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CH. BRODEL R e s e a rc h e r  

K. REINHARDT H e a d  of D e p a r tm e n t

SYNOPSI S Pr oceedi ng f r om t he f act  t hat  t oo l ow saf et y f act or s cont r adi ct or y t o r eal i t y
ar e est abl i shed by means of  pr ocedur es cover i ng t he pl ane st at e f or  cal cul at i ng t he sl ope 
st abi l i t y i n spat i al l y l i mi t es f ai l ur e pat t er ns,  a cal cul at i on met hod has been devel oped whi ch 
appr oxi mat el y r epr esent s t he spat i al  st at e.  The f i nal  ef f ect s i ncr easi ng st abi l i t y ar e 
appr oxi mat el y r epr esent ed by cone sect i ons at t ached t o a ci r cul ar  cyl i nder  sect i on.

The pr ocedur e i s p r e f e r a b l y  sui t ed f or  cal cul at i ng t he st abi l i t y of  homogeneous unseeped sl opes 
t hat  ar e l oaded wi t h a l i mi t ed ar ea on whi ch sur char ge i s appl i ed (e.  g.  vehi cl es,  const r uct i on 
machi ner y or  hoi st i ng uni t s) .  I n t hi s cont r i but i on,  t he f undament al  st at ement s and assumpt i ons 
ar e di scussed.  Fur t her mor e,  di agr ams and t abl es ar e pr esent ed whi ch ar e summar i zed i n a 
r egul at i on of  t he nat i onal  bui l di ng super vi sor y boar d as a r esul t  of  compr ehensi ve var i at i onal  
comput at i ons by means of  a comput er  pr ogr amme f or  t he abovement i oned pr ocedur e as an ai d f or  
desi gni ng.

I NTRODUCTI ON

I n t he pr act i ce of  ci vi l  engi neer i ng,  
i ncr easi ngl y hi gher  l oads occur  i n t he f or m of  
sur char ges behi nd t he sl ope edges of  cut s and 
ser vi ce t r enches.  Thi s i s due t o t he use of  
l ar ger  and t hus heavi er  el ement s whi ch,  ar e 
t ypi cal  of  ci vi l  engi neer i ng (e.  g.  pr ecast  
concr et e member s f or  col l ect or s,  concr et e 
pi pes wi t h l ar ge di amet er s and l engt hs) ,  t o 
t he empl oyment  of  l ar ger  and heavi er  
const r uct i on machi nes and vehi cl es and t o t he 
l i mi t ed space i n devel opment  ar eas i n t own 
cent r es and f act or i es under  t he condi t i ons of  
r econst r uct i on.

The speci f i c nat i onal  st andar d TGi .  11 482/ 07
( 1978) ,  whi ch i s val i d i n t he GDK,  however ,  
cont ai ns r est r i ct i ve demands concer ni ng t he 
per mi ssi bl e sur char ge behi nd t he sl ope edge 
and i t s di st ance.  I n dependence on t he soi l  
t ype,  a mi ni mum di st ance f r om t he t oe of  sl ope 
of  1. 2 • H ( noncohesi ve soi l s)  or  1. 5 • H 
( cohesi ve soi l s)  i s demanded f or  a uni f or ml y 
di st r i but ed sur char ge ^ 10  l ci l /m2. Due t o t hei r  
l i mi t ed ar eas on v/ hi ch sur char ge i s appl i ed,  
most  of  t he const r uct i on machi nes and vehi cl es 
( excavat or s,  cr anes,  l or r i es,  bul l dozer s and 
ot her s)  consi der abl y exceed t he above- ment i oned 
per mi ssi bl e sur char ge ( Bi l z,  1979 a;  1979 b)  
and f or  meet i ng t he demand made by t he 
st andar d t hey shoul d mai nt ai n a di st ance f r om 
t he sl ope edge whi ch,  i n many cases,  i s not  
possi bl e f or  t echnol ogi cal  r easons.  Especi al l y 
f or  dept hs of  cut s and t r enches of  >  3 m» t hi s 
makes necessar y hoi st i ng uni t s and excavat or s 
havi ng l ar ger  wor ki ng r adi i ,  whi ch of t en do 
not  bel ong t o t he st andar d equi pment  of  
smal l er  bui l di ng f i r ms.

SPATI AL CALCULATI ON OP THj3 SLOPE STABI LI TY 

Onl y t he pl ane ( t wo- di mensi onal )  case i s 
cover ed by t he met hods f or  cal cul at i ng t he 
sl ope st abi l i t y v/ hi ch ar e embodi ed i n nat i onal  
and i nt er nat i onal  st andar ds or  speci f i cat i ons 
( TGL 11 482/ 07,  V/ APRO 4. 10,  DI N 4084/ 02) .  The 
nat ur al  st at e i n t he case of  a sl ope f ai l ur e,  
however ,  i s cl ear l y char act er i zed by a t hr ee-  
- di mensi onal  el ongat i on whi ch i s f i ni t e al so 
i n t he l ongi t udi nal  di r ect i on of  t he sl ope.  I t  
i s known f r om compar at i ve anal yses ( Schuber t ,  
1966;  Bal i gh and Azzous,  1975)  t hat  f or  
f ai l ur e body l engt hs whi ch ar e shor t er  t han 
t he 2. 5f ol d sl ope hei ght  al so i n unl oaded 
sl opes t he cal cul at i ons based on t he pl ane 
pr obl em wi l l  yi el d t oo l ow saf et y val ues.  For  
t he case of  a sl ope whi ch i s subj ect ed t o 
( concent r at ed)  sur char ges t he devi at i ons ar e 
st i l l  l ar ger  ( Bi l z,  1979 b;  Bi l z et  al . ,  1980) .

The anal ysi s of  t he r espect i ve l i t er at ur e has 
shown us pr oposal s f or  spat i al  ( t hr ee- di men-  
si onal )  sl ope cal cul at i ons i n some publ i cat i ons 
( Bal i gh and Azzous,  1975;  Bal i gh et  al . ,  1977;  
Hovl ana,  1977;  Lef ebr e and Luncan,  1973;  
Schapi r o,  1979;  Vanmar ke,  1977) ,  but  i n onl y 
one case i t  has made possi bl e t he di r ect  
det er mi nat i on of  l i ne l oads ( Bal i gh et  al . ,
1 9 7 7 ) .  By t hi s,  t he pr obl em of  t he l i mi t ed 
sur char ges,  whi ch i s of  pr i mar y i nt er est  t o us,  
coul d not  be sol ved.  The st at ement s by Hovl and 
can obvi ousl y be ext ended t o cover  t he 
i nf l uence of  sur char ge;  t he pr ocedur e i t sel f ,  
however ,  i s connect ed wi t h a ver y hi gh ( semi -  
- gr aphi cal )  expendi t ur e,  v/ hi ch seems t o be 
j ust i f i ed f or  t he pur pose pr oper  -  t he 
i nvest i gat i on on t he st abi l i t y of  dams i n 
r el at i vel y nar r ow,  V- shaped val l eys.
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Compar at i ve i nvest i gat i ons by usi ng t he 
r epr esent at i ons gi ven by Bal i gh and Azzous 
( 1975)  f or  unl oaded sl opes wi t h t he sl ope 
par amet er s and soi l  char act er i st i cs accor di ng 
t o TGL 11 482/ 07 have shown an i ncr ease of  
saf et y of  20 t o 25 /» f or  t he spat i al  case as 
compar ed wi t h t he t wo- di mensi onal  cal cul at i on.  
By t hi s,  appar ent l y a sui t abl e basi s was gi ven 
f or  t he der i vat i on of  a spat i al  cal cul at i on 
met hod f or  t aki ng i nt o account  l i mi t ed 
( def i ni t e)  sur char ges by usi ng t he f undament al  
st at ement s by Bal i gh and Azzous ( 1975) .

f u n d a me n t a l s  a n d  b o u n d a r y  c o n d i t i o n s  o f  t hi s

CALCULATI ON FROCKDURK

The cal cul at i on of  t he sl ope st abi l i t y wi t h 
t he ai d of  a t hr ee- di mensi onal  model  
accor di ng t o Bal i gh and Azzous ( 1975)  pr oceeds 
f r om a f ai l ur e body const i t ut i ng a segment  
f r om a cyl i nder  havi ng a f i ni t e l engt h wi t h 
cones at t ached t o i t  on bot h si des.  ( Fi gur e 1)

To det er mi ne t he saf et y whi ch cor r esponds t o a 
cer t ai n sl i p ci r cl e r adi us,  i nt egr at i on i s 
car r i ed out  over  t he sl i p- pr omot i ng and sl i p-  
- r esi st i ng moment s ( havi ng been cal cul at ed f or  
each pl ane sect i on)  per pendi cul ar l y t o t he 
sect i on pl ane.  Her e i s t o be t aken i nt o account  
f or  t he r esi st i ng moment  t hat  i nt egr at i on 
pr oceeds al ong t he sl i p pl ane,  i n whi ch t he 
moment  or i gi nat es.  Saf et y i s expr essed by t he 
quot i ent  of  t he t wo i nt egr al s:

r 0 1c ( l ’ i+ T 2) + r 0P 2 t a n $ '+  I r  
Tj a - - - - - - - - - - - - - - - - - - - - - - ^ - - - - - - - - -- - - - -

Wa 1c + Pap + I d 

wher e l ’-j = yt an^ j ' j ^Cx + r 2 ar c si np) ] - ^

-  [ f  x 2 + n x ] * 2 -  M V [

Fi gur e 1.  Geomet r y and boundar y condi t i ons

For  such a f ai l ur e body wi t h an assumed 
cyl i nder  r adi us ( sl i p ci r cl e r adi us) ,  al l  
sor t s of  pl ane sect i ons per pendi cul ar  t o t he 
sl ope edge ar e consi der ed,  and i n t hem t he 
sl i p- pr omot i ng and t he sl i p- r esi st i ng moment s 
ar e cal cul at ed ( Bi l z et  al . ,  1980) .  Thei r  
det er mi nat i on i s based on t he mass f or ce,  on 
t he one hand,  and on t he i nt egr al  over  t he 
shear  f or ces f r om f r i ct i on and cohesi on act i ng 
al ong t he sl i p ci r cl e,  on t he ot her  hand.  I f  
t he pl ane sect i on wi l l  cut  t he ar ea of  t he 
appl i cat i on of  sur char ge,  t her e have t o be 
t aken i nt o account  moment s whi ch ar e due t o 
sur char ge.  To det er mi ne t he r esi st i ng moment  
pr oduced by sur char ge,  a di st r i but i on angl e 
of  S  = 60°  i s assumed f or  t he spr eadi ng of  
sur char ge up t o t he sl i p ci r cl e ( Bi l z et  al . ,
1980) .  Thi s def i ni t i on r el i es on dat a gi ven by 
Tschebot ar i of f  ( 1973)  ( =  60° ),  Kogl er  and 
Schei di g { 6 =  55° ) ,  quot ed i n Tschebot ar i of f
( 1973) ,  as wel l  as accor di ng t o TGL 33 342/ 02,  
and i t  i s appr oxi mat el y equi val ent  t o an angl e 
of  45 + $/ 2,  t he r el evant  f r i ct i on angl e $  
bei ng t aken i nt o account .

^ 2  -  [ c ’ r  ar c si n p  ] ® 
xf

z = m_ + n -  equat i on of  t he sl ope 
ar ea

7  = P • bp

W = F • y

I r  =  H ( r o  -  r m i n ) 2  +  h F  £

-  appr oxi mat i vel y cal cul at ed I nt egr al  
of  t he r esi st i ng moment s over  t he end 
cone

I d = f 1 Md ( y i >

-  appr oxi mat i vel y cal cul at ed i nt egr al  
of  t he pr omot i ng moment s over  t he end 
cone
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wi t h r  -  t he sl i p ci r cl e r adi us r el evant  t o 
t he speci f i c case

r  . -  r adi us of  t he ( t heor et i cal )  sl i p 
ci r cl e,  whi ch i s t angent  t o t he 
sl ope l i ne 

F -  ar ea of  t he sl ope sect i on on t he 
sl i p sur f ace

a -  per t i nent  moment  ar m || x- axi s 

aj  -  moment  ar m of  7

( f or  t he ot her  desi gnat i ons see Fi g.  1)

The l engt h of  t he cyl i ndr i cal  par t  of  t he 
f ai l ur e body was def i nd i n such a way t hat  
wi t h t he above- ment i oned assumed sur char ge 
di st r i but i on at  an angl e of  60°  t he par t  of  
t he sl i p sur f ace i nf l uenced by i t  wi l l  l i e 
wi t hi n t he cyl i nder .  The hei ght  of  t he 
at t ached cones was assumed as hal f  t he sl ope 
hei ght ,  si nce i t  had been f ound by compar at i ve 
cal cul at i ons t hat  f or  sur char ged sl opes i n 
most  cases t he saf et y mi ni mum r esul t ed i n t he 
r ange of  0. 25 H 0. 75 H,  or  « const .

woul d occur .  Fur t her mor e,  f r om t hese compar a­
t i ve cal cul at i ons i t  i s f ound t hat  t he var i a­
t i on of  t he sl ope angl e as wel l  as of  t he l oad 
di st ance f r om t he sl ope edge exper t s r el at i vel y 
l i t t l e i nf l uence on t he posi t i on of  t he saf et y 
mi ni mum,  but  t hat  an i ncr ease of  t he sl ope 
hei ght  r esul t s i n a shi f t  of  t he posi t i on of  
T|  mi n f r om l n <=s 0. 25 H t o 1Q 0. 75 H.

An exampl e i s shown i n Fi gur e 2.

1,0 2,0 3,0 In ' k ' - H

Fi gur e 2.  An exampl e f or  t he est i mat i on of  t he 
i nf l uence of  t he l engt h of  t he end 
cones upon saf et y

The saf et y cal cul at i on descr i bed pr oceeds f r om 
a pr evi ousl y def i nd sl i p ci r cl e r adi us.  For  
det er mi ni ng t he st abi l i t y of  a sl ope under  
sur char ge,  t he sl i p ci r cl e r adi us i s var i ed 

wi t hi n speci f i c bounds,  and t hus t he mi ni mum 
saf et y i s cal cul at ed.

PRACTI CAL APPLI CATI ON

Accor di ng t o t he demands made by pr act i ce,  wi t h 
t he ai d of  t he SLOPE 3- comput er - pr ogr amme 
ext ensi ve var i at i onal  cal cul at i ons wer e per ­
f or med f or  t ypi cal  par amet er s of  sl ops f or  cut s 
and ser vi ce t r enches ( 2. 5 m t  H &10 n;
30°  80° ) as wel l  as r epr esent at i ve gr oups
of  sur char ges ( Bi l z,  1979 a;  1979 b) .  Si nce due 
t o t he l ar ger  number  of  var i abl es gi ven t he 
expendi t ur e of  eval uat i on and,  mai nl y,  of  
r epr esent at i on f or  t he r esul t s of  comput at i ons 
woul d have been i ncr eased many t i mes i n t he 
case an addi t i onal  f r ee var i at i on of  t he par a­
met er s f or  t he soi l  char act er i st i cs ( $' ,  c ’ , y ) ,  
i n accor dance wi t h commonl y used combi nat i ons 
of  soi l  char act er i st i cs ( St r i egl er  and V/ erner ,  
1969,  TGL 11 482/ 07,  DI N 1055/ 02,  TRL 2. 4. 6 -  1)  
t he shear  st r engt h par amet er s and c ’ or  c 
( as t he capi l l ar y cohesi on i n sands and 
gr avel s)  wer e sel ect ed accor di ng t o Fi gur e 3 
f or  ni ne soi l s whi ch ar e t ypi cal  i n t he GDR.

The r esul t s ar e summar i zed i n a number  of  
t abl es wi t hi n t he r egul at i on 84/ 79 of  t he 
nat i onal  bui l di ng super vi sor y boar d,  whi ch i s 
al r eady val i d f or  t he desi gn pr act i ce.  Tabl e I  
shows an exampl e of  t he sur char ge gr oups 
q1 = 230 kN/ m̂  and q„  = 900 kN/ m2 , whi ch,  ar e 
equi val ent  t o,  ( e.  g. ) a mobi l e cr ane I .DK 204 
bei ng st abi l i zed on sl abs wi t h ( 1. 0 x 1. 0) m2 or  
on sl abs wi t h ( 0. 3 x 0. 3) m • Al l  desi gn t abl es 
ar e const r uct ed accor di ng t o t he same pat t er n.  
For  t he saf et y f act or s whi ch ar e i n common use 
f or  cut s and ser vi ce t r enches or  whi ch ar e 
f i xed i n ot her  r egul at i ons ( Bi l z et  al . , 1980)  
of  "h = 1. 1 and 1. 3,  t he r espect i ve r equi r ed 
sur char ge di st ance f r om t he sl ope edge can be 
r ead f r om t he sub- t abl es i n dependence on t he 
sl ope par amet er s and t he soi l  char act er i st i cs.
I n each case,  t he unl oaded st r i p r equi r ed f r om 
t he vi ewpoi nt  of  l abour  saf et y i s t aken as a 
mi ni mum f or  t hi s di st ance.  On t he ot her  hand,  
t he t abl es al l ow us t o det er mi ne t he per mi ssi bl e 
sl ope par amet er s al so i n t he case of  a t echno­
l ogi cal l y speci f i ed sur char ge di st ance f r om t he 
sl ope edge.
Necessar i l y,  i n t he t abl es desi gn bounds ar e 
r epr esent ed ( as hor i zont al  l i nes) ,  at  whi ch t he 
l i mi t  val ues f or  t he unl oaded sl ope ar e r eached.  
Her e,  a di st i nct i on i s made bet ween sl opes wi t h 
a t heor et i cal l y i nf i ni t e l engt h wi t h L > 2 H 
( f ul l  l i nes and shor t  sl opes wi t h L ^ 2  H 
( br oken l i nes) .
Anal ogousl y t o t he l ar ge number  of  di agr ams 
al r eady publ i shed i n l i t er at ur e concer ni ng t he 
t wo- di mensi onal  case of  unl oaded sl opes and 
bei ng i n common use,  especi al l y f or  shor t  cut s 
wi t h L ^  2 H ( L -  sl ope l engt h at  t he upper  
edge)  t he di agr am r epr esent ed i n Fi gur e 4 was 
devel oped.  I n t he r egul at i on 84/ 79 i t  i s 
speci f i ed t hat  t he appl i cat i on of  t he t abl es 
and di agr ams i s per mi ssi bl e t o:

-  si ngl e sl opes on cut s and ser vi ce t r enches

-  syst ems of  sl opes whi ch ar e i nt er r upt ed by 
benches and can be appr oxi mat el y subst i t ut ed 
by a mean sl ope an al most  homogeneous soi l  
i n t he r ange of  t he pot ent i al  f ai l ur e body

-  unseeped or  unf l ooded sl opes or  pot ent i al  
f ai l ur e bodi es.

2 4 - 0 1 7 1 2 9 3 69
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I f  t he sl ope- f or mi ng soi l s ar e l ayer ed,  t hen 
one can cal cul at e wi t h mean soi l  char act er i st i cs,  
i f  t he f ol l owi ng cr i t er i a ar e obser ved:

max - t an &'  max c ^-3 0 max ^  ^ 1 3

mi n t an mi n c mi n 'fa

I f  one of  t he cr i t er i a ment i oned bef or e i s 
exceeded,  separ at e ver i f i cat i ons have t o be 
f ur ni shed f or  t he t ot al  sl ope wi t h t he soi l  
char act er i st i cs of  t he i ndi vi dual  l ayer s;  t he 
most  unf avour abl e par amet er s r esul t i ng f r om 
t hi s ar e deci si ve.

Tabl e I I  I ncr ease i n saf et y due t o t he t hr ee-  
- di mensi onal  st abi l i t y cal cul at i on

SUMMARY AMD CONCLUSI ONS

1.  A spat i al  ( t hr ee- di mensi onal )  met hod f or  
cal cul at i ng t he st abi l i t y of  sl opes of  cut s 
and t r enches i s r epr esent ed wi t h i t s f unda­
ment al s,  boundar y condi t i ons and appl i cat i on 
l i mi t s.  The pr ocedur e i s based on a model  by 
Bal l gh and Azzous and t akes i nt o account  
cone- shaped sl i p sur f aces at  t he sl ope ends.

2.  Thi s pr ocedur e i s especi al l y sui t ed f or  
pr ovi ng st abi l i t y under  t he i nf l uence of  
l i mi t ed ( def i ned)  sur char ges behi nd t he 
sl ope edge.  Poi nt  and l i ne l oads can be 
det er mi ned,  t oo.  For  sl opes wi t h a l i mi t ed 
l engt h ( L ^ 2  H)  whi ch ar e unl oaded or  
l oaded by uni f or ml y di st r i but ed,  pr act i ­
cal l y unl i mi t ed sur char ges,  t he saf et y- i m­
pr ovi ng ef f ect  can be ut i l i zed,  t oo.

3.  Thi s pr ocedur e i s appl i cabl e t o t he gener al  
case,  i .  e.  t o soi l s wi t h f r i ct i on and 
cohesi on.

4.  The saf et y- i ncr easi ng ef f ect  of  t he spat i al  
cal cul at i on i s cl ear l y dependent  on t he 
f act or  c and onl y sl i ght l y dependent  on

T H
t he angl e of  sl ope and t he angl e of  i nt er nal  
f r i ct i on.  I n t he r ange anal ysed,  t he aver age 
i ncr ease i n saf et y amount ed up t o 20 % ( cp.  
Tabl e I I ) .

5.  The r esul t s of  many var i at i onal  cal cul at i ons 
ar e summar i zed i n desi gn t abl es and di agr ams,  
whi ch ar e avai l abl e t o desi gner s i n t he f or m 
of  an nat i onal  r egul at i on.  A sel ect ed 
exampl e i s r epr esent ed.  The r egul at i on con­
t ai ns t en t abl es of  t hi s ki nd f or  r epr esen­
t at i ve gr oups of  sur char ges ( excavat or s,  
cr anes,  bul l dozer s,  l or r i es) .
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