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Induced Failure of an Instrumented Clay Slope

Rupture Provoquee d'une Pente d'Essais en Argile
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R .J . M IT C H E L L  P r o f e s s o r  o f  C iv i l  E n g in e e r i n g ,  Q u e e n 's  U n i v e r s i t y ,  K i n g s t o n ,  C a n a d a  

D .R . W IL L IA M S  P r o j e c t  E n g in e e r ,  E .B .A .  E n g in e e r i n g  C o n s u l t a n t s  L t d . ,  E d m o n t o n ,  C a n a d a

SYNOPSI S Pi ezomet er s ,  sur f ace ex t ens omet er s , l at er al  def l ec t i on met er s  and di s t or t i on gauges  wer e i ns t al l ed

i n a nat ur al  s l ope composed of  a sens i t i ve f i ssur ed cl ay.  These i ns t r ument s  wer e cont i nuous l y  moni t or ed whi l e t he 

l ocal  gr ound wat er  pr essur es  wer e i ncr eased by r echar ge wel l s .  Sl ope movement s  devel oped as  t he wat er  l evel s  i n t he 

s l ope wer e gr adual l y  i ncr eased and r ot at i onal  f ai l ur es  occur r ed at  a cal cul at ed saf et y  f ac t or  ver y  c l ose t o uni t y .

The r esul t s  ar e pr esent ed and anal yzed wi t h emphas i s  on t he usef ul ness  of  s l ope di s t r ess  moni t or i ng i nst r ument s .

I NTRODUCTI ON

The Champl ai n Sea depos i t s  of  East er n Canada ar e wel l  

known f or  l ar ge r api d ear t hf l ows  and summar y  paper s  on 

t hi s  nat ur al  phenomenon have been publ i shed by Eden and 

Mi t chel l  ( 1973)  and by Mi t chel l  and Kl ugman ( 1979) .

Less cat as t r ophi c  s i ngl e and mul t i pl e r ot at i onal  l and ­

s l i des  ar e mor e common i n nat ur al  s l opes i n t hese 

depos i t s  and r esul t  annual l y  i n subs t ant i al  pr oper t y  

l osses.  Many  ol der  ur ban and r ur al  devel opment s ,  such 

as bui l di ngs ,  r oadways and ser v i ces,  ex i s t  danger ous l y  

c l ose t o t he c r es t s  of  nat ur al  s l opes —  i n some cases 

t he s l ope cr es t  has pr ogr es s i vel y  appr oached t hese 

devel opment s  t hr ough a pr ocess  of  cyc l i c  er os i on and 

s l ope i ns t abi l i t y  ( Wi l l i ams et  al ,  1979) .  Nat ur al  s l ope 

s t abi l i zat i on i s of t en not  ec onomi cal l y  war r ant ed but  a 

r el i abl e met hod of  moni t or i ng s l ope di s t r ess  and a 

l ands l i de war ni ng sys t em woul d be val uabl e f or  

evacuat i on of  per sonnel  and v al uabl e equi pment .  Such 

sys t ems coul d al so be used i n ear t hf l ow t er r ai n s i nce 

t hese des t r uc t i ve ear t hf l ows  ar e t hought  t o be pr eceded,  

i n many  cases,  by  smal l er  l ocal  nat ur al  s l ope f ai l ur es  

( Tavenas et  a l , 1971;  Eden et  al ,  1971) .

Anal ys i s  of  numer ous  l ands l i des i n - t he sens i t i ve 

Champl ai n Sea c l ays  i n t he Ot t awa ar ea has demons t r at ed 

t hat  t hese s l opes  f ai l  by mass di l at i on of  t he c l osel y  

f i ssur ed s t r uc t ur e i nher ent  i n t hese c l ays  ( Eden and 

Mi t chel l ,  1970)  and i nc l i nomet er  i ns t al l at i ons  have 

i ndi cat ed t hat  s i gni f i cant  pr e- f ai l ur e s l ope movement s  

can be expect ed ( Mi t chel l  and Eden,  1972) .  The f i el d 

i ns t r ument at i on and t est  wor k  r epor t ed i n t hi s  paper  was 

i ni t i at ed t o obt ai n gr eat er  det ai l  wi t h r egar d t o t he 

f ai l ur e mechani sm and t o eval uat e s l ope movement  

i ns t r ument s  as  pot ent i al  i ndi cat or s  of  s l ope di s t r ess.

SLOPE MONI TORI NG

St abi l i t y  anal ys i s  wi t h sui t abl e soi l  s t r engt h and gr ound 

wat er  pr essur e dat a i s gener al l y  adequat e i n del i neat i ng 

hi gh r i sk and l ow r i sk s i t uat i ons.  Nat ur al  s l opes of t en 

f al l  i nt o t he hi gh r i sk  cat egor y ,  hav i ng cal cul at ed 

saf et y  f ac t or s  c l ose t o uni t y.  St at i s t i cal  anal ys i s  of  

dat a can be used i n an at t empt  t o quant i f y  t he r i sk  and 

pi ezomet er s  can be moni t or ed t o pr ov i de a bas i s  f or  

cal c ul at i ng seasonal  var i at i ons  i n t he saf et y  f act or .

None of  t hese ef f or t s  can pr ov i de a di r ec t  i ndi cat i on of

s l ope di s t r ess.  Tens i on cr acks  and t oe bul gi ng ar e 

v i sual  i ndi cat or s  of  s l ope di s t r ess  but  t hese can 

devel op year s  i n advance,  or  may  not  be obser ved at  al l  

i n advance of  f ai l ur e.  Mi c r osei smi c  or  acous t i c  

moni t or i ng dev i ces  have been success f ul l y  used i n 

gr anul ar  soi l s  but  f i ne gr ai ned soi l s  ( par t i cul ar l y  at  

a hi gh l i qui di t y  i ndex)  have l ow emi t t i v i t y  ( Koer ner  et  

al ,  1977) .  I n any  event ,  acous t i c  emi ss i on moni t or i ng 

must  be combi ned wi t h exper i enced i nt er pr et at i on t o 

conf i r m s l ope di s t r ess  and t hi s met hod of  moni t or i ng 

may  not  be i deal l y  sui t ed f or  publ i c  war ni ng syst ems.  

Sl ope movement  moni t or i ng was sel ec t ed as bei ng most  

appl i cabl e t o t he Champl ai n Sea c l ay  s l opes.

I NSTRUMENTATI ON

A nat ur al  s l ope over s t eepened by t oe er os i on was  sel ec t ed 

f or  i ns t r ument at i on.  Thi s  s l ope was l ocat ed on 

Depar t ment  of  Nat i onal  Def ence ( DND)  Canada pr oper t y  

al ong t he Ot t awa Ri ver  i n Ot t awa and about  500 m down ­

s t r eam f r om a l ands l i de,  pi c t ur ed on Fi gur e 1,  whi ch had 

occur r ed i n 1967.  The i nt er es t  and co- oper at i on of  DND 

per sonnel  made t hi s an i deal  l ocat i on f or  a l ar ge scal e 

f i el d exper i ment .  Some phys i cal  pr oper t i es  o f  t hi s  

c l ay  ar e gi ven i n Tabl e 1 and i t s behav i our  i n 

l abor at or y  t es t s  has been det ai l ed by Mi t chel l  ( 1970) .

Fi g.  1 Ai r  Phot o of  1967 Landsl i de
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Pr oper t i es  of  t he Cl ay  at  t he Test  Si t e

Undr ai ned Pr econs.  Wat er  At t er ber g Sens i t i v i t y

shear  s t . pr ess ur e cont ent  l i mi t s,  % St .

C , kPa p'  , kPa % w„  w,
u c P L

70 220 62- 70 25 66 8- 10

El ec t r i c  pi ez omet er s  and t i l t met er s  wer e pr ef abr i cat ed 

and cal i br at ed i n t he l abor at or y  and i ns t al l ed i n bor e ­

hol es  i n t he sl ope.  The pi ez omet er s  wer e f abr i cat ed 

us i ng commer c i al  t r ansducer s  and wer e suppl i ed wi t h 

f l ushi ng and f i el d cal i br at i on l eads as shown on 

Fi gur e 2.  These wer e i ns t al l ed i n 100 mm di amet er  bor e ­

hol es  wi t h bent oni t e seal s above and bel ow t he 

appr ox i mat el y  300 mm hei ght  of  c l ean sat ur at ed sand 

whi ch sur r ounded t he t i p.  Geonor  t ype open s t andpi pe 

pi ezomet er s  wer e al so used and wer e i ns t al l ed i n t he 

same manner .

TABLE 1 Fi gur e 3 shows a phot ogr aph of  a l at er al  def or mat i on 

met er  ( LDM)  dur i ng l abor at or y  cal i br at i on and a sket ch 

of  t he LDM j oi nt  assembl y.  These i ns t r ument s  cons i s t ed 

of  a ser i es  of  32 mm O. D.  r i gi d st eel  pi pe sect i ons 

connec t ed by  s t r ai n gauged f l ex i bl e al umi num st r i ps 

( see Fi gur e 3)  and encased i n a snugl y  f i t t i ng f l ex i bl e 

PVC t ube whi ch was seal ed at  t he l ower  end.  The 

f l ex i bl e j oi nt s  wer e l ocat ed at  0. 8,  2,  3,  4 and 5 m 

f r om t he t op of  t he LDM.  These i ns t r ument s  ar e s i mi l ar ,  

i n pr i nc i pl e,  t o commer c i al  bor ehol e def l ec t omet er s .

Each f l ex i bl e j oi nt  had t wo ac t i ve and t wo dummy 120 SI 
el ec t r i cal  r es i s t ance s t r ai n gauges  connec t ed i n t he 

f or m of  a Wheat s t one br i dge and pr ot ec t ed by r ubber i zed 

epoxy  seal i ng compound and ' heat  s hr i nk 1 i nsul at or  

t ubi ng.  Al l  j oi nt  assembl i es  wer e i ndi v i dual l y  

cal i br at ed pr i or  t o assembl i ng t he LDM and t he 

cal i br at i ons  wer e checked by subj ec t i ng t he assembl ed 

uni t s  t o known def l ec t i ons  ( as shown on Fi gur e 3)  pr i or  

t o i ns t al l at i on i n t he gr ound.  These i ns t r ument s  wer e 

i ns t al l ed i n hand auger ed 50 mm di amet er  hol es  t o 

pr ov i de a c l ose f i t  bet ween t he PVC t ube and t he bo r e ­

hol e wal l s.  The t ol er ances  wer e so c l ose t hat  gr ease 

had t o be used t o r educe f r i c t i on dur i ng assembl y  of  

t he LDM and dur i ng i ns t al l at i on i n t he f i el d.  The shear  

s t r ai n met er s  wer e s i mpl y  a s i ngl e j oi nt  LDM seal ed at  

bot h ends as shown on Fi gur e 4.

Fi g.  2 El ec t r i c  Pi ezomet er  Ti p
i i g.  4 Shear  St r ai n Met er

1.5mm X 

3 2  m m  X 

1 90  m m  A LU M .

5 0  m m  PVC 

'T U B E

Fi g.  3 Lat er al  Def l ec t i on Met er  ( LDM)

Fi gur es  5 and 6 show t he l ocat i ons  of  t he var i ous  

i ns t r ument s .  I t  i s not ed f r om Fi gur e 5 t hat  t hi s  s l ope 

i s nat ur al l y  benched and t hi s benched char ac t er i s t i c ,  

not ed t o be common t o s l opes al ong t hi s  sect i on of  t he 

Ot t awa Ri ver ,  i s t hought  t o r esul t  f r om t he pr ocesses  

of  er os i on and r egr ess i on ( Wi l l i ams et  al ,  1979) .

Al l  el ec t r i c  i ns t r ument s  wer e connec t ed t hr ough a 

j unc t i on box  l ocat ed on t he bench of  t he s l ope and t he 

shi el ded l eads wer e connec t ed t o t he f i el d t r ai l er  

t hr ough a shal l ow bur i ed pl as t i c  t ube.  The f i el d 

t r ai l er  housed a pr ogr ammabl e mul t i - channel  dat a 

acqui s i t i on sys t em and was suppl i ed wi t h mai ns  power .  

Si x  vol t  di r ec t  cur r ent  was suppl i ed t o t he el ec t r i c  

i ns t r ument s  f r om a ' power  pack'  conver t er .  Rechar ge 

wel l s,  c ons i s t i ng of  100 mm di amet er  per f or at ed pl as t i c  

pi pe connec t ed by  a header ,  wer e suppl i ed wi t h wat er  by 

a cent r i f ugal  pump wi t h an i nt ake f r om t he Ot t awa 

Ri ver .

FI ELD TESTS

Al l  i ns t r ument s  had been i ns t al l ed by  28 Jul y ,  1978 and 

cont i nuous  moni t or i ng ( pr i nt out s  ever y  si x hour s)  was 

car r i ed out  f or  20 days bef or e gr ound wat er  r echar ge 

was i ni t i at ed.  A nat ur al  gr ound wat er  dr awdown 

condi t i on was known t o ex i s t  i n t hi s ar ea ( Jar r et t  and 

Eden,  1970)  and t he aver age por e wat er  pr essur e r at i o.
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E X T E N S O -  

M E T E R  WIRES

REC H AR G E 
W E L L S  \

L D M 2

P -  O P E N  P I E Z O M E T E R  

PE  -  E L E C T R I C  P I E Z O M E T E R  

L D M  -  L A T E R A L  D E F O R M A T I O N  

D -  D I S T O R T I O N  G A U G E  

E -  E X T E N S O M E T E R  

B -  J U N C T I O N  

B O X

l E 2

M E T E R

Fi g.  5 I ns t r ument  Locat i ons:  Pr of i l e

Fi g.  6 I ns t r ument  Locat i ons:  Pl an

r u . f or  t he s l ope was f ound t o be zer o gi v i ng a 

cal cul at ed saf et y  f ac t or  of  1. 6 f or  t he s l ope us i ng t he 

Bi shop s i mpl i f i ed equat i on i n a comput er  anal ys i s  wi t h 

s t r engt h dat a obt ai ned by Schel l  ( 1978)  f or  t hi s s i t e as 

c = 12 kPa , (j>' = 33°  . These s t r engt h val ues  ar e 

i dent i cal  t o t hose f ound by  Eden and Mi t chel l  ( 1971)  

f or  t he 1967 l ands l i de s i t e shown on Fi gur e 1.

Gr ound wat er  r echar ge bet ween 8 Augus t  and 2 Sept ember  

1978 was an i nt er mi t t ent  pr ocess  due t o pr obl ems  wi t h 

t he pump i nt ake but  t he gr ound wat er  pr essur es  

gr adual l y  i ncr eased over  t hi s  per i od t o gi ve an aver age 

r u val ue of  about  0. 12.  Cont i nued r echar ge f or  sever al  

r u val ue t o a t empor ar y  peak  of

about  0. 3S and a t ens i on c r ack  appear ed i n t he gr ound 

sur f ace near  t he l ocat i on of  t he j unct i on box 

( see Fi gur e 5)  —  t he sur f ace of  t he l ower  bench had 

exper i enced a t ot al  l at er al  movement  of  about  50 mm but  

t he t ens i on cr ack  was l ess t han 5 mm i n wi dt h and t her e 

was no di scer ni bl e ver t i cal  di spl acement  ac r oss  t hi s 

cr ack.  These obser vat i ons  i ndi cat e a gener al  di s t or t i on 

of  t he s l ope r at her  t han a r ot at i onal  sl i p.  The above 

not ed r esul t s  ar e di spl ayed gr aphi cal l y  on Fi gur e 7.
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T I M E  T O  F A I L U R E ,  d a y s

Fi g.  7 Sl ope Movement  and r u

Fol l owi ng t hi s  ev i dence of  s l ope di s t r ess ,  t he r echar ge 

was r educed and t he aver age r u val ue was mai nt ai ned 

at  about  0. 2 f or  sever al  days by  oper at i ng t he pump on 

t i mer  i nt er val s .  As shown on Fi gur e 7,  t he l at er al  

s l ope movement s  ceased and t he s l ope di d not  become 

act i ve agai n unt i l  t he aver age r u val ue exceeded t he 

pr ev i ous  peak  of  0. 3S.

The gr ound wat er  pr essur e r esponse t o r echar ge was 

sur pr i s i ngl y  r api d and t hi s i s cons i der ed t o be due t o 

t he r el at i vel y  hi gh per meabi l i t y  of  t he weat her ed 

hor i zon.  The soi l  r esponse t o i nc r eased r u , as 

measur ed by s l ope movement s ,  appear s  t o be s l ow at  

hi gher  saf et y  f ac t or s  but  was f ai r l y  r api d as f ai l ur e 

was appr oached ( see Fi gur e 7) .  I nt er mi t t ent  r echar ge 

was i nt ended t o s i mul at e nat ur al  spr i ngt i me condi t i ons  

and t he onl y  subst ant i al  ass i s t ance r ecei ved f r om t he 

weat her  occur r ed when 51 mm of  r ai n f el l  dur i ng t he 24 

hour  per i od pr ecedi ng t he s l ope f ai l ur e.  The sl ope 

f ai l ed at  0500 h on 2 Oc t ober  1978 and mos t  of  t he 

i ns t r ument s  mai nt ai ned communi cat i on wi t h t he dat a 

acqui s i t i on sys t em r i ght  up t o t he t i me of  f ai l ur e.

Fi gur e 8 shows t he phr eat i c  sur f ace and cal cul at ed 

saf et y  f ac t or s  at  t hr ee s t ages of  t he f i el d t est .  For  

s t abi l i t y  anal ys i s ,  r u val ues  wer e obt ai ned f r om 

pi ezomet er  r eadi ngs as r u = u / y hs f or  each comput ed 

s l i ce of  hei ght  h s —  t he aver age r u val ues not ed on 

Fi gur e 8 ar e obt ai ned by aver agi ng al l  r u val ues  f or  

t he l ower  t wo t hi r ds  of  t he cr i t i cal  c i r c l e.

Fi gur es 9 and 10 i l l us t r at e t he t hr ee r ot at i onal  sl i ps 

t hat  wer e obser ved on t he day  f ol l owi ng t he i nduced 

l andsl i de.  The f i el d f ai l ur e agr ees  c l osel y  wi t h 

comput ed cr i t i cal  c i r c l es;  f or  t hi s benched sl ope,  a 

r ange of  anal y t i cal  c i r c l es  have c l osel y  s i mi l ar  saf et y 

f act or s.  Fur t her  det ai l s  on t he anal ys i s  ar e pr esent ed 

by Wi l l i ams ( 1979) .

U -- - - - --  v
days i ncr eased t hi s

3 1 - 0 1 7 1 2 9 481



1 1 /3 0

Fi g.  10 Fai l ed Mat er i al

The mai n pur pose of  t hi s paper  i s t o eval uat e t he 

di spl acement  moni t or i ng i ns t r ument s  wi t h r espect  t o 

t hei r  adapt i on as s l ope di s t r ess  war ni ng syst ems.  

Sur f ace movement s  measur ed by ex t ensomet er  El  wer e 

pr esent ed on Fi gur e 7.  The l at er al  def or mat i ons  

r ecor ded f r om LDM1 dur i ng var i ous  s t ages of  t he f i el d 

t est s  ar e pl ot t ed on Fi gur e 11.  Measur abl e downs l ope

DI SPLACEMENT MONI TORI NG RESULTS

L D M  I -  L A T E R A L  M O V E M E N T ,  m m

Fi g.  11 Lat er al  Def or mat i ons,  LDM1

movement s  of  t he i ns t r ument  wer e r egi s t er ed bet ween 30 

and 3 days  pr i or  t o f ai l ur e as  t he gr ound wat er  

pr essur es  i ncr eased and t he saf et y  f ac t or  decr eased.  

Maj or  l at er al  movement s  devel oped i n t he upper  3 met r es  

of  soi l  dur i ng t he 24 hour  per i od i mmedi at el y  pr ecedi ng 

f ai l ur e.  I t  i s bel i eved t hat  t hi s f or m of  movement  i s 

caused by  vol ume i nc r ease ( di l at i on)  wi t hi n t he soi l  

mass as i t  appr oaches  f ai l ur e.  Di l at i on at  shear  

s t r esses above about  80% of  t he f ai l ur e shear  s t r ess  has 

been obser ved i n dr ai ned t r i ax i al  t es t s  and shear  box 

t es t s  on t hi s  f i ssur ed sens i t i ve soi l  ( Eden and 

Mi t chel l ,  1970;  Jar r et t ,  1972) .  Ex t ensomet er  E2 and 

LDM2 showed ver y  l i t t l e sur f ace movement  up t o t wo 

days pr i or  t o t he s l ope f ai l ur e.  LDM2 was not  anchor ed 

bel ow t he t oe s l ope el evat i on;  dur i ng t he f i nal  24 

hour s  pr ecedi ng t he l ands l i de t hi s i ns t r ument  showed a 

pos i t i ve r ot at i on of  c l ose t o 2°  ( see i nset ,  Fi gur e 11) .  

The r ot at i on of  LDM2 i s cons i der ed t o r esul t  f r om 

l at er al  s t r ess  r educ t i on as t he t oe of  t he s l ope moved 

l at er al l y  t owar d t he r i ver .  Di s t or t i on gauges  DI  and 

D2 wer e pos i t i oned c l ose t o t he anal y t i cal  l ocat i ons  of  

c r i t i cal  f ai l ur e ar cs.  These i ns t r ument s  cannot  det ec t  

sol i d body  t r ans l at i on or  r ot at i on but  measur e onl y  

l ocal  angul ar  di s t or t i on ( shear  s t r ai n)  wi t hi n t he soi l  

mass.  Fi gur e 12 shows a pl ot  of  t he measur ed shear  

st r ai ns.  Bot h of  t hese gauges  r ef l ec t ed t he devel opment  

o f  shear  s t r ai n wi t hi n t he s l ope about  8 days af t er  t he 

gr ound wat er  r echar ge was i ni t i at ed.  Thi s  i s cons i der ed 

t o r esul t  f r om t he i nc r eased s t r ess r at i o i mposed on t he 

soi l  by  t he r educ t i on i n t he aver age ef f ec t i ve st r ess.  

Fol l owi ng t hi s  i ni t i al  l oadi ng r eact i on,  gauge D2 

showed a cont i nued angul ar  di s t or t i on whi ch conf i r med 

t he def or mat i on pat t er n t hat  devel oped i n LDM2 

( i . e.  a pos i t i ve angul ar  r ot at i on) .  The r eact i on of  

gauge DI  i s cons i der ed t o be f ur t her  ev i dence of  mass  

di l at i on i n t he zone of  shear  r at her  t han t he f or mat i on 

of  a r ot at i onal  s l i di ng sur f ace.  About  30 hour s  pr i or  

t o f ai l ur e,  however ,  an i ncr eased r at e of  angul ar  

di s t or t i on was measur ed by gauge D2 .

The cal i br at i ons  and measur ement  accur ac i es  of  t he 

di spl acement  moni t or i ng i ns t r ument at i on ar e di scussed

r i s  apr on | Bac ks c ar p

482



1 1 /3 0

T I M E  T O  F A I L U R E ,  d a y s

Fi g.  12 Di s t or t i on Gauge Resul t s

by Wi l l i ams  ( 1979)  who conc l udes  t hat  t hese accur ac i es  

ar e suf f i c i ent  t o det er mi ne an angul ar  r ot at i on of  

± 1 x 10~6 r adi ans or  a shear  s t r ai n of  ± 1 x 10~4 % . 

Thus whi l e some of  t he scat t er  on Fi gur e 12 may  be due 

t o measur ement  i naccur ac i es ,  t hese t ypes of  i ns t r ument s  

ar e cons i der ed t o be capabl e of  pr ov i di ng an ear l y  

i ndi cat i on of  s l ope di s t r ess.

WARNI NG DEVI CES

Wher e t her e i s concer n f or  t he l ong t er m s t abi l i t y  of  a 

s l ope i n a f i ssur ed cl ay,  war ni ng dev i ces  can be 

empl oyed t o pr ov i de a di r ect  i ndi cat i on of  s l ope 

di s t r ess.  I n some cases  an ear l y  war ni ng woul d be 

des i r ed i n or der  t hat  r emedi al  measur es  coul d be 

under t aken.  St andar d i nc l i nomet er  t ubes,  whi ch may  be 

usef ul  i n ot her  t ypes of  mat er i al s  or  ot her  t ypes  of  

f ai l ur es ( Goul d and Dunni c l i f f ,  1971)  ar e not  

cons i der ed ac cur at e enough t o pr ov i de an ear l y  

i ndi cat i on of  s l ope di s t r ess  i n s t i f f  f i ssur ed cl ays.

The f act  t hat  t he Champl ai n Sea c l ays  ar e sens i t i ve 

shoul d not  al t er  t hi s  cons i der at i on s i nce t he sens i t i ve 

mi c r os t r uc t ur e does  not  br eak down unt i l  a s l ope 

f ai l ur e has devel oped.  Such cases coul d be cons i der ed 

as  shor t  t er m moni t or i ng s i t uat i ons  s i nce a dec i s i on 

wi t h r egar d t o t he need f or  r emedi al  ac t i on shoul d be 

made f ol l owi ng ( or  dur i ng)  one wet  season of  moni t or i ng.  

The l at er al  def l ec t i on met er  ( LDM) ,  or  ot her  moni t or i ng 

dev i ces  of  s i mi l ar  accur acy,  woul d appear  t o be capabl e 

of  pr ov i di ng suf f i c i ent  i nf or mat i on on s l ope di s t r ess  

( or  t he absence of  di s t r ess)  t o al l ow t hi s  dec i s i on t o 

be made.  Moni t or i ng and i nt er pr et at i on r equi r es

geot echni cal  exper t i se and accur acy  shoul d be cons i der ed 

mor e i mpor t ant  t han l ong t er m dur abi l i t y  i n sel ec t i ng 

t he moni t or i ng syst em.  Dur i ng t he f ai r l y  s t eady  c r eep 

st age bet ween 15 and 30 days pr i or  t o f ai l ur e 

( see Fi gur e 7)  LDM1 showed an aver age angul ar  

di s t or t i on of  about  8 x 10~5 r adi ans ( shear  s t r ai n of  

about  0. 8%) .  Thi s angul ar  di s t or t i on r at e of  0. 05 

per cent  per  day  woul d cer t ai nl y  be cons i der ed i ndi cat i ve 

of  t he need f or  i mmedi at e r emedi al  act i on.  I deal l y,  

i ns t r ument at i on shoul d be suf f i c i ent l y  accur at e t o 

det er mi ne whet her  t he di s t or t i on r at e i s i nc r eas i ng or  

decr eas i ng over  a shor t  t i me span.  Si mpl e di s t or t i on 

gauges  wi t h one f l ex i bl e j oi nt  ( such as desc r i bed i n t hi s  

paper )  ar e ex t r emel y  accur at e but  t he per f or mance of  t hi s  

t ype of  gauge i s dependent  on t he i ns t al l at i on l ocat i on 

and t ype of  f ai l ur e.  Wi t h r ef er ence t o t he r esul t s  

shown on Fi gur es  11 and 12 i t  i s appar ent  t hat  

di s t or t i on gauges shoul d be i ns t al l ed c l ose t o t he sl ope 

sur f ace r at her  t han c l ose t o t he anal y t i cal  cr i t i cal  

c i r c l e i n t hese s t r ongl y  f i ssur ed c l ay  s l opes.  The 

oppos i t e mi ght  be expect ed i n s t i f f  unf i ssur ed mat er i al s  

wher e sol i d body  r ot at i onal  shear  mi ght  begi n t o devel op 

at  an ear l y  s t age of  s l ope di s t r ess.

I n many  cases  wher e nat ur al  s l opes ar e a t hr eat  t o t he 

saf et y  of  per sonnel  or  mobi l e equi pment ,  a war ni ng 

sys t em may be r equi r ed f or  evacuat i on pur poses  onl y.

I n t hese cases r el i abi l i t y  i s  mor e i mpor t ant  t han 

accur acy:  t he i ns t r ument  shoul d be mai nt enance f r ee 

over  l ong per i ods  of  t i me and shoul d sound an al ar m onl y  

i n case of  i mmi nent  f ai l ur e.  Fi gur e 13 shows a 

nor mal l y - of f  bat t er y  power ed i ns t r ument ,  whi ch al so 

pr ov i des  a v i sual  r eadi ng f or  i nspec t i on pur poses,  t hat  

i s cons i der ed t o be appr opr i at e as a r el i abl e publ i c  

war ni ng devi ce.  The dat a on Fi gur es  7 and 11 show 

c l ear l y  t hat  a di r ec t  measur ement  of  sur f ace 

( or  near  sur f ace)  l at er al  di spl acement  on t he l ower

Fi g.  13 Sugges t ed War ni ng Sys t em

sl ope sur f ace woul d be super i or  t o any deeper  

measur ement s  i n t hese f i ssur ed c l ay  s l opes.

Ex t ensomet er  wi r es  at t ached t o ear t h anchor s  and encased 

i n f l ex i bl e pl as t i c  t ubi ng ar e connec t ed t o an
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i nspec t i on box and war ni ng dev i ce l ocat ed above t he 

cr es t  of  t he s l ope i n t he pr oposed syst em.  Tens i oni ng 

spr i ngs and st eel  scal es  ar e pr ov i ded t o al l ow t he s l ope 

movement  t o be v i sual l y  i nspec t ed and an i nsul at ed 

s l i di ng cont act  on t he st eel  scal e woul d be adj us t ed t o 

es t abl i sh t he al l owabl e i mmedi at e di spl acement .  A 

r el i abl e bat t er y  woul d ener gi ze t he war ni ng dev i ce i f  

r api d s l ope movement  exceeded t he al l owabl e l i mi t .  The 

f i el d t est  i ndi cat es  t hat  an al l owabl e l i mi t  i n t he 

or der  of  100 mm woul d pr ov i de a war ni ng sever al  hour s  

i n advance of  a s l ope f ai l ur e i n t he Ot t awa ar ea 

f i ssur ed c l ay  s l opes.  Per i odi c  i nspec t i on and 

adj us t ment  f or  seasonal  c r eep i n t he s l ope woul d be t he 

onl y  mai nt enance r equi r ement s  and a r ecor d of  

adj us t ment s  coul d al so pr ov i de a bas i s  f or  l ong t er m 

eval uat i on of  pr ogr ess i ve movement s .  The ex t ensomet er  

sys t em coul d be bur i ed t o a dept h such t hat  t emper at ur e 

ef f ec t s  ( i nc l udi ng f r ost  heave)  coul d be l ar gel y  

el i mi nat ed.

CONCLUSI ONS

Thi s  paper  out l i nes  t he met hods  empl oyed i n i ns t r ument ­

at i on and i n i nduc i ng a f ai l ur e i n a nat ur al  s l ope i n a 

s t i f f  f i ssur ed cl ay.  The r esul t s  of  t hi s f ul l  scal e 

f i el d t est  ar e pr es ent ed wi t h speci al  emphas i s  on t he 

use of  di s pl acement  or  def or mat i on moni t or i ng equi pment  

i n s t abi l i t y  eval uat i ons.  The det ai l ed conc l us i ons  

r esul t i ng f r om t hi s wor k  ar e:

1.  Def or mat i ons  i n mar gi nal l y  s t abl e l ong t er m sl opes 

dev el op i n sympat hy  t o i nc r eases  i n gr ound wat er  

pr essur e.

2.  The s i mpl i f i ed Bi shop anal ys i s  gave a saf et y  f ac t or  

of  uni t y  f or  t he condi t i ons  at  f ai l ur e.

3.  El ec t r i cal  s t r ai n- gauged l at er al  def or mat i on met er s  

wer e abl e t o measur e s l ope movement s  af t er  t he 

cal cul at ed f ac t or  of  saf et y  was r educed bel ow about  

1. 2 and t hese i ns t r ument s  ar e cons i der ed usef ul  f or  

pr ov i di ng an ear l y  war ni ng of  s l ope di s t r ess.

4.  Appr oachi ng f ai l ur e,  t he max i mum di s pl acement s  i n 

t he s l ope wer e f ound t o be at  gr ound l evel .  Thi s  

obser vat i on i s cons i der ed t o be a r esul t  of  vol ume 

i nc r ease i n t he soi l  mass  as t he max i mum shear i ng 

r es i s t ance of  t hi s  s t r ongl y  f i ssur ed mat er i al  i s 

devel oped wi t hi n a zone of  shear .  On t he bas i s  of  

t hi s  obser vat i on,  a s i mpl e mechani cal  ex t ensomet er  

ar r angement ,  connec t ed t o a nor mal l y - of f  d. c.  

al ar m syst em,  i s r ecommended f or  use as an advance 

war ni ng of  i mmi nent  s l ope f ai l ur e.

Whi l e t he above conc l us i ons  ar e di r ec t l y  appl i cabl e 

onl y  t o t he ar ea of  t he t est  si t e,  t he r esul t s  can be 

used t o pr ov i de gui dance f or  s l ope di s t r ess  moni t or i ng 

i n ot her  s t i f f  f i ssur ed mat er i al s .  Di f f er ent  r esul t s  

mi ght  be expec t ed i n sof t er  soi l s  or  i n s t i f f  br i t t l e 

soi l s  wher e pr ogr ess i ve sof t ev i ng i n a zone of  hi gh 

shear  s t r esses coul d devel op.
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