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Risks and responsibilities of geotechnics in highway-, bridge-, and slope 

engineering

Risque et responsabilité en géotechnique pour les travaux routiers, les ponts et les pentes

H . B ra n d i -  Technical University, Vienna, Austria

A B ST R A C T : Pro fe ssio n al ex p e rie n c e  has sh o w n ag ain  and  ag ain  at nu m ero u s en g in eering  p ro je c ts  th at th e  g eo tec h n ic al e n g in eer’ s risk  and  

resp o n sib ility  are  u su ally  m u ch  hig h er than  th at o f  en g in eers inv o lv ed  in o th e r f ie ld s o f  c o n stru c tio n . Th is is d em o nstrated  w ith  so m e c ase  

h isto ries in h ig h w ay - and  b rid g e  en g in eering  w h ich  also  sh o w  th e  risk s cau sed  b y  in su ffic ien t site  in v estig atio n  and  u n stab le  slo p es. T h e  first 

tw o  exam p les illu strate  sp ec ial g e o te c h n ic al m easu res to  sav e  sev ere ly  d am ag ed  h ig hw ay  b rid g es w h ich  w ere  near co llap se . Fro m  a static  

p o int o f  v iew , their safe ty  fac to rs  w ere  tem p o rarily  ab o u t F =  1. Fo r b u ild ing s in u n stab le  slo p es o r fo r th e  stab iliz atio n  o f  slid ing  slo p es, the 

sem i-em p irical d esig n  m etho d  b ased  o n  m o n ito rin g  and  c alc u lated  risk (o b serv atio n al m eth o d ) is reco m m end ed . Fo r risk  assessm en t, the 

resid u al sh ear stren g th  has p ro v ed  to  b e  th e  m o st relev an t g eo te c h n ic al p aram eter. I f  O r has to  b e  assu m ed  also  as d esig n p aram eter, 

c o m p reh en siv e  fo u n d atio n  and  stab iliz in g  m easu res are  n e c essary  as illu strated  in th is p ap er.

1 IN SU FFIC IE N T  SIT E  IN V EST IG A T IO N

1.1 Project, ground properties

T h e  d esig n  fo r a 11 0 0  m  lo n g  hig hw ay  b rid g e w as ch ang ed  sho rtly  

b e fo re  c o n stru c tio n  w o rk  b eg an . T h e  altern ativ e  w as a p o litically  

su p p o rted  p ro je c t w h ich  m et c ertain  en v iro nm en tal d em and s, and  

th ere  w as no  tim e le ft fo r ap p ro p riate  site  inv estig atio n . 

C o n seq u en tly , th e  so il ( ro c k )  b eh av io u r at th e  new  b rid g e p ier 

p o sitio n s had  to  b e  m o re  o r less in terp o lated . D etailed  ad d itio nal 

so il in v estig atio n  w as p o stp o n ed  until th e  b eg in n in g  o f  the 

fo u n d atio n  w o rk : T h e  b rid g e p iers w ere  d esig ned  to  rest o n  

c aisso n s, and  w hen  sinking  th e  sh afts, the  su b so il c h arac te ristic s 

w ere  su p p o sed  to  b e  c learly  d eterm ined . T h e  fo u n d atio n s sho u ld  

h av e b e e n  ad ap ted  to  th e  lo c al g ro u nd  c o n d itio n s b y  a p ro p er 

e x c av atio n  d ep th , by  fo rm ing  to e -b e lls  o f  th e  caisso n s, o r by  

g ro u tin g  b en eath  th e  b ases. Sh o rt exp lo ratio n  b o rin g s b e n eath  its 

d esig ned  b ase  sho u ld  v erify  a p ro p er b earin g  c ap ac ity  fo r each  

c aisso n . A ctu ally , th ese  reco m m en d ed  d etailed  so il in v estig atio ns 

w ere  o n ly  p artially  p erfo rm ed , and  an extrem ely  h e te ro g e n e o u s 

u nd erg ro u nd  finally  cau sed  e x c e ssiv e  d ifferential se ttle m en ts o f  

o n e  tw in  p ier.

T h e  c ritic al b rid g e p ier is situ ated  w ith in a larg e -sc ale  g e o lo g ic al 

fau lt o n  to e  o f  a slo p e  w h ere  th e  so il c o nd itio n s are  ex trem ely  

h e tero g en eo u s. Fig u re  1 sh o w s a sim p lified  sk e tc h  d eriv ed  fro m  

e x p lo ratio n  b o rin g s. In  d etail, w eath ered  slo p e  d ep o sits ( fro m  silt 

to  b o u ld er)  and  flu v iatile  sand y  g rav el (silty )  are  in terlay ered  near 

th e  su rface , and  th ey  are  lo cally  u nd erlain  by  c lay ey  silt (red  lo am ). 

T h is m o re  co m p ressib le  so il o c c u rs rath er irreg u larly , fo rm in g  a 

sig n ificant e c c e n tric  lens ju s t b eneath  th e  b rid g e p ier. Be n e ath  

th ese  d ep o sits lie f in e-g rain ed  m y lo n ites, c arstic  z o n es, and  

co m p lete ly  d eco m p o sed  „ ro c k “  (m ech an ically  a „ so il) , and  fin ally  a 

m o re  o r le ss w eath ered  p hy llite . T h e  m ean g ro u nd  w ate r lev el lies 

so m e  m etres b e lo w  th e  su rfac e  bu t v aries g reatly , d ep end ing  o n  

th e  seaso n s.

L ab o rato ry  te sts co n firm ed  th e  assu m p tio n  that a len s o f  so ft 

lo am  b en eath  th e  ex istin g  caisso n s cau sed  th e  d ifferential 

settlem en ts. A  hig hly  c o m p ressib le  silt exh ib ited  a resid u al shear 

an g le  o f  o n ly  <l>r =  8 °.

T h e  su p erstru c tu re  o f  th e  h ig hw ay  b rid g e w as d esig ned  as a 

c o n tin u o u s g ird er w ith  9  sp ans and  c o n stru c ted  b y  th e  free  

c an tilev erin g  m etho d . T h e  stand ard  leng th  o f  the  sp ans is 130 m, 

and  th e  c ro ss  se c tio n  is a ho llo w  b o x  w ith  a stru ctu ral he ig h t o f  

3 ,0  to  7 ,8  m  (p restressed  re in fo rced  c o n c re te ) . T h e  su p p o rts are

e ith er f ixed  o r  m o v ab le  b earing s. T h e  b rid g e  p iers c o n sist o f  tw o  I-  

shap ed  m em b ers restin g  o n  tw o  caisso n s each . C o n seq u en tly , each  

b rid g e  su p p o rt, e x c e p t th e  ab u tm en ts, req u ired  th e  sinking  o f  fo u r 

c aisso n s (Fig . 2) .

T h e  static  sy stem  o f  th e  caisso n  g ro u p  ( 4  c aisso n s e ac h ) , th e  

tw in  p iers, and  th e  cap p in g  b eam  o n  to p  o f  th e  p iers m ake up  a 

fram e w h ich  is rath er sen sitiv e  to w ard s d ifferential settlem en ts.

1 .2  Cause o f  failure

D u ring  f re e  can tilev erin g , o n e  o f  th e  b rid g e su p p o rts b eg an  to  

se ttle  m o re  and  m o re  d ifferentially  (Fig . 2 )  : A s th e  m o v em en ts 

ap p ro ach ed  -  and  finally  e x c e ed ed  -  th e  allo w ab le  lim its 

co n sid erab ly , th e  c o n stru c tio n  w o rk  w as sto p p ed . Ele v e n  sec tio n s 

o f  th e  130 m -sp an  had  b een  c ast, bu t an o n g o in g  f re e  can tilev erin g  

w as to o  risky  (th o u g h  o n ly  o n e  se c tio n  w as le ft) . In  o rd er to  sto p  

th e  d ifferen tial m o v em en ts, the site  m an ag er tried  lo cal 

u nd erp inning  by  c lassic al g ro u tin g  (Fig . 1/ m easure 1). B u t alread y  

th e  d rilling  o f  so m e  b o re h o le s cau sed  ad d itio nal d ifferential 

se ttlem en ts o f  th e  c ritical p ier fo o tin g s N o . 1R  and  1L, and  this 

tend en cy  co u ld  no t b e  sto p p ed  by  any  av ailab le  u nd erp inning  o r 

su p p o rtin g  m etho d . Je t g ro u tin g  o r p iling  w o u ld  hav e initially  

cau sed  fu rther settlem en ts b e fo re  stab iliz ing  the  m o v em ents. Fo r 

static  reaso n s this risk  co u ld  no t b e  taken : T h e  stru ctu ral safe ty  o f  

th e  fram e had  alread y  d ecreased  serio u sly  and  co u ld  no t b e  p ro v en  

any  m o re  b y  (c lassic a l)  calcu latio n . T h e  m axim u m  d ifferential 

settlem en t had  reac hed  nearly  A s =  4 0  m m , w h ereas the 

„ allo w ab le“  v alu e  w as A s =  10 m m  fo r th e  o rig inally  assu m ed  

static ally  in d eterm in ate fram e sy stem  (Fig . 3 ) . In c reasin g  stress 

c o n strain ts, esp ec ially  to rsio n , en d an g ered  th e  stru c tu re  w h ich  had  

n o t y e t failed : Its  static  sy stem  had  ch ang ed  au to m atically  fro m  an 

ind eterm in ate o n e  to  a less sen sitiv e , hing ed  fram e w hen the 

fo u n d atio n  b eg an  to  m o v e  (se ttlem en t and  tiltin g )  -  Fig . 4. 

Fu rth erm o re , th e  c reep in g  o f  th e  fresh  c o n c re te  red u ced  th e  

c ritical stre ss c o n strain ts, and  the  static  sy stem  p ro v ed  to  b e  

p rac tically  m o re  f le x ib le  than  th eo retic ally  assu m ed , b e c au se  no  

cap p in g  slab  ex isted  o n  th e  head  o f  th e  caisso n  g ro u p . Finally , the  

su p erstru c tu re  w as no t rig id ly  c o n n e c te d  w ith  th is tw in  b rid g e 

p ier. T h e  lo ad s w ere  transferred  by  b earin g s w h ich  co u ld  

w ith stand  th e  d ifferential d isp lacem en ts. N ev erth eless, th e  free  

c an tilev erin g  eq u ip m en t w as co m p le te ly  rem o v ed  and  th e  h itherto  

c o n stru c ted  su p erstru ctu re  ex c en tric ally  b allasted  to  u nlo ad  the  

stro n g e r settlin g  fo u n d atio n  p ier (Fig . 1/ m easure 2 ) .
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Fig  1: Part o f  th e  lo ng itu d inal se c tio n  o f  a 1.1 km  lo n g  hig hw ay  

b rid g e. D if feren tial settlem en t o f  th e  p ier fo u n d atio n  (in d icated  

by  Si >  S2 ) , and  stab iliz in g  m easu res:

1 =  C o n v en tio nal g ro u tin g  (cau sed  c ritical ad d itio nal se ttle ­

m en ts d u ring  d rilling )

2  =  E c c e n tric  lo ad ing  o f  th e  su p erstru c tu re  b y  a tem p o rary  fill

to  red u ce  d ifferential settlem en ts

3 =  R e lie f  b o rin g s d rilling s w ith  step  by  step  so il ex trac tio n

b e n eath  th e  so u th ern  fo u n d atio n  to  fo rc e  an in creasing  

settlem en t o f  c aisso n s 2 R , 2 L

4  =  Pu lling  d o w n  th e  su p erstru c tu re  to  red u c e  d ifferential

settlem en ts

5 =  U nd erp inning  and  p artial re - lev e llin g  by  so il fractu rin g

6  =  Pu lling  d o w n th e  su p erstru c tu re  o n  th e  o th e r sid e to  p re ­

lo ad  th e  und erp inned  p ier fo u n d atio n  

6 a, 6 b  =  C y c lic  lo ad in g  and  u nlo ad in g  by  an alternating  p u lling  

d o w n ac c o rd in g  to  m easu re  N o  4  o r 6

Fro m  a static  p o in t o f  v iew , th e  p ier w as in an  initial state  o f  

c o llap sin g  T h e  reaso n  that it d id  n o t g iv e  in , alth o u g h  the 

d ifferen tial settlem en t had  e x c e ed ed  nearly  fo u r tim es th e  

allo w ab le  v alu e , w as a fav o u rab le  so il-stru c tu re  in terac tio n  in th e  

b ase  z o n e  o f  th e  c aisso n s. Fig u re  4  sh o w s th at o b v io u sly  a 

m o v ab le , hing ed  em b ed m ent m u st hav e d ev elo p ed  instead  o f  a 

rig id , fix ed  so c k e t. N ev erth e less, th e  b rid g e  d esig ner refu sed  any  

fu rther ac tiv ity , and  th e  in su ran ce  co m p any  can ce lled  th e  c o n trac t 

w ith  th e  c o n stru c tio n  co m p any . T h e  d em o litio n  and  re c o n stru c tio n  

o f  th e  stru c tu re  w o u ld  hav e c o st nearly  5 m illio n  U S $ and  w o u ld  

h av e heav ily  d am ag ed  th e  im ag e  o f  th e  c iv il en g in eering  

p ro fessio n . So , g e o te c h n ic s w as ch allen g ed  to  sav e  th e  p ro je c t and  

tak e  o v er th e  en tire  resp o nsib ility

1.3 Stabilization and rehabilitation

A n u nd erp inning  o f  th e  stro n g er settlin g  caisso n s w as to o  risky  

T h e re fo re , th e  d ifferential se ttle m en ts co u ld  b e  red u ced  o n ly  by  

fo rc in g  the  o th e r m em b er o f  th e  tw in -p ier to  se ttle  m o re . T h is w as

by  step  b e n eath  th e  c aisso n s N o . 2  R  and  2  L  fo r lo c al so il 

e x c av atio n  (Fig . 5 and  Fig . 1/  m easu re  3 )  A fte r w ith d raw ing  the 

casin g , th e  b o re h o le s c o llap sed  p artially  -  th u s ind u cin g  a 

c o n tro lled  settlem en t O n ly  thin sleev e  p ip es w e re  le ft in the 

b o re h o le s to  en ab le  a later g ro u tin g  as a  p erm an ent so il 

im p ro v em en t In  to tal 4 5  re lie f  b o rin g s w e re  d rilled  to  a m axim u m  

d ep th  o f  6  m  b en eath  th e  c a isso n s ’ b ase  (Fig . 5) . T h e  lo cal 

m o v em en ts sho u ld  o c c u r g rad u ally  w ith o u t a su d d en co llap se . 

T h is  w as ach iev ed  by  v ary ing  th e  p o sitio n , in c linatio n , and  d ep th  

o f  th e  b o re h o le s and  by  also  v ary ing  th e  d rilling  sp eed . So m etim es 

w eak  g ro u t m ixes w ere  filled  in to  th e  b o re h o le s as a f lex ib le  

su p p o rt T h e  lo c al so il ex c av atio n  alread y  red u ced  th e  m axim u m  

d ifferen tial se ttlem en ts o f  the  c aisso n s b y  6  m m.

T h e  re -tiltin g  e f fe c t o f  th e  artific ial v o id s in th e  su b so il b en eath  

th e  c aisso n s N o . 2  R  and  2 L  co u ld  b e  intensified  by  p u lling  d o w n  

th e  su p erstru c tu re  o f  th e  b rid g e e x ce n trically  w ith  p restressed  

g ro u nd  an c h o rs (stab iliz in g  m easu re  N o  4  in Fig s  1, 2 ) . Fo u r 

an c h o rs w e re  installed  w ith  an allo w ab le  w o rk in g  lo ad  o f  T .h,™ =  

10 0 0  kN , b u t o n ly  stressed  by  T * <  5 5 0  kN  e ac h  T h e se  f o rc e s  

co u ld  b e  ap p lied  o n ly  after installing  an ad d itio nal (tem p o rary )  

re in fo rcem en t w ith in  th e  b rid g e d eck . A s th e  last se c tio n  o f  th e  

fre e  can tilev erin g  had  no t y et b een  m o u nted , th ere  w as su ffic ien t 

p lac e  fo r an au xiliary  re in fo rc in g  o f  th e  ho llo w  b o x  g ird er. D u e  to  

th e  lo n g  d istan c e  o f  the  an c h o rs fro m  th e  b rid g e  p ier, a g reat 

m o m ent w as tran sferred  in to  th e  c aisso n  g ro u p . It cau sed  an 

u n lo ad in g  o f  the  ex c e ssiv e ly  settled  caisso n s by  A V  =  - 6 4 5 0  kN  

e ac h  and  an ad d itio nal lo ad in g  o f  th e  o p p o site  tw in  c aisso n s b y  A V  

=  + 7 7 5 0  kN  each . A cco rd in g ly , th e  „ stiffe r“  m em b ers o f  th e  tw in - 

p ier w e re  fo rc e d  to  se ttle  m o re

D u rin g  re -tiltin g  o f  th e  c aisso n  g ro u p  (and  th e  b rid g e  stru c tu re  

resp ec tiv e ly ) , th e  an c h o r f o rc e s  had  to  b e  co n tin u o u sly  read ju sted  

ac c o rd in g  to  their tend en cy  to  d ec rease .

T h e  co m b in ed  e f fe c ts  o f  th e se  m easu res (N o . 3 and  4  in  Fig . 1) 

red u ced  th e  d ifferential se ttle m en ts nearly  by  o n e  third  to  ab o u t A s 

< 3 0  m m , and  th ey  led  to  a sig n ifican t b ac k -tiltin g  o f  th e  lean in g  

b rid g e  p ier. C o n seq u en tly , the  im p ro v ed  situ atio n  m ad e a p artial 

re - lev e llin g  and  a d efin ite  u nd erp inning  w ith  the  so il frac tu rin g  

m eth o d  p o ssib le .
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s u r fa c e

re s u lta n t  f ix e d  e n d s  

e a r th  (s o c k e ts )

p re s s u re  th e o r e t i c a l
s u b g ra d e

re a c tio n
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Fig  4 : Sta tic  sy stem  o f  the  en d an g ered  tw in -p ier and  ho riz o ntal 

su b -g rad e  reac tio n  (sc h e m atic )

a )  T h e o re tic al d esig n  assu m p tio n  Static ally  ind eterm inate  fram e 

w ith  fix ed  so c k ets.

b )  A c tu al situ atio n  d u e to  larg e  so il d e fo rm atio n s: Static ally  

d eterm inate  tw o -h in g ed  fram e

So il frac tu rin g  w as ap p lied  o n ly  b eneath  th e  p ier fo u n d atio n  N o . 

1R  and  1L  (Fig s  1, 2 , 5) . Fig u re  6  illu strates th e  sch em e o f  the 

so il im p ro v em en t seq u en c e  and  th e  stress state  in th e  su b so il 

cau sed  by  rep eated  g ro u tin g . A  p rim ary  g ro u tin g  aro u nd  th e  lo w er 

p art o f  th e  p ier sh afts w as p erfo rm ed  at first to  ach iev e  a 

stren g th ened  c o v e r lay er fo r co n tro lled  h y d ro -fractu rin g . A fte r a 

tu m e d -o v e r p o t o f  stren g th ened  so il w as fo rm ed , hig h p ressu re  

g ro u tin g  fo llo w ed  b en eath  th e  b ase  o f  th e  c aisso n s (p hase  N o . 4  in 

Fig . 6 ). Th u s, th e  caisso n s w e re  lifted  like a p isto n  Fo r sp littin g  

th e  so il, a g ro u tin g  p ressu re  o f  3 0  b ars w as u sed  Su b seq u en t 

g ro u tin g  w as carried  o u t w ith  3 0  to  m o re  than  6 0  b ars. In to tal, 42  

g ro u tin g  b o reh o le s w ere  d rilled  as ind icated  in Fig u re  5, and  they  

reac h ed  8  m  b en eath  th e  c a isso n s ’ b ases ( i.e . 2 1  m  b e lo w  w o rk in g  

lev e l)  W ith in  th ree  m o nths, ab o u t 2 1 5  m 3 o f  g ro u tin g  m ix  w as 

in je c te d , req u iring  8 6 4  m  ru n o f  sleev e  p ip es (d  =  2 “ )  w ith  0 .5  m  

sp ac in g  o f  the  sleev e  v alv es.

no rth

so il fracturing  
bo dy

to e bell

5 .0  m

Fig . 5: G ro u nd  p lan o f  th e  b o re h o le s d rilled  d u ring  th e  stab iliz ing  

m easu res N o  1 ,3 , and  5 ( se e  Fig  1):

V  first trial g ro u tin g  (c lassic a l) , i.e . m easu re  N o . 1. 

o  re lie f  b o rin g s w ith  so il ex trac tio n  (m easu re  N o . 3) .

• g ro u t b o rin g s fo r so il frac tu rin g  (m easu re  N o .5)

Fig  6 : Sc h e m e  fo r re - lif tin g  th e  inc lined  b rid g e p ier b y  m ean s o f  

so il frac tu rin g  in step s (p h ases 1 to  4 )  M o d e l o f  th e  stress state  in 

th e  su b so il cau sed  by  rep eated  g ro u ting .

So il frac tu rin g  p ro v id ed  a lifting  o f  th e  no rthern  c aisso n s ev en  

u n d er b ase  p re ssu res o f  a v =  9 0 0  to  13 5 0  kN/ m2 . T h e  m axim u m  o v 

v alu es resu lted  fro m  cy c lic al lo ad in g . In  o rd er to  ac h iev e  a d eep  

and  in ten siv e  so il im p ro v em en t by  co m p actio n / co m p ressio n , so il 

frac tu rin g  w as also  ex e c u te d  und er full anc h o r f o rc e s  T w (m easu res 

6 a and  6 b  in Fig . 1).

T h e  m axim u m  settlem en t d ecreased  by  2 0  m m . T h e  m ain 

o b je c tiv e  w as to  reac h  th e  allo w ab le  d ifferential settle m en t o f  A s <  

10 m m , and  th is w as fully  ach iev ed  (Fig s 2 ,3 ) . A cco rd in g ly , the 

b rid g e b earin g s o n  to p  o f  th e  p iers had  ne ither to  b e  exch an g ed  

no r to  ev en  b e  re-lev e lled  T h e  m axim u m  ho riz o n tal d isp lacem en t 

o n  to p  o f  th e  lean in g  b rid g e  p ier d ec reased  fro m  A x =  15 0  m m  to  

A x =  4 5  m m  (o n ly  in  the  lo ng itu d inal d irec tio n ) . T h is resid u al 

d ev iatio n  co u ld  b e  c o m p en sated  by  th e  free  can tilev erin g  o f  the  

b rid g e su p erstru ctu re .

A fte r c o m p le tio n  o f  the  stab iliz ing  m easu res N o  1 to  5 (Fig . 1), 

fu rther d ifferen tial se ttlem en ts c o u ld  n o t b e  ru led  o u t w hen 

in creasin g  th e  lo ad s by  castin g  the  last se c tio n  o f  the  

su p erstru c tu re  and  afte r o p en in g  th e  hig hw ay  b rid g e  fo r heav y  

traffic . Fu rth erm o re , a lo ad  te st seem ed  to  b e  su itab le  to  c h e c k  th e  

d eg ree  o f  so il im p ro v em en t by  so il frac tu rin g  esp ec ially  in 

c o n n e c tio n  w ith  se ism ic  ac tiv ities w h ich  are  p o ssib le  in th is area. 

T h e se  aim s co u ld  b e  ach iev ed  by  a c y c lic  lo ad ing  and  u nlo ad ing  o f  

th e  b rid g e p iers by  p restressed  an c h o rs, w hen th e  su p erstru c tu re  

still ac ted  as a static ally  d eterm in ate  b alan c e  b eam . T h e  h y steresis 

lo o p s w ere  ru n till a  q u asi-statio n ary  state  w as reac h ed , and  they  

antic ip ated  fu rther se ttle m en ts u n d er full lo ad  and  in c ase  o f  

earth q u ake

A c c o rd in g  to  Fig u re  1, fo u r v ertical so il an c h o rs w ith  T.uow. =  

100 0  kN , T w =  5 5 0  kN  eac h  w ere  installed  o n  e ith er sid e 

(so u th / no rth ) o f  th e  tw in  p ier T h e se  an c h o rs w ere  c o n n e c te d  by  

ten sile  stran d s w ith  th e  b rid g e d eck . T h e  lo ad  te st fo r th e  lifted  

caisso n s N o . 1R  and  1L w as p erfo rm ed  b y  p u lling  th e  no rthern

■S H A P E D  PIER

g ro u t in g

b o re h o le s

S O IL  FRA C TU R IN G  

C Y LIN D E R S  

( la te ra l c o n s tra in ts )

to e  b e ll

S O IL  FRA C TU R IN G  

PISTO N 

(c e n tra l h e a v e )

orig. surface

d is tu rb e d

z o n e
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Fig . 7 : L o ad -se ttle m e n t b eh av io u r o f  th e  rig ht c aisso n s N o . 1R  and  

2 R  (se e  Fig . 2 ) : In flu e n c e  o f  stab iliz in g  m easu res c learly  v isib le .

m em b ers (m easu re  6 a in Fig . 1) A fterw ard s th e  su p erstru ctu re  

( f itted  w ith  p ro p er au x iliary  re in fo rc em en t)  w as p u lled  d o w n 

cy c lic ally  b y  ac tiv atin g  e ith er th e  so u th ern  o r th e  no rth ern  ten sio n  

eq u ip m en t: 6 b  o r 6 a in Fig u re  1, w h ereb y  th e  m easu re  N o . 6 b  

c o rresp o n d s to  th e  p rev io u s m easu re  N o . 4 . T h e  ran g e  o f  th e  to tal 

v e rtic al lo ad  v aried  b e tw ee n  V ,™  =  2 4 .5  M N  to  =  5 4 .5  M N  

fo r th e  no rth ern  o r  so u thern  p air o f  caisso n s ( in  th e  lo ng itu d inal 

d irec tio n  o f  th e  b rid g e) . T h u s, th e  lo ad  o sc illatio n  w as A V  <  15

Fig . 8 : G ro u nd  p lan o f  th e  fo u n d atio n  o f  an o th er tw in  p ier o f  th e  

1 1 0 0 m  lo n g  h ig h w ay  b rid g e.

1st d esig n : 4  caisso n s.

2 nd d esig n : b o x -sh ap ed  p ile  fo u n d atio n

M N  fo r eac h  c aisso n  (Fig . 2 ) , c o rresp o n d in g  to  a v ariatio n  in the 

b ase  stress o f  A c t =  7 5 0  kN / m 2  ( ±  3 7 5  kN / m 2 resp ec tiv e ly ). T h e  

m axim u m  v alu e ex ce ed ed  the  fu tu re  m axim u m  to tal lo ad  (afte r 

b rid g e  c o m p le tio n  and  traf f ic  o p en in g ) sig n ificantly , so  that fu rther 

se ttlem en ts w ere  alread y  antic ip ated  b e fo re  c lo sin g  th e  fre e  

c an tilev erin g  elem ents to  a statically  sen sitiv e  co n tin u o u s g ird er.

A fte r cy c lic al lo ad in g , th e  so il aro u nd  th e  sh aft o f  th e  c aisso n s 

N o . 1R  and  1L  w as also  g ro u ted  near th e  su rface  to  in c rease  skin  

fric tio n  (and  lateral earth  re sistan c e )  w hich  o b v io u sly  had  g o t lo st 

p rev io u sly  as a  resu lt o f  so il lo o sen in g  d uring  th e  sinking  o f  the  

shafts.

Fig u re  7  sh o w s th e  lo ad  settlem en t cu rv es o f  th e  rig ht p air o f  the 

c aisso n  ind icatin g  an ap p ro ach in g  g ro u n d  failu re b e fo re  

stab iliz atio n  w o rk  b eg an . Esp e c ially  in c ase  o f  c aisso n  N o . 1R  the

temporary 

slope cut

lim e-m arble ' . \ . \  

(decom posed,^ A  

weathered)

soll/rock nailing

X  refill

10 PRESTRESSED ANCHORS 
Tw = 1000 kN 

U = 35 m

- 4
1 .D e s ig n :

CAISSONS 

(0  = 4,0 m)

Fig . 9:

C ro ss se c tio n  to  Fig . 8 , illu strating  th e  essential 

c h an g e  o f  the  d esig n  afte r ad d itio nal so il 

inv estig atio n . 2 nd d esig n also  inv o lv ed  th e  in stallatio n  

o f  a d eep -seate d  cap p in g  slab  and  o f  p restressed  

an c h o rs ag ain st slo p e  m o v em ents.
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Fig . 10: Partial v iew  o f  an A lp ine h ig hw ay  in A u stria, ru nning  o n  

steep , slid e -p ro n e  slo p es in a se ism ic  are a (u p  to  10°  M S) .

failu re w as alread y  in a p ro g ressiv e  state  d u e to  th e  lo cal so il lens 

w ith  a v ery  lo w  resid u al sh ear stren g th : T h e  m o v em en ts w ent o n  

in sp ite  o f  an u n lo ad ing  C o n seq u en tly , th e  rec o rd ed  settlem en ts 

w e re  cau sed  n o t o nly  by  a v ertical c o m p ressio n  o f  th e  su b so il but 

also  by  c o n sid erab le  sh ear d efo rm atio n s.

R em ed iatio n  red u ced  the  lo ng itu d inal d ifferen tial settlem en t 

w ith in  th e  caisso n  g ro u p  b en eath  the  allo w ab le  v alu e  o f  A si = 1 0  

m m  and  the  tran sv ersal d e fo rm atio n  to  A s, =  0  (Fig . 3 ) . T h e  lo ng  

term  settle m en t sin ce  o p en in g  th e  b rid g e in th e  y ear 1991 are  

n eg lig ib le , and  earth q u ak es h av e no t af fec ted  th e  stru c tu re  either.

1 .4 Redesign o f  another bridge pier

N ear th e  o th e r end  o f  the 1100m  lo n g  b rid g e, the  ab o v e  d escrib ed  

p ro b lem  co u ld  b e  av o id ed  to  a g reat e x ten t by  p erfo rm in g  tim ely  

ad d itio nal site  in v estig atio n s instead  o f  a m ere in terp o latio n  

b e tw een  th e  b o rin g s o f  th e  p rev io u s b rid g e c o n c e p t. Fig u res 8 , 9  

sh o w  th e  first d esig n  w hich  inv o lv ed  th e  sinking  o f  fo u r c aisso n s 

fo r a tw in  p ier W h en  e x c av atin g  th e  f irst caisso n , an u n exp ec ted  

hig h  g ro u nd w ater lev el and  slid e -p ro ne  c lay ey  in terlay ers w ere 

fo u nd . A d d itio nal c o re  b o rin g s d isc lo sed  su ch  co m p le x  lo cal 

g ro u nd  co n d itio n s that the  fo u n d atio n  p ro ced u re  w as im m ed iately  

ch an g ed  fro m  c aisso n s to  a b o x -sh ap ed  arran g em en t o f  larg e  

d iam eter b o red  p iles ( i.e . sec o n d  d esig n  in Fig . 9 ) . Fu rth erm o re , 

th e  p ier to e  w as lo w ered , and  th e  w h o le  stru c tu re  had  to  b e  tied  

b ac k  w ith  p restressed  an c h o rs (Fig  9 )

2  U N ST A B L E  SL O P E S

2  .1 C alculated risk

M o st o f  th e  h ig hw ay s in th e  m o u n taino u s reg io n  o f  A u stria are  

ru nning  alo n g  u n stab le  slo p es (Fig . 10)  Esp e c ially  in c ase  o f  hig h 

b rid g e  p iers and  static ally  sen sitiv e  su p erstru c tu res, the  fo u n d atio n  

and  stru c tu re  resp  are v ery  sen sib le  to  d ifferential m o v em en ts 

U su ally , so il and  ro c k  p aram eters exh ib it su ch  a w id e sc atte r that 

th e  safe ty  o f  su ch  slo p es c an n o t b e  p ro v ed  by  th e o re tic al m eth o d s

o nly . T h e re fo re , c alc u lated  risk s hav e to  b e  ac c ep ted , and  

m o n ito rin g  ac c o rd in g  to  th e  o b serv atio n al m eth o d  is essential.

In  m o u ntain o u s reg io n s, th e  g ro u nd  p aram eters freq u en tly  

exh ib it w id e v ariatio n  (ev en  w ith in  a sm all area) to  su ch  an  e x ten t 

th at g e o te c h n ic al d esig n  p ro ced u res seem  to  p ro v id e n o t m o re  

th an  b o rd er v alu es and  serv e  fo r re fe re n c e  o n ly . Fig u re  11 

illu strates th is -  so m ew h at sch em atically  -  alo n g  th e  slid e su rfac e  in 

an u n stab le  slo p e  co n sistin g  o f  ex trem ely  h e tero g en eo u s, 

w eath ered  sc h isto se  talu s w ith  sand y  to  c lay ey  m y lo n itic  z o n e s 

Su c h  sm all sc ale  -  m ixed  g ro u nd  co n d itio n s are  m u ch w o rse  th an  a 

m u lti- lay ered  su b so il w ith  c learly  d iffering  g e o te c h n ic al 

p aram eters. T h e  m ean  d esig n  v alu e  c an  o n ly  b e  a „ m o st p ro b ab le“  

v alu e  and  has to  b e  v alid ated  b y  th e  o b serv atio n al m eth o d . D u e  to  

th e  steep ly  inc lined  slo p es, th e re  is also  th e  p ro b lem  o f  th e  seep ag e  

flo w , and , m o reo v er, se ism ic  asp e c ts h av e to  b e  c o n sid ered . T h e  

resu lts o f  ev alu atin g  slo p e  stab ility  o r th e  lateral p ressu re  o n  

re tain ing  stru c tu res are  less in flu en ced  b y  th e  m eth o d  o f  

calc u latio n  than  by  th e  assu m p tio n  o f  re lev an t so il/ ro ck p ro p erties, 

seep ag e  f lo w  co n d itio n s, and  se ism ic  p aram eters T h is is th e  

reaso n  w hy  so p h isticated  d esig n  m eth o d s are  no t w arran ted , b u t 

p aram etric  stu d ies w ith  certain  b o u n d aries are  v ery  im p o rtant.

Fig  11: Sc a tte r o f  internal fric tio n  alo n g  th e  slid e su rfac e  in an 

ex trem ely  h e te ro g e n e o u s g ro u nd . Sc h em atic .
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flexible filling

a n c h o r in g  tu b e  (n o t  g ro u te d )

P R E S T R E S S E D  

G R O U N D  A N C H O R S

T w =  1 0 0 0  kN  

Ia  =  6 0  to  6 5  m

L A R G E  D IA M E T E R  

B O R E D  P IL E S

Fig . 12: T o p  o f  a tw in -p ile  w all in an u n stab le  slo p e  (d eep  seated  

failu re  p lanes and  c re e p  z o n e  near th e  su rfac e ) ; heav ily  w eath ered  

and  d ec o m p o sed  sch ists. C ap p ing  b eam  o f  th e  p ile  w all w ith  

m o v ab le  re in fo rc ed  c o n c re te  w all f o r lateral p ressu re  red u c tio n ; 

p recau tio n ary  featu res inc lu d e th e  p o ssib ility  o f  installin g  

ad d itio nal p re stressed  an c h o rs. C ap p in g  b eam  u sed  as p erm anent 

ac c e ss  w ay  fo r slo p e  m o n ito rin g .

T h e  o p tim al so lu tio n  fo r slid e stab iliz atio n  and  retain ing  

stru c tu res c an  freq u en tly  b e  ach iev ed  o n ly  step  b y  step  in 

c o n n e c tio n  w ith  tak in g  in situ  m easu rem en ts. It w o u ld  b e  

e c o n o m ic ally  u n ju stifiab le  to  c o n stru c t m o st e xp en siv e  p ro te c tiv e  

stru c tu res, w hilst th ro u g h o u t assu m ing  and  su p erp o sing  th e  m o st 

u n fav o u rab le  p aram eters.

„ C alcu lated  risk s”  are  to  b e  ac c e p ted  in th e  d esig n  o f  ro ad s and  

ex p ressw ay s th ro u g h  v alley s in m o u n tain o u s areas w h ere  hillsid es 

w ith  a slid e p o ten tial exten d  o v er a d istan ce  o f  sev eral k ilo m etres. 

R isk  assessm en t h as to  d isting u ish  b e tw e en  th e  p o ssib ility  o f  lo c al 

slid es and  th e  stab ility  ag ain st g en eral failu re. In  o rd e r to  red u ce  

co n stru c tio n  c o sts  as w ell as to  sav e  tim e, th e  ap p licatio n  o f  

su p p lem entary  c o n stru c tio n  m eth o d s (m ainly  an c h o rs)  sho u ld  b e  

co n sid ered . So il m easu res are  -  ev en  in c o n n e c tio n  w ith  lo c al 

rem ed ial w o rk s -  le ss c o stly  than  an “ ab so lu te ly  safe “ , fu lly  

en g in eered  d esig n  w h ich  see k s to  av o id  th e  p o ssib ility  o f  

ad d itio nal m easu res taken  at a  later tim e. Finally , o n e  sho u ld  b e ar 

in m ind  that „ ab so lu te  safe ty “  c an n o t b e  p ro v id ed  u nd er su ch  

ex tre m e  to p o g rap h ical and  g e o te c h n ic al co nd itio n s.

In su ch  c ase s, f lex ib le  retain ing  stru c tu res hav e p ro v ed  

su ccessfu l. T h ey  are  ad ap tab le  step  by  step , b o th  tec h n o lo g ic ally  

as w ell as e c o n o m ic ally , to  th e  lo cally  p rev ailing  slo p e  p ressu res, 

slo p e  m o v em en ts, and  g ro u nd  co n d itio n s. T h is p rac tical ap p ro ach  

is b ased  o n  c o n tin u o u s m easu rem en ts and  o b serv atio n s o f  the 

retain in g  stru c tu re , th e  su rfac e  and  th e  su bso il/ ro ck su rface  d uring  

th e  en tire  c o n stru c tio n  p erio d  (e .g . by  g e o d e tic  su rv ey , 

e x ten so m e te rs, and  in c lin o m eters, m o n ito rin g  an c h o rs, earth / ro ck 

p ressu re  c e lls) . A fte r co m p le tio n  o f  c o n stru c tio n , su b seq u ent 

ran d o m  m o n ito rin g  is reco m m en d ed . C alcu latio n s and  th eo retic al 

c o n sid eratio n s are  o n ly  the  b asis f o r the  first d esig n  and  fo r 

in terp retin g  th e  o b tain ed  m easu rem ent resu lts. T h is „ sem i- 

e m p irical“  d esig n  m etho d  h as sto o d  up  und er m o st d ifficu lt 

c o n d itio n s fo r m o re  than  25  y ears.

Fig u re  12 sh o w s th e  to p  z o n e  o f  a restrain ing  stru c tu re  w hich  

stab iliz es a slid ing  slo p e  alo n g  a hig hw ay . T h e  larg e  d iam eter 

b o red  p iles d o w el d eep  seated  slid e z o n es, and  the  ab o v e  retaining  

w all is f lex ib ly  m o u n ted  o n  th e  cap p in g  b eam  (w ith  a h in g e) in 

o rd er to  m in im ise th e  su rface  -  near c re ep in g  p ressu re. A  

p re stressin g  and  an c h o rin g  o f  th is m o v ab le  su p erstru ctu re  is 

p o ssib le  i f  lo n g -term  m o n ito rin g  w ere  to  d isc lo se  a g rad ual 

in c re ase  o f  lateral f o rc e s. A n o th er co m b in atio n  b e tw e e n  rig id  and  

f lex ib le  m em b ers w ith in  a  retain ing  stru c tu re  is illu strated  in Fig u re

13. A lso  ind icated  is th e  o u tstand ing  im p o rtan c e  o f  (d eep )  

d rainag e o f  u n stab le  slo p es and  th e  p o ssib ility  to  install ad d itio nal 

an c h o rs i f  lo n g -term  m o n ito rin g  req u ired  a streng th ening  o f  the 

sy stem  (e .g . ty in g  b ac k  o f  th e  c rib  w all in Fig . 13).

Fo u n d atio n s in su ch  c ritic al areas hig hly  d ep end  o n  the  static  

sy stem  o f  th e  bu ild ing . I f  th e  stru c tu re  is n o t to o  sen sitiv e  to w ard s 

h o riz o n tal and / o r v ertical m o v em en ts, a f lex ib le  sy stem  sho u ld  b e  

p referred . In  c ase  o f  sen sitiv e  bu ild ing s (e .g . slo p e  b rid g es w ith  

co n tin u o s g ird er su p erstru c tu res) , the  fo u n d atio n  req u ires a hig h 

resistin g  m o v em en t (e .g . larg e  d iam eter caisso n s, so m etim es w ith  

m u ltip le an c h o rag e ). T h at m eans that rather rig id  (and  d eep ) 

fo o tin g s hav e to  b e  d esig ned . N ev erth e less, ev en  su ch  b u ild ing s 

sho u ld  b e  p ro te c te d  -  in ad d itio n  - at th e  h illsid e by  a f lex ib le  

retain ing  stru c tu re  w h ich  sim u ltaneo u sly  ac ts as a first b arrier 

(= „ p rim ary “  retain ing  sy stem ) ag ainst ex c e ssiv e  slo p e  p ressu res. 

A s the  latter m ay  c h ang e  w ith  tim e, a lo n g -term  m o n ito rin g  o f  

sen sitiv e  stru c tu res in slid e -p ro ne , d eep ly  inc lined  slo p es is 

u nav o id ab le .

A s an  exam p le , Fig u re  14 sh o w s the  tim e-d isp lacem en ts o f  tw o  

slo p es w h ich  exh ib it ty p ical lo n g -term  creep in g . Fro m  su ch  cu rv es, 

a  c re e p in g  fac to r kc, can  b e  d ed u ced  w hich  m akes a lo n g -term  

p ro g n o sis o f  fu tu re d isp lacem en ts p o ssib le . T h is p aram eter has 

p ro v ed  fairly  su ccessfu l in risk  assessm en t o f  c re ep in g  slo p es, bu t

CRIB W ALL
A  T A L U S

(C O L L U V IU M )

A  A

A

A  ' / a  A  • g r o u n d w a te r  

D R A IN A G E

Fig . 13.

C o m b in atio n  o f  rig id  and  f lex ib le  retain ing  

stru c tu res in a slid ing  slo p e : P ile  w all ( o f  

d isc -sh ap ed  e lem en ts) , c rib  w all, and  

p restressed  anch o rs.

W E A T H E R E D  

P R O D U C T S  

( f in e - s c a le d ,  ta lc o u s )

PRESTRESSED

ANCHORS
T w = 1 0 0 0  kN  

lA =  2 8  -  3 5  m

R O C K  

( s c h is ts )

DISCS OF THREE 

BORED PILES ( 0  0,9 m) each
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Fig . 14: R e g u lar c re ep in g  b eh av io u r o f  tw o  slo p e  sec tio n s. 

D e fin itio n  o f  c re ep in g  fac to r, kc.

T h e  sem i-em p irical d esig n  o f  retain ing  stru c tu res and  

fo u n d atio n s in u n stab le  slo p es req u ires the  fo llo w in g  p rereq u isites:

• C o m p reh en siv e  g ro u nd  in v estig atio ns.

• C alc u latio n s w ith  p aram etric  stu d ies.

• D e sig n  o f  p o ssib le  su p p lem entary  m easu res.

• R e liab le  m o n ito rin g .

• P rac tic a l ex p e rien c e , p ro p er en g in eering  ju d g e m e n t, and  

in tu itiv e  fee lin g  f o r th e  su b jec t.

• Jo in t w illing n ess o f  all inv o lv ed  p erso n s, c lien ts, and  

c o n trac to rs to  tak e  o v er a calcu lated  risk.

In  m any  c ase s  o f  g ro u nd  en g in eerin g  u nd er d iff icu lt c o n d itio n s 

th is p h ilo so p h y  p ro v id es th e  o n ly  te ch n ical so lu tio n  -  n o t to  

m entio n  th e  c o st sav ing s. A  „ fu lly  en g in eered “  d esig n , i.e . a d esig n  

w h ich  req u ires no  fu rther m o d if icatio n  fo llo w in g  d etailed  d esig n  is 

hard ly  p o ssib le . T h e  p o ten tial to  m ake m o d if icatio n s d uring  

c o n stru c tio n  and  to  stren g th en  th e  stru c tu re  at any  tim e, also  afte r 

c o n stru c tio n , is a fu nd am ental req u irem ent o f  th e  o b serv atio nal 

m eth o d  and  th e  sem i-em p irical d esig n  m eth o d . It in v o lv es th e  

c o n c e p ts o f  the  m o st p ro b ab le  and  m o st u n fav o u rab le  co n d itio n s.
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2 .2  Residual shear strength

Slo p e  stab ility  analy ses and  d esig n ing  retain ing  stru c tu res o r 

fo u n d atio n s in u n stab le  slo p es req u ire  p rim arily  th e  kno w led g e  o f  

th e  resid u al sh ear stren g th  o f  th e  g ro u nd . Fig u re  16 sh o w s -  as an 

exam p le  -  th at th e  resid u al v alu e w id ely  d ep end s o n  th e  no rm al 

stress and  o n  th e  d e g re e  o f  w ate r satu ratio n . H e n c e , d eep -seate d  

slid e su rfac es are  esp ec ially  c ritical. N u m ero u s te st se rie s hav e 

rev ealed  th at th ere  is u su ally  a  lin ear c o rre latio n  b e tw ee n  the  

internal fric tio n  and  th e  m axim u m  g rain  siz e  o f  a  so il o r o f  a 

heav ily  d eco m p o sed  ro c k  -  p ro v id ed  th e  g rain  siz e  d istrib u tio n  has 

no  in term itten t sh ap e (Fig . 17) . T h e  d eterm inatio n  o f  th e  resid u al 

sh ear stren g th  c an n o t b e  b ased  o n  su ch  a c o rre latio n  and  th e re fo re  

req u ires m o re  te sts, w h ich  are  essential fo r a p ro p er risk  analy sis.

Fig . 15: Irreg u lar m o v em en ts o f  an u n stab le  slo p e  w ith  a lo w  

resid u al sh ear stren g th . In c re asin g  risk  o f  su d d en slo p e  failu re.

sho u ld  alw ay s b e  c o nsid ered  in c o n n e c tio n  w ith  th e  resid u al shear 

stren g th  o f  th e  su b so il. I f  th e  <t>, -  v alu e  is v ery  lo w , th e  c reep in g  

v e lo c ity  c an  g rad u ally  in c rease  d u e to  p ro g ressiv e  failu re. 

Ex p e rie n c e  has sh o w n that th is e f fe c t m ay  o c c u r w ith  a g reat tim e 

d ifferenc e , th u s p ro v id ing  „ d elay ed “  slid es. In  m any  c ase s  c reep in g  

d o es no t o c c u r m o re  o r  less g rad u ally , as ind icated  in Fig u re  14, 

b u t in ( se aso n al)  p hases, Fig u re  15. Th is is m u ch  m o re  c ritical 

b e c au se  c re ep in g  m ay  abru p tly  c h an g e  to  slid ing  and  slo p e  failu re  - 

esp ec ially  in z o n es w ith  a lo w  resid u al sh ear stren g th .

T h e  p ro te c tiv e  f lex ib le  stru c tu re  sho u ld  b e  d esig ned  in  su ch  a 

w ay  th at streng th ening  is p o ssib le  at any  tim e -  esp ec ially  d uring  

th e  c o n stru c tio n  p erio d  and  th e  f irst tw o  to  f iv e  y ears afte r 

c o m p letio n . G enerally , th is is th e  m o st c ritical p hase. Th u s, 

e x c e ssiv e  slid ing  p re ssu res c an  b e  tak en  o v er by  the  p rim ary  

retain ing  stru c tu re  w itho u t th reaten in g  the  sen sitiv e  b u ild ing  itse lf  

(e .g . slo p e  b rid g es, te lev isio n  to w e rs, head  m asts o f  aerial ro p e ­

w ay s, e tc .) . G e o te c h n ic al an c h o rin g  has p ro v ed  esp ec ially  su itab le  

f o r su ch  m easu res. U su ally , lo ng , p restressed  an c h o rs are  su p erio r 

to  ro c k  o r so il nailing  w ith  sh o rt re in fo rc in g  elem ents. C o m b in a ­

tio n s o f  sev eral an c h o r and  nailing  sy stem s are, o f  c o u rse , p o ssib le .

Ex p e rie n c e  has sh o w n th at su b seq u en t stren g th en in g  o f  retain ing  

stru c tu res m ay  b e  n e c e ssary  d u e to  c ritic al c o n stru c tio n  stag es, 

h az ard o u s ev en ts (heav y  rain falls, earth q u ak e ) , lo n g -term  cre e p  o f  

slo p es, lo n g -term  d eterio ratio n  o f  ro c k  m asses o r  th e  retain ing  

stru c tu re  itse lf, and  alteratio n  o f  extern al lo ad s. H e n c e , th e  

p o ssib ility  o f  stren g thenin g  retain ing  stru c tu res at any  tim e afte r 

th e ir c o n stru c tio n  sho u ld  b e  tak en  in to  ac c o u n t in the  d esig n  and  

calc u latio n  as w ell as d u ring  th e  c o n stru c tio n .

2  .3 C ase histories

Fig u re  18 sh o w s an exam p le  w h ere  th e  sh ear stren g th  o f  m y lo n ites 

d ro p p ed  to  a  m inim um  resid u al v alu e  o f  ab o u t i> , =  5 °  d u ring  th e  

c o n stru c tio n  p erio d . T h is nearly  cau sed  th e  c o llap se  o f  a 3-sp an  

b rid g e  c ro ssin g  a h ig h w ay  ju s t o n e  m o n th  b e fo re  o p ening . In stead  

o f  d em o lish ing  and  reb u ild ing  the  b rid g e  nearb y , a step  b y  step  

stab iliz atio n  w as p erfo rm ed  w ith  n u m ero u s m easu res b ased  o n  the  

o b serv atio n al m etho d :

Fig . 16 : R esid u al sh ear ang le , i> r, v ersu s e f fe c tiv e  n o rm al stress, 

<V  D e g re e  o f  satu ratio n , Sr, as p aram eter. R e su lts  o f  d irec t sh ear 

te sts  w ith  silty  c lay .
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Fig . 17: A n g le  o f  internal fric tio n  <I> (fu ll lin es) and  resid u al sh ear 

ang le , <i>r (b ro k en  lin es), v ersu s m axim u m  g rain  siz e , d ™ ,. T h re e  

d ifferent ty p es o f  m y lo n ites.

L o ss  o f  sh ear stren g th  d u e to  p artic le  re -o rie n tatio n  ind icated  by  

h atch ed  areas fo r q u artz itic  and  m o n tm o rillo n itic  m y lo n ites. In 

b e tw een  th re e  exam p les fo r p hy llitic  m y lo nites.

• Slo p e  f latten ing .

• T y in g  b ac k  th e  b rid g e  ab u tm ent and  the  end an g ered  p ier by  

p restressed  an c h o rs ( 9 0  m  lo n g ).

• In stalling  re in fo rc ed  c o n c re te  b e am s to  stru t th e  b rid g e  p iers 

ag ain st e ac h  o th e r b en eath  th e  h ig hw ay  su rfac e ; th is req u ired  

th e  in stallatio n  o f  ad d itio nal c aisso n s o n  th e  to e  o f  th e  o p p o site  

slo p e  (Fig . 19)

• D o w e llin g  th e  slo p e  w ith  larg e  d iam eter b o red  p iles.

• Ex c av atio n  o f  th e  c re st o f  th e  slo p e  and  ex te n sio n  o f  th e  b rid g e  

b y  an o th er f ie ld  c o n sistin g  o f  a h o llo w  b o x .

• D rain ag e  b o rin g s (u p  to  150m  leng th).

• R e in fo rc e d  c o n c re te  rib s w ith  p restressed  ancho rs.

T h is w as a failu re h isto ry  w ith  esp ec ially  u n fav o u rab le  

c o n d itio n s d esp ite  the  re lativ e ly  f lat slo p e. In  m o st c ase s the 

resid u al sh ear stren g th  is n o t th e  re lev an t d esig n  p aram eter bu t 

c ertain ly  is th e  p red o m inant fac to r req u ired  f o r risk  assessm en t.

I f  slid ing  has alread y  o c c u rred , th e  resid u al sh ear ang le  sho u ld  

increasing ly  b e  c o n siste n t fo r the  d esig n  o f  stab iliz atio n  m easu res 

and  retain in g  stru ctu res. T h is is sho w n in Fig u re  2 0  w h ere  a 4 0  m 

d eep  e x c av atio n  in an u n stab le  slo p e  cau sed  p ro g ressiv e  failu re. 

Se v e ral retain in g  m easu res b ased  o n  th e  p eak v alu e o f  th e  sh ear 

stren g th  w ith in  this g e o lo g ic al fau lt p ro v ed  to  b e  insu ffic ient: 

slo p e-f latten in g , rip -rap , p ile d o w elling , ty in g  b ac k  w ith  

p re stressed  an c h o rs. T h e  d e c rease  o f  sh ear stren g th  e x c e ed ed  the 

e f fe c ts  o f  th e  stab iliz in g  m easu res until the  cu t w as w id ely  refilled  

ag ain , th u s fo rc in g  the h ig hw ay  in a tu nnel -  ac c o rd in g  to  th e  cu t 

and  c o v e r m etho d .

W h e n  d o w elling  an u n stab le  slo p e  w ith  b o red  p iles, slid ing  

m asses g enerally  sho u ld  n o t b e  c o n sid ered  a q u asi m o n o lith ic  b o d y  

in natu re, th o u g h  calc u latio n s m ay  b e  b ased  o n  this id ealised  

th eo ry . A ctu ally , su ch  m o v ing  m asses c o n tain  m o re  o r less c riss ­

c ro sse d  d isco n tin u ities o r p lastified  z o n es, and  sec o n d ary  frac tu re s 

m ay  d ev elo p  w ith in  them . Fig u re  21 d em o n strates th is in a c ase  

w h ere  larg e d iam eter p iles w e re  c o n c re te d  o n ly  c lo se  to  the 

p rim ary  slip  su rface  ac c o rd in g  to  th e  co n v en tio n al d o w elling  

th eo ry . T h e  u p p er p art w as refilled  w ith  so il ( to  sav e  m o n ey ) and  

w as later o n  sheared  o f f  by  a sec o n d ary  slid e.

Fu rth erm o re , th e  g eo m etry  o f  the  su rface  and  so il lay ers o f  that 

p lace  w h ere  th e  d o w els are  installed  has a stro n g  in flu en ce  o n  the 

d esig n . Fig . 2 2  illu strates th is f o r slo p es w h ich  e ith er steep en  o r 

f latten  b e lo w  th e  restrain ing  p iles. T h e  first c ase  req u ires m o re  

re in fo rcem en t and  a d eep er so c k e t in th e  stab le  g ro u nd .

R isk  assessm en t in c o n n e c tio n  w ith  c reep in g  and  p ro g ressiv e  

failu re  o f  slo p es is esp ec ially  c ritic al i f  static ally  sen sitiv e  b rid g es 

h av e to  b e  c o n stru c ted  there. M o n ito rin g  sho u ld  b eg in  as early  as 

p o ssib le  b e fo re  startin g  co n stru c tio n . N u m ero u s m easu rem ents 

o v er a p erio d  o f  25  y ears h av e rev ealed  th at a c re e p in g  p ressu re 

a c ts  o n  retain ing  stru c tu res and  fo u n d atio n s in su ch  u n stab le  

z o n es. T h is p ressu re  e x c e e d s w id ely  th e  earth  p ressu re  at rest bu t 

hard ly  ap p ro ac h es the  p assiv e b o u nd ary  v alu e  (Bran d i 

1 9 7 9 ,1 9 8 7 ,1 9 9 3 ) . Fig u re  23 sh o w s h o w  m any  retain in g  m easu res 

are  req u ired  to  tak e  o v e r th ese  lateral f o rc e s  fo r a b rid g e  ab u tm en t 

o n  to p  o f  a v alley  in an u n stab le  slo p e. T h e  stru c tu re  had  to  b e  tied  

b ac k  in th e  lo ng itu d inal and  tran sv ersal d irec tio n  w ith  p restressed  

g ro u t an c h o rs up  to  55 m leng th. Fig u re  2 4  illu strates th is f o r a 

b rid g e  p ier in  an  u n stab le  steep  slo p e. T h e  re in fo rced  c o n c re te  

b eam  o n  to p  o f  e ac h  p air o f  c aisso n s allo w s the  stru ctu ral 

p o ssib ility  to  install ad d itio nal lo n g  an c h o rs i f  lo n g -term  

m o n ito rin g  ind icated  th e  req u irem ent o f  su b seq u ent stren g thenin g : 

Sle e v e s resp . tu b es in the  c o n c re te  w h ich  c o n tain s p ro p er steel 

re in fo rcem en t fo r ad d itio nal ancho rs.

P R E S T R E S S E D  

A N C H O R S  

T w = 1 0 0 0  kN  

lA = 50  - 90  m

movements.

Fig . 18: Stab iliz in g  and  rem ed ial m easu res to  sav e  a b rid g e w hich  

w as near c o llap se  d u e to  p ro g ressiv e ly  in c reasin g  slo p e

a d d it io n a lly :

D R A IN A G E  B O R IN G S  (I =  70  - 1 5 0 m ) 

R .C . A N C H O R  R IP S  

(p re s tre s s e d  a n c h o rs )
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C A IS S O N

(0  = 2.5 m)

P IE R  B P IE R  C

A D D IT IO N A L

C A IS S O N S

(0  = 3.0 m)

_33.4O m

Fig. 19: P artia l v iew  o f  th e  g ro u n d  plan to  

Fig. 18 show ing th e  rein fo rced  concre te  

beam s stru tting  th e  caissons against each 

o th er o n  th e  righ t and left to e  zo n e  o f  the  

slope cut, as w ell as th e  add itional caissons 

and th e  p restressed  anchors.

la rg e  d ia m e te r 

bo re d  p iles  

(too short)
Fig. 20: Insufficient step  by  step m easu res to  

stabilize a  creep ing  slope w ith  a  low  residual 

shear streng th . P rog ressive  failure finally 

caused  a  refilling o f  the  slope cu t w ith  a 

tunnel fo r th e  endangered  highway.

p re s tre s s e d  an cho rs  

Tw = 1000 kN 

Iß  =  5 5  -  6 0  m  

overloaded

(-> progressive failure)

w e a th e re d  d e com po sed  gne iss  

w ith  m y lo n ite s

(® r = 8° to 25°)

PLASTIFIED  

SLIDING BODY

Fig. 21: Im p ro p er dow elling  o f  a  sliding slope w ith  b o red  piles 

w hich  consisted  o f  rein forced  concre te  only n ear th e  first slide 

zone. T he refilling o f  the  pile excavation  w ith  soil above th e  initial 

slip m ade fu rther slope m ovem ents possib le d u e  to  a  p lastification  

o f  the  w ho le  slide body.

inc linom ete r

2. S L ID E

( time t2 )

tem pora ry  

working level

pattern of 

slide surfaces  

(schem atic)
1. S L ID E

( tim e t-| )

D O W E L L IN G

(large d iam eter  

bored piles)

- - - ^ a , l u r f a c e

C R E E P IN G  „C U T  A N D  C O V E R “ 

S L O P E
h ig h w a y-a x is
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fr ic tio n  fo rces from  

the co llaps ing  soil

Figure 25 show s the  cro ss section  o f  a  slide-prone slope w here a 

highw ay had to  be constructed . In  o rd e r to  m inimise the  slope cut, 

a  sem i-bridge w as designed. Its foundation  is by far d eeper than 

the  visible part above g round  surface. M oreover, silty slope 

deposits o f  m ica schist required  an intensive anchorage  o f  the  

w hole structu re. D etails o f  m onito ring  installation are  given in 

F igure  26.

T he calculation  o f  the  17 to  22 m high anchored  elem ent wall in 

F igure 25 d isc losed  th e  ex trem e influence o f  th e  g ro u n d ’s shear 

p roperties on the  requ ired  anchor forces. F igure 27 illustrates this 

fo r th e  17m high w all section. T he necessary  anchor fo rces for 

achieving a safety facto r F =  1 varied by AA = 1000 kN  if  the 

friction  angle  varied by only A<t> =  1°. B u t actually , th e  internal 

fric tion  exhibited  a  sca tter o f  A O  =  15°, and, m oreover, it could 

d rop  to  th e  residual shear value <I>r << <1>. T he cohesion  also ex­

hibited a  s trong  influence on  th e  resu lts o f  calculation, hence 

leading to  a  g rea t d ifference betw een  “M o st P robab le“(M P ) and 

“M o st U nfavourab le” (M U ) conditions. This exam ple is therefore  

very  characteristic  o f  th e  advan tage o f  th e  observational m ethod  or 

sem i-em pirical design resp. ov er th e  fully engineered  design 

m ethod. T he half-bridge exhibits m ulti-anchored caissons w ith  

rem ote  m onito ring  o f  the  anchor forces. In the  to p  zo n e  o f  the

earth  res is tance * * * * 

(pass ive  earth pressure) 

on the pier

Fig. 22:

Influence o f  th e  slope inclination and 

so il/rock  layers on  th e  earth  p ressu re  on 

caissons o r  large d iam eter bo red  piles for 

slope stabilization.

Fig. 23: G round  plan o f  a  highw ay b ridge  abutm ent in a  steeply  inclined unstab le slope. F o u ndation  on caissons and geo techn ical anchoring  

in b o th  directions. R eta in ing  w alls also intensively tied  back  w ith  p restressed  anchors. O nly anchors o f  one o f  a  to ta l o f  fo u r levels are 

indicated. A,=  Tw =  w o rk in g  load.

W IN G  W ALL

P R E S T R E S S E D  A N C H O R S  

A = 7 5 0  -  1 0 0 0  kN ‘ M

l / =  2 5  - 35  m

A N C H O R S
A = 7 5 0  - 1 2 0 0  kN

l . r = 3 4  - 55  m 
A

A N C H O R E D  W ALL 

(o n  f i l te r c o n c re te )

4 le v e ls

HIGHWAY

a n c h o r e d  rip s

A N C H O R E D

BEAM

(on to e  o f  th e  

w ing  w all)

AXIS

C A IS S O N  

0  = 4 ,0  m 

to e  bell 6 ,0  m 

d e p th  15 m

ellip t. c a i s s o n  

w ith  to e  bell
L = 9 8  m
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2 5 ,5  m caissons and in th e  retain ing  walls, tu b es have been installed to  

m ake - in case  o f  d anger - subsequen t streng then ing  possible, fast 

and a t all tim es.

A long m any sections o f  highw ays in th e  A ustrian  m ountains, 

these  com prehensive g round  engineering  m easures accoun t fo r 

roughly  80 %  o f  the  to ta l co nstruction  costs, i.e. th e  visible parts 

o f  the  b ridges rep resen t only 20 % . M onito ring  o f  the  g round  

stru c tu res is less costly  than  th a t o f  supers tru c tu res ( b ridge decks) 

bu t is, nevertheless, essential fo r p rov ing  th e  long-te rm  stability.

A ccordingly , ex tensive m onito ring  has been perfo rm ed  since 25 

years on  all critical co nstruction  sites, com prising  th e  follow ing 

m easurem ents:

•  M ovem en ts and stresses o f  g round  and structures.

•  A nchor forces.

•  W ater levels, etc.

i0 m

M IC A  S C H IS T  

d e c o m p o s e d ,  

m y lo n i t lc  z o n e s

P R E S T R E S S E D  A N C H O R S  

T w = 7 5 0  -  1 200  kN

Fig. 25: C ro ss sec tion  o f  a  sem i-bridge o n  deep caissons in a  slide- 

p rone  slope. B ridge, can tilever wall, and elem ent wall tied  back 

w ith  p restressed  anchors. E xam ple fo r assessing  th e  requ ired  

anchor leng ths from  various slide surfaces, runn ing  th ro u g h  the  

ca isson ’s base.

Ai =  resu ltan t o f  anchor fo rces o f  th e  anchored  elem ent w all 

A 2 = resu ltan t o f  anchor fo rces o f  the  tied  back  can tilever wall 

A 3 = resu ltan t o f  anchor fo rces on  to p  o f  the  caisson  (rem aining 

accessible)

A) =  resu ltan t o f  anchor fo rces w ithin the  caisson  (only  rem ote  

read ing  possible)

A  =  w ork ing  load o f  anchors (= T W)

3 C O N C L U S IO N

Fig. 24: Typical foundation  and anchoring  o f  a  b ridge p ier in a 

steeply inclined,sliding slope.

Statically  sensitive supe rs tructu re  (2 .6  km  long  bridge) com pletely 

separa ted  from  the  slide-pro tection  m easures (tied  back  retain ing  

stru c tu res) a round  each b ridge  pier.

C ro ss section  (a) and g round  plan (b). P restressed  anchors o f  th e  

anchored  elem ent wall only indicated  fo r one level.

In  conclusion , it should be em phasised  th a t building in unstable , 

he terogeneous, o r  so ft soil and ro ck  includes a  significantly h igher 

calculated  risk  th an  is experienced  by o th er b ranches o f  civil 

engineering. C onsequently , a  p ro p er design  requ ires co m p re­

hensive experience and engineering  intuition. In  m ost cases, 

soph isticated  theore tica l m odels and calculations sim ply feign an 

accuracy  w hich  in prac tice  does n o t exist. S tatistical 

investigations, in th e  end, do  n o t really solve th e  problem  either. 

B u t, param etric  stud ies are  essential fo r a  reliable risk assessm ent 

and to  fo llow  th e  co n cep t o f  m ost probab le and m ost unfavourab le  

conditions. T h is involves design issues w hich need to  be  closed 

o u t du ring  co nstruction  o r  even in th e  long-te rm  accord ing  to  the  

observational m ethod. U nstable te rra in  requ ires a  „sem i-em pirical“ 

design  m ethod , based  on  com prehensive m onito ring  - and p re ­

planned safety m easures w hich  allow  for fu tu re  s treng then ing  i f  the 

resu lts o f  long-te rm  m easurem ents requ ire  such.

P R E S T R E S S E D  A N C H O R S  

A  =  1 0 0 0  -  1 2 0 0  kN  

l / =  2 5  -  3 5  m

S H O T C R E T E

( r e in fo r c e d )

d r a in a g e

A N C H O R E D  W A L L  

7 le v e ls ,  5 6  a n c h o rs  

(o n  f i l t e r c o n c r e te )

C A IS S O N  

7 x  6 m
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h ig h w a y  a x is

W9\ I R9W8\ I - W9\ I, 

>S7 IS 2  I I S3S2 I I S 3  I SC

L O W E R  M E A S U R IN G  L E V E L

shotcrete  

(d = 15 - 20cm)

e x te n s o m e te r  (I = 7 0 m )

g e o d e t ic  p o in t

AKM = measuring anchors  

S = pressure cells in the  

caisson’s base  

W  = pressure cells for 

radial stresses  

R = pressure cells for 

tangentia l stresses  

A r = working load, Tw , of 

the prestressed  

anchors |

A 3 1 I W3

- T T " '

U P P E R  M E A S U R IN G  L E V E L

7.0 m

Fig. 26: D etail to  F ig. 25 w ith  m onito ring  instrum entation .
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IN T E R N A L  F R IC T IO N  O 0

Fig. 27 : Influence o f  shear param eters on  th e  safety fac to r against 

slope failure, F , and on  th e  requ ired  anchor fo rce  T  per m eter run  

o f  th e  stru c tu re  to  achieve F  =  1 fo r  th e  anchored  elem ent wall 

above th e  sem i-bridge in F ig  25.
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