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Failures of a Monozone Earth Dam of Expansive Clay

Ruptures d'un Barrage en Terre Monozone d'Argile Gonflante
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3YN0P3I 3 Fai l ur es of  Waghad dam const r uct ed of  hi ghl y pl ast i c cl ays at  const r uct i on,
st eady seepage and dr awdown condi t i on have been anal ysed by 3wedl sh sl i p ci r cl e and Bi shop’ s 
semi r i gor ous met hods.  The st udy I ndi cat ed t hat  t he st at e of  st abi l i t y and t he pl ane of  sl i p ar e 
cor r ect l y r epr esent ed by Bi shop' s met hod.  Ot her  I mpor t ant  concl usi ons r egar di ng behavi our  of  
monozone dam at  di f f er ent  condi t i ons ar e al so pr esent ed.

I NTHQDUCTI ON

Waghad,  t he t hen t al l est  I ndi an ear t h dam,  
const r uct ed by Br i t i sh engi neer s i n t he year  
1881 i s a homogeneous ear t h dam of  hi ghl y 
pl ast i c expansi ve bl ack cl ay,  aver age l i qui d 
l i mi t  bei ng 70# and pl ast i c l i mi t  35$.  The 
maxi mum hei ght  of  t he dam above deepest  
f oundat i on i n gor ge i s 32 m.  The f oundat i on 
of  t he dam consi st ed of  mur um and weat her ed 
r ock and i s t hus st r onger  t han embankment  
mat er i al .  The gr oss st or age capaci t y of

r eser voi r  i s 17 x 10^ m̂  and t he cat chment  ar ea
6 9

I s 75 x 10 m . The dam has shown sever al  
di st r esses dur i ng i t s l i f e.

The ear t h dam under  st udy i s submer ged f r om 
1979 I n t he r eser voi r  of  newl y const r uct ed 
ear t h dam l ocat ed at  about  1. 5 km downst r eam.  
The oppor t uni t y was avai l ed i n t he year  1977 
t o i nvest i gat e t he causes of  di f f er ent  sl i ps 
occur ed i n t he l i f e of  t he dam.  The scope of  
t he pr esent  paper  i s l i mi t ed t o ascer t ai n t he 
appl i cabi l i t y of  a par t i cul ar  met hod of  
anal ysi s ( Swedi sh sl i p ci r cl e or  Bi shop' s semi -  
r i gor ous met hod)  t o r epr esent  appr opr i at el y 
t he st at e of  i nst abi l i t y of  t he ear t h dam and 
pl ane of  f ai l ur e.

HI STORY OP I NCI DENCES

Const r uct i on of  t he dam was st ar t ed i n t he 
year  1881 as a f ami ne r el i ef  wor k and was t o 
be compl et ed bef or e t he monsoon of  1883.  Upt o 
15t h May 1883 t he dam at  gor ge was r ai sed,  at  
f ul l  sect i on t o a hei ght  of  19. 5 m above r i ver  
bed.  Fur t her  hei ght  of  about  6 m was r ai sed 
wi t h smal l er  sect i on.  On 7t h Jul y I t  r ai ned 
heavi l y causi ng abnor mal l y l ar ge f l oods whi ch 
f i l l ed t he t ank qui ckl y and t he dam was over ­
t opped on t he mor ni ng of  8t h Jul y.

Dur i ng t he backf i l l i ng of  br eached gor ge 
por t i on of  t he ear t h dam i n t he f ai r  season 
when t he dam t op was al most  r eached,  a sl i p 
occur ed i n Apr i l  1884 of  downst r eam sl ope f or

a l engt h of  61 m.  The downst r eam t oe of  t he 
dam moved about  15. 25 m and t he t op of  t he 
embankment  subsi ded by 6. 4 m.

I n August  1907,  a sl i p of  downst r eam sl ope,  
accompani ed wi t h subsi dence of  t op of  t he dam,  
t ook pl ace bet ween chai nages 320 t o 360 m.  For  
t he pr evi ous t wo year s,  1905 and 1906,  t he 
r ai nf al l  was 796 mm and 847 mm r espect i vel y.
I n t he year  1907 pr i or  t o t he sl i p i t  r ai ned 
heavi l y such t hat  t he r ai nf al l  I n t he mont h of  
August  was 739 mm ( 54#)  as agai nst  t he t ot al  
year l y r ai nf al l  of  1361 mm.  The i nt ense heavy 
r ai nf al l  mi ght  have t r i gger ed t he sl i p.

The next  sl i p on t he upst r eam si de occur ed on 
24t h Apr i l  1919 bet ween chai nages 810 t o 840 m 
and 1110 t o 1140 m.  Longi t udi nal  cr ack 75 mm 
wi de was f or med at  t he upst r eam edge and t he 
bank set t l ed by 4. 8 m.

On 31st  Jul y 1976,  a sl i p occur ed bet ween 
chai nages 319 t o 412 m whi ch was t he same 
l ocat i on of  t he sl i p t hat  t ook pl ace i n t he 
year  1907.  The r ai nf al l  on t he pr evi ous days 
of  t he sl i p was 14 mm on 28t h Jul y,  81 mm on 
29t h Jul y and 199 mm on 30t h Jul y.  Out  of  t ot al  
1406 mm r ai nf al l  i n t hat  year ,  508 mm r ai nf al l  
was i n t he mont h of  Jul y 1976.  The r ai nf al l  i n 
t he pr evi ous year  of  sl i p was as smal l  as 
889 mm.  Thi s sl i p mi ght  have al so occur ed due 
t o i nt ense r ai nf al l  af t er  t he year s of  scant y 
r ai ns as i n case of  f ai l ur e of  sl ope i n 1907.

I NVESTI GATI ONS

The dam was pur posel y br eached at  chai nage 
335 m and t he f i nal  wi dt h of  t he br eached 
por t i on was f r om chai nage 320 t o 412 m.  Thi s 
was t he l ocat i on at  whi ch sl i ps of  downst r eam 
sl ope t ook pl ace i n t he year s 1907 and 1976.

A t r ench about  35 m wi de at  t op and 18 m deep 
was dug I n t he gor ge por t i on and at  ever y 1. 5 m 
dept h,  at  t hr ee l ocat i ons,  undi st ur bed soi l  
sampl es wer e col l ect ed by Jacki ng.  Fi el d 
densi t y,  moi st ur e cont ent ,  per meabi l i t y and
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vane shear  t eat s wer e car r i ed out .  Col l ect i on 
of  undi st ur bed sampl es and f i el d t est s wer e 
done i n a si mi l ar  way at  br eached por t i on.  The 
zoni ng of  t he ear t h dam at  bot h t he f aces of  
gor ge and br eached por t i ons as wel l  as 
di st r i but i on of  cr acks obser ved on t he f ace 
near by chai nage 1110 m wer e not ed,

16 di r ect  shear  and 11 t r i axi al  shear  t est s,  
bot h consol i dat ed dr ai ned,  wer e car r i ed out  on 
undi st ur bed soi l  sampl es.  Tabl e I  i ndi cat es 
t he r ange of  i ndex and engi neer i ng pr oper t i es 
obt ai ned on t he soi l  sampl es i n br eached and 
gor ge por t i ons.  On t he basi s of  t hese t est  
r esul t s,  75# r el i abl e val ues of  densi t y and 
shear  st r engt h par amet er s wer e used f or  t he 
anal yses of  sl i ps at  t hese l ocat i ons.  Tabl e I I  
i ndi cat es t he year  of  sl i p,  condi t i ons assumed 
and cor r espondi ng cr i t i cal  f act or s of  saf et y.

TABLE I

I ndex and Engi neer i ng Pr oper t i es of
Soi l  i n Br eached and Gor ge Sect i ons

Sr .
No.

Pr oper t y Uni t
r l ange

Br eached
Sect i on

Gor ge
Sect i on

1 Li qui d Li mi t - 67 -  84 60 -  77
2 Pl ast i ci t y

I ndex
- 24 -  42 30 -  48

3 Cl ay Cont ent <fo 39 -  44 43 -  60

4 Shr i nkage
Li mi t

- - 8 - 1 5

5 Speci f i c
Gr avi t y

- 2. 58- 2. 83 2. 32- 2. 96

6 Fi el d
Densi t y

kg/ m5 1100- 1580 1110- 1600

7 Moi st ur e
Cont ent

* 30 -  40 30 -  39

8 Di r ect  Shear  
C’ kPa 0. 0 -  0. 0 0. 0 -  2. 5

0 ’ degr ee 24. 2- 25. 6 11. 6- 29. 96

9 Tr i axi al  
Shear

C' kPa 0. 0- 2. 5

0' degr ee - 17. 33- 22. 6

10 Swel l i ng
Pr essur e

kPa 10. 0

opt i mum moi st ur e cont ent .

ANALY3I 3 OP SLI P DUf t l NG CONSTRUCTI ON 

Sl i p of  1884

The st abi l i t y anal yses of  upst r eam and down­
st r eam sl opes of  t he dam sect i on,  as const r uct ­
ed i n t he year  1884,  at  const r uct i on condi t i on 
wi t h por e wat er  pr essur e f act or s ( r u)  var yi ng 
f r om 0. 5 t o 0. 1 wer e car r i ed out  by Swedi sh 
sl i p ci r cl e and Bi shop' s semi r i gor ous met hods.  
Fact or s of  saf et y obt ai ned ar e gi ven i n 
Tabl e I I .

TABLE I I

Condi t i ons Assumed and Fact or s of  
Saf et y Obt ai ned f or  Var i ous Sl i ps

Y ear
Condi t i ons assumed

Cr i t i cal  Fact or s 
of  saf et y

of
Sl i p Bi shop' s 

semi ­
r i gor ous 
met hod

Swedi sh
sl i p
ci r cl e
met hod

1884 Const r uct i on 
a) Downst r eam sl ope 

i )  r u = 0. 1 
i i )  r u = 0. 3 

i i i )  r u = 0. 5

0. 75
0. 66
0. 56

0. 72
0. 62
0. 52

b) Upst r eam sl ope 
i )  r u = 0. 1 

11)  r u = 0. 3 
i i i )  r u = 0. 5

1. 25 
1. 13 
1. 01

0. 89
0. 76

1907 St eady seepage 
a) Buoyant  condi t i on 

above phr eat i c l i ne
0. 83 0. 72

b) Wi t hout  buoyant  
condi t i on above 
phr eat i c l i ne

1. 18 1. 04

1919 Dr awdown wi t h obser v­
ed por e pr essur es

0. 99 0. 61

1976 St eady seepage 
a) Buoyant  condi t i on 

above phr eat i c 
l i ne

0. 99 0. 89

b) Wi t hout  buoyant  
condi t i on above 
phr eat i c l i ne

1. 29 1. 12

I n or der  t o under st and t he devel opment  of  por e 
wat er  pr essur e dur i ng const r uct i on,  t he i ni t i al  
negat i ve por e wat er  pr essur es of  soi l  sampl es 
r emoul ded at  known wet  densi t i es wer e measur ed 
i n t r i axi al  appar at us wi t h hi gh al r - ent r y val ue 
por ous st one.  The decr ease i n t he val ue of  
negat i ve por e wat er  pr essur e wi t h st ep by st ep 
i ncr ease i n t he cel l  pr essur e was not ed.  The 
i ncr ease i n cel l  pr essur e f r om z e ro  t o 30 kPa 
r esul t ed I n smal l  i ncr ease i n t he por e wat er  
pr essur e i . e.  f r om - 2. 3 kPa t o +2. 3 kPa,  
because of  expansi ve nat ur e of  t he soi l .  I t  
i s,  t her ef or e,  expect ed t hat  t he devel opment  
of  const r uct i on por e wat er  pr essur e woul d be 
smal l  even t hough t he soi l  was compact ed at  
wat er  cont ent  wet t er  ( appr oxi mat el y by 6$)  t han

As per  t he r esul t s of  st abi l i t y anal ysi s f or  
upst r eam sl ope by Swedi sh sl i p ci r cl e met hod,  
wi t h var i at i on of  por e pr essur e f act or s f r om 
0. 1 t o 0. 5,  t he upst r eam sl ope i s unst abl e and 
shoul d have f ai l ed whi ch i s not  t he case.
Thi s met hod of  st abi l i t y anal ysi s t hus does not  
r epr esent  t he cor r ect  st at e of  st abi l i t y of  
t he upst r eam sl ope.  The cor r espondi ng val ues 
of  f act or s of  saf et y by Bi shop' s semi r i gor ous 
met hod ar e mor e t han one whi ch cor r ect l y 
r epr esent  st abl e upst r eam sl ope.

The f act or s of  saf et y f or  downst r eam sl ope by 
bot h t he met hods wi t h t he var i at i on of  por e 
pr essur e f act or s ar e so l ow t hat  t he dam 
sect i on shoul d have f ai l ed at  a hei ght  much
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Fi g.  1 St abi l i t y Anal ysi s o f  1 8 8 4  Sl i p

C R A C K S  OBSERVED

l ower  t han t he hei ght  at  whi ch i t  f ai l ed.  The 
dam act ual l y f ai l ed al most  at  i t s f ul l  hei ght .  
Thi s i ndi cat es t hat  t he por e pr essur e devel oped 
i n t he dam dur i ng const r uct i on mi ght  be smal l er  
t han 0. 1 and may act ual l y be on t he negat i ve 
si de.  Fi gur e 1 shows t he sl i p sur f aces based 
on cr ack pat t er n obser ved and obt ai ned by bot h 
t he met hods of  st abi l i t y anal ysi s f or  r u = 0. 1.  
Al l  t he t hr ee sur f aces ar e al most  coi nci di ng.  
Al t hough r epor t ed by St r ange ( 1898)  t hat  t he 
quant i t y of  wat er  added i nt o t he soi l  dur i ng 
compact i on was r at her  l ar ge st i l l  i mmedi at el y 
af t er  compact i on of  t he soi l  negat i ve por e 
pr essur es mi ght  have been devel oped.  The 
expansi ve nat ur e of  soi l  mi ght  be r esponsi bl e 
f or  devel opment  of  r at her  l ar ge negat i ve por e 
pr essur es whi ch woul d not  have become posi t i ve 
even af t er  t he addi t i on of  moder at e over bur den 
l oad ( not  mor e t han 45 kPa)  due t o embankment  
const r uct i on.  I t ,  t her ef or e,  seems t hat  even 
i f  t her e woul d not  have been devel opment  of  
posi t i ve por e wat er  pr essur e,  2: 1 sl ope on t he 
downst r eam si de was i nadequat e and 3: 1 sl ope as 
gi ven t o upst r eam si de woul d have been j ust  
suf f i ci ent  t o make i t  st abl e.

The sl ope of  t he dam was not  desi gned at  t hat  
t i me ( one cent ur y bef or e)  but  was adopt ed 
emper i cal l y.  Thi s i s an i nt er est i ng and uni que 
case wher e t he downst r eam sl ope f ai l ed dur i ng 
const r uct i on not  because of  hi gh const r uct i on 
por e wat er  pr essur es but  due t o t he i nadequat e 
sect i on wi t h r egar d t o t he shear  r esi st ance 
avai l abl e.  Fr om t hi s behavi our  of  t he dam i t  
may al so be i nf er r ed t hat  t he embankment  of  
moder at e hei ght  const r uct ed of  expansi ve soi l  
may not  f ai l  dur i ng const r uct i on because of  
devel opment  of  hi gh const r uct i on por e wat er  
pr essur es.

ANALYSI S OF SLI PS AT STEADY SEEPAGE CONDI TI ON 

Sl i p of  August  1907

I n or der  t o i nvest i gat e t he cause of  t he sl i p 
of  t he downst r eam sl ope i n 1907,  t he st abi l i t y 
anal ysi s was car r i ed out  consi der i ng t he sect i on 
exi st i ng i n t hat  year .  The t hen engi neer s 
i nst al l ed st and pi pe pi ezomet er s i n t he year  
1907 t o obser ve t h~ posi t i on of  phr eat i c l i ne 
par t i cul ar l y at  f ul l  suppl y l evel  whi ch was 
adopt ed l n t he st abi l i t y anal ysi s.

The downst r eam sl ope at  st eady seepage 
condi t i on mi ght  have f ai l ed because of  i n­
adequat e sect i on of  t hi s hei ght  of  dam ( 14. 37 m)  
f or  avai l abl e shear  r esi st ance.  Al t er nat el y

Fi g.  2 St abi l i t y Anal ysi s of  1907 Sl i p

t he cr acks devel oped upt o phr eat i c l i ne 
t hr oughout  t he sl ope dur i ng l ong dr ought  per i od 
get  f i l l ed up dur i ng heavy r ai nf al l  wi t h conse­
quent  i ncr ease i n por e pr essur es 30 as t o make 
t he cr acked por t i on buoyant  and l ead t o f ai l ur e.  
To assess t he r ol e of  f i r st  possi bi l i t y,  t he 
st abi l i t y anal ysi s was car r i ed out  at  st eady 
seepage condi t i on assumi ng t hat  cr acks ar e not  
devel oped on t he sl ope sur f ace by Swedi sh sl i p 
ci r cl e and Bi shop' s semi r i gor ous met hods.  The 
cr i t i cal  f act or s of  saf et y obt ai ned ar e 1. 04 
and 1. 10 r espect i vel y i ndi cat i ng t hat  down­
st r eam sl ope i s st abl e f or  t hi s hei ght  of  dam.

The ef f ect  of  second possi bi l i t y was assessed 
by i ncor por at i ng a buoyant  zone over  t he down­
st r eam sl ope upt o phr eat i c l i ne i n st abi l i t y 
anal ysi s.  The cr i t i cal  ci r cl es obt ai ned by 
Swedi sh sl i p ci r cl e and Bi shop' s semi  r i gor ous 
met hods ar e shown l n Fi gur e 2.  The cr l t i oal  
f act or s of  saf et y obt ai ned by t hese t wo met hods 
ar e 0. 72 and 0. 03 r espect i vel y.

The r esul t s of  anal ysi s i ndi cat e t hat  f or  
st eady seepage condi t i on f or  t he hei ght  of  dam 
bet ween chai nage3 320 t o 412 m,  t he downst r eam 
sl ope i s st abl e but  when t he st eady seepage 
condi t i on i s accompani ed by heavy r ai nf al l  
par t i cul ar l y af t er  scar ci t y year s,  t he down­
st r eam sl ope becomes unst abl e.  Thi s I nf er ence 
i s f ur t her  conf i r med by t he f act  t hat  adj acent  
sect i ons of  dam of  l esser  hei ght  di d not  f ai l  
l n si mi l ar  ci r cumst ances.

The st abl e pr of i l e of  t he sl ope af t er  f ai l ur e 
i s shown i n Fi gur e 2.  The pr obabl e pl ane of  
f ai l ur e i s det er mi ned by dr awi ng a cycl oi d by 
Col l i n' s met hod ( 1956)  and i s shown i n t he same 
f i gur e.  The pl ane of  f ai l ur e t hus guessed 
coi nci des wi t h cr i t i cal  ci r cl e obt ai ned by 
Bi shop' s seml r i gor ou3 met hod and not  wi t h t hat  
obt ai ned by 3wedi sh sl i p ci r cl e met hod.

Sl i p of  31st  Jul y 1976

The st abi l i t y anal yses by Swedi sh sl i p ci r cl e

and Bi shop' s semi r i gor ous met hods wer e car r i ed 
out  wi t h sect i on exi st i ng i n t hat  year  and 
assumi ng pr esence and absence of  cr acks.  The 
f act or s of  saf et y f or  t hese condi t i ons ar e 
gi ven i n Tabl e I I .  The concl usi ons ar r i ved at  
af t er  st udyi ng sl i p of  1907 ar e appl i cabl e t o 
t hi s sl i p al so.

Fr om Tabl e I I  i t  i s not ed t hat  di f f er ence i n 
val ues of  f act or s of  saf et y i s of  t he or der  of  
0. 3 assumi ng pr esence and absence of  cr acks i n 
t he anal yses of  sl i ps whi ch t ook pl ace i n 1907 
and 1976.  Usual l y t he downst r eam sl ope f or  
st eady seepage condi t i on i s desi gned f or  t he

POST F A ILU R E  P R O F IL E

B IS H O P  C IRC LE

C IR C L E  

G U E S S E D  
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Fi g.  3 St abi l i t y Anal ysi s of  Sl i p of  1919

f act or  of  saf et y of  1. 5 but  wi t hout  assumi ng 
excess por e pr essur es above phr eat i c l i ne i n t he 
cr acked por t i on i n t he anal ysi s.  I t  i s,  t her e­
f or e,  pr oposed t hat  l i mi t  of  f act or  of  saf et y 
f or  t he downst r eam sl ope be r ai sed f r om 1. 5 t o 
2. 0.  Thi s i ncr ease i n f act or  of  saf et y may al so 
cover  t he saf et y of  dam agai nst  cr eep( Pet er son 
et  al ,  I 960) .  Al t er nat el y a cover  of  adequat e 
t hi ckness of  casi ng mat er i al  may be pr ovi ded so 
t hat  pr ol onged dr y weat her  wi l l  not  af f ect  
equi l l i br i um moi st ur e cont ent  of  hi ghl y pl ast i c 
mat er i al  of  whi ch monozone dam i s const r uct ed.

ANALYSI S OF SLI P AT D. UWDCWU CONDI TI ON

Sl i p of  1919

'’' he st abi l i t y anal ysi s of  upst r eam sl cpe was 
car r i ed out  wi t h t he cr oss sect i on exi st i ng 
bef or e t he sl i p.  The posi t i on of  phr eat i c l i ne 
at  dr awdown condi t i on was det er mi ned f r om t he 
obser vat i onal  dat a of  Casagr ande t ype pi ezo­
met er s i nst al l ed at  t hi s l ocat i on.  The por e 
pr essur e dur i ng dr awdown i n bet ween t he 
posi t i ons of  phr eat i c l i nes obser ved at  st eady 
seepage and dr awdown condi t i ons was t aken as 
zer o whi ch i s r eal i st i c.  Whi l e bel ow t he 
phr eat i c l i ne at  dr awdown condi t i on i t  was 
consi der ed equal  t o t he hei ght  of  phr eat i c l i ne 
above t he sl i p pl anes.  The cr i t i cal  f act or s of  
saf et y obt ai ned by 3wedi sh sl i p ci r cl e and 
Bi shop' s ser a*. r i gor ous met hods ar e 0. 61 and 0. 99 
r espect i vel y ( Fi gur e 3) .  The sl i p pl ane det er ­
mi ned on t he basi s of  cr acks obser ved i s shown 
i n t he same f i gur e.  Fr om Fi gur e 3 i t  may be 
not ed t hat  Bi shop' s semi r i gor ous met hod not  
onl y r epr esent s t he st at e of  i nst abi l i t y 
cor r ect l y but  al so t he pl ane of  f ai l ur e.

CONCLUSI ONS

1) Fr om t he r esul t s of  st abi l i t y anal ysi s of  
downst r eam sl i p i n t he year  1084,  i t  may be 
concl uded t hat  i n case of  homogeneous ear t h 
dams of  moder at e hei ght  const r uct ed of  hi ghl y 
pl ast i c expansi ve cl ays wi t h moi st ur e cont ent  
much above opt i mum,  t he cr i t i cal  condi t i on 
f or  t he saf et y of  dam i s st eady seepage f or  
downst r eam sl ope and dr awdown f or  upst r eam 
sl ope r at her  t han const r uct i on condi t i on 
gener al l y consi der ed si nce t he const r uct i on

por e pr essur es ar e much l ess t han t hose 
devel oped at  st eady seepage or  r emai n l ocked 
up at  dr awdown condi t i on.

2) I n case of  such dams,  pr oper  vi gi l ance i s 
r equi r ed dur i ng dr y season,  especi al l y when 
i t  i s pr ol onged as cr acks may devel op and 
subsequent l y sl i p may occur  when f ol l owed by 
heavy r ai ns.

3) Adequat e cover ,  mi ni mum 2 t o 5 m,  of  casi ng 
mat er i al  shoul d be pr ovi ded f or  decr easi ng 
or  avoi di ng al t oget her  f or mat i on of  cr acks 
due t o desi ccat i on or  t he l i mi t  of  f act or  of  
saf et y may be r ai sed upt o 2.

4) The st at e of  f ai l ur e of  upst r eam sl ope i n 
t he year  1919,  was accur at el y r epr esent ed 
wi t h r ef er ence t o f act or  of  saf et y ( 0. 99)  as 
wel l  as posi t i on of  sl i p sur f ace by Bi shop' s 
semi r i gor ous met hod.  I t  may be not ed t hat  
i n t hi s anal ysi s obser ved por e pr essur es ar e 
consi der ed.  Thus t her e i s a scope of  
i mpr ovi ng t he pr esent  desi gn assumpt i ons as 
r egar ds posi t i on of  phr eat i c l i ne dur i ng 
dr awdown.  For  t hi s pur pose mor e si mi l ar  
cases need be st udi ed.

5) Pot ent l al  f ai l ur e i s mor e cor r ect l y 
r epr esent ed by Bi shop' s semi r i gor ous met hod 
t han Swedi sh sl i p ci r cl e met hod and cr i t i cal  
ci r cl e obt ai ned by Bi shop' s semi r i gor ous 
met hod f ai r l y coi nci des wi t h guessed/ act ual  
sl i p sur f ace f or  al l  t he condi t i ons anal ysed.
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