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Theme lecture: Retaining structures and excavated slopes 

Exposé sur le thème: Soutènements et talus de déblais

M . N u s s b a u m e r  &  P .-A .V o n  W o l f f e r s d o r f f  -  E d . Z ü b lin A G ,  S t u t t g ar t ,  G e r m a n y

A BSTR A C T: The p ap er d eals w ith retaining  structures and  excav ated  slo p es in so il and  ro ck. A  num ber o f  exam p les from  co nstructio n 

p ractice are p resented  to  illustrate the current d ev elo p m ent trends o f  d ifferent typ es o f  structures. M etho d s fo r analy z ing  the stability  o f  

slo p es and co m p o site retaining  structures are d iscussed . A lso  co nsid ered  are asp ects co ncerning  the lim it state analy sis o f  structural sy stem s 

w ith a m arked  so il-structure interactio n and  the behav io ur o f  retaining  structures und er seism ic lo ad ing . Exam p les are p resented  to  exp lain 

the serv iceability  analy sis o f  retaining  structures and  slo p es. The fo cus here is on d efo rm atio n pred ictio n based  o n num erical m ethod s and 
the ap p licatio n o f  the o bserv atio nal m ethod .

R ESU M E: C ette exp o sé s ’ o c cu p e d es o uv rag es pour retenir so it d es terres en rem blai, c ’ est-à- d ire rap p o rtées, so it le terrain en p lace 

et d es talus, d ans les so ls m eubles et ro cheux. A  l ’ aid e d e quelques typ es d e co nstructio ns, un aperçu sera p resenté sur les tend ances de 

d év elo p p em ent à l ’ heure actuelle, d es d ivers co nstructio ns. D es m étho d es d e calcu l d e la stabilité d es talus, d es co nstructio ns co m p o sites 

flexib les sero nt d iscutés. O n va exp liqu er quelques po ints d e vue sur la stabilité d es sy stem e po rtants so us actio n recip ro que entre o uv rag es et 

so l, ainsi le co m p o rtem ent à 1’ appui d e ces o uv rag es so us so llitatio n sism ique. D es analy ses d ’ utilité d e quelques o uv rag es d e so utenèm ent 

et d es talus sero nt p résentées à l ’ aid e d es exem p les co ncrets. Les po ints p rincip aux so nt: les p ro no stics d e d éfo rm atio n av ec la m étho d e de 

calcu l num érique et l ’ utilsatio n d e la m étho d e d ’ o bserv atio n.

IN TRO D U C TIO N  2 T Y P ES O F ST R U C T U R ES

This report g iv es an o v erv iew  o f  the w id e field  o f  retaining  struc ­

tures and excav ated  slo p es in so il and  ro ck. Th e  su b ject includ es 

unsupported  slo p es; grav ity  w alls; em bed d ed , ancho red  o r strut­

ted retaining  w alls; d ifferent co m p o site retaining  structures -  such 

as reinfo rced  so il, crib  retaining  w alls, g eo textile w alls, retaining  

structures o f  natural m aterials (g ab io ns, so il reinfo rced  w ith v e ­
g etatio n) -  so il nailing  and  d o w elling  as w ell as co m bined  struc ­

tures. N o t includ ed  are retaining  structures as part o f  underp inning 

sy stem s, up lift-resistant structures fo r d eep  excav atio ns in gro und ­

w ater, and  sp ecial p ro blem s in co nnectio n w ith the reno vatio n o f  

histo rical retaining  structures.

C hap ter 2 presents d ifferent typ es o f  retaining  structures, but 

w ithout attem pting a classificatio n. Instead , exam p les from  co n ­

structio n p ractice have been selected  in o rd er to  pro v ide a rep re­

sentativ e p icture o f  the current d ev elo p m ents o f  m o d em  retaining  

structures and  to  p o int out the p resent requirem ents w ith resp ect to 

method s o f  d esign and  analy sis, co nstructio n and  quality  assurance.

Chap ter 3 initially  g ives an o v erv iew  o f  the m ost im po rtant 

m ethod s fo r analy z ing  the stability  o f  slo p es. O n this basis, the 

p rincip les o f  the lim it d esig n o f  co m p o site structures are exp lained . 

The lim it state analy sis and  d esign m etho d s fo r structures w ith a 

m arked  so il-structure interactio n are d iscussed  in relatio n to  new  

safety  d efinitio ns. A  p ractical exam p le o f  a three-d im ensio nal sta­

bility  analy sis o f  a p ro jecting  co m er o f  a retaining  w all is presented . 

The calcu latio n o f  a quay  structure subsequent to  d estructio n by 

an earthquake sho w s the fram ew o rk fo r exam ining  the d ynam ic 

structural behav io ur by  num erical m ethod s.

The d isp lacem ents and  d efo rm atio ns o f  retaining  structures and 

slo p es are d ealt w ith in the last chapter. Reco m m end atio ns are 

m ade fo r the co nsid eratio n o f  serv iceab ility , w hich is related  to 

d isp lacem ents. It is d em o nstrated  that d efo rm atio n analy ses fo r re ­

taining structures are no t yet su fficiently  reliable, so  that the use o f  

m o nito ring  equip m ent w ill o ften be necessary  during co nstructio n. 

The exam p le o f  an o p encast m ining  slo p e and  o f  an excav atio n 

pit w ith neighbo uring  build ings sho w s the cap ab ilities o f  the o b ­

serv atio nal m ethod  in co nju nctio n w ith the ap p licatio n o f  m o d em  

num erical m etho d s. Finally , the p ap er exam ines the p ro blem s o f  

3D  d efo rm atio n analy sis o f  d eep  retaining  w alls.

2.1 V ar ie t y  o f  r e t a in in g  s t r u c t u r e s

There is a g reat variety  o f  retaining  structures inv o lv ing  alm o st all 

secto rs o f  fo und atio n eng ineering . Th e  broad  range o f  retaining  

structures -  includ ing  excav ated  slo p es -  beco m es apparent, e.g ., 

w hen o ne tries to  gro up  these structures acco rd ing  to  the fo llo w ing  
characteristics:

a) M aterial:

Retaining  w alls o f  m aso nry , co ncrete, reinfo rced  co ncrete; steel 

sheet p iles; g eo textile structures (reinfo rced  earth); structures 

o f  natural m aterials (v eg etatio n-reinfo rced  earth), etc.

b) Structural system :

Grav ity  w alls; em bed d ed , strutted  o r ancho red  retaining  w alls 

supported  by p assiv e earth p ressure, co m p o site structures; open 

retaining  w alls, etc.

c )  Co nstructio n m ethod :

Backfilled  structures; driven structures; structures assem bled  

fro m  p recast elem ents; cast-in -p lace structures, etc.

d ) Utilizatio n:

Slo p e stabilizatio n; quay  structures; excav atio ns, etc.

O ther classificatio ns have been m ad e by (Brand i, H. 1992,Lackner,

E. &  M iiller, J. 1992, Sm o ltcz y k, U. 1992, Sto cker, M . &  W alz,

B. 1992, W eiBenbach, A . 1992). In 1992 G ud ehus p ublished  a 

sum m ary  o f  the vario us typ es o f  retaining  structures. In particular, 

he sho w ed  the range o f  p o ssib ilities arising  fro m  the co m binatio n 

o f  m aterials, structural sy stem s and  structural elem ents.

Sum m arized  p resentatio ns o f  quay  structures hav e been pro ­

v ided  by  (Lackn er.E. &  M üller, J. 1992, Sc h en ck ,W .& Sm o ltc z y k , 

U. &  Lachler, W. 1992) and  sp ecifically  fo r d eep  harbo ur basins 

by (Stehn, H .-J. 1992, D ücker, H.P. &  M iller, C. 1996).

The retaining  structures here are d istinguished  acco rd ing  to  ser­

v ice life, i.e., a d istinctio n is m ad e betw een tem po rary  and per­

m anent structures (see  Fig . 1 ). In this co ntext, the fo llo w ing  tw o 

sectio ns present exam p les that are ty p ical fo r the current d ev elo p ­

ment trends, and  at the sam e tim e p articularly  no ticeab le because 

o f  their unusually  large d im ensio ns.
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T e m p o r a r y  S t r u c tu r e s

e x c a v a te d  s lo p e  

± 0.00 m

re ta in in g  w a l l n a ile d  s lo p e c o m p o s ite  s tr u c tu re

P e r m a n e n t  S t r u c tu r e s

r e in fo rc e d  s o il s tr u c tu re q u a y  w a l l

Fig u re 2. R o c k  cu t at the intake to w er

2.2 P e r m a n e n t  s t r u c t u r e s

-  R o c k  s l o p e

The Xiao lang d i m ulti-p urp o se d am  in the C hinese Pro v ince o f  

Henan is the key  p ro ject fo r regulating  the lo w er reaches o f  the 

Yello w  River. The p ro ject also  invo lv ed  stabilizatio n o f  a ro ck 

slo p e up to a height o f  abo ut 120 m , w hich w as co m p leted  in 1996. 

The abo ut 300 m lo ng  slo p e sectio n pro v id es sp ace fo r the intake 

structure.

The ro ck co nsists o f  alternating  sed im entary  brittle ro ck layers. 

The ro ck jo ints d ip betw een 70°  to  80°  (see Fig . 2). The very steep  

cut, av erage inclinatio n abo ut 8 0 ° , had  to  be stabilized . Stab iliz ­

atio n m easures w ere:

- Prestressed  ro ck ancho rs 25 to 40  m lo ng  w ith a serv ice load  o f  

1000 to  2000 kN

- Ro ck  d o w els 5 to  12m  lo ng  w ith a serv ice lo ad  o f  80 to 150 kN

- Ro ck  bo lts 4.5 to  10 m lo ng  w ith a serv ice load  o f  100 to 

150 kN ,

- Sho tcrete facing  10 cm  thick.

The m ajo r stabiliz ing  elem ents are the p restressed  ro ck ancho rs, 

w hich w ere installed  on a grid  o f  6  m x 6  m and  at an upw ard  ang le 

o f  15° , in view  o f  the g eo lo g ical co nd itio ns. The unusually  great 

depth o f  the ro ck cut and the high safety  requirem ents fo r the o p er­

atio n o f  the dam and the hy d ro electric po w er statio n, m ad e great 

d emands on d esign and co nstructio n w ork. It w as hardly p o ssib le 

to draw  on exp eriences w ith ro ck cuts o f  sim ilar d im ensio ns. The 

fo llo w ing  stag es w ere relev ant fo r the stability  analy sis:

1. Co nstructio n stag e after the 120 m d eep  cut

2. Co nstructio n stag e after installatio n o f  the abo ut 30 m thick 

base structure, w ith a rem aining  ro ck slo p e abo ut 90 m high

3. Final stag e after im po und ing  o f  reserv o ir

These  three stag es do  no t o nly  d iffer in depth o f  cut and  lo ad ing  

assum p tio ns, but also  w ith resp ect to  the w ater p ressure in the 

jo ints. Furtherm o re, the ro ck is p enetrated  by  num erous large 

tunnels. Sin ce  they w ere alread y  d riven into  the ro ck befo re the 

final cut depth w as reached , the resulting  d isturbances had  to be 

taken into  acco unt in the stability  analy ses.

The stability  analy ses w ere carried  out using  no n-linear 3D  FEM  

m o d els, in ad d itio n to  2D  FEM  m o d els. Fig . 3 p resents such a 

finite-elem ent m esh w ith the m axim um  excav atio n depth as w ell as 

calcu lated  d isp lacem ents. Th e  co m p lexity  o f  the stability  analy ses 

w as increased  by the need  to co nsid er seism ic  lo ad ings.

M eanw hile the 30 m thick base structure has been co m p leted , 

i.e., the seco nd  co nstructio n stag e has no w  been im p lem ented . The 

results o f  the m o nito ring , w hich w as carried  out as part o f  a co m ­

p rehensiv e m easuring  p ro gram , ind icated  that the d isp lacem ents o f  

the ro ck slo p e w ere accep tab le d uring the first co nstructio n stage 
inv o lv ing  the largest cut o f  1 2 0  m.

-  B o r e d  p i l e  w a l l

A n im p ressiv e bo red  p ile w all as a retaining  structure fo r a slo p e 

w as installed  fo r the co nstructio n o f  an o ffice build ing  in Stuttgart 

(Seeg er, H. 1992). The build ing  had to  be p laced  into  a slo p e 

co nsisting  largely  o f  Keup er marl. Fac ing  the hill, the build ing  has

8  sto rey s, w hich required  a cut o f  30 m depth and  85 m w idth. It had 

to be taken into  acco unt that the build ing  m ust no t be p erm anently  

load ed  w ith earth p ressure fro m  the hillsid e.

The p erm anent slo p e stabilizatio n w as carried  out by  m eans 

o f  an o p en bo red  p ile w all w ith p erm anent tie-backs in up to 1 0  

lev els. Th e  reinfo rced  co ncrete p iles w ith a d iam eter o f  90  cm  w ere 

installed  w ith sp acing s o f  1.50 m to  2 .00  m. Th e  intersp aces w ere 

filled  w ith reinfo rced  sho tcrete. A t the top , the bo red  p ile w all is 

cap p ed  by a reinfo rced  co ncrete beam .

The length o f  the perm anent tie-b acks v aries from  14 m in the 

lo w er lev els to 32 m in the up per lev els o f  the retaining  structure 

(see Fig . 4).

There w ere no  prev io us exp eriences w ith excav atio ns o f  this 

size in unw eathered  Stuttgart Keup er m arl. In p articular, sw elling  

p ressures as a result o f  g y p sificatio n co uld  no t be exclud ed . In such 

a case o ne w ould  hav e had  to  exp ect co nsid erab le earth-p ressure 

increases w ith ad d itio nal fo rces acting  on the ancho rs. Fo r this rea­

so n, the underground  co nd itio ns w ere tho ro ughly  inv estigated . The

stage II
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a)

E
ofN

b)

Fig u re 3. a) 2D  fin ite-e lem ent m esh fo r the stab ility  an aly sis o f  the ro ck 
at the intake to w er w ith m axim u m  excav atio n  d ep th b ) calcu lated  d is ­
p lacem ents: settlem ents o f  slo p e cro w n (0 .7 5  c m ) and  heav e o f  slo p e to e 
(4 cm )

2 9 8 .5 0

assum p tio ns fo r the calcu latio n o f  the perm anent gro uted  ancho rs 

to o k acco unt o f  this influence.

- Increased  earth pressure E  =  0 ,7 5  ■ E a +  0 ,2 5  ■ E 0 fo r d esign

h o r i z o n t a l  d is p l a c e m e n t  ( m m )

Fig u re 5. H o riz o ntal d efo rm atio ns o f  the bo red  p ile  w all 

o f  the ancho rs,

- Earth pressure w ith a co effic ient o f  K a =  0, 2 as a lo w er lim it 

substituted  fo r the earth p ressure red uced  by  co hesio n,

- Stab ility  analy sis alo ng  a d eep  b lo ck slid ing  surface and ad d i­

tio nally  analy sis o f  ov erall stability  on a c ircu lar slid ing  surface 

w ith increased  app lied  lo ad s.

Furtherm o re, the fo llo w ing  stip ulatio ns w ere m ad e fo r the d im en ­

sio ning  so  as to  pro v id e ad d itio nal safety :

- The tie-backs w ere o nly  utilized  fo r a m axim um  o f  85%  o f  the 

p erm issib le load

- Each ancho r w as tested  w ith 1.5 tim es the p erm issib le load .

- The length o f  gro ut bo d ies w as no t less than 6  m.

A  co m p rehensiv e m easuring  pro gram  -  inv o lv ing  ancho ring  fo rce 

and extenso m eter m easurem ents and  g o ed etic  d isp lacem ent m eas­

urem ents -  w as an essential part o f  the safety  co ncep t. The m eas­

ured results sho w ed  that the susp ected  increase in earth p ressure 

did  no t o ccur, the ancho ring  fo rces rem ained  as exp ected  and  the 

ho rizo ntal d efo rm atio ns w ere less than had  been estim ated  (see 

Fig . 5).

-  Q u a y  s t r u c t u r e

The increasing  depth o f  harbo ur basins requires new  structural 

so lutio ns. A ltho ugh quays w ith large co nstructio n heights are 

still being  built acco rd ing  to  the co nv entio nal sheet p ile system  

(Co nrad , P. 1992, Reinke, U. &  Vo llsted t, H .-W . &  Rahtg e, M.

1995, W ild e, F.-K . 1995), there is a d efinite trend tow ard s new  types 

o f  co nstructio n. The use o f  d iap hragm  w alls can have ad v antages, 

e.g ., in the case  o f  d ifficult so il co nd itio ns w ith layers o f  ho lders 

and shing le (D iicker, H P. &  W ild e, F.K. &  Scheele , J. &  H o ppe,

H .J. 1992, D iicker, H .P &  Ro d atz , W. &  Tim m , G . &  Vellguth, L.

1996, Scherrer, P. &  Baril, J.-C . &  H eber, P. 1996, Van C elst, E. &  

Rey naers, T. &  Thibaut, W. &  V ellem ann, B.).

During  the co nstructio n o f  the O ’ Sw ald  Q uay  in Ham burg Har­

bour, w hich invo lved  a 190 m lo ng  sectio n as a d iaphragm  w all 

quay, it w as p o ssib le to  gather a large num ber o f  exp eriences abo ut 

this type o f  co nstructio n and  abo ut the behav io ur o f  the to tal system . 

Fig . 6  d ep icts a typ ical cro ss-sectio n.

The co m p leted  quay  structure has an o v erall height o f  27 m. 

The depth o f  the reinfo rced  co ncrete d iaphragm  w all am o unts to 

25 m. It has a thickness o f  1.20 m and  w as installed  in 4 .35 m w ide 

p anels. The 18 m broad  quay slab on top  o f  the d iap hragm  w all is 

founded  land w ards on in-situ co ncrete driven p iles. The tie-back o f 

the d iaphragm  w all co nsists o f  abo ut 30 m lo ng  p restressed  gro uted  

ancho r p iles.

The so il p ro file in Fig . 6  is typ ical o f  the gro und  co nd itio ns in the 

Ham burg Harbour. The layers o f  shing le in the transitio n zo ne from 

Pleisto cene sand  and gravel lay ers to Tertiary  silt and  clay  layers 

p o se sp ecial p ro blem s fo r the co nstructio n o f  quay  structures.

A s a result o f  co m p rehensiv e p aram eter stud ies and co m p ara­

tive calcu latio ns fo r this p ro ject, it becam e c lear that co nv entio nal 

m ethod s o f  analy sis, w hich o ften em p lo y  em p irical earth pressure 

values and  em p irical ad d itio ns/ d eductio ns fo r d eterm ining  the in ­

ternal fo rces o f  the quay  w all, canno t be app lied  in the usual w ay. 

This is g enerally  valid  fo r d eep  quay  w alls, i.e., bo th fo r sheet p ile 

and d iaphragm  sy stem s. The structural analy sis has to  co nsid er the
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to tal sy stem  ’ ’w all w ith ancho ring  +  quay  slab  + p ile fo und atio n” 

and take acco unt o f  the so il-structure interactio n.

Fo r inv estigating  the d iap hragm  w all structure at O ’ S w ald  Q uay, 

no n-linear FE analy ses w ere carried  out in ad d itio n to the usual 

calculatio ns. Here to o , an extensiv e m o nito ring  pro gram  (Ro d atz , 

W. & M ay b au m ,G . 1995, Ro d atz , W . & M ay b au m ,G . & Stah lh u t, 

O . 1996) w as carried  out. Th e  earth-p ressure d ev elo p m ent on the 

d iaphragm  w all w as the fo cus o f  m o nito ring .

Sheet p ile w alls are usually  d riven in the alm o st excav ated  har­

bo ur basin, and therefo re the initial earth pressure d o es no t o ccu i 

o v er the full w all height. O ne-sid ed  earth p ressures o nly  act on the 

sheet p ile w all ov er the full height after so il-backfill.

W ith d iaphragm  w alls, ho w ever, earth p ressures -  the siz e o f  

w hich is d eterm ined  by the fluid w hich supports the trench -  al ­

ready o ccur o v er the full heig ht d uring co nstructio n. The further 

d evelo p m ent o f  these p ressures w ill initially  be influenced  by the 

installatio n o f  the d iaphragm  w all and  subsequently  by the co n ­

structio n o f  the ancho r p iles, the co ncrete p iles and  the quay slab.

Fig u re 7 . M easured  and  FEM  calcu lated  earth p ressures behind  the d ia ­

p hrag m  w all fo r the lo ad ing  c ase : co m p leted  excav atio n  in co n ju nctio n  

w ith lo w  tid e

Fig . 7 sho w s the m easured  and calcu lated  earth p ressures fo r the 

relevant serv ice co nd itio n.
The m ain find ings fo r the d esig n o f  quay  structures w ith d ia­

phragm  w alls can be sum m arized  as fo llo w s:

- There is no  restraint effec t at the base, i.e., the required  depth o f  

em bed m ent m ust be d eterm ined  as fo r a freely  supported  w all.

- D esp ite the low  d egree o f  d efo rm atio n o f  the rigid  d iaphragm  

w all, activ e earth p ressure is m o bilized .

- It is ad v isable to  d esign the jo in t betw een the d iap hragm  w all 

and the quay slab  as a rigid  fram e co nnectio n.

The inv estig atio ns o f  the quay  w all installed  at O ’ Sw ald  Q uay 

did  no t ind icate any o v erlo ad ing  o f  ind iv id ual elem ents o f  the 

structure.

-  G e o s y n t h e t i c - r e i n f o r c e d  s o i l  s t r u c t u r e

The fo llo w ing  exam p le o f  a p erm anent retaining  structure co nsists 

o f  tw o  reinfo rced -so il w alls stressed  to g ether w ith g eo sy nthetic 

strap s, d esigned  and co nstructed  fo r a sectio n o f  the D utto n Park to 

port o f  Brisbane rail link in the A ustralian Pro v ince o f  Q ueensland  

(Lo , S.C .R . &  L i, S.Q . &  G o p alan, M . &  G ao , Z . 1996). In view  

o f  the high surcharg e d ue to  railw ay  traffic, the structure had to 
fulfill stringent requirem ents in term s o f  d efo rm atio n and  bearing  

cap acity .

The w idth o f  the em bankm ent am o unts to  o nly  6  m (see  Fig . 

8  a). Fo r this reaso n, the tw o  retaining  w alls w ere stressed  to gether 

by g eo sy nthetic  reinfo rcem ents and  fo rm ed  a "tied  back-to -back 

(T BB)  w all” . The reinfo rcing  elem ents co nsist o f  90 mm broad  

straps o f  high-strength p o ly ester fibre bund les co v ered  w ith p o ly ­

ethy lene. They  have a no m inal strength up  to  100 kN .

b )  r e in f o r c e m e n t  la y o u t  o f  TB B  w a l l

s tr a p  t o  w a l l  fa c in g  

c o n n e c t io n

p r e c a s t fa c in g  p a n e ls

It
e le v a tio n

RÌD

h o o p

s t ra p

2 x  h o o ps

/ \  p ia i

Fig u re 8. a) a) C ro ss-sectio n  o f  the railw ay  em b an km en t; b ) arrang em ent 

o f  strap s, co n nectio n  o f  strap  to  co n c re te  elem en t (acco rd ing  to. Lo , Li, 
G o p alan &  G ao )

2288



d is ta n c e  f r o m  fa c in g  (m )

--- -- -- -- -- le v e l  4

---------  le v e l 7  ( to p )  --------- -- le v e l  3

--------- le v e l 6  .......... ... le v e l  2

.. .. . .. . .. .  le v e l 5  --------- le v e l  1 ( b o t t o m )

Fig u re 9. D istrib u tio n o f  lo ng itu d inal fo rces in the 7 re in fo rcem en t lay ers 
o v er the w id th o f  the em b ankm ent (ac co rd in g  to  L o , L i, G o p alan  &  G ao )

The v ertical d istance betw een 2 reinfo rcem ent layers am ounts 

to  abo ut 0.8 m. H o rizo ntally , each strap  runs in a z ig zag  line 

co nnecting  the T-shap ed , p recast co ncrete w all elem ents. The 

arrangem ent o f  the reinfo rcem ent ties is p resented  in Fig . 8  b. The 

ties are pulled  as lo o p s thro ugh the ey es o n the p recast elem ents 

and tightened . This results in a m o re unifo rm  tensile stress in the 

ties.

The bearing  cap acity  o f  the gro und  w as su fficient. Fully  
w eathered  g ranite w as av ailable as fill m aterial.

The behav io ur o f  a T BB  w all d iffers co nsid erably  from  that o f  

a no rm al g eo sy nthetic-reinfo rced  w all. C o nv entio nal m ethod s fo r 

checking  the pullout o f  the reinfo rcem ent, e .g ., the d esign m ethod  

fo r the ’ ’Frey sisso l”  sy stem , canno t be used  here. Initially  an 

improved  co nv entio nal d esign m ethod  -  but w ith a red uctio n facto r 

fo r the large railw ay  lo ad  -  w as used  fo r d eterm ining  the m axim um  

tensile fo rce T m a l  in the reinfo rcem ent straps.

The results o f  the co nv entio nal d esig n m ethod  w ere checked  

using  no n-linear FE calcu latio ns. The inv estig atio n co ncentrated  

p articularly  o n the effec ts o f  the high surcharge. A s sho w n in Fig . 9, 

the d istribution o f  lo ng itud inal fo rces alo ng  the g eo sy nthetic  straps 

w ith m axim um  v alues in the so il is typ ical fo r so il reinfo rcem ent, 

even though the straps are alw ays firmly ancho red  to  the o p p o site 
w all.

Sin ce the no rm al d esign criteria co uld  no t be app lied  to  the T BB 

structure, the input d ata fo r the FE calcu latio ns w ere varied  as in 

a sensitiv ity  analy sis. The calcu latio ns w ere carried  out w ith tw o 

d ifferent stiffness values fo r the reinfo rcem ent, tw o  d ifferent sets 

o f  so il p aram eters and  tw o  m o d els fo r the so il. The analy sis proved 

that the values relevant fo r the d esig n, such as the m axim um  tensile 

fo rce T m a x ,  w ere insensitiv e to  the abo v e variatio ns. It w as also  

show n that the d esign values fo r the straps w ere on the safe sid e 

w ith the m ethod  em p lo yed .

2.3 T e m p o r a r y  s t r u c t u r e s

-  L a r g e  o p e n c a s t  s l o p e

The d uration o f  co nstructio n states, i.e., tem po rary  situatio ns, can 

vary co nsid erably  from  a few  ho urs to  sev eral years. Slo p es in 

o p encast m ining  can be in serv ice fo r a fairly  lo ng  tim e, but they 

still have a tem po rary character.

The o p encast m ines in the bro w n-co al area o f  N o rth-Rhine 

W estp halia are am o ng  the larg est in the w orld  in terms o f  d epth, 

gro und w ater lo w ering  and  v o lum e. Th e  stability  o f  the slo p e sy s ­

tem s, w hich reach up to 400  m, is analyzed  w ith the m ost ad vanced

b u il t- u p  a rea

9  1 0 0  2 0 0  3 0 0  m

Fig u re 10. G eo lo g ical sec tio n  w ith an o p en cast rim  slo p e

ty p ic a l  c ross s e c t io n  g r o u n d  laye rs

G L =  ±  o .o o

m ethod s (see sectio n 3.1). Be c au se o f  the great heig hts, even stable 

slo p es w ill be su b ject to co nsid erab le d efo rm atio ns w ithin the slo p e 

and  the ad jo ining  area.

N o rm ally  the d efo rm atio ns d ue to  o p encast m ining  do  no t cause 

any d am age. Fo r exam p le, as a result o f  gro und w ater low ering, 

there m ay be w id esp read  settlem ents o f  the gro und  surface up to 

3 m w ithout any d am ag ing  effec t on the build ings in the v icinity  

(Pierschke, K. &  G ud ehus, G . &  H iigel, H. &  N iem unis, A . 1996). 

It can ho w ever no t be exclud ed  that the activ atio n o f  tecto nic  faults 

may lead  to  su rface d am ag e in ind iv id ual cases (see  Fig . 10). It 

must therefo re be part o f  safe o p encast m ining  to keep  d efo rm atio ns 

und er co ntro l and  avo id  d am ag ing  gro und  m o v em ents. Fo r this 

purpose, the kno w n p rincip les o f  the o bserv atio nal m ethod  are 

ad hered  to  (see sectio n 4.3).

-  R e t a in in g  w a l l  in  g r o u n d w a t e r - s a t u r a t e d  s o i l

In the centre o f  large c ities, o ne increasing ly  finds excav atio n pits 

w ith d epths dow n to 2 0  m in the d irect v icinity  o f  existing  build ings 

(Sim p so n, B. 1992, N uBbaum er, M . 1996). They  o ften require 

w atertight retaining  structures w ith a m inim um  o f  d efo rm atio n 

(Sang er, C . &  Steinhag en, P.& M ay er, P.-M . 1994, Brem , G. &  

Triantafy llid is, T. 1996, Triantafy llid is, T. 1996). The retaining  

w all o f  the 13 m d eep  excav atio ns (secto r A ) o f  the ’ ’D eb is”  site on 

Po tsd am er Platz  in Berlin is p resented  here as an exam p le (G ucker, 

R. 1996).

Fig . 11 sho w s a typ ical cro ss-sectio n  o f  the retaining  w all and the 

lo cal g eo lo g ical situatio n. The ground  co nsists largely  o f  Tertiary  

and  Pleisto cene d ep o sits. A  p articular feature in Berlin is the 

unifo rm  fine sand  lo cally  em bed d ed  w ith marl. The gro und w ater 

level is 2 to 3 m belo w  the ground  surface.

A  lo w  level gro ut blanket w as installed  to ensure sealing  and 

safety  ag ainst up lift o f  the pit bo tto m . The surro und ing  w atertight 

retaining  w alls co nsist o f  a slurry trench w all w ith inserted  sheet 

p iles (Stad ler, G . &  Kud ella, P. 1996). Th e  60 cm  thick sing le 

co m p o nent slurry trench w all, w hich acts as a sealing  elem ent, w as 

sunk dow n to  a depth o f  29.5 m , so  that its fo o t rests belo w  the 

gro ut blanket. Sheet p iles o f  the required  length w ere inserted  into
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the cu t-o ff w all befo re hard ening  o f  the slurry. D uring  excav atio n, 

tem po rary gro uted  ancho rs w ere installed , o ne row  also  belo w  the 

gro und w ater table. Th e  tw o -fo ld  ancho ring  o f  sheet p iling  proved 

to be an eco no m ically  effic ient so lutio n (see  Fig . 11).
A  pro gram  to m o nito r w all m o v em ents and  tie-back fo rces w as 

an integral part o f  quality  assurance. Ev en w itho ut any neig hbo ur­

ing build ings, m o nito ring  o f  the retaining  structures w ould  have 

been necessary  becau se o f

- the large excav atio n area w ith sid es up to  180 m, and

- the d ifferential w ater p ressure o f  up to  100 kPa acting  on the 

retaining  w all.

Inclino m eter m easurem ents w ere carried  out to  reco rd  w all m o v e­

m ents in the sp ecified  cro ss-sectio ns. The head  d isp lacem ents o f  

the inclino m eter tubes w ere m easured  g eo d etically . Lo ad  cells 

w ere used  fo r m easuring  the ancho r fo rces.

Fig . 12 sho w s the w all d efo rm atio n fo r fo ur d ifferent stag es. A t 

the height o f  the so ft g el blanket it can clearly  be seen that the base 

po int o f  the cu t-o ff w all has shifted  by abo ut 1.5 cm  tow ard s the pit. 

The ho rizo ntal d isp lacem ents o f  the base p o ints o f  the sheet p iling  

are abo ut tw ice as m uch. Excessiv e ly  large d efo rm atio ns o ccurred  

during the final excav atio n. D ue to  an unsealed  d rill-ho le in the 

retaining  w all, sand  w as entrained  into  the pit. Co nsequently , the 

d eflectio ns increased  to abo ut 2  cm .

A  num ber o f  o ther retaining  structures o f  excav atio n pits in 

Berlin also  show  extensiv e d isp lacem ents at and  belo w  the bo tto m  

o f  excav atio n (G o llu b , P. &  K lo b e, B. 1995, W eiBenbach, A . 

&  G o llub , P. 1995). This is p articularly  sig nificant in the case 

o f  tie-back structures w here the w all m em bers are relatively  stiff  

(reinfo rced  d iaphragm  w alls, bo red  p ile w alls). W ith this type o f  

structure, the ho rizo ntal d isp lacem ents tow ard s the pit w ill extend  

belo w  the level o f  the gro ut blanket. The co nseq uently  w id esp read  

settlem ents and  ho rizo ntal d isp lacem ents on the gro und  surface 

have in so m e cases affected  the serv iceab ility  o f  the surro und ing 

build ings.
The cau ses fo r these w id esp read  m o v em ents are assum ed  to

- High d ifferential w ater p ressure acts on the retaining  structure

h o r iz o n ta l  d is p la c e m e n t (c m )

1 -  e x c a v a tio n  d o w n  t o  t h e  a n c h o r  le v e l  B

2 -  p re s tre s s in g  o f  t h e  a n c h o r  le v e l  B

3  -  f i n a l  e x c a v a tio n

4  -  a f t e r  2  1 /2  m o n th s , c o m p le t io n  o f  b a lla s t in g

Fig u re 12. H o riz o ntal w all d isp lacem ents m easu red  fo r a ty p ical cro ss- 

sec tio n  (acco rd ing  to  G iicker)

Fig u re 13. C ro ss-sec tio n  o f  the retain ing  stru ctu re and  g eo lo g ic al p ro file

dow n to  the gro ut blanket.

- Th e  sm all rem aining  effectiv e v ertical stresses in the largely  

saturated  excav atio n base o v erly ing  the gro ut b lanket to gether 

w ith the red uced  shear strength at the bo und ary  surfaces belo w  

the gro ut blanket, resulting  fro m  up lift fo rces, and  the relative 

so ftness o f  the g el, lead  to  a m o re flexib le fo o t support.

- D ue to the large siz e o f  the pit, ap p ro p riately  large ho rizo ntal 

d isp lacem ents o ccu r belo w  the excav atio n base

These recent o bserv atio ns hav e so  far ap p arently  no t been reported  

elsew here. The m echanism s fo r such w id esp read  m o v em ents have 

no t y et been su fficiently  researched .

-  2 0  m  h ig h  s o l d i e r  p i l e  w a l l

The last exam p le in this sectio n  d em o nstrates that 20  m high re ­

taining  w alls can be co nstructed  as ancho red  so ld ier p ile w alls 

(So nd er, H .-H . 1994). The hig h-sp eed  railw ay  link C o lo g ne -  

Rhine/ M ain also  invo lv es a d o uble-track railw ay  tunnel und er­

neath the A uto bahn ju nctio n  ’ ’Frankfurter Kreuz ” . Th e  retaining  

structure co nsists o f  20  m high so ld ier p ile w all o f  400  m length 

(see Fig . 13).

The fo llo w ing  criteria must be m et fo r using  tie-back so ld ier pile 

w alls as retaining  structures in excav atio n pits o f  this depth:

- so il w ith su fficient shear strength fo r taking  up the ancho r 

fo rces,

- no  sp ecial requirem ents on the restrictio n o f  w all d efo rm atio ns,

- low  gro und w ater lev els either belo w  o r o nly  slightly  abo v e the 

pit bo tto m  (lo w ering  by  op en d ew atering).

T h e  gro und  south o f  Frankfurt co nsists o f  sand , co arse sand  to 

sand y  gravel (frictio n ang le: 40°  <  ip <  4 5 ° ) ; the gro und w ater 

w as belo w  the pit bo tto m . There w as o nly  co nstructio n traffic in 

the v icinity  o f  the excav atio n, so  that increased  surcharg es did  no t 

have to  be co nsid ered .

The retaining  structure w as d esig ned  as an elastically  bedd ed  

beam , i.e., internal fo rces and  m o m ents, ancho r fo rces and  the ne ­

cessary  depth o f  em bed m ent w ere calcu lated  und er the assum p tio n 

o f  em p irical earth-p ressure red istributio ns and  safety  facto rs fo r 

the p assiv e earth pressure at the base.

Fig . 14 sho w s the earth p ressure d istributio n fo r the final ex c a ­

vatio n stage: trap ezo id al red istribution o f  activ e earth p ressure due 

to w eight o f  so il and  surcharg e o f  10 kN/ m2, rectang ular ad d itio nal 

earth p ressure d ue to increased  surcharg e o f  4 0  kN/ m2, elastic  base 

bed d ing  und er co nsid eratio n o f  a red uced  p assiv e earth p ressure 

(safety  facto r t i =  3.0) . Th e  calcu latio n w as carried  out fo r each 

excav atio n. The required  tie-back leng ths w ere d eterm ined  on the 

basis o f  the stability  analy sis w ith a d eep  slid ing  surface.

Fo r the co nstructio n, 25 m lo ng  steel p o sts ][ 320 w ere cho sen, 

w hich w ere installed  in 24 m d eep  bo reho les o f  90  cm  d ia. and 

em bed d ed  in co ncrete belo w  the excav atio n base. Th e  sp acing  o f  

the po sts w as 2.75 m. Tim b er lag g ing  o f  14 cm  thickness w as used .
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Fig u re 14. Earth  p ressure d istributio n fo r the final excav atio n  stag e

The tem po rary gro uted  ancho rs w ere p restressed  w ith 80%  o f  the 

calculated  ancho ring  fo rce ap p licable after realiz ing  the subsequent 

excav atio n. The ][ p ro files perm itted  ancho ring  d irectly  into  the 

steel p o sts, so  that w alings w ere no t necessary .
The p restressing  fo rces o f  the ancho rs w ere d ecisiv e fo r influenc ­

ing and  co ntro lling  the behav io ur o f  this 5-fo ld  ancho red  so ld ier 

p ile w all. The ho rizo ntal earth resistance at the base o nly  p layed  a 

subo rd inate ro le here.
Fro m  a statical po int o f  v iew , even d eep er excav atio n pit struc ­

tures w ith m ore than 5 ancho r p o sitio ns w ould  certainly  be p o ss­

ib le as lo ng  as the v ertical fo rce co m p o nents are supported  by  the 

co ncrete-em bed d ed  p o st foo t.

3 ST A BIL IT Y  A N A LY SES A N D  D ESIG N  M ETH O D S

3.1 S l o p e  s t a b i l i t y  a n a l y s i s

The stability  analy sis o f  so il slo p es is largely  based  on the method  o f  

lim it equilibrium . Th e  aim  here is to  find the relevant slip  surface,

i.e., failure m echanism , so  as to d eterm ine the sm allest facto r o f  

safety . N o rm ally , the fo llo w ing  safety  d efinitio n (Felleniu s rule) is 

em p lo yed :

Shear strength o f  so il
F  =  -------------------------------------------------------

Shear stress required  fo r equilibrium

Increasing ly , co m p uter-aid ed  num erical m ethod s are app lied . The 

availability  o f  hig h-cap acity  co m p uters has m otivated  many sc ien ­

tists and eng ineers to  d ev elo p  m o re refined  ap p ro aches and in­

co rp o rate these into  p racticab le m etho d s o f  analy sis, as reflected  

by num erous p ublicatio ns (Esp ino z a, R.D . &  Bo urd eau , P.L. &  

M uhunthan, B. 1994, Fred lund , D .G . &  Z hang , Z .M . &  Lam , L. 

1992,Leshchinsky ,D . &  San , K .-C . 1994, Lo , S.-C .R . &  Xu , D .-W . 

1992).
There are tw o  g eneral categ o ries o f  analy sis:

Gro up  I: A naly sis w ith o ne rigid  slid ing  bo d y  acco rd ing  to the 

m ethod  o f  slices

Gro up  II: A naly sis w ith sev eral rigid  slid ing  bo d ies on the basis o f  

co m p o site failure m echanism s.

The new  d ev elo p m ents o f  gro up  I are g eneralizatio ns o f  the o rd i­

nary m ethod  o f  slices acco rd ing  to Fellenius o r Bisho p  and  can be 

characterized  as fo llo w :

- Bo th the m o m ent and the fo rce equilibrium  are fulfilled  for 

each slice. Vario us sug g estio ns have been m ad e w ith regard 

to the necessary  assum p tio ns fo r the interslice sid e fo rces, e.g ., 

(Esp ino z a, R.D . &  Rep etto , P.C. &  M uhunthan, B. 1992).

- The abo v e extend ed  m etho d s o f  slices are used  fo r tw o - and 

three-d im ensio nal g eo m etries. The critical slip  surface can

have any fo rm d esired  (m o no to ne curv ature w ith ho m o g eneo us 

so il) (Esp ino z a, R .D . &  Bo urd eau , P.L. &  M uhunthan, B. 

1994).

- The search fo r the critical slip  su rface, w hich m ust no t necess ­

arily  be circu lar o r sp herical, rep resents a co m p lex m athem at­

ical p ro blem  fo r w hich sev eral m etho d s have been d evelo ped , 

e.g ., o p tim izatio n m etho d s, m etho d s based  on the calcu lus o f  

variatio ns (Leshchinsky , D. &  H uang, C .-C . 1992).

In 1996 D uncan p ublished  a co m p rehensiv e state-o f-the-art report 

on the analy sis o f  slo p es acco rd ing  to  the lim it equilibrium . He 

found  that safety  facto rs F ,  w hich w ere d eterm ined  using  d ifferent 

extend ed  m etho d s o f  slices, o nly  d iffered  by  m axim al 12% . If  one 

co nsid ers the inaccuracies o f  the input d ata fo r the calcu latio n w ith 

regard  to  slo p e g eo m etry , so il structure, shear strengths and pore 

w ater p ressures, co m p utatio nal accu racy  w ith a scatter o f  ± 6 %  is 

quite sufficient.

Th e  safety  facto rs o f  a 3D  analy sis are larger than tho se o f  

a co rresp o nd ing  2D  analy sis in the critical sectio n , i.e., F-íd  >  

F id  • Fig . 15 presents an exam p le o f  a critical 3D  slip  surface in a 

no nunifo rm  slo p e. It w as generated  w ith the 3D -SL O PE program 
(Lam , L. &  Fred lund , D .G . 1993).

The av ailable co m p uter pro gram s are beco m ing  increasing ly  

m o re co m p lex and user-friend ly . H o w ever, the ap p licatio n o f  this 

type o f  so ftw are d o es no t auto m atically  result in ’ ’m o re accurate” 

slo p e analy sis. The g eo technical kno w led g e o f  the eng ineer and his 

ability  to  assum e realistic m o d els are still o f  g reatest im p o rtance.

The m ethod s o f  gro up  II áre based  upon kinem atically  p o ssib le 

failure m echanism s. The rigid  slid ing  bo d ies no rm ally  have p lane 

su rfaces, thus o nly  p erm itting  translato ry  m o tio ns co ntrary  to  the 
m etho d s o f  group  I. Sy stem s w ith m o re than three slid ing  bo d ies 

can o nly  be d ealt w ith num erically . Co m p arativ e calcu latio ns on 

slo p es resulted  in so m ew hat higher safety  facto rs F id  than tho se 

calculated  acco rd ing  to  the ord inary m ethod  o f  slices (W eber, K. 

&  G uBm ann, P. 1992, N avari, O . &  H artm ann, R . &  Lackner, R. 

1997). A n ap p licatio n exam p le o f  a 3D  m ultip le bo d y  m echanism  

is provided  by the m o d elling  o f  a 208 m high o p encast rim  slo p e at 

a m ining  ’ ’w ind o w ”  in the Rhineland  o p encast m ining  reg io n (see 

Fig . 16).
Th e  g eo lo g ical situatio n is characterized  by a d eep -seated  clay  

bed . Sin ce  there are so  far no  g enerally  valid  o p tim izatio n method s 

av ailable fo r searching  the critical 3D  m ultip le bo d y  m echanism , 

it w as necessary  to  stip ulate, as a start m o d el, a realistic failure 

m echanism  fo r the abo v e g eo lo g ical situatio n co m p o sed  o f  alto ­

g ether 7 slid ing  so lid s. Fo r d eterm ining  the sm allest safety  facto r 

F ,  the failure m echanism  w as o p tim ized  w ithout any d ifficulty  

(G o ld scheid er &  Liz cano ).

D)
01

-C

Fig u re 15. 3D  slip  su rface fo r a no nu nifo rm  slo p e (acco rd ing  to  Lam  &  

Fred lund )
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Fig u re 16. 3D  m ultip le bo d y  m ech anism  near a m ining  ’ ’w ind o w ”  o f  an 

o p encast m ine (acco rd ing  to  G o ld sch e id er &  L iz can o )

It should  be po inted  out that the stability  analy sis using  finite 

elem ents also  em p lo y s the Felliniu s rule fo r the d eterm inatio n o f  

F  (W eber, K. &  G uBm ann, P. 1992). H ere, F  results fro m  the 

step w ise red uctio n o f  the g iven shear param eters <p and  c , w hich is 

co ntinued  in the co urse o f  the FE analy sis up to  the failure o f  the 

structure. It is ad v isable to  app ly  this p ro ced ure o nly  in the case 

o f  elastic id eal-p lastic m o d els fo r the so il, e .g ., (V erm eer, PA . &  

Brinkg rev e, R .B.J. 1995).

3.2 S tab ility  ana lys is  o f  com posite s tructu res

There is a g reat variety  o f  co m p o site retaining  structures, such as 

reinfo rced  earth, and their behav io ur is the su b ject o f  fund am ental 
investigatio ns both exp erim entally  and  by num erical m etho d s (H o ,

S.K . &  Ro w e, R .K . 1994, W ang, Y.H . &  W ang , M .C . 1994, Fish ­

m an, K .L. &  D esai, C .S. &  So g g e, R .L. 1993, Po rbaha, A . &  

G o o d ing s, D .J. 1996, H uang, C .-C . &  Tatsuo ka, F. &  Sato , Y. 

1994, San, K .-C . &  M atsui, T. 1995, H elw any, M .B. &  Tatsuo ka,

F. & Tatey am a, M . &  Ko jim a, K.).

G enerally , stability  analy ses are d iv id ed  into :

- A naly sis o f  the ov erall stability  ( ’ ’external”  stability )

- A naly sis o f  the load  bearing  cap acity  o f  co m p o nents o r struc ­

tural elem ents ("in ternal” stability )

If  the critical failure m echanism  lies o utsid e the reinfo rcem ent 

elem ents, the stability  analy sis sho uld  be regarded  as a pure slo p e 

calculatio n acco rd ing  to sectio n 3.1. It is reco m m end ed  that slid ing  

and bearing  resistance also  be analyzed  acco rd ing  to c lassical m eth ­

ods in d ep end ence on g eo m etry  and  stiffness o f  the g eo textile- 

reinfo rced  o r nailed  so il bo d y  (M annsbart, G . 1996). Instead  o f  

the Fellenius rule, o ne no rm ally  uses o ther safety  d efinitio ns o r 

co effic ients here.

Fo r stability  analy ses w here the critical failure m o d es enco m p ass 

the reinfo rcem ent elem ents, the m etho d s o f  analy sis fo r slo p es are 

extend ed  by includ ing  the fo rces o f  the structural elem ents into  the 

analy sis o f  the lim it equilibrium , e .g ., m ethod  o f  slices (Lo , S.-C .R .

&  Xu , D .-W . 1992), m ultip le bo d y  m echanism s (M ichalo w ski, 

R .L. &  Z hao , A . 1995, Ed irising he, J. &  Yag i, N. &  Eno ki, M.

&  Yatabe, R ). On the basis o f  the Fellen iu s rule, d ifferent partial 

safety  facto rs are used  fo r the shear p aram eters o f  the so il tan ip 

und c and fo r the p ullout resistance o f  the structural elem ents.

The o ften co m p lex pullout behav io ur o f  structural elem ents fo r 

the analy sis o f  the ’’ internal”  stability  is being  stud ied  intensively , 

e.g ., o f  g eo textiles (Jew ell, R .A . &  Ped ley , M .J. 1992, Ehrlich, 

M . &  M itchell, J.K . 1994), o f  p o ly m eric  geo g rid s (Bau er, G .E.

&  Shang , Q . 1993, Leshchinsky , D . &  Kaliakin, V. &  Bo se , P. &  

C o llin, J. 1994, W ilso n-Fahm y , R.F. &  Ko em er, R .M . &  Harpur, 

W .A . 1995). The inv estig atio ns usually  em brace the to tal sy stem  o f  

the co m p o site structure, so  as to be ab le to  co nsid er the interactio n 

betw een the structural elem ent and  the surro und ing  so il. Fo r further 

stud ies o f  this pro blem  see Plenary  Sessio n  5 ’ ’ So il Im pro vem ent 

and  Reinfo rcem ent”  o f  the X lV th  IC SM FE.

O n the basis o f  d efo rm atio n-related  failure criteria it is g enerally  

p o ssib le to  take acco unt o f  the strains in the structural elem ents, 

in the d esig n o f  the necessary  so il-reinfo rcem ent by  using  partial 

safety  facto rs (San, K .-C . &  Leshchinsky , D . &  M atsui, T. 1994, 

M annsbart, G . 1996).

In the case  o f  ro ck slo p es stabilized  w ith nails o r ro ck ancho rs, 

the stability  is analy zed  either w ith m ultip le bo d y  m echanism s or 

using  the finite-elem ent m ethod  (W ittke, W. &  Erichsen, C. 1990). 

W hen ap p ly ing  rig id -bo d y  m echanism s, d ifferent safety  d efinitio ns 

are em p lo y ed  d ep end ing  on the failure m o d e. The FEM  also  m akes 

it p o ssib le to  m od el sp ecial ro ck-m echanical asp ects, such as jo ints 

o r seep ag e flow . W ith so p histicated  m o d els o ne m ust ho w ever 

exp ect a g reater w ork input fo r creating  the FE  m esh and  lo nger 

co m p uting  tim es.

3.3 D esign o f  re ta in ing  struc tu res on the basis o f  u ltim ate lim it  

states

The structural sy stem s o f  flexib le excav atio n w alls, e .g ., tie-back 

sheet-p ile w alls, so ld ier p ile w alls, d eep  tie-back d iap hragm  w alls, 

are no nlinear w ith a d istinct interactio n betw een so il and structure.

Fo r such sy stem s, it has pro ved  usefu l in d esign p ractice to 

cho o se m o d els that are no t based  purely  on p lastic ultim ate lim it 
states (H artm ann-Lind en, R. &  Sed Iac ek ,G . &  Schm itt, A . 1996). 

G enerally , an elastic  beam  is assum ed  fo r m o d elling , and  no t the to ­

tal sy stem  w ith the surro und ing  so il. Fo r d eterm ining  the necessary  

d epths o f  em bed m ent and  the d esig n o f  the required  cro ss-sectio ns, 

the ap p ro ach uses red istributed  activ e earth p ressures and  p assive 

earth p ressures, the latter being  red uced  by safety  facto rs (see Fig . 

14). Increased  activ e earth p ressures are em p lo y ed  w hen the d esign 
d o es no t o nly  aim  to ensure a stab le, but also  a d efo rm atio n-resistant 

structure.

W ith this sem i-em p irical m etho d , the earth p ressures and the 

co rresp o nd ing  safety  d efinitio ns are so  ad apted  to  each o ther, that 
the asso ciated  so il d isp lacem ents and beam  d efo rm atio ns w ill be 

ap p ro xim ately  co m p atib le. The so il-structure interactio n is there ­
fo re ind irectly  taken into  acco unt. By  co m p ariso n, kinem atically  

and statically  p lausib le m etho d s are theo retically  better founded . 

They  have the ad v antage that the red istributio n o f  fo rces takes p lace 

as p assiv e o r activ e earth p ressure d ep end ing  on the d irectio n o f 

d isp lacem ent, fo r w hich d ifferent safety  d efinitio ns can be em p lo y ­

ed  (M o rtensen, K. 1995). They  are, ho w ever, at p resent only  valid  

fo r sim p le strutted  o r ancho red  sy stem s.

The m ethod s fo r v erify ing  the ov erall stability  o r fo r d esigning  

the necessary  ancho r lengths basically  co rresp o nd  to  the pro ced ures 

d escribed  in sectio ns 3.1 and  3.2.

The safety  co ncep t w ith partial safety  facto rs, w hich w as o ri­

g inally  d evelo p ed  fo r steel and  reinfo rced  co ncrete structures, has 

largely  been tested  on linear statical sy stem s. The attem pt to  apply 

this co ncep t to the no nlinear statical sy stem s o f  g eo technical struc ­

tures and  to  d evelo p  a harm o nized  Euro p ean safety  co ncep t on 

this basis, still p ro d uces certain inco nsistencies. The subd iv isio n 

o f  ultim ate lim it states (U LS) into  cases A , B, and  C  w ith d iffer­

ent asso ciated  partial safety  facto rs, in o rd er to o v erco m e these 

co ntrad ictio ns, is no rm ally  no t ap p licable to  retaining  structures. 

Esp ecially  w here a m arked  so il-structure interactio n o ccurs, it is 

no t p o ssib le to  d istinguish betw een U LS case  B ’ ’ failure o f  struc ­

ture o r structural elem ents”  and  U LS case C  "failu re in the g ro und ” 

(van To l, A .F. 1994).
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Exp eriences w ith transfo rm ing  the harm o nized  safety  co ncep t 

into  p racticab le stand ard s have sho w n that it is necessary  to intro ­

d uce safety  d efinitio ns that are no t based  up o n the o rig inal partial 

safety  co ncep t. It has been sug gested  to  estim ate first the no m inal 

internal fo rces and  m o m ents fo r d esig ning  the external and  internal 

d im ensio ns o f  structural elem ents, and  subsequently  apply co rre ­

sp o nd ing  partial safety  co effic ients to  these internal fo rces and  m o ­

m ents (G u d ehu s.G . &  W eiSenbach, A . 1996, Becker, D .E. 1996). 

Co m pared  w ith the current EC  7 co ncep t, this has the fo llo w ing  

ad vantages:

- The partial safety  co effic ients related  to  the internal fo rces and 

m o m ents can also  be d erived  fro m  the prev io us g lo bal safety  

facto rs.

- Sem i-em p irical d esign m etho d s can g enerally  be ad apted .

- In relatio n to prev io us d esig n p ractice, over- o r und erd im en­

sio ning  can be avo id ed , p articularly  w ith regard  to  temporary 

retaining  structures.

- The excessiv e w o rk input fo r calcu latio n is red uced .

3.4 S t a b i l i t y  a n a l y s i s  o f  e x c a v a t i o n s  w it h  c o m p l e x  g e o m e t r i e s

In the case  o f  p ro jecting  co m ers o f  retaining  w alls it is ad v isable 

to  turn tie-backs ho rizo ntally  p arallel to the b isecto r o f  the co m er, 

so  as to avo id  cro ssing . Th is typ e o f  turned  tie-back w as used  for 

the ’ ’H o fgarten” excav atio n in Berlin fo r stabiliz ing  a p ro jecting  

co m er (Sang er, C. &  H ahnig , F. 1994).

The excav atio n required  a w atertight retaining  structure su b ject­

ed  to  only  sm all d efo rm atio ns becau se o f  ad jo ining  build ings and 

a final excav atio n depth o f  17 m. A  reinfo rced  co ncrete d iaphragm  

w all w as cho sen w ith 5-fo ld  tie-backs in the area o f  the p ro jecting  

co m er. A nalo go us to the ’ ’D eb is”  excav atio n, a so ft g el gro ut 

blanket w as installed  to ensure safety  ag ainst up lift, as a ho rizo ntal 

sealing  elem ent o f  the pit. Th e  reinfo rced  co ncrete d iap hragm  w all 
w as installed  dow n to  a depth o f  32 m.

In the area o f  the p ro jecting  co m er ap p ro p riate ancho r lengths 

co uld  o nly  be d eterm ined  und er co nsid eratio n o f  3D  effects in 

the co ntext o f  w hich vario us failure m o d es w ere investigated . 

Ev entually , a co rresp o nd ing  slid ing  bo d y  w ith the fo llo w ing  as ­

sum p tions w as used  to inv estig ate the stability  o f  the sy stem  for 

each o f  the 5 ancho r ro w s (see  Fig . 17):

- The lateral slip  surfaces o f  the slid ing  bo d y  are vertical in the 

o uter axes o f  the tie-backs

- The vertical slip  surface at the back o f  the slid ing  bo d y  is p lane 
and  runs o rtho g o nally  to  the tie-backs.

- Bo th the lo w er slip  surfaces are d eterm ined  by  the intersectio n 
o f  the tie-back row  and the slip  surface at the back and run 

ho rizo ntally  alo ng  the d iap hragm s w alls.

W ith these assum p tio ns, the range o f  p o ssib le slid ing  bo d ies is 

restricted  to the variatio ns o f  p aram eters H  and L .  The critical 

slid ing  bo d y  results fro m  the co nv entio nal safety  d efinitio n fo r the 

total o f  the ancho rs fo rces that can be taken up in the tie-back row  

analysed  (t]a  =  1.5).

This 3D  stability  analy sis m ad e it p o ssib le to  im p lem ent a very 

eco no m ic  and technically  eleg ant so lutio n fo r the p ro jecting  co m er 

o f  the retaining  w all.

A ssum ing  three-d im ensio nal failure m o d es, also  lead s to low er 

earth p ressures at p ro jecting  co m ers. H o ck-Berg haus 1995 pro ­

p o ses a sim p le calcu latio n m ethod  fo r activ e three-d im ensio nal 

earth pressure. He d em o nstrates that the load  on a p ro jecting  

co m er is sm aller than in the case  o f  a co m p arable p lane earth- 

pressure ap p ro ach, w hich is o f  co u rse fav o urable fo r the d esign o f 

co m er elem ents.

W alz 1994 pro v id es p ractical reco m m end atio ns fo r earth- 

pressure red uctio n in re-entering  excav atio n co m ers on the basis 

o f  theo ries o r m etho d s o f  analy sis fo r three-d im ensio nal earth 

pressure.

3.5 D y n a m ic  a n a l y s i s

The selected  FEM  rev iew  o f  a sheet-p ile quay  structure d estro yed  

by seism ic actio n (Iai, S. &  K am eo ka, T. 1993) is a exam p le

Fig u re 17. C ritical 3D  slid ing  bo d y  fo r the 4th  an ch o r ro w  d ep th 8 .30  m 
( H  =  19 .50  m , L  =  2 3 .8 0  m )

d em o nstrating  the effic iency  o f  d ynam ic stability  analy ses o f  re ­

taining  structures using  num erical m etho d s, see also , e.g ., (Siller, 

T .J. &  D o lly , M .O . 1992, Yo gend rakum ar, M . &  Bathurst, R .J. &  
Finn, W .D .L. 1992).

The N iho nkai Chubu earthquake in 1983 d estro yed  part o f  the 
quay w alls in the harbo ur o f  the Jap anese tow n o f  A kita. A  sectio n 

o f  the quay w all is show n in Fig . 18. Th e  d efo rm ed  and partly d e ­

stro yed  structure after the earthquake is draw n in d ashed  lines. The 

ho rizo ntal d isp lacem ents at the top o f  the sheet-p ile w all am ounted  

to 1 . 1 - 1 . 8  m ; behind  the sheet-p ile w all there w ere settlem ents up 

to 1.4 m.

D am ag eo nly  o ccurred  in the quay -w all sectio ns w ith sand  back ­

fill. The m ade-up  sand  w as less d ense than the natural sandy so il

before the earthquake after the earthquake

Fig u re 18. Q uay  cro ss-sec tio n  b e fo re  and  after the earthq u ake (acco rd ing  

to Iai &  K am eo ka)
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sca le  o f  d e fo r m a tio n  >— * 1 .0 0  m

Fig u re 19. C alcu lated  d isp lacem ent o f  qu ay  w all d am ag ed  by  earthq u ake 
im p act o f  30  sec  (acco rd ing  to  lai &  K am eo ka)

in the o ther quay -w all sectio ns. The seism ic  im p act caused  lique ­

factio n o f  the lo o se backfill, w hich finally  d estro yed  the structure.
The elasto p lastic m o d el fo r sand , co nsisting  o f  a m ultip le shear 

m echanism , used  in the d ynam ic FE analy sis w as sp ecifically  d e ­

veloped  fo r cy c lic  lo ad ing . Th e  10 m o d el p aram eters w ere d eter­

m ined  on the basis o f  SPT-v alu es and  the results o f  undrained  cy clic  

triaxial tests fo r d ifferent d egrees o f  d ensity .

Befo re  start o f  the d ynam ic FE  analy sis, a statical calcu latio n 

w as carried  out in o rd er to  p ro d uce the initial state und er drained  

co nd itio ns, but w ithout co nsid ering  the load  histo ry  d uring instal­

latio n o f  the structure. Fig . 19 sho w s the co rresp o nd ing  tw o- 

d im ensio nal FE m o d el. The d ynam ic analy sis assum ed  that the 

supports at the ed ges and  at the bo tto m  are being  v isco usly  damped .

The d ynam ic analy sis w as carried  out und er undrained  co nd i­

tio ns w ith effectiv e stresses. The seism o g ram s reco rd ed  in the 

port o f  A kita served  as a basis fo r the d ynam ic lo ad ing  in the FE 

analysis.
Fig . 19 sho w s the true d im ensio ns o f  the calcu lated  d efo rm a­

tio ns o f  the sheet-p ile quay w all and  the surro und ing  so il d ue to  a 

30 sec  earthquake im p act. Th e  calcu lated  ho rizo ntal d isp lacem ent 

at the top o f  the sheet-p ile w all am o unted  to abo ut 1.3 m and  thus 

rem ained  w ithin the o bserv ed  range o f  values. H o w ever, the calcu ­

lated settlem ent o f  0.7 m behind  the sheet-p ile w all w as less than 

the observ ed  value.

The analy sis assum ed  the sheet-p ile w all to be linear-elastic 

w ithout y ield  po int, so  that the d ev elo p m ent o f  a p lastic hinge in 

the w all w as no t p o ssib le. H o w ever, the lo catio n o f  the calculated  

m axim um  bend ing  in the w all lies m o re o r less at the height o f  the 

o bserved  failure and the stress exceed s the y ield  po int o f  steel by 

60%  resulting in a failure o f  the w all. Liq uefactio n o f  the sand  

co uld  be show n by m eans o f  stress paths o f  selected  so il elem ents.

A n analo go us d ynam ic FE analy sis w as carried  out fo r a typ ical 
cro ss-sectio n o f  the und am aged  quay -w all area in d ense sand y  so il. 

Here too , the results o f  the analy sis are in ag reem ent w ith the o b ­
serv atio ns: m uch sm aller d isp lacem ents at the top o f  the sheet-p ile 

w all, w here the steel y ield  p o int w as no t exceed ed .

4 SER V IC EA BIL IT Y  A N A LYSIS

4.1 S e r v i c e a b i l i t y  o f  r e t a in in g  s t r u c t u r e s

The term ’ ’serv iceab ility ” co v ers a w ide range and therefo re o ften 

lead s to m isund erstand ings. In the case o f  retaining  structures, ser­

v iceability  analy sis usually  refers to to lerab le d efo rm atio n values. 

There are ho w ever also  o ther serv iceab ility  requirem ents, e .g ., the 

tightness requirem ents fo r "w atertig ht”  retaining  structures o f  ex ­

cav atio ns.

Co ntrary  to  many o ther structures, the serv iceab ility  o f  retaining  

structures can usually  no t be verified  so lely  analy tically  on the basis 

o f  sp ecified  lim it state co nd itio ns (von W o lffersd o rff, P.-A . 1996). 

The m ain reaso ns are:

- There are no  g enerally  ap p licable serv iceab ility  requirem ents 

fo r retaining  structures. They  are no rm ally  laid  dow n ind iv id ­

ually  fo r each p ro ject.

- D efo rm atio n calcu latio ns fo r retaining  structures are still no t 

reliable eno ugh, esp ecially  in the case  o f  flexib le sy stem s w ith 

a m arked  so il-structure interactio n.

W ith m assiv e retaining  w alls, it is usual to includ e the serv iceability  

(e.g ., lim itatio ns on tilt) in the safety  facto rs o f  the stability  analy ses 

fo r the d esign o f  the structure (e .g ., g ro und -failure v erificatio n). 

The d efo rm atio ns are no t checked  sep arately .

The d efo rm atio n analy sis o f  m any flexib le co m p o site structures 

and  retaining  structures o f  d eep  excav atio ns has to  be based  on the 

to tal sy stem  and m ust take acco u nt o f  the so il-structure interactio n. 

In such cases, it is essential to  use num erical m etho d s o f  analy sis, 

e.g ., the finite-elem ent m etho d , w hich perm its m o d elling  o f  the 

retaining  structure includ ing  surro und ing  areas w ithin the fram e ­

w ork o f  the co ntinuum  theo ry. Sim p ler m o d els, e .g ., the bedded  

linear-elastic beam , allo w  estim ating  the relativ e d eflectio ns o f  a 

sheet w all, but no t the abso lute d isp lacem ents o f  the to tal sy stem , 

includ ing  surro und ing  so ils and  ad jacent build ings.

H igh-instrum ented  m o nito ring  o f  the abo v e m entio ned  struc ­

tures w ith m arked  so il-structure interactio n is ind isp ensable d uring 

co nstructio n (U lrichs, K .R . 1994). The serv iceab ility  o f  these 

structures is no rm ally  verified  acco rd ing  to  the p rincip les o f  the 

o bserv atio nal m ethod  (v o n W o lffersd o rff, P.-A . &  M ay er, P.M. 

1996).

4 .2  D e f o r m a t io n  p r e d i c t i o n s  f o r  r e t a in in g  s t r u c t u r e s  u s in g  n u m e r i ­

c a l  m e t h o d s

FE analy ses are no w ad ays a usual to o l fo r d eterm ining  d efo rm ­

atio ns and internal fo rces and  m o m ents o f  retaining  structures. 

The fo llo w ing  are exam p les o f  their w id e range o f  ap p licatio n:

- Earth pressure analy sis o f  ang ular retaining  w alls: (G o h, 
A .T.C . 1 9 9 3 )

- D efo rm atio n analy sis o f  quay  structures: (Ro d atz , W. &  M ay - 

baum , G . &  Stahlhut, O . 1 9 9 6 ,  Van C elst, E. &  Rey naers, T.

&  Thibaut, W. &  V ellem ann, B., Z ad ro g a, B. &  D em bicki, E. 
1 9 9 6 )

- D efo rm atio n analy sis o f  g eo sy nthetic  reinfo rced  so il w alls: 

(H o , S.K . &  Ro w e, R .K . 1 9 9 4 ,  Ling , H .I. &  Tatsuo ka, F. &  

Tateyam a, M . 1 9 9 5 ,  H elw any, M .B. &  Tatsuo ka, F. &  Tate- 
yam a, M . &  Ko jim a, K.)

- D efo rm atio n analy sis o f  strutted  and  ancho red  retaining  struc ­
tures (W hittle, A .J. &  H ashash, Y.M . &  W hitm an, R.V . 1 9 9 3 ,  

Ng, C.W .W . &  Ling s, M .L. 1 9 9 5 ,  Yo ung , D .K. &  H o , E.W .L. 
1 9 9 4 )

M o st o f  the abo v e ap p licatio ns use co m m ercial FE p ro gram s w ith 

the fo llo w ing  no nlinear m o d els fo r so ils: e lastic , id eal-p lastic 
m od el w ith y ield  co nd itio n acco rd ing  to  M o hr-C o ulo m b; hyp er­

bo lic  p seud o -elastic m od el acco rd ing  to Duncan/ Chang. FE ana­

ly ses w ith m o re so p histicated  co nstitutiv e m o d els fo r so ils are still 

the excep tio n fo r p ro ject-sp ecific  d efo rm atio n p red ictio ns o r back- 

analy ses, e.g , (H si, J.P. &  Sm all, J.C . 1 9 9 3 ) .  By  co m p ariso n, 

num erical m etho d s, d ev elo p ed  fro m  bed d ing , w ere m o re o ften 

em p lo yed  in p ractice fo r the d efo rm atio n analy sis o f  retaining  

structures (Sim p so n, B. 1 9 9 2 ,  V aziri, H.H . &  Tro ug hto n, V.M . 

1 9 9 2 ,  Vaziri, H.H. 1 9 9 6 ,  Triantafy llid is, T. 1 9 9 6 ) .

It is so m etim es no t realized  that calcu lated  d efo rm atio n p red ic ­

tio ns also  p lay a central ro le fo r the ap p licatio n o f  the o bserv atio nal 

m ethod , since

- they are essential fo r und erstand ing  the d efo rm atio n behav io ur 

o f  the to tal sy stem  ’ ’ retaining  structure w ith so il and  p o ssib le 
neighbo uring  build ing s” , and

- their results perm it sy stem atic  and  safer p lanning  o f  m easuring  
pro gram s.

The ap p licatio n o f  m o d em  num erical m etho d s o f  analy sis has been 

an im po rtant step  forw ard  perm itting  m o re reliable d efo rm atio n 

p red ictio ns fo r retaining  structures (N o v a, R . &  Bo u lo n, M . & 

G ens, A . 1 9 9 5 ) .  N ev ertheless, there are certain lim itatio ns here as 

d em o nstrated  by  a G erm an-D utch p ro ject. W ithin the fram ew o rk 

o f  a larg e-scale field  test w ith a sing le-strutted , freely  supported  

sheet-p ile w all in sand y  so il, vario us g eo technical exp erts had  been 

asked  to  calcu late and  p red ict the earth p ressures on the sheet-p ile 

w all, the bend ing  m o m ents, d eflectio ns and  d isp lacem ents o f  the 

sheet-p ile w all, the settlem ent o f  the ad jo ining  ground  surface as 

w ell as the strut fo rces (von W o lffersd o rff, P.-A . 1 9 9 4 ) .
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Fig u re 20 . R an g e o f  43  p red ictio ns (g rey ) fo r the sheet-p ile  w all field  test co m p ared  w ith m easu red  earth p ressu res, b end ing  m o m ents and  d efo rm atio ns

A lto g ether 43 p red ictio ns w ere receiv ed  fro m  14 co untries, al­

m ost all o f  them  in W estern Euro p e. The p red icting  exp erts had  

been asked  to select their ow n input d ata fo r their preferred  m ethod  

o f  analy sis o n the basis o f  extensiv e so il d ata and  test results handed  

out to  them. G enerally , the fo llo w ing  m etho d s o f  analy sis w ere ap ­

plied :

- Finite-elem ent m ethod  w ith d ifferent m o d els fo r the so il and 

d ifferent interface m o d els

- Bed d ing  m o d ule m ethod  w ith d ifferent linear and  no nlinear 

sp rings, in parts also  co up led

The grey area in Fig . 20  ind icates the range o f  earth p ressures, 

bend ing  m o m ents and  d efo rm atio ns p red icted  fo r the serv ice state 
(co m p leted  excav atio n and  w ater surcharg e). Co m p ariso n w ith the 

test results rev eals that the p red ictio ns w ere o ften to o  high fo r all 

three values, i.e. earth p ressure, bend ing  m o m ent and  d isp lacem ent.

This p ro ject co nfirm ed  that it is currently  o ften no t p o ssib le to 
pred ict the behav io ur o f  retaining  structures w ith su fficient accu ­

racy  and reliability , no t ev en w ith the aid  o f  m o d em  num erical 

m ethod s.

4.3 A p p l i c a t i o n  o f  t h e  o b s e r v a t i o n a l  m e t h o d  f o r  t h e  c o n t r o l  o f  s o i l  

d e f o r m a t i o n s  d u e  t o  o p e n c a s t  m in in g

To  enable better d efinitio n o f  the extent o f  d efo rm atio ns in large 
slo p e sy stem s and in the ad jo ining  area o f  the o p encast m ines d e ­

scribed  und er 2.3, a sp ecial m ethod  o f  p red ictio n has been d ev elo p ­

ed  in ad d ition to  the usual m o nito ring  (Pierschke, K. &  Gud ehus,

G. &  H ugel, H. &  N iem unis, A . 1996).

The unusually  large d im ensio ns o f  cuts in o p encast m ining  result 

in very co m p licated  m o d els, d esp ite g eneralizatio n o f  the g eo ­

lo g ical situatio n (see Fig . 10). It is necessary  here to  sep arate 

the calcu latio n o f  settlem ent d ue to gro und w ater lo w ering  and the 

calculatio n o f  d efo rm atio ns d ue to excav atio n.

Settlem ent d ue to  gro und w ater lo w ering  w as calculated  on the 

basis o f  a o ne-d im ensio nal m o d el (so il strata w ith rep resentative 

p ro file). Co nstitutiv e m o d els im p lem ented  in co m m ercial g eo - 

technical FE p ro gram s are no t su fficient fo r d eterm ining  the tim e- 

d epend ent behav io ur o f  the clay  interstratificatio ns. The new  v isco - 

hyp o p lastic m od el used  here co ntains the vo id  ratio  as a seco nd  state 

variable in ad d itio n to granular stress (H ugel, H .M . 1995). Fig . 

2 1  sho w s the co rresp o nd ing  calcu latio n o f  tim e-settlem ent curves 

co m p ared  w ith the m easured  settlem ents o f  the ground  surface.

A  realistic 2D  strata m o d el w as d efined  fo r calcu lating  d efo rm ­

atio ns d ue to  excav atio n. Th is m o d el inco rp o rates the relevant 

strata p ro files and  faults. Thinner lay ers and  sm aller fault zo nes 

are sum m arized  in p ackag es w ith m ean state v ariables and  m aterial 

param eters (see Fig . 22 a). Th e  FE m esh used  fo r the num erical

t im e  [Y e a rs ]

Fig u re 21 . M easu red  and  calcu lated  tim e-settlem ent cu rv es o f  the gro und  
su rface  d ue to  g ro u nd w ater lo w ering

analy sis is d ep icted  in Fig . 22  b.

Fig . 22 c  sho w s the calcu lated  d isp lacem ents at the top o f  the 

slo p e. In acco rd ance w ith o bserv atio ns, the excav atio n bo tto m  lifts 
upw ard  and  the slo p e ed g e is being  d isp laced  tow ard  the to e o f  

the slo p e. The ad jo ining  area is su b jected  to grad ually  d ecreasing  
d isto rtio ns and settlem ents, w ith p articular co ncentratio ns at the 

faults (no t includ ed  in Fig . 22 a).
The improved  d efo rm atio n p red ictio ns allo w  a m o re sy stem atic 

co ntro l o f  ground  d efo rm atio ns in o p encast m ining . Su itab ly  d if ­

ferentiated  m o nito ring  has lo ng  been o f  g reat im p o rtance in the 

o p encast bro w n-co al m ines o f  N o rth-Rhine W estp halia.

4.4 A p p l i c a t i o n  o f  t h e  o b s e r v a t i o n a l  m e t h o d  f o r  c o m p l e x  

e x c a v a t i o n - b u i l d i n g  s y s t e m s

The exam p le o f  the ” G SW  excav atio n” in Berlin -  a p ilo t p ro ject 

w ith very extensiv e m o nito ring  -  serv es to  exp lain sp ecial asp ects 

o f  the serv iceab ility  analy sis in the case o f  co m p lex excav atio n- 

build ing sy stem s (Säng er, C. 1994, Sang er, C. &  H ähnig , F. 1994).

The sectio n show n in Fig . 23 g iv es an ov erv iew  o f  the typ ical 

g eo lo g ical situatio n (see sectio n 2.3) and  the tw o  excav atio n pits. 

H ere, a m axim al 20  m d eep , trip le-strutted  excav atio n pit w ith a 

siz e o f  57 m x 19 m w as pro d uced  w ithin a large shallo w  excav atio n 

m easuring  119 m x 75 m. The w atertight retaining  structure co nsist­

ed  o f  a slurry cu t-o ff w all w ith inserted  sheet-p iling  as d escribed  in 

sectio n 2.3. The 60 cm  thick sing le co m p o nent slurry cu t-o ff w all 

is em bed d ed  at a depth o f  abo ut 4 0  m into  the su fficiently  d ense 

bro w n-co al ho rizo n.

The existing  16-sto rey  build ing  surro und ed  by  the shallo w  ex c a ­

vatio n, w hich w as assum ed  to  be o n a rigid  fo und atio n, is lo cated  

at a d istance o f  abo ut 18 m fro m  the d eep  pit. The m axim um

1 0  k N /m
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Fig u re 24 . M easu red  and  FEM  p red icted  settlem en t and  tilt o f  the hig h-rise 
bu ild ing  d uring  excav atio n  b e fo re  installatio n  o f  the seco nd  lev el o f  struts

Fig u re 22. a) G eo m etrical strata m o d el fo r calcu latin g  d efo rm atio ns w ith 
num bered  lay er p ackag es b ) FE  m esh o f  the o p en cast m ining  cu t c )  c alc u ­
lated  slo p e d efo rm atio ns in the o p encast m ine d ue to  excav atio n  (g rap hically  

m ag nified  15x)

p erm issib le settlem ent d uring co nstructio n, w hen several d ifferent 

activ ities w ere being  carried  o ut, o ften at the sam e tim e, w as laid  

dow n as 40  m m, w hile the tilt o f  the build ing  w as no t allo w ed  

to exceed  1/ 1500. Fo r co nstructio n o f  the d eep  excav atio n, m o re 

stringent serv iceab ility  requirem ents w ere m ad e, becau se, d ue to 

the o ther activ ities, settlem ent o f  the hig h-rise build ing w as also  

exp ected . In o rd er to  m eet these serv iceab ility  requirem ents, a 

d efo rm atio n-resistant retaining  structure w ith three lay ers o f  b rac ­

ing w as installed . A  sp ecial feature o f  this d esign w as that parts o f  
the tem po rary retaining  structure w ere later integrated  into  the new  

build ing as p erm anent co m p o nents. Th e  struts o f  the tw o  upper 

ro w s co nsist o f  p recast reinfo rced  co ncrete beam s in co njunctio n 

w ith cast-in-p lace w alings.

In o rd er to  be alw ays aw are o f  the im p acts on the hig h-rise 

build ing , p articularly  d ue to  the 2 0  m d eep  excav atio n, the high- 

instrum ented  pro gram  w as d esig ned  to pro v ide co ntinuo us m o ni­

to ring o f  the

- ho rizo ntal and  v ertical d isp lacem ents o f  the retaining  structure 

o f  the d eep  excav atio n,

- ho rizo ntal and  v ertical gro und  m o v em ents in the area o f  the 

hig h-rise build ing and  betw een the hig h-rise build ing  and  the 

d eep  excav atio n,

- heave w ithin the excav atio n,

Fig u re 23 . C ro ss-sectio n  o f  G SW  excav atio n  w ith g eo lo g ical situatio n and 

m easu ring  installatio ns

- settlem ents o f  the hig h-rise build ing ,

- fo rces in the three lev els o f  struts,

- gro und  w ater lev els.

The m o v em ents o f  the hig h-rise build ing , w hich w ere p articularly  

im po rtant, w ere reco rd ed  w ith a g eo d etic  o n-line m easuring  sy s ­

tem . The m easuring  installatio ns em p lo y ed  are p resented  in Fig . 

23. Sin ce  all the m easured  d ata, apart fro m  the inclino m eter m eas­

urem ents, w ere reco rd ed  o n-line, it w as p o ssib le -  w ith the aid  o f  

an electro nic  d ata acquisitio n and  ev aluatio n sy stem  -  to  carry  out 

p erm anent m o nito ring  o f  the m ajo r v alues in o rd er to  be able to 

respond  im m ed iately  to  a critical situatio n (Sang er, C. &  M ayer, 
P.-M ., 1996).

O ne o f  the m ain o b jectiv es o f  the d efo rm atio n p red ictio ns w as 

to d eterm ine the values due to the d eep  excav atio n w ith resp ect to 

settlem ent and  tilt o f  the neig hbo uring  hig h-rise build ing. Fo r the 

linear-elastic , id eal-p lastic FE analy sis it w as necessary  to  perfo rm  

2D  m o d elling  o f  the to tal sy stem  -  enco m p assing  shallo w  excav a­

tio n, d eep  excav atio n and  hig h-rise build ing  -  and  o f  the g eo lo g ical 

situatio n dow n to  the bro w n-co al ho rizo n. Th e  FE calcu latio ns also  

to o k acco unt o f  the d ifferent stag es o f  excav atio n in the d eep  pit.

Fig . 24 sho w s the FEM  pred icted  settlem ent and  tilt o f  the high- 

rise build ing  due to  the d eep  excav atio n befo re installatio n o f  the 

seco nd  level o f  struts as w ell as the co rresp o nd ing  m easured  data. 

The go o d  ag reem ent betw een the calcu lated  and  exp erim ental re ­

sults pro ves that it is p o ssib le to  d escrib e the d efo rm atio n p ro cesses 

o f  co m p lex excav atio n-structure sy stem s. H o w ever, m o nito ring  

during co nstructio n and  sy stem atic  ap p licatio n o f  the o bserv atio nal 

m ethod  m ust be regarded  as ind isp ensable here (von W o lffersd o rff, 
P.-A . &  M ay er, P.M . 1996).

4.5 T h r e e - d im e n s i o n a l  d e f o r m a t i o n  p r o b l e m s  in  t h e  c a s e  o f  d e e p  

e x c a v a t i o n s

The v ibrating -in o f  steel sheet p iles p rio r to  excav ating  causes co n ­

sid erable stress chang es and  co m p actio ns in the ad jo ining  gro und. 

This can have an im po rtant influence on the behav io ur o f  the w all 

(von W o lffersd o rff, P.-A . 1994). D uring  the installatio n o f  d ia­

phragm  w alls, by  co m p ariso n, stress red istributio ns w ill o c cu r in 

co nnectio n w ith the unav o id able co ntractio n o f  trench p anels. The 

study o f  installatio n effects bo th fo r v ibrated  and  excav ated  w alls 

requires three-d im ensio nal ap p ro aches.

A t p resent, it is no t yet p o ssib le to  d eterm ine and  p red ict stresses 

caused  by  v ibrating -in o f  sheet-p iles.

By  co ntrast, several stud ies hav e been carried  out abo ut the 

installatio n effects o f  d iap hragm  w alls, e .g ., (D e M o o r, E.K . 1994, 

N g, C.W .W . &  Ling s, M .L. &  Sim p so n, B. &  N ash, D .F.T. 1995, 

M ayer, P.M ., &  Kud ella, P. 1996). Th e  autho rs preferred  the 

fo llo w ing  sim p lified  m ethod  w ith tw o  sep arate no nlinear 2D  finite- 

elem ent analy ses:

- H o rizo ntal plan analy sis (H PA ):

HPA  m o d elling  is used  to  calcu late ho rizo ntal so il d isp lace-

a f te r  e x c a v a tio n

h e a ve
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Fig u re 25 . Fin ite-e lem en t m esh  used  fo r the excav atio n  c o m er (acco rd ing  

to  O u , C hio u  &  W u)
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Fig u re 26 . M easu red  and  FEM  p red icted  w all d isp lacem ents in the sectio n  
o f  inc lin o m eter 14 c lo se  to  the excav atio n  c o m e r (acco rd ing  to  O u , C hio u  
&  W u)

2D  FE m o d elling  w ere abo ut tw ice as high. These d ifferences are 

so lely  d ue to  inap p ro p riate ap p licatio n o f  2D  m o d elling , because 

the w all d isp lacem ents o f  the 2D  m o d el are in g o o d  ag reem ent w ith 
the data o f  the inclino m eters arranged  in the m id d le o f  the abo ut 
80 m lo ng  excav atio n w alls.
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m ents d ue to  d iap hragm  w all installatio n at d ifferent lev els. It 

is p o ssib le to m o d el sev eral neig hbo uring  p anels in su ccessio n 

and to  increase the stiffnesses o f  the p anels d ep end ing  on the 

d egree o f  hard ening  o f  the d iap hragm  w all m aterial.

Vertical sectio n analy sis (V SA ):

In the V SA  m o d el -  w hich includ es, the to tal retaining  structure 

and  the ad jacent area fo r a ty p ical cro ss-sectio n  -  the mean 

d isp lacem ents resulting  fro m  HPA  are intro d uced  as ho rizo ntal 

initial co ntractio ns o f  the w all p anels.

The fo llo w ing  interesting  exam p le o f  a 20  m d eep  d iaphragm  w all 

w ith a re-entering  co m er d em o nstrates the necessity  fo r three- 

d im ensio nal FE m o d els to d escrib e the d efo rm atio n behav io ur o f  

retaining  structures in co m er reg io ns (O u, C .-Y. &  Chio u, D .-C .

&  W u, T.-S. 1996). Th e  1 .10m  thick d iap hragm  w all o f  the 20  m 

d eep  excav atio n fo r the H ai-H ua Bu ild ing  in Taip ei w as installed  

to  a depth o f  4 2  m. Th e  excav atio n w as im p lem ented  acco rd ing  to 

the top -dow n m ethod  o f  co nstructio n w ith the fo llo w ing  stag es:

- Excav atio n dow n to 1.60 m belo w  gro und  level

- Installatio n o f  the reinfo rced  co ncrete slab fo r the ground  flo o r 

and  excav atio n dow n to  5 .40  m

- Installatio n o f  the reinfo rced  co ncrete slab  fo r the 1 st basem ent 

at a depth o f  3 .80  m and  excav atio n dow n to 8.55 m

- Installatio n o f  the reinfo rced  co ncrete slab fo r the 2nd  basem ent 

at a depth o f  6.95 m and  excav atio n dow n to 11.70 m

- Installatio n o f  the reinfo rced  co ncrete slab fo r the 3rd  basem ent 

at a depth o f  1 0 . 1 0  m  and  excav atio n d ow n to 14.60 m

- Installatio n o f  the reinfo rced  co ncrete slab fo r the 4th basem ent 

at a depth o f  13.25 m and  excav atio n d ow n to  17.90 m

- Installatio n o f  the reinfo rced  co ncrete slab fo r the 5th basem ent 

at a depth o f  16.40 m and  excav atio n d ow n to  20 .30  m

The ground  largely  co nsists o f  interstratified  silty  sand  and  silty  

clay . There is a thick gravel lay er belo w  a depth o f  50 m.

The preparatio ns includ ed  extensiv e stud ies to  generate suitable 

3D  finite-elem ent m eshes w ith op tim um  red uctio n o f  the d egrees 

o f  freed o m . Fig . 25 sho w s the three-d im ensio nal FE m esh used  

fo r the co m er. The no nlinear p seud o -elastic  m o d el acco rd ing  to 

Duncan/ Chang w as em p lo y ed  fo r the so il. The co ncrete d iaphragm  

w all w as m o d elled  w ith linear-elastic  3D  elem ents. The co ncrete 

slabs w ere regarded  as rigid  supports.

The m easured  and  FEM  pred icted  w all d isp lacem ents in the sec ­

tio n o f  inclino m eter 14 c lo se  to  the excav atio n co m er are rep resen ­

ted in Fig . 26. The w all d isp lacem ents o f  the 3D  FE analy sis are in 

go o d  ag reem ent w ith the results o f  the inclino m eter m easurem ents. 

By  co ntrast, the w all d isp lacem ents calcu lated  by  co rresp o nd ing

Th e  abo v e exam p les have d em o nstrated  that m easurem ents on large 

retaining  structures and  in ad jacent areas are no rm ally  an integral 

part o f  d esign and  im p lem entatio n.

Ev en w ith the m o st so p histicated  m etho d s o f  num erical analy ­

sis, the d efo rm atio n behav io ur o f  retaining  structures can only  be 

p red icted  up to  a certain po int, esp ecially  w here d efo rm atio ns due 

to  the installatio n o f  the w all and  the tie-b acks canno t be neg lect­

ed . D efo rm atio ns as a result o f  c y c lic  o r d ynam ic lo ad ing , e.g ., 

the v ibrating -in o f  steel sheet p iles o r turning m o v em ents during 

ancho r bo ring , canno t be d eterm ined  w ith the m o d els available 
today

D esp ite g reat ad v ances in co m p uter techno lo g y  and  the d ev el­

o p m ent o f  effic ient so ftw are, the w ork input fo r 3D  d efo rm atio n 

analy sis is still to o  high fo r p ractical ap p licatio ns.

The to o ls fo r the realistic m o d elling  o f  sy stem s w ith a mar­

ked  so il-structure interactio n still need  to  be im proved . This also  
ap p lies to the m o d elling  o f  certain elem ents, such as gro uted  ancho r 
bo d ies, nails and g eo textiles.

Pressure gro uting  w hich is increasing ly  used  in d eep  excav atio ns 

to stab iliz e the bo tto m  o r to  act as sealing  elem ents, canno t be 

ad equately  m o d elled  w ith the current m etho d s o f  analy sis.

The ap p licatio n o f  m o d em  num erical m etho d s fo r stability  and 

d efo rm atio n analy sis is beco m ing  easier d ue to  m o re co m p lex and 

user-friend ly  co m p uter pro gram s. H o w ever, these aids w ill o nly  be 

useful if  the eng ineer d ealing  w ith retaining  structures o r excav ated  

slo p es p o ssesses the necessary  g eo technical kno w led g e, is fam iliar 

w ith the m echanical m o d els on w hich the co m p uter pro gram s are 
based  and  is able to ju d g e their cap ability .
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