ong a 
f i s s ur e i s :

”  a 3 c f  + ° 3 ‘ t ant Pf

(1 -  t ancpj  . cot B)  s i n20
( ] )

wher e Oj ,  ar e t he pr i nc i pal  s t r esses ,  c ^ = c o ­

hes i on on t he f i s s ur e sur f ace,  cp̂  = angl e of

s hear i ng r es i s t anc e on t he f i s s ur e s ur f ac e and
0 i s t he angl e bet ween and t he nor mal  t o t he

f i s s ur e pl ane.  The Mohr - Coul omb c r i t er i on f or  
f ai l ur e t hr ough t he i nt ac t  mat er i al  and f or  c on ­
s t ant  Oj  c an be wr i t t en as :

o . - o ,  c . + a,  . t amp.
1 3 i n 3 i n

coscp
i n

( 2 )

wher e c.  = c ohes i on of  t he i nt ac t  mat er i a l  and 
l n

cp̂ n = angl e of  s hear i ng r es i s t anc e f or  t he i n ­

t ac t  mat er i al .  Si mi l ar l y  t he r es i dual  env el ope 
i s des c r i bed by  :

c + a,  . t ancp
r  3________2_r

1 -  si ncp
cost p (3)

wher e c^  = r es i dual  c ohes i on and <pr  = angl e of

shear i ng r es i s t anc e at  r es i dual  l evel .  I t  may  be 
as s umed t hat  :

( 4)

I t  c an be s hown geomet r i c al l y  t hat , f or  a c er t ai n 
r ange of  angl es , peak  s t r engt h of  t he i nt ac t  ma t ­
er i al  wi l l  nev er  be mobi l i z ed bec aus e t he f ai l ­
ur e env el ope f or  t he f i s s ur e wi l l  f i r s t  be - 
r eached.  The c ombi ned ef f ec t  of  a mi c r of i s s ur e,  
hav i ng s ome i nc l i nat i on wi t h r es pec t  t o t he 
f ai l ur e pl ane and r es t r i c t ed t o a par t  of  t he 
sampl e,  t oget her  wi t h t he s t r engt h of  t he i nt ac t  
par t  i s mor e c ompl ex  but  mus t  be bas ed on t he 
same pr i nc i pl es .

The abov e may  pos s i bl y  c ons t i t ut e a bas i s  f or  
ex pl ai ni ng t he obs er v ed behav i our .  However ,  a 
mor e def i n i t e ans wer  may  onl y  be obt ai ned af t er  
f ur t her  r es ear c h and f ur t her  ev i denc e of  s i mi l ar  
behav i our  i n ot her  mat er i al s .  What  i s c ons i der ed 
i mpor t ant  at  t hi s  poi nt  i s t o ex pl or e pos s i bl e
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c ons equenc es  of  s uc h behav i our  on t he s t abi l i t y  
of  s l opes .  Bj er r um' s  ( 1967)  model  f or  t he pr o ­
gr es s i v e f ai l ur e of  ov er c ons ol i dat ed c l ay  and 
c l ay  s hal e s l opes  wi l l  be f ol l owed.

POSSI BLE I MPLI CATI ONS OF I RREGULAR BEHAVI OUR ON 
PROGRESSI VE FAI LURE

i gat ed next .  Sec t i on B B ' i s unaf f ec t ed by  t he

s t r es s  c ondi t i ons  at  P. P.  I f  E i s t he pas s i v e
1 1  p

l at er al  f or ce ac t i ng on P^ P^ ' t he s hear  s t r es s  

at .  P̂  ; ( Fi g. 4d)  wi l l  be :

E- E
z . cot i d . s i na + k

P 1 B

£  d o )

Fol l owi ng t he v er y  des c r i pt i v e i l l us t r at i on of  
Bj er r um ( 1967) ,  a s l ope whos e end por t i on has  a 
t r unc at ed peak  s t r engt h i s ex ami ned ( Fi g.  4) .

A v er t i c al  c ut  i s as s umed t o be made at  t he l ef t  
end of  t he s l ope ( Fi g.  4 a ) . A r edi s t r i but i on of  
l at er al  s t r es s es  t akes  pl ace.  The t ot al  shear  
s t r es s  at  poi nt  0 i s :

( 5)

wher e z i s t he dept h of  t he cut ,  a t he s l ope an ­
gl e,  k a c onc ent r at i on f ac t or  ex pr es s i ng t he r a ­
t i o bet ween max i mum and av er age s t r es s  on t he 
pl ane OA and E i s t he l at er al  f or ce.  The f i r s t  
t er m on t he r i ght  s i de of  eq.  ( 5)  i s t he s t r ess  
due t o t he gr av i t y  f or ces .  I f  Sp i s t he peak

s t r engt h of  t he mar l  and STp i s t he t r unc at ed

peak  v al ue cal l

TP
1) ( 6 )

t he r at i o of  t he t r unc at ed peak;  St r engt h t o t he 
max i mum peak  s t r engt h.  Then i f

< v P < SP

t he s l ope i s s t abl e.  I f

X1SP

( 7)

( 8 )

wher e Tg r ef er s  t o t he s t r es s es  at  end of  t he

s l ope whi l e  t he st r esr . es ups l ope ar e l ess  t han 
t he peak  s t r engt h,  t hi s  i s t he c l as s i c al  case 
of  pr ogr es s i v e f ai l ur e.  The s i t uat i on of  i n t er ­
es t  f or  par t i c ul ar  phenomenon i s when

X1SP
( 9)

p > ^ Sp .  Now shear  s t r es s es  wi l l  i ni t i al -  

1 '  ~Tp on 0 P1 . Lat er al  unl oadi ng

I n t hi s  c as e a l oc al  shear  f ai l ur e wi l l  begi n at  
poi nt  0 and wi l l  mov e as f ar  up t he s l ope as P̂

t hat  i s i t  wi l l  i nc l ude al l  t he por t i on t hat  
ex hi bi t s  a t r unc at ed peak  s t r engt h.  I t  i s as s um­
ed t hat  t he i ni t i al  s t r es s es  bef or e f ai l ur e have 
t he d i s t r i but i on s hown on Fi g.  4b,  i . e.  at  poi nt

p r  T :

l y  be £educ ed t o STp

wi l l  c aus e ex pans i on of  t he mar l . Wi t h adequat e 
di f f er ent i al  s t r ai n ac r os s  t he f ai l ur e zone t he 
shear  s t r ess  wi l l  be f ur t her  r educ ed f r om STp t o

i t s  r es i dual  v al ue S^ .  I f  t he r es ul t i ng r educ t ­

i on i n s t r es s es  i s l ar ge, t hi s  wi l l  c aus e a c or ­
r es pondi ng l ar ge i nc r eas e of  t he s hear  s t r es s es  
t o t he r i ght  of  P^ .

Th e  a d j a c e n t  b l o c k  P ^ B B ' P ^ ' ( F i g .  4 c )  i s  i n v e s t -

The s hear  s t r engt h t o t he r i ght  of  P.  i s as s umed 
t o be

X2SP
1) ( 1 1 1

I f  t he s hear  s t r es s es  on ar e gr eat er  t han

A^ Sp t hen t he pr ogr es s i v e f ai l ur e c ont i nues  up

t o s ec t i on 2 ’ I t  i s as s umed t hat  shear

s t r es s es  t o t he r i ght  of  ar e l ess  t han ^ ^ p "

The nex t  bl oc k  c an be ex ami ned ac c or di ngl y .  I f  
on t he ot her  hand t he s hear  s t r es s es  t o t he l ef t  

of  P̂  ar e l ess  t han ^ 2^ p ’ or  mor e c ommonl y

SP P = SP 
1 2  *

P P
2

( 1 2 )

t her e wi l l  be no pr ogr es s i v e f ai l ur e.  The r es ul t  
woul d t hen be mer el y  a l oos eni ng of  t he end par t  
of  t he s l ope,  whi c h woul d pos s i bl y  be c ut  of f  
c ompl et el y .  Al t hough t hi s  by  no means  i s i nt end ­
ed t o c ons t i t ut e a pr oof  i t  s houl d be ment i oned 
t hat  s uc h c ut t i ng of f  of  end bl oc k s  of  s l opes  
f or  no ot her  appar ent  r eas on wer e obs er v ed on 
s ev er al  oc c as i ons  i n t he ar ea i nv es t i gat ed.

Sev er al  ot her  pos s i bi l i t i es  ex i s t .  I f ,  f or  ex am­
pl e,  al t hough t he s t r engt h on P^ Pj  i s gr eat er

t han t he s hear  s t r esses ,  at  some por t i on
P, P, ’ P. P. ' i nt er medi at e bet ween s ec t i ons  P. P. ' and 

3 3 4 4 1 1
BB ' ( Fi g. 4c)  t he peak  s t r engt h i s agai n a t r unc ­
at ed one,  A. -j Sp 

gr eat er  t han ^- j Sp '

and t he s t r es s es  on P3P4 ar e 

t hen t he s t r es s es  on t he

s ur f ac e P3P4 wi l l  i ni t i al l y  f al l  t o a ^ 3Sp v al ue

Thi s  i n t ur n wi l l  c r eat e a c onc ent r at i on of
s t r es s es  on bot h s i des  of  t he bl oc k  P, P, ' P. P. ' .

3 3 4 4
Thi s  c onc ent r at i on may  pos s i bl y  t r i gger  a mec han 
i sm of  f ai l ur e i f  l at er al  ex pans i on i s poss i bl e.  
Thi s  woul d be a mor e c ompl ex  f or m of  pr ogr es s i v e 
f ai l ur e.  The s ame t ype of  f ai l ur e c an pos s i bl y  
be i ni t i at ed i n t he c as e wher e a por t i on wi t h a 
t r unc at ed peak  s t r engt h i s not  s i t uat ed at  t he 
v er y  end por t i on of  t he s l ope but  near  enough so 
t hat  t he s hear  s t r es s es  wi l l  s t i l l  be gr eat er  
t han ST p .

I f  i n t he abov e c as es  not  enough l at er al  ex pan ­
s i on was  al l owed and a pr ogr es s i v e f ai l ur e was  
not  i ni t i at ed,  t hen t hi s  c oul d l ead t o t he c r e ­
a t i on of  a pr edet er mi ned s l i p s ur f ac e i n t he 
s l ope,  r eady  t o i ni t i at e a f ai l ur e mec hani s m i f  
new c ondi t i ons  f or  l at er al  unl oadi ng s ubs equent ­
l y appear ed.

CONCLUSI ONS

Shear  t es t s  on s ampl es  of  a b l ue mar l  f r om Epi ­
r us  ex hi bi t ed i r r egul ar i t i es  i n t he s t r es s  -
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s t r ai n c ur v es  of  a s i z eabl e per c ent age of  t he 
sampl es  t es t ed.  An i mpor t ant  i r r egul ar i t y ,  p r e ­
s ent ed her ei n,  was  t hat  of  t he s t r es s es  pas s i ng 
t o t he s of t eni ng s i de of  t he s t r es s - s t r a i n d i a ­
gr am wi t hout  ever  r eac hi ng t he ant i c i pat ed peak  
s t r eng t h .

I t  i s t hought  at  t hi s  s t age t hat  t he mos t  pr o ­
babl e ex pl anat i on of  such a behav i our  mus t  l i e 
i n t he ex i s t enc e of  smal l ,  non- appar ent  f i s ­
sur es .  The c ur v es  obt ai ned c oul d be t he r es ul t  
of  t he c ombi nat i on of  t he i nf l uenc e of  t he 
shear  s t r engt h of  a f i s s ur e c ont ai ned i n par t  of  
t he f ai l ur e pl ane and t he s hear  s t r engt h of  t he 
i nt ac t  mat er i al .

An ex ami nat i on of  pos s i bl e c ons equenc es  such a 
behav i our  mi ght  hav e on s l ope s t abi l i t y  i n t he 
c ont ex t  of  t he pr ogr es s i v e f ai l ur e par adi gm pr o ­
pos ed by  Bj er r um ( 1967)  l ed t o t he c onc l us i on 
t hat  i f  par t  of  a c l ay  s l ope i s c har ac t er i z ed 
by  t hi s  behav i our  a s l i de may  be i ni t i at ed wi t h ­
out  t he shear  s t r es s es  ex c eedi ng what  nor mal l y  
woul d be ex pec t ed t o be t he peak  s t r engt h val ue.
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Tabl e 1

Av er age Pr oper t i es  of  Mar l s

Mar l

Type

Per cent  

smal l er  

t han 2| i  

gr ai n 
si ze

Li qui d 

Li mi  t  

%

Pl ast i c

Li mi t

%

Pl ast i ­

ci t y

I ndex
%

Nat ur al

Wat er
Cont ent

%

Dr y

Uni t
Wei ght

kN/ m3

Voi d

Rat i o

Uncon­

f i ned

Compr es ­

si ve

St r engt h
kN/ m2

Peak

Cohesi on

i nt er cept

kN/ m2

Peak

Angl e of  

Shear i ng 

r esi s ­

t ance

Resi dual
Cohesi on

i nt er cept

kN/ m2

Resi dual  

Angl e of  

Shear i ng 

r esi st ance

A 52 10 34 19 17. 5 0. 55 430 120 31° 30 22°

B 31 39 16 23 12. 6 19. 0 0. 44 35 44° 0 31°

C 46 16 30 11. 4 19. 9 0. 36 1730 185 55° 55 34. 5°
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( b )

0 - 2  0 - 4

D i s p la c e m e n t . c m

1 0 0  2 0 0  3 0 0  

N o r m a l  s t r e s s  a  

k N  / m 2

Fi g . 1. Di r ec t  Shear  Tes t  Res ul t s  on Mar l y  Cl ay  
Sampl e( A) ( at  Nat ur al  Wat er  Cont ent  Showi ng Tr unc ­
at ed Peak  Behav i our  ( a) St r es s - Di s pl ac ement  Cur ves

( b) St r enat h E n y e l ODe

F i g . 2 . Cons ol i dat ed Dr ai ned Tr i ax i al  Tes t  Res ul t s  
on Mar l y  Cl ay  Shal e( B) Sampl e Showi ng Tr unc at ed 
Pf cdk Behav i our  ( a) Dev i at or i c  St r es s - Ax i al  St r ai n 

Cur v es  ( b) St r engt h Env el ope

I n t a c t  s a m p l e

P r e s p l i t  s a m p l e

H y p o t h e t i c a l  

' r e g u l a r '  c u r v e

D i s p l a c e m e n t ,  c m

Di r ec t  Shear  Tes t  Res ul t s  on Mar l y  
Roc k  ( C)  Sampl es  Showi ng Tr unc at ed 
Peak  Behav i our

a f t e r  lo c a l  f a i l u r e  

Fi g . 4.  Pr i nc i p l e of  Pr ogr es s i v e Fai l ur e of  a 
Sl ope wi t h  Tr unc at ed Peak  St r engt h.
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