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D is c u s s io n  le a d e r ’s  re p o r t 

R a p p o r t  d e  I’a n im a te u r

R . J. M A IR ,  G e o te c h n ic a l C o n s u lt in g  G ro u p , L o n d o n , U K

Af t er  consul t at i on wi t h t he Gener al  Repor t er  ( Dr  A 
Ur i el ) ,  i t  was deci ded t hat  t he sessi on shoul d 
concent r at e on cut - and- cover  and bor ed t unnel  
const r uct i on i n soi l s.  I n t he f i r st  par t  of  t he sessi on 
Dr  Ur i el  pr esent ed t hose aspect s of  hi s Gener al  Repor t  
deal i ng wi t h bor ed t unnel s.  I n or der  t o st i mul at e 
di scussi on on cut - and- cover  t unnel s,  t he f ol l owi ng 
i nvi t ed speaker s wer e asked t o pr esent  case hi st or i es:

Dr  Z C Moh Tai wan
Mr  R L L Lei t e Br azi l

Af t er  Dr  Ur i el ' s pr esent at i on of  hi s Gener al  Repor t  
deal i ng wi t h bor ed t unnel s,  t he Di scussi on Leader  ( R J 
Mai r )  i nt r oduced t he t opi cs sel ect ed f or  di scussi on.
The i nvi t ed speaker s t hen pr esent ed t hei r  cont r i but i ons,  
af t er  whi ch t he f l oor  di scussi on opened.

A s uuar y  of  t he t opi cs I nt r oduced by Mai r  was as 
f ol l ows;

A -  Cut - and- cover  t unnel s

A. l  Undr ai ned or  dr ai ned?
-  sel ect i on of  desi gn par amet er s and 

cal cul at i on met hods f or  const r uct i on i n 
si l t s

- t empor ar y wor ks i n cl ays:  how best  t o 
al l ow f or  par t i al  por e pr essur e 
di ssi pat i on dur i ng const r uct i on?

A. 2 I nf l uence of  K0
- on desi gn ear t h pr essur es,  st r ut  l oads,  

bendi ng moment s and gr ound movement s

-  si gni f i cance of  wal l  I nst al l at i on 

pr ocess:  how much ar e i n- si t u hor i zont al  
st r esses r educed?

A. 3 Soi l  St i f f ness
- sel ect i on of  desi gn par amet er s f or  

desi gn of  br aced wal l s

- der i vat i on of  ' spr i ng st i f f nesses'  f or  

Wi nkl er - t ype desi gn model s

B. Bor ed t unnel s

B. l  Gr ound l oss ( t unnel s i n cl ay)

-  how best  est i mat ed/ cal cul at ed?

-  best  r el at ed t o st abi l i t y r at i o 
( over l oad f act or )  or  l oad f act or ?

B. 2 Sur f ace set t l ement  pr of i l e
-  best  est i mat ed empi r i cal l y f r om er r or

f unct i on ( Peck,  1969)  or  f r om mor e 
f undament al  anal yses as pr esent ed by Dr  
Ur i el  I n hi s Gener al  Repor t ?

B. 3 I nf l uence of  ani sot r opy
-  si gni f i cance i n desi gn?

- how r el evant  t o desi gn i s t he cr oss 

ani sot r opi c par amet er  GVh ( Kowe and Lee.
1989) ?

B. 4 Undr ai ned shear  st r engt h,  s u
-  most  appr opr i at e val ue f or  bor ed t unnel  

desi gn ( e. g.  f r om CK0UC,  CK0UE,  DSS 
l abor at or y t est s,  or  f i el d vane t est s?)

B. 5 Long t er m set t l ement s
-  how t o eval uat e ef f ect s of  

consol l dat i on?
-  desi gn par amet er s r equi r ed?

I n hi s i nt r oduct i on of  t he di scussi on t opi cs,  Nai r  
made a number  of  comment s on t opi c B. l .  Geot echni cal  and 
t unnel l i ng engi neer s ar e of t en f aced wi t h t he di f f i cul t  
t ask of  pr edi ct i ng gr ound l oss f or  a pr oposed t unnel l i ng 
oper at i on.  I f  t he gr ound l oss can be pr edi ct ed wi t h a 
r easonabl e degr ee of  cer t ai nt y,  t he cor r espondi ng 
magni t ude and di st r i but i on of  gr ound set t l ement s can be 
f ai r l y easi l y der i ved ( Peck,  1969;  Cl ough and Schmi dt ,  
1981) .  Based on an el ast o- pl ast i c cont i nuum anal ysi s of  
an axi symmet r i c t unnel  ( Cl ough and Schmi dt ,  1981) ,  
sever al  wor ker s have pr esent ed f i el d dat a i n t he f or m of  
t he st abi l i t y r at i o ( over l oad f act or )  N pl ot t ed agl nst  
gr ound l oss on a l ogar i t hmi c scal e.  The Gener al  
Repor t er  had al so pr esent ed such a pl ot .  Most  of  t he 
case hi st or i es t o dat e have been f or  t unnel s const r uct ed 
ei t her  I n f r ee ai r  or  i n compr essed ai r  ( r at her  t han by 
t he mor e moder n t echni que of  pr essur i zi ng t he f ace wi t h 
sl ur r y) .  For  such t unnel s I n cl ay,  t he cr i t i cal  
st abi l i t y r at i o Nc ( at  whi ch val ue t he t unnel  woul d 
col l apse)  var i es wi t h t he dept h,  di amet er  and 
unsuppor t ed l engt h of  t he t unnel ,  as shown i n Fi gur e 1.  
Thi s f i gur e i s based on cent r i f uge model  t est s on 
shal l ow t unnel s i n sof t  cl ay ( Kl mur a and Mai r ,  1981) .

For  t wo di f f er ent  t unnel s,  t he val ue of  N dur i ng 
const r uct i on may be si mi l ar  but  t he val ue of  Nc mi ght  
di f f er  si gni f i cant l y,  dependi ng on t he r espect i ve 
geomet r i es.  The t hr ee- di mensi onal  nat ur e of  a t unnel  
headi ng,  whi ch st r ongl y I nf l uences t he val ue of  Nc , was 
ext r emel y i mpor t ant .  Mai r  t her ef or e suggest ed t hat  I t  
woul d be mor e appr opr i at e t o r el at e gr ound l oss t o l oad 
f act or ,  LF,  wher e

Exper i ment al  dat a I l l ust r at i ng t he r el at i onshi p bet ween
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Fi gur e 1 Dependence of  cr i t i cal  st abi l i t y r at i o on 
t unnel  geomet r y

gr ound l oss and l oad f act or  wer e obt ai ned f r o*  a ser i es 
of  cent r i f uge and l g aodel  t est s on pl ane st r ai n 
ci r cul ar  t unnel s i n kaol i n cl ay ( Mal r ,  1983) .  These ar e 

shown on Fi gur e 2.  Despi t e t he Hi de r ange of  
cover - t o- dl aaet er  r at i os ( C/ D)  and st r ess hi st or y of  t he 
cl ay,  t he dat a f al l  wi t hi n a r el at i vel y nar r ow band.

Mal r  al so poi nt ed out  t hat  expr essi ons f or  gr ound 
l oss i n t er as of  st abi l i t y r at i o der i ved f r oa an 
el ast o- pl ast l c anal ysi s of  a pl ane st r ai n axi symnet r l c 
t unnel  ( e. g.  Cl ough and Schal dt ,  1981)  gener al l y 
over est i aat ed t he gr ound l oss obser ved i n t he f i el d,  
of t en by a consi der abl e aar gi n i n t he case of  sof t  
cl ays.  He bel i eved t hat  t hi s was l ar gel y due t o t he

R e la t iv e  G r o u n d  

L o s s  ( * / . )

L o a d  F a c to r

0 -2 0 -4 0 6  0 - 8  1 0

C / D S t r e s s  - h i s t o r y

o  T e s t  2 .D B 1 - 2 l i g h t l y  o v e r c o n s o l i d a t e d

a  T e s t  2  D D 2 - 8 H "

•  T e s t  2 D H 1 - 8 ■ II

*  T e s t  2 D I 2 3 •  H

o  T e s t  2  D P 1 - 7 h e a v i l y  o v e r c o n s o l i d a t e d

■ T e s t  2 DV 3 -1 « II

x  S e n e v i ra tn e ( 1 9 7 9 ) 1 '5 n o r m a l l y  c o n s o l i d a te d

.  • 1 0 H M

s i mpl i f y i ng assumpt i on of  t he t unnel  geomet r y,  whi ch 

i gnor ed t he t hr ee- di mens i onal  nat ur e of  t he t unnel  

headi ng.  He ques t i oned whet her  l i near  r el at i onshi ps  

bet ween s t abi l i t y  r at i o and f i el d measur ement s  of  gr ound 

l oss pl ot t ed on a l ogar i t hmi c  scal e shoul d be expect ed,  

and sugges t ed t hat  such dat a mi ght  be bet t er  pr esent ed 

on l i near  scal es.

Regar di ng t opi c  B. 3 concer ni ng ani sot r opy.  Mai r  dr ew 

at t ent i on t o t he paper  t o t he conf er ence by Rowe and 

Lee.  i n whi ch i t  was emphas i zed t hat  t he i ndependent  

shear  modul us  Gvh was i mpor t ant  i n pr edi c t i on of  

set t l ement  I nduced by t unnel l i ng ( see Fi gur e 3) .  He 

ques t i oned t he pr act i cal  s i gni f i cance of  t hi s  and 

whet her  l abor at or y  measur ement s  of  GVh wer e necessar y  f or  

sel ec t i on of  des i gn par amet er s  f or  pr edi c t i ng 

def or mat i ons  due t o t unnel l i ng.

The f i r st  i nv i t ed speaker ,  Dr  Moh ( Tai wan) ,  t hen 

pr esent ed aspect s  of  di aphr agm wal l  des i gn 

cons i der at i ons  f or  t he Tai pei  Subway.  He emphas i zed t he 

i mpor t ance of  obt ai ni ng r el i abl e es t i mat es  of  t he 

appr opr i at e s t r engt hs  of  s i l t y  c l ay  or  c l ayey  st l t  

s t r at a i n t he pass i ve zone beneat h excavat i on l evel  

dur i ng const r uc t i on.  Thi s  r equi r ed a det ai l ed 

cons i der at i on of  t he i n- s i t u por e pr essur es  i n t hat  zone 

and t he degr ee of  swel l i ng t hat  was l i kel y  t o occur .  I n 

a cont r i but i on wi t h t wo col l eagues  i n t hi s vol ume,  Moh 

gi ves a mor e det ai l ed account  of  t hese pr obl ems,  and how 

t hey wer e appr oached.

The second i nv i t ed speaker .  Mr  Lei t e ( Br azi l ) ,  

pr esent ed a case hi s t or y  f r om t he Sao Paul o Subway,  

i l l us t r at i ng a met hod of  pr edi c t i ng s t r ut  l oads and 

di spl acement s  of  a br aced wal l  as excavat i on pr oceeds.

A summar y  of  hi s pr esent at i on i s i nc l uded i n t hi s  vol ume.

I n t he f l oor  di scuss i on Pr of essor  G Gudehus  ( FR 

Ger many)  descr i bed t he pr obl ems of  t unnel  excavat i ons  i n 

ver y  sof t  cl ays,  whi ch coul d of t en be 

under c ons ol i dat ed. Lar ge gr ound movement s  wer e of t en 

t he consequence i n t hese soi l s,  and l ong t er m 

set t l ement s  due t o dr ai nage i nt o t he t unnel  wer e al mos t  

i nev i t abl e.

Dr  B Schmi dt  ( USA)  addr essed t he di scuss i on t opi cs  

concer ni ng pr edi c t i on of  gr ound l oss,  t he shape of  t he 

sur f ace set t l ement  pr of i l e above bor ed t unnel s,  and l ong 

t er m set t l ement s  due t o consol i dat i on.  He emphas i zed 

t he i mpor t ance of  t he t ai l  voi d l ef t  behi nd t he l i ni ng 

as t he shi el d advances;  i n t he case of  s l ur r y  or  ear t h 

pr essur e bal ance shi el d oper at i ons,  t he vol ume of  t he 

t al l  voi d mi ght  r epr esent  an upper  bound t o t he gr ound 

l oss.  Schmi dt  s t at ed t hat  f i el d ev i dence showed t hat  

Sagaset a' s  met hod ( pr esent ed i n t he Gener al  Repor t )  of  

pr edi c t i ng t he shape of  t he sur f ace set t l ement  t r ough 

was unc onaer v at i v e, and t her ef or e he bel i eved t hat  i t  

coul d not  be r ecommended.  Ref er r i ng t o hi s own paper  t o 

t he conf er ence on l ong t er m set t l ement s  due t o 

consol i dat i on of  sof t  c l ay  ar ound t unnel s ,  he f el t  t hat  

met hods  of  pr edi c t i on wer e poss i bl e and t hese shoul d be 

compar ed wi t h f i el d measur ement s .

Dr  Som ( I ndi a)  pr esent ed a case hi s t or y  of  t unnel  

cons t r uc t i on i n sof t  c l ay  f or  t he Cal cut t a Subway.  A 

pai r  of  t unnel s  ( 5. 5 m di amet er )  wer e cons t r uc t ed us i ng 

compr essed ai r ,  such t hat  t he es t i mat ed s t abi l i t y  r at i o 

was about  5.  He agr eed wi t h t he poi nt  made i n Mai r ' s  

i nt r oduc t i on t hat  el as t o- pl as t i c  anal ys i s  of  a pl ane 

s t r ai n ax i symmet r i c  t unnel  cons i der abl y  over es t i mat ed 

t he gr ound l oss.  The obser ved f i gur e was about  5%, 

compar ed wi t h about  20*  pr edi c t ed by t he anal ys i s  of  

Cl ough and Schmi dt  ( 1981) .

Fi gur e 2 Obser ved gr ound l oss f or  cent r i f uge and 

l g model  t unnel s i n sof t  cl ay

Dr  T B Cel es t i no ( Br azi l )  descr i bed a case hi s t or y  

of  an appr ox i mat el y  10 m di amet er  t unnel  cons t r uc t ed by
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T u n n e l  S u r f a c e  L o a d i n g

Fi gur e 3

•0 .5

I nf l uence of  t he r at i o Gv h/ Ev on set t l ement  

( f r om Rowe and Lee.  1989)

NATM i n st i f f  c l ay f or  t he Sao Paul o Subway.  He showed 

t hat  t he el as t o- pl as t i c  sol ut i on f or  a pl ane s t r ai n 

ax i symmet r i c  t unnel  can be used t o deduce t he undr ai ned 

s t r engt h f r om measur ement s  of  t he var i at i on of  gr ound 

l oss wi t h over bur den pr essur e ( assumi ng t hat  t he suppor t  

pr essur e di d not  var y  s i gni f i cant l y  wi t h over bur den 

pr essur e) .  The val ue of  undr ai ned shear  s t r engt h 

back- f i gur ed by t hi s met hod was about  60% of  t he val ue 

measur ed i n l abor at or y  t est s;  t hi s was cons i der ed t o be 

r easonabl e i n v i ew of  t he f i ssur ed nat ur e of  t he cl ay.

was not  necessar i l y  assoc i at ed wi t h consol i dat i on,  but  

r at her  due t o dev i at or l c  cr eep.  He bel i eved t hat  

det er mi nat i on of  appr opr i at e par amet er s  char ac t er i z i ng 

t hi s  behav i our  was an i mpor t ant  par t  of  par amet er  

sel ec t i on f or  under gr ound const r uct i on.
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Mr  Bel l o Mal donada ( Mexi co)  pr esent ed an exampl e of  

set t l ement  cal cul at i on f or  4 m and 6 tn di amet er  t unnel s  

cons t r uc t ed i n sof t  c l ay  f or  a deep sewage sys t em i n 

Mex i co Ci t y.  To account  f or  t he pr ox i mi t y  of  t he gr ound 

sur f ace t o t he t unnel s,  he pr oposed t hat  a not i onal  

t r i angul ar - shaped s t r ess be appl i ed at  t he gr ound 

sur f ace t o cal cul at e t he sur f ace set t l ement  addi t i onal  

t o t he pr of i l e pr edi c t ed by c ons i der at i ons  of  gr ound 

l oss f r om an el as t o- pl as t i c  ax i symmet r i c  pl ane s t r ai n 

sol ut i on.  Good agr eement  was appar ent l y  obt ai ned 

bet ween t he cal cul at ed and obser ved max i mum sur f ace 

s et t l ement s .

Dr  R J Jar di ne ( UK)  di scussed t he quest i on of  

whet her  el as t i c  ani sot r opy  was of  s i gni f i cance.  He 

poi nt ed out  t hat  l ocal  s t r ai n meas ur ement s  i n l abor at or y  

t r i ax i al  t est s show t hat  t he i ni t i al  s t r ess - s t r al n 

behav i our  of  al l  soi l s  i s f ar  s t i f f er  and mor e 

non- l i near  t han i s usual l y  appr ec i at ed.  Al so,  t he smal l  

s t r ai n char ac t er i s t i cs  ar e af f ec t ed by t he soi l ' s  r ecent  

s t r ess  hi s t or y  and can be s i gni f i cant l y  i nf l uenced by 

even per f ec t  sampl i ng t echni ques.  To obt ai n 

r epr esent at i ve s t i f f ness par amet er s,  he ar gued t hat  i t  

i s necess ar y  t o r econsol i dat e t o K0 condi t i ons  f ol l owi ng 

a s t r ess pat h t hat  r et r aces t he most  r ecent  st r ess 

hi s t or y  of  t he soi l .  I n hi s v i ew most  of  t he pr ocedur es  

used i n pr ac t i ce t o es t i mat e t he c r oss - ani sot r opi c  

par amet er  Gy^  wer e doubt f ul .  The s t r ess - s t r al n 

non- l i near i t y  was l i kel y  t o be t he pr i nci pal  r eason f or  

di f f er ences  bet ween obser vat i ons  and pr edi c t i ons  of  

sur f ace set t l ement  pr of i l es  above t unnel s.

The f i nal  cont r i but i on was f r om Pr of essor  B Ladanyi  

( Canada) ,  who expr essed concer n t hat  i t  shoul d be mor e 

wi del y  appr ec i at ed t hat  a del ayed r esponse t o t unnel l i ng

2 8 9 3
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d e s  6 ta ie m e n ts  

R . L. L. L E IT E ,  S a o  P a u lo  S u b w a y  C o ., B ra z il

F. R .S T U C C H I,  M a u b e r te c  E n g e n h a r ia  e  P ro je to s  L td a , U n iv e rs i ty  o f 

S c io  P a u lo , B ra z il

A - C U T  N E A R  C O N ST R U C T I O N  — &  O t A P H R A G M  W A L L .  

(  B R A C E D  R I G I D  W A L L S  I N  T H E  S T A T E  A T  R E S T )

SYNOPSI S:  Thi s  paper  p r es ent s  a pr opos a l  of  an ev ol u t i v e  

s emi emp i r i c a l  met hod  des i gn  of  b r ac ed  wal l s ,  wh i c h  was  

dev e l oped  f r om o t her  s emi emp i r i c a l  met hod,  t r ad i t i ona l l y  

used,  but  not  ev ol ut i v e.  I t  i s  g i v en a des c r i p t i on  of  

t he met hod,  i t s  us e i n a s t r e t c h  of  t he wor k s  and i s 

p r es en t ed  a c ompar i s on bet ween p r ed i c t ed  and meas ur ed 

v a l u e s .

The paper  a l s o pr es en t s  a bac k - ana l y s i s  of  t he ex c av at i on  

br ac i ng  s y s t em and hor i z ont a l  d i s p l ac ement s .

1.  I NTRODUCTI ON

Thr ough t he semi enpi r i cal  not  evol ut i ve met hod,  
t he br aci ng syst em ( wal l s and st r ut s)  i s cal cu­
l at ed as gi r der s wi t h r i gi d . ' suppor t s.  The val ues 
and t he di s t r i but i on of  l oads ar e pr evi ousl y 
i mposed.  Thi s met hod,  however ,  does not  per mi t  
t he det er mi nat i on of  hor i zont al  def or mat i ons due 
t o t he evol ut i on of  t he excavat i on phases , f i g. 1•
I t  can be obser ved i n t he f i g.  2 t hat  t he magni ­
t ude of  ear t h pr essur e depends on t he di spl ace­
ment  of  t he wal l  and si nce i t s di s t r i but i on de ­
pends on t he same di spl acement ,  i t  i s not  pos ­
si bl e t o det er mi ne cor r ect l y  t he val ues of  t he 
ear t h pr essur e.
Thr ough t he met hod pr oposed i n t hi s paper ,  f i g.
3,  i t  i s possi bl e t o cal cul at e,  wi t h r easonabl e 
appr oxi mat i on,  t he wal l ' s  di spl acement s,  sup­
posi ng t he br aci ng syst em as a gi r der  wi t h el as ­
t i c suppor t s and i nt r oduci ng evol ut i ve l oads 
i nt o t he cal cul at i on ( f i g.  4) .
Thi s i s an ar t i f i ce f or  t aki ng i nt o account  t he 
di spl acement s pr oduced by t he ear l i er  excavat i on 
phase’.
I n t hi s way,  havi ng cal cul at ed t he di spl acement  
of  t he wal l ,  we can det er mi ne,  usi ng an i nt er ac ­
t i ve pr ocedur e,  t he cor r ect  val ues of  t he magni ­
t ude and di s t r i but i on of  t he ear t h pr essur e.
As an addi t i onal  i nf or mat i on t he met hod per mi t s 
t he eval uat i on of  soi l  set t l ement s ( f i g.  5) .

2.  USE OF THE METHOD

To check t he met hod,  t wo cr oss sect i ons of  t he 
wor ks,  wi t h di f f er ent  soi l  char ac t er i s t i cs , wer e 
i nst r ument ed .
I n t hi s paper  i t  i s pr esent ed t he cr oss sect i on 
wi t h t he . maj or  compl exi t y  ( f i g.  6) .  The cor r espon­
dent  geol ogi c pr of i l e i s pr esent ed i n f i g.  7.

3.  SOI L CHARACTERI STI CS

To det er mi ne t he soi l  par amet er s some l abor at or y 
t r i axi al  t est s wer e car r i ed out .
Deep soundi ng t est s wer e car r i ed out  as wel l .
For  i nt er pr et at i on of  t he f i gur es obt ai ned,  t he 
cr i t er i a of  Jambu,  Meyer hof  e Schmer t mann wer e r  

us ed.

U S E

3 -  C U T  F A R  r ” O M  C O N S T R U C T I O N  -- - - - >  B E A M S  A N D  S t A R V  » .  L L S

( b r a c e d  f l e x i b l e  w a l l s  i n  t h e  a c t i v e  s t a t e )

B E A M S A N D  B O A R D S_

w a l l "

\J  P o - K a y H + Z e / K c P  

O K

'  P f K o f H

Fi gur e 1.  Semi empi r i cal  not  evol ut i ve met hod de­
si gn f or  br aced wal l s

Fi gur e 2.  The i nf l uence of  di spl acement  of  t he 
wal l  on t he magni t ude of  ear t h pr essur e

4.  PREDI CTI ON DESI GN VALUES

The per f or mance of  t he wor ks was pr edi ct ed con­
s i der i ng i ni t i al l y t he massi f  i n act i ve st at e.  
Thi s st at e was f ur t her  conf i r med t hr ough t he 
cal cul at i on and measur ed di spl acement s.
The adopt ed l at er al  pr essur e di agr am ( f i g.  8)  i s 
composed by t he super posi t i on of  ear t h pr essur e 
( consi der ed const ant )  di agr am,  super f i c i al  uni ­
f or m l oads,  and bui l di ng l oads ( cal cul at ed 
t hr ough Boussi nesq equat i ons) .
The pr edi ct ed di spl acement  val ues and st r ut  
l oads ar e pr esent ed i n f i g.  8.
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P R EDI CTI ON  O F  TH E  S E TTL E M E N TS  OF A S TR U C TU R E  

(D E F O R M A TI O N  OF TH E  M AS SI F CON STAN T V O LU M E )

F ( - E V O L U T I V E  F O R C E {
 I - LEVEL 
P- PHASE

Fi gur e 3.  Evol ut i ve empi r i cal  met hod t o desi gn 
f or  br aced wal l s  l oads

D E F O R M A TI O N S

Fi gur e 5.  Evol ut i ve semi empi r i cal  met hod t o de ­
si gn cr i t er i a f or  br aced wal l s

+ 5, 6% i n t he r esul t ant  f or ce of  l at er al  pr essur e 
di agr am
+ 9, 0% i n t he maxi mum di spl acement  of  t he wal l  
Thi s f i gur es conf i r m,  wi t hi n a r easonabl e appr o­
xi mat i on,  t he act i ve st at e of  t he soi l .

6.  BACK- ANALYSI S

To conf i r m t he act i ve st at e of  t he soi l  and t he 
t ype of  ar chi ng adopt ed i t  i s necessar y t o ana-  
l ysi  car ef ul l y  t he measur ed val ues.  Due t o t he 
ax i symmet r y of  t he l oads,  f i g.  6,  i t  was used a 
f r ame model  wi t h el ast i c suppor t s.  The hypot hesi s 
f or  t hi s model  wer e t he same descr i bed i n i t em 2 ,  

wi t h t he onl y addi t i on of  el ast i c suppor t s whi ch 
si mul at e t he passi ve st at e i n t he l ess l oaded 
si de ( f i g.  10) .

EXCAVATI ON EXCAVATI ON
PHASE®

3  * 
F I

5

n._ Ik Z R 2 *

Fi - K l i i *

F  2 '.Kzh'

LEVELS OF STRUTS

' HASES OF EXCAVATI ONS

P

F I  - E V O L U T I V E  L O A D S  

P

R l  -  F I C T I C I O U S  D E S IG N  L O A D

O B T A I N E D  B Y  C A L C U L A T I O N  

P P

R t  -  F I  - D E S I G N  L O A D S  T O  F I N D  

T H E  S T R U T 'S  S E C T I O N

Fi gur e 4.  Evol ut i ve empi r i cal  met hod t o desi gn 
f or  br aced wal l s
Thi s f i gur e shows t he semi empi r i cal  evol ut i ve 
met hod pr i nc i pl e r el al et  t o t he di spl acement s.  
The evol ut i ve l oads si mul at e i n phase ( 2)  t he 
di spl acement s of  phase ( 1) ,  i n phase( 3)  t he di s ­
pl acement s of  phase ( 2)  and so on.

5.  PERFORMANCE OF THE WORKS MEASURED VALUES

The compar i son bet ween pr edi ct ed and measur ed 
val ues i s pr esent ed i n f i g.  9.  I t  i s ver i f i ed 
t hat  t he di f f er ences wer e r educed,  f avour i ng 
saf et y:

Fi gur e 6.  I nst r ument ed cr oss sect i on

EARTHY FILL

QUATERNARY SEDI MENTS (Al  
CRAY AND BLACK SANDY CLi  
WI TH ORGANI C MATERI AL

□
 RESI DUAL SOI L 

“ " AY ANO YELLOW

Fi gur e 7.  Geol ogi cal  pr of i l e

V j -D E F O R M E D  V OLUM E

V/h
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MODEL OF CALCULATI ON DI SPLACEMENTS Of  THE WALL

KN/m5<N,-? KN S T R U T  L O A D S  ( K M )

LAYERS Y c <T K, E E X C A V A T I O N  P M A S «! S

EARTHY F I L L  ® 16,0 0.0 20* 2 200.0 - 1 2 3 4
ALL'  VI UM (2) 17.0 10,0 15* 2 2000 10000.0 1 - 12 30 0.0 64,0
CLAYEY CANOY<i) 17.0 0.0 40* 8500,020000.0 2 - - 67*),0 306,0
SI LT

<*> 17.0 0.0 40* 23000,0600000 3 " “ 997,0

Fi gur e 8.  Evol ut i ve semi empi r i cal  met hod f or  de­
si gn appl i ed on a hi s t or y case.  Pr edi ct ed val ues-  
sout h wal l

As t he massi f  had suf f er ed di spl acement s  suf ­
f i c i ent l y  l ar ge t o j ust i f y t he act i ve st at e,  i t  
was dec i ded t o cal cul at e t he pr essur es due t o 
bui l di ng l oad by t he met hod of  Kr ey.
To equal  t he t ot al  pr essur e,  t hus cal cul at ed,  
t o t he measur ed one t hr ough t he sect i on,  i t  was 
necessar y  t o adj ust  t he par amet er s of  t he r es i ­
dual  soi l .
The new par amet er s ar e coi nc i dent s wi t h t hose 
r esul t ant s f r om t he t r i axi al  t est s car r i ed out  
dur i ng t he wor ks ( f i g.  10) .
The back- anal ys i s  r esul t s ar e pr esent ed i n 
f i g.  10.

7.  CONCLUSI ON

I t  i s possi bl e t o concl ude t hat  t he pr oposed mo ­
del ,  i n spi t e of  bei ng ver y si mpl e,  per mi t s t o 
det er mi ne r easonabl y t he behav i our  of  an excava­
t i on i n cut  and cover .  I t  i e a good and pr act i cal  
t ool  f or  t he desi gn.
The st udy was conc l us i ve t hat  i n t he moni t or ed 
sect i on,  t he massi f  r eached t he act i ve st at e and 
t he ar chi ng was suf f i c i ent  t o pr omot e an uni f or m 
di s t r i but i on of  t he l at er al  pr essur e of  t he soi l ,  
wi t hout  endanger  t he adj acent  bui l di ng.

DI SPLACEMENTS OF THE 
WALL - SOUTH SI DE

Fi gur e 9.  Compar i son bet ween pr edi ct ed and mea­
sur ed val ues

M OD EL OF C A L C U L A T I O N D I S P L A C E M E N T S  0 . -  T M L
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P a n e lis t c o n tr ib u tio n : D ia p h ra g m  w a ll d e s ig n  

c o n s id e ra tio n s  fo r  th e  T a ipe i S u b w a y  

C o n tr ib u tio n  d e  p a n e lis t: C o n s id e ra tio n s  s u r le  p ro je t 

d e  pa ro i m o u le e  p o u r le M e tro  d e  T a ipe i 

Z .C . M O H , M o h  &  A s s o c ia te s , T a ip e i, T a iw a n  

J. H . A .C R O O K S , G o ld e r  A s s o c ia te s  o n  S e c o n d m e n t  to  M A A , 

T a iw a n

J. N .S H IR L A W , M o h  &  A s s o c ia te s , T a ip e i, T a iw a n

SYNOPSI S:  Cons t r uc t i on  of  t he Tai pe i  s ubway  wi l l  i nv ol v e 

deep  ex c av a t i ons  s uppor t ed  by  d i aph r agm wal l s  and i nt er nal  

s t r ut t i ng.  Gr ound  de f o r mat i ons  as s oc i a t ed  wi t h  t hes e 

ex c av a t i ons  c an hav e a s i gn i f i c an t  e f f ec t  on ad j ac ent  

s t r uc t ur es .  The dat a p r es ent ed i nd i c at es  t hat  t he s t r engt h 

of  t he mat e r i a l  wh i c h  f or ms  t he pas s i v e  z one i n t he 

ex c av a t i on  i s a c r i t i c a l  f ac t or  i n c ont r o l l i ng  def or mat i ons .  

Gi v en t he v a r i ab i l i t y  i n mat er i a l  t y pe and s t r a t i gr aphy ,  

t he degr ee  of  s we l l i ng  wh i c h  oc c ur s  dur i ng  c ons t r uc t i on  

has  a ma j o r  i n f l uenc e on s t r engt h.

1 I NTRODUCTI ON

The Muni c i pal  Gover nment  of  Tai pei ,  Tai wan,
ROC has commi ss i oned const r uc t i on of  a mass 
r api d t r ans i t  sys t em t o al l ev i at e t r af f i c  
pr obl ems i n t he ci t y.  Pl anni ng and des i gn of  
t he Tai pei  Rapi d Tr ans i t  Syst em (TRTS) has 
been under way  f or  about  5 year s and t he f i r st  
cons t r uc t i on cont r ac t s  wer e awar ded i n 1988.  
Compl et i on of  cons t r uc t i on of  t he cur r ent l y  
appr oved sys t em i s schedul ed f or  1994.  Poss i ­
bl e ex t ens i ons  t o t he syst em ar e pr esent l y  
bei ng consi der ed.

The l ayout  of  t he cur r ent l y  appr oved pr oj ect  
i s shown on Fi gur e 1 and can be sub- di v i ded as 
f ol l ow:

Phase I :  Tamshui  and Mucha Li nes
Phase I I :  Hs i nt i en and Nankang Li nes
Phase I I I :  Panchi o and Chungho Li nes 

Except  f or  t he medi um capac i t y  Mucha l i ne,  t he 
des i gn passenger  vol ume f or  t he syst em i s
50, 000 passenger s / hour  one way.

The cur r ent l y  appr oved r out e i s 7 2 km l ong,  
wi t h 67 st at i ons.  About  hal f  of  t he s t at i ons 
and t r ack wi l l  be const r uc t ed bel ow gr ade wi t h 
t he maj or i t y  of  t he under gr ound wor k  bei ng 
concent r at ed i n Phases I I  and I I I .  Each of  t he 
37 under gr ound st at i ons wi l l  t ypi cal l y  be 200-  
300 m l ong and bet ween 15 t o 28 m deep.  A 
f ur t her  12. 5 km of  cut  and cover  wor k  i s 
pl anned f or  cr oss- over s,  si di ngs,  pedest r i an 
shoppi ng mal l s  and t he l i ke.  Most  cut  and 
cover  excavat i ons  wi l l  be suppor t ed by 
i nt er nal l y  br aced di aphr agm wal l s.  About  45 km 
of  di aphr agm wal l  wi l l  be r equi r ed.  The 
r emai ni ng 18 km of  under gr ound t r ack wi l l  be 
const r uc t ed i n 5. 6 m di amet er  bor ed t unnel s.

As wi t h any maj or  under gr ound const r uct i on 
pr oj ect  i n an ur ban ar ea,  t he ef f ect  of  
cons t r uc t i on on ex i s t i ng st r uct ur es i s a maj or  
concer n.  I n densel y  popul at ed Tai pei ,  t he 
c l osel y  spaced mul t i - s t or ey  bui l di ngs  ar e 
nor mal l y  suppor t ed on f l oat i ng f oundat i on 
syst ems;  f ew s t r uct ur es ar e pi l ed.  Bui l di ngs 
wi t h 4 s t or eys or  l ess ar e f ounded on shal l ow 
f oot i ngs.  The l ayout  of  t he MRT syst em i s such

Kl OW GROUND

Fi gur e 1.  Tai pei  Rapi d Tr ans i t  
Syst em

t hat  t her e wi l l  be numer ous cases wher e deep 
excavat i ons  ar e t o be l ocat ed i mmedi at el y  
adj acent  t o bui l di ngs,  and wher e t unnel s ar e 
t o be dr i ven di r ec t l y  bel ow bui l di ngs.  Gr ound 
def or mat i ons  and assoc i at ed ef f ect s on pr e ­
ex i s t i ng s t r uct ur es ar e i nevi t abl e and must  be 
cont r ol l ed.  I t  i s t her ef or e essent i al  t hat  
r easonabl y  accur at e pr edi c t i ons be made of  t he 
per f or mance of  t he di aphr agm wal l s,  and of  t he 
ef f ec t i veness  of  measur es t o cont r ol  asso­
c i at ed gr ound def or mat i ons.

2 SUBSURFACE CONDI TI ONS

2. 1 Gener al  geol ogi cal  set t i ng

The Tai pei  bas i n i s r el at i vel y  f l at  at  a 
gener al  el evat i on of  5- 10 m above sea l evel .  
I t  i s appr ox i mat el y  squar e i n shape,  and 
measur es 15- 20 km i n t he N- S and E- W di r ec ­
t i ons.  Wi t hi n t he basi n,  t he Hs i nt i en and 
Keel ung r i ver s  j oi n t he Tamshui  r i ver  ( Fi gur e 
1)  whi ch f l ows nor t hwest  t o t he St r ai t  of  
For mosa.  The bas i n whi ch was f or med by 
t ec t oni c  act i v i t y,  i s bounded t o t he east ,  
sout h and west  by hi l l s  f or med by sedi ment ar y  
r ocks of  Ter t i ar y  age.  To t he nor t h,  t he basi n 
i s bounded by mount ai ns  cons i s t i ng of  r ocks of  
vol cani c  or i gi n.

The bas i n i t sel f  i s under l ai n by upper ,  
r ecent  depos i t s  of  t he Sungshan f or mat i on,  
ext ens i ve Chi ngmei  gr avel s  and a l ower  har d 
sandy c l ay of  t he Hsi n Chuang f or mat i on.  The 
TRTS under gr ound wor ks  wi l l  l ar gel y be 
const r uc t ed wi t hi n t he Sungshan depos i t s  
al t hough t he sout her n por t i on of  t he Hs i nt i en 
l i ne wi l l  be i n t he Chi ngmei  gr avel s  and ot her  
s i mi l ar  coar se mat er i al s  depos i t ed by t he 
Hs i nt i en r i ver .

The i s l and of  Tai wan i s l ocat ed i n an ar ea 
of  moder at e sei smi ci t y.  Of  t he maj or  f aul t s
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whi ch t r ansec t  t he Tai pei  bas i n ar ea,  i t  i s 
t hought  t hat  t he Chi nshan f aul t  i s act i ve and 
t he Tai pei  f aul t  i s pot ent i al l y  act i ve.

2. 2 The Sungshan deposi t s

Based on col l at i on and synt hesi s of  ext ensi ve 
bor ehol e and l abor at or y dat a,  Moh and 
Assoc i at es  ( 1987)  pr oposed subdi v i s i on of  t he 
Sungshan depos i t s  i nt o ar eal  zones.  Most  of  
t he TRTS under gr ound wor ks wi l l  be l ocat ed i n 
t he T2 and K1 zones ( Fi g.  1) .  A t ypi cal  east -  
west  sect i on t hr ough t hese ar eas i s shown on 
Fi g.  2 and i l l ust r at es t hat  t he Sungshan 
f or mat i on cons i s t s  of  a r easonabl y  wel l  
def i ned sequence of  al t er nat i ng l ayer s of  
cohes i ve and sandy soi l s.  Si x maj or  
s t r at i gr aphi c  l ayer s ar e i dent i f i ed.  I n 
summar y,  l ayer s 6,  4 and 2 compr i se cohesi ve 
soi l s whi l e l ayer s 5 and 3 ar e bas i cal l y  s i l t y  
sands.  The l ower most  l ayer  1 i s var i abl e and 
cont ai ns bot h c l ayey and sandy sub- l ayer s.

As i ndi cat ed on Fi g.  2,  t he cent r al  T2 zone 
cont ai ns r el at i vel y  t hi ck  sands ( l ayer s 3 and 
5) .  I n t he eas t er l y  K1 ar ea,  t hese sand l ayer s 
ar e t hi n or  absent  and t he pr of i l e i s 
domi nat ed by cohes i ve soi l s.  Layer  4 c l ayey 
soi l s occur  f r equent l y  at  and bel ow t he TRTS 
excavat i on i nver t  l evel s and t hese mat er i al s  
ar e t her ef or e ver y  i mpor t ant  i n desi gn of  t he 
under gr ound wor ks.  A par t i cul ar  f eat ur e of  t he 
l ayer  4 soi l s  i s t hat  t he mat er i al  i s s i l t y 
and exhi bi t s  l ow pl as t i c i t y  i n t he cent r al  T2 
zone,  but  becomes much mor e c l ayey and pl ast i c  
i n t he K1 zone.  The combi ned ef f ect  of  var y i ng 
pl as t i c i t y  of  l ayer  4 and change i n t hi ckness 
i n sandy l ayer s f r om east  t o west  has a 
s i gni f i cant  i nf l uence on per f or mance of  
excavat i ons and t unnel s.
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Fi gur e 2.  Typi cal  east - west  sect i on 
showi ng s i mpl i f i ed s t r at i gr aphy

2. 3 Gr oundwat er  condi t i ons

For  about  20- 30 year s up t o t he 1970' s t her e 
was ext ens i ve pumpi ng f r om t he Chi ngmei  
gr avel s  f or  wat er  suppl y.  Ou et  al  ( 1983)  
r epor t  t hat  t hi s pr act i ce caused as such as 2 
m of  gr ound sur f ace subs i dence i n t he cent r al  
basi n ar ea and af f ect ed t he ent i r e bas i n ar ea 
t o some degr ee ( Fi g.  3) .  Pumpi ng was 
pr ohi bi t ed i n t he 1970' s.  The cur r ent  
pi ezomet r i c  condi t i ons ( Fi g. 4)  r ef l ect  t hi s 
hi st or y.  I ni t i al l y,  condi t i ons wer e
pr esumabl y  hydr os t at i c  wi t h a gr oundwat er  
l evel  at  about  sea l evel .  Pumpi ng caused a

Fi gur e 3.  Cont our s  of  gr ound subs i dence 
( met r es)  bet ween 1955 -  1986

max i mum of  about  40 m head l oss i n t he gr avel s 
whi ch was r ef l ec t ed i n l ayer s 1,  2 and 3.  
However ,  l ayer  4 appear s  t o have act ed as an 
aqui t ar d because condi t i ons i n t he upper  
l ayer s 5 and 6 wer e not  s i gni f i cant l y  
af f ect ed ( i . e.  t hey r emai ned hydr os t at i c  wi t h 
r espect  t o t he pr ev i ous wat er  t abl e) . Pumpi ng 
f r om t he Chi ngmei  gr avel s  has had some ef f ec t  
on t he l ayer  4 soi l s.  However  t hi s ef f ect  i s 
var i abl e acr oss t he bas i n dependi ng bot h on 
t he l ocal  s t r at i gr aphy t oget her  wi t h t he 
var i abl e compr ess i bi l i t y  and per meabi l i t y  
char ac t er i s t i cs  of  l ayer  4.  Fol l owi ng 
cessat i on of  pumpi ng,  t he pi ezomet r i c  pr essur e 
i n t he Chi ngmei  gr avel  and over l y i ng Sungshan 
uni t s  1- 3 has r ecover ed r api dl y  as shown on 
Fi g.  4.  I n 1988,  condi t i ons i n t hese l ower  
l ayer s wer e st i l l  sub- hydr os t at i c  wi t h r espect  
t o sea l evel  but  r ecover y  i s cont i nui ng.  
Recover y  of  wat er  pr essur es  wi l l  cont i nue 
dur i ng t he TRTS const r uc t i on per i od and must  
be t aken i nt o account  i n t he des i gn of  t he 
wor k s .

3 DI APHRAGM WALL EXPERI ENCE I N TAI PEI

Di aphr agm wal l s  have been wi del y  used i n 
Tai pei  pr i mar i l y  f or  t he const r uc t i on of  deep 
basement s  ( Moh and Ou,  1979a;  Moh and Song,  
1984) .  Typi cal l y  t hese excavat i ons have been 
15 m t o 17 m i n dept h,  s i mi l ar  t o t hat  f or  
some of  t he TRTS st at i ons.  Good qual i t y  f i el d 
moni t or i ng dat a f r om t hese excavat i ons i s 
avai l abl e and f or ms a val uabl e basi s f or  
eval uat i ng wal l  per f or mance.

The r esul t s  of  moni t or i ng f r om some of  t hese 
excavat i ons ar e summar i zed on Fi g.  5 and 
i ndi cat e t hat  f or  excavat i ons i n t he T2 ar ea,  
wher e condi t i ons ar e most  f avor abl e,  max i mum 
wal l  def l ec t i ons  equal  t o about  0. 5% of  t he 
excavat i on dept h can be expect ed.  For  t he K1 
ar ea,  max i mum wal l  def or mat i ons ar e t ypi cal l y  
gr eat er  at  0. 5- 0. 7 5% of  t he excavat i on dept hs.  
Thi s r ange of  def or mat i on i s r easonabl y  con­
s i s t ent  wi t h publ i shed dat a f or  ot her  s i mi l ar

2 0 9 8



P I E Z O M E TR I C  P R E S S U R E  I  I  / m '  )

10 2 0  5 0  4 0

Fi gur e 4.  Changes i n gr ound wat er  
condi t i ons  -  c i t y  cent er  ar ea

Fi gur e 5.  Def or mat i ons  of  di aphr agm 
wal l  i n Tai pei

st r uct ur es.  On t he l ower  por t i on of  Fi g.  5,  
max i mum gr ound sur f ace set t l ement  i s r el at ed 
t o max i mum wal l  def l ect i on.  For  excavat i ons i n 
t he mor e sandy T2 ar ea,  max i mum gr ound sur f ace 
set t l ement  i s about  50% of  t he max i mum wal l  
def l ect i on.  As expect ed,  t he r at i o i s hi gher  
f or  excavat i ons  i n t he mor e pl ast i c  K1 ar ea.

The dat a summar i zed on Fi g.  5 i s encour agi ng 
i n t hat  max i mum gr ound sur f ace set t l ement s  of  
50 mm have gener al l y  been r ecor ded adj acent  t o 
excavat i ons.  However ,  car e i s r equi r ed i n 
ex t r apol at i ng t hi s i nf or mat i on,  whi ch was 
mai nl y  obt ai ned f r om basement  excavat i ons,  t o 
t he TRTS cut  and cover  wor k  f or  t he f ol l owi ng 
r easons :

(1)  Some of  t he TRTS excavat i ons wi l l  be 
deeper  ( i . e.  up t o 28 m deep)  wher eas  t he per ­
f or mance dat a shown on Fi g.  5 ar e f or  
excavat i ons  wi t h max i mum dept hs of  15- 17 m.  
Fur t her ,  t he TRTS excavat i ons  wi l l  be l ong and 
nar r ow compar ed t o t he t ypi cal l y  squar e or  
r ec t angul ar  shaped basement  excavat i ons;  
t her ef or e,  benef i c i al  t hr ee di mensi onal  ef ­
f ect s ar e r educed.

(2)  The TRTS excavat i ons  wi l l  be open f or  a 
much l onger  per i od,  whi ch wi l l  al l ow mor e 
swel l i ng and s t r engt h r educt i on i n c l ayey 
soi l s t han i s t he case f or  bui l di ng 
excavat i ons .

(3)  Mos t  of  t he ex i s t i ng exper i ence has been 
obt ai ned f r om const r uc t i on i n t he s t r onger  T2 
soi l s,  wi t h r el at i vel y  l i mi t ed exper i ence i n 
t he K1 ar ea.  For  t he dept hs assoc i at ed wi t h 
t he TRTS s t r uct ur es i n t he weaker  K1 soi l s,  
s i gni f i cant  def or mat i ons  can be expect ed.  Kao 
et  al  ( 1987)  r epor t  cases whi ch i ndi cat e t he 
danger s  assoc i at ed wi t h ext r apol at i ng exper i ­
ence f r om t he T2 ar ea t o t he K1 ar ea.

(4)  The r el at i vel y  encour agi ng per f or mance 
of  excavat i ons  i n t he T2 ar ea shown on Fi g.  5 
was l ar gel y achi eved i n t he past  5- 10 year s 
when gr oundwat er  condi t i ons i n t he bas i n wer e 
f avor abl e.  Ref er r i ng t o Fi g.  4,  i t  i s c l ear  
t hat  t he wat er  pr essur e i n t he mat er i al  
f or mi ng t he cr i t i cal  pass i ve zone of  excava­
t i ons,  was i n f act  much l ower  t han i t  i s cur ­
r ent l y;  dur i ng cons t r uc t i on of  t he TRTS wor ks,  
f ur t her  i ncr eases i n wat er  pr essur es wi l l  
occur .  Unl ess  adequat e gr oundwat er  cont r ol  i s 
i mpl ement ed t o r est or e t he pr ev i ous l y  pr evai l ­
i ng benef i c i al  gr oundwat er  condi t i ons,  s i gni f ­
i cant l y gr eat er  wal l  def l ec t i ons and 
assoc i at ed gr ound sur f ace set t l ement  can be 
expect ed.

Whi l e t he pr ev i ous exper i ence f or ms a 
val uabl e and encour agi ng dat a base,  good 
anal y t i cal  t echni ques ar e needed t o t ake i nt o 
account  t he di f f er i ng condi t i ons whi ch wi l l  
pr evai l  dur i ng t he TRTS wor k.  F o Y  many of  t he 
t ypi cal  s t at i on excavat i ons,  cohes i ve soi l s  of  
l ayer  4 wi l l  occur  at  and bel ow t he base of  
t he excavat i ons.  The st i f f ness and st r engt h of  
t hi s  l ayer  ar e t he cont r ol l i ng f act or s i n wal l  
desi gn.  Ther ef or e t he pr oper t i es  of  t hi s 
mat er i al  ar e di scussed i n mor e det ai l  bel ow.

4 ENGI NEERI NG PROPERTI ES OF THE LAYER 4 
DEPOSI TS

As not ed pr evi ousl y,  t he nat ur e of  t he l ayer  4 
mat er i al s  var i es  s i gni f i cant l y  acr oss t he 
basi n.  Typi cal  r anges f or  var i ous i ndex and 
engi neer i ng pr oper t i es  t oget her  wi t h gr adat i on 
l i mi t s  ar e summar i zed on Fi g.  6.  Fr om t hese 
dat a i t  i s ev i dent  t hat  despi t e s i mi l ar i t y  i n 
t er ms of  depos i t i onal  hi st or y,  t he l ayer  4 
soi l s  wi l l  exhi bi t  a r ange of  behav i or  f r om 
t hat  assoc i at ed wi t h pl as t i c  c l ay t o coar se 
s i l t / f i ne sand.  Thi s wi de var i at i on i n 
engi neer i ng behav i or  t oget her  wi t h var i at i ons 
i n st r at i gr aphy,  r esul t  i n ver y  di f f er ent  
excavat i on des i gn and gr ound movement  cont r ol
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Fi gur e 6.  Typi cal  engi neer i ng pr oper t i es 
-  l ayer  4

phi l osophi es bet ween t he cent r al  and east er n 
por t i ons of  t he under gr ound wor k.

The st r ess hi s t or y  of  t he l ayer  4 soi l s can 
be expect ed t o be l ar gel y dependent  on t he 
changes i n pi ezomet r i c  pr essur es whi ch have 
occur r ed due t o past  gr oundwat er  pumpi ng.  A 
t ypi cal  pr of i l e of  max i mum past  ver t i cal  
s t r ess det er mi ned f r om oedomet er  t est s i s 
shown on Fi g.  7 t oget her  wi t h t he pas t  max i mum 
ver t i cal  s t r ess i nf er r ed f r om past  gr oundwat er

6 /  t t » ‘ l

o  i  4 a a io

6 .o

Fi gur e 7.  Typi cal  st r ess hi s t or y  pr of i l e 
l ayer  4

l evel  changes.  Al so shown i s t he cur r ent  
ver t i cal  ef f ec t i ve st r ess pr of i l e whi ch i s 
based on measur ed pi ezomet r i c  pr essur es.  The 
dat a f r om i ndi v i dual  oedomet er  t est s was 
obt ai ned us i ng t he wor k / uni t  vol ume appr oach 
( Becker  et  al ,  1987)  because of  t he r ounded 
nat ur e of  t he voi d/ r at i o -  l og st r ess pl ot s.  
The max i mum past  ver t i cal  s t r esses obt ai ned 
f r om oedomet er  t est s l i e i n t he r ange bet ween 
cur r ent  and i nf er r ed past  max i mum ef f ec t i ve 
s t r esses and i ndi cat e t hat  t he mat er i al s  ar e 
cur r ent l y  onl y l i ght l y  over - consol i dat ed.  Dat a 
pr esent ed by Moh et  al  ( 1989)  al so r ef l ect  
t hi s f i ndi ng.  The degr ee of  over - consol i dat i on 
wi l l  i ncr ease s l i ght l y  af t er  f ul l  r ecover y  of  
t he pi ezomet r i c  pr essur es.

Wi t h r egar d t o s t r engt h pr oper t i es  of  t he 
l ayer  4 soi l s,  i sot r opi cal l y  consol i dat ed 
undr ai ned t r i ax i al  ( CI U)  t est s pr ov i de ver y 
cons i s t ent  ef f ect i ve st r ess st r engt h envel opes 
whi ch i ndi cat e t hat  c ' = 0 whi l e val ues 
i ncr ease f r om about  28 degr ees t o 33 degr ees 
wi t h decr eas i ng pl ast i c i t y.

The undr ai ned st r engt h behav i or  of  t he l ayer  
4 soi l s depends mai nl y  on t he mat er i al  t ype,  
st r ess hi s t or y  and sampl i ng di s t ur bance 
ef f ect s.  Mat er i al  t ype ef f ect s  can be expl or ed 
based on t he r esul t s  of  CI U compr ess i on t est s 
on sampl es r econsol i dat ed appr ox i mat el y  t o t he 
i n s i t u ver t i cal  ef f ec t i ve st r ess.  I t  shoul d 
be not ed t hat  because of  sampl i ng di s t ur bance 
whi ch i s di f f i cul t  t o avoi d i n s i l t y  soi l s,  
vol umet r i c  s t r ai ns dur i ng l abor at or y  r econ­
sol i dat i on of  sampl es ar e t ypi cal l y  about  5%.  
Gi ven t he r el at i vel y  l ow i ni t i al  wat er  
cont ent ,  s t r ai ns of  t hi s  magni t ude wi l l  be 
r ef l ec t ed i n hi gher  undr ai ned st r engt h val ues 
t han coul d be expect ed i n si t u.  Never t hel ess 
s i nce t hese dat a wer e obt ai ned us i ng cons i s t ­
ent  t est  pr ocedur es,  t hey do pr ov i de a qual i ­
t at i ve i ndi cat i on of  undr ai ned st r engt h behav ­
i or  and i t s dependence on mat er i al  t ype.  The 
r esul t s  of  CI U compr ess i on t est s on sampl es 
obt ai ned f r om di f f er ent  l ocat i ons acr oss t he 
bas i n ar e summar i zed on Fi g.  8 and i ndi cat e a 
wel l  def i ned r el at i onshi p bet ween undr ai ned 
st r engt h:  consol i dat i on st r ess r at i o and 
por ewat er  pr essur e r esponse.  Â  val ues r ange 
bet ween uni t y,  t ypi cal  of  nor mal l y  or  l i ght l y  
over consol i dat ed cl ays,  and about  0. 2 whi ch 
woul d r ef l ec t  a moder at el y  over - consol i dat ed 
cl ay ( OCR=3- 4) and/ or  l oose t o medi um dense,  
coar ser  gr ai ned soi l .  Based on t he known
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Fi gur e 8.  Undr ai ned s t r engt h and PWP behav i our  
-  l ayer  4
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s t r ess hi s t or y  of  t he depos i t  ( i . e.  onl y l i ght  
over - consol i dat i on) , i t  i s cons i der ed t hat  t he 
var i at i on i n por ewat er  pr essur e r esponse and 
assoc i at ed undr ai ned s t r engt h r at i o i s l ar gel y  
a f unct i on of  mat er i al  t ype.  I t  i s not ed t hat  
i ncr eased <J>' val ues  f or  t he coar ser  soi l s 
wi l l  al so cause i ncr eased undr ai ned st r engt h 
r at i os  and t hi s  ef f ec t  i s i mpl i c i t  i n t hese 
dat a.

The CI U s t r engt h dat a i s r el at ed t o mat er i al  
t ype on Fi g. 9.  On t he l ower  por t i on of  t he 
pl ot ,  undr ai ned st r engt h r at i o and Af  ar e 
cor r el at ed wi t h i ni t i al  wat er  cont ent  whi l e 
t he upper  por t i on of  t he pl ot  r el at es i ni t i al  
wat er  cont ent  t o gr ai n s i ze ( i . e.  D6 0  ) .  The 
dat a c l ear l y  i ndi cat e t hat  hi gh Af  and l ow 
s t r engt h r at i os  ar e assoc i at ed wi t h hi gh 
i ni t i al  wat er  cont ent  and smal l  aver age 
par t i c l e s i ze ( i . e.  t ypi cal  c l ay behavi or ) .  As 
t he mat er i al  becomes coar ser  ( i . e.  D6 0  i n­
c r eases and i ni t i al  wat er  cont ent  dec r eases ) , 
t he por ewat er  pr essur e gener at ed dur i ng shear  
decr eases and undr ai ned st r engt h i ncr eases.  
The l ar ge maj or i t y  of  t he avai l abl e t est  dat a 
f ol l ow t hi s  t r end wel l .  However ,  a f ew poi nt s  
l i e bel ow t he gener al  t r end;  t hi s may be due 
t o a gr eat er  degr ee of  over  consol i dat i on of  
t hese sampl es.

Bet t er  def i ni t i on of  i n s i t u undr ai ned 
s t r engt h f or  di aphr agm wal l  des i gn i s obt ai ned 
f r om t est s  on sampl es whi ch ar e ani sot r op-  
i cal l y  consol i dat ed t o t hei r  i n s i t u s t r esses 
and shear ed bot h i n compr ess i on ( i . e.  act i ve 
mode)  and ex t ens i on ( i . e.  pass i ve mode) .  Such 
dat a i s avai l abl e f r om a l i mi t ed number  of  
ani sot r opi cal l y  consol i dat ed undr ai ned t r i ax ­
i al  compr ess i on and ext ens i on t est s ( CAUC and 
CAUE) . The ax i al  t o r adi al  consol i dat i on

I N I T I A L  W A T E R  C O N T E N T  1% )
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Fi gur e 9.  Dependence of  s t r engt h and P. W. P.  
behav i our  on mat er i al  t ype -  l ayer  4
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Fi gur e 10.  Undr ai ned st r engt h ani sot r opy

st r ess r at i o f or  t hese sampl es was about  2.  
The sampl es wer e nor mal l y  consol i dat ed t o 
ver t i cal  ef f ec t i ve s t r esses whi ch wer e 2- 4 
t i mes gr eat er  t han t he max i mum past  pr essur e.  
Fai l ur e i n t he CAUE t est s was t aken at  10% 
ver t i cal  s t r ai n because of  t he st r ai n har den­
i ng behav i or  exhi bi t ed i n t hese t est s.  As 
i ndi cat ed by  t he dat a shown on Fi g.  10,  t her e 
i s s i gni f i cant  s t r engt h ani sot r opy whi ch i s 
expect ed f or  l ow pl as t i c i t y  soi l s.  Fr om t he 
l ower  por t i on of  t he f i gur e,  i t  i s ev i dent  
t hat  undr ai ned s t r engt h ani sot r opy i ncr eases 
wi t h decr eas i ng pl as t i c i t y  due t o i ncr eased 
s t r engt h i n compr essi on.  Thi s behav i or  i s 
s i mi l ar  t o t hat  obser ved i n CI U t est s and i s 
cons i der ed t o r ef l ect  mat er i al  t ype.  Ther e 
does not  appear  t o be any ef f ect  of  pl as t i c i t y  
on CAUE st r engt hs  al t hough i t  i s appr ec i at ed 
t hat  t he CAUE dat a ar e l i mi t ed i n number  and 
somewhat  scat t er ed.

Us i ng t he nor mal i zed soi l  pr oper t y  appr oach 
pr oposed by Ladd and Foot t  ( 1974) ,  t he 
undr ai ned st r engt h of  t he l ayer  4 soi l s can be 
descr i bed as f ol l ows:

Su = S. Cr vo. . 0CRm

wher e S =0. 32- 0. 36 f or  compr ess i on ( act i ve) ,  
0. 18 ( passi ve) .  Based on publ i shed dat a f or  
ot her  soi l s,  m i s t aken as 0. 8.

5 EFFECT OF LAYER 4 ON DI APHRAGM WALL PER­
FORMANCE

As i ndi cat ed on Fi g.  2,  t he l ayer  4 soi l s wi l l  
have a s i gni f i cant  ef f ect  on t he per f or mance 
of  most  di aphr agm wal l s  f or  TRTS excavat i ons 
because t hey f r equent l y  f or m at  l east  t he 
upper  mat er i al  bel ow t he excavat i on i nver t .  I t  
i s t he pass i ve suppor t  pr ov i ded by t he 
mat er i al  i n t hi s  zone t hat  has a maj or  
i nf l uence on t he magni t ude of  wal l  movement s.
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I n t he pr edi c t i on of  wal l  movement s  and desi gn 
of  measur es  t o cont r ol  t hese movement s,  t he 
cor r ect  def i ni t i on of  s t r engt h i n t he l ayer  4 
soi l s i s cr i t i cal .  The most  i mpor t ant  cons i d­
er at i on i n def i ni ng st r engt h i n t hi s zone i s 
t he degr ee t o whi ch swel l i ng wi l l  occur  dur i ng 
const r uct i on.  For  t ypi cal  TRTS st r uct ur e 
geomet r y  and a t ypi cal  r ange of  coef f i c i ent  of  
swel l i ng measur ed i n oedomet er  t est s,  s i mpl e 
swel l i ng anal yses  i ndi cat e t hat  t he degr ee of  
swel l i ng of  t he l ayer  4 soi l s i n t he passi ve 
zone wi l l  l i kel y  cover  t he f ul l  r ange bet ween
0 t o 100%.  Det er mi nat i on of  pass i ve r es i s t ance 
dependi ng on degr ee of  swel l i ng i s di scussed 
bel ow.

5. 1 Hi gh degr ee of  swel l i ng

I n t hese cases,  t he shear  s t r engt h of  t he 
l ayer  4 soi l s  i s best  char act er i zed by ef f ec ­
t i ve st r ess st r engt h par amet er s  whi ch can be 
r eadi l y  def i ned.  The pr obl em t hen becomes 
def i ni t i on of  wat er  pr essur es  i n t he passi ve 
zone.  The ef f ec t  of  var i at i on i n wat er  pr es ­
sur e condi t i ons i n t he pass i ve zone on wal l  
def or mat i on i s ver y  s i gni f i cant  as i l l ust r at ed 
on Fi g.  11.  Bui l di ng set t l ement s  associ at ed 
wi t h t hese di f f er ent  wal l  def l ec t i on pr of i l es 
woul d al so be ver y  di f f er ent .  Thus por e 
pr essur es devel oped i n t he pass i ve zone ar e a 
maj or  f act or  i n det er mi ni ng t he need f or  
bui l di ng pr ot ec t i on measur es.  Si nce swel l i ng 
woul d Tbe l ar gel y compl et e,  wat er  pr essur es i n 
t he pass i ve zone woul d be t he r esul t  of  
gr oundwat er  f l ow f r om mat er i al s  di r ec t l y  bel ow 
t he excavat i on base and seepage under  t he 
di aphr agm wal l .  St eady st at e condi t i ons woul d 
r epr esent  t he wor s t  case ( i . e.  hi ghest  wat er  
pr essur es i n t he pass i ve zone)  and coul d be 
used f or  desi gn.  Thi s assumes t hat  as t he 
excavat i on pr ogr esses,  any excess wat er  
pr essur es whi ch ar e i nduced by wal l  def or ma­
t i on,  woul d be ef f ec t i vel y  di ssi pat ed.  Ther e 
i s s i gni f i cant  uncer t ai nt y  assoc i at ed wi t h 
pr edi c t i on of  st r ai n i nduced wat er  pr essur e 
and i t s di ss i pat i on behavi or .  Fur t her ,  gi ven 
i nev i t abl e var i at i on i n s t r at i gr aphy t oget her  
wi t h f l ow t hr ough i mper f ect  wal l s,  pr edi c t i on 
of  s t eady st at e condi t i ons i s al so uncer t ai n.  
Gi ven t hese uncer t ai nt i es,  t he onl y way t o 
ensur e saf e wor k i ng condi t i ons i s t o desi gn 
based on r eal i s t i c  wat er  pr essur e assumpt i ons 
and t o ensur e t hat  t hese assumpt i ons ar e i n 
f act  r eal i zed i n pr act i ce.  The soi l  condi t i ons 
whi ch al l ow t he devel opment  of  swel l i ng and 
seepage pr essur es shoul d al so al l ow t he 
ef f ec t i ve cont r ol  of  t hese pr essur es by 
pumpi ng us i ng wel l  poi nt s  or  ot her  measur es.

Dependi ng on l ocal  s t r at i gr aphy and excava­
t i on geomet r y,  i t  i s not  al ways t he case t hat  
t he di aphr agm wal l  wi l l  cut  of f  i nt o a 
cont i nuous c l ayey l ayer  t o avoi d l ower i ng of  
gr oundwat er  l evel s out s i de t he excavat i on due 
t o i mpl ement at i on of  gr oundwat er  cont r ol  meas ­
ur es i nsi de t he excavat i on.  I t  i s i nevi t abl e 
t hat  i n some cases,  gr oundwat er  l ower i ng wi l l  
occur  out s i de t he excavat i on.  Unl ess t hi s i s 
cont r ol l ed by r echar gi ng,  i t  wi l l  r esul t  i n 
consol i dat i on set t l ement  of  t he adj acent  
gr ound sur f ace.  Gi ven t he hi s t or y  of  gr ound­
wat er  l evel  changes i n t he Sungshan deposi t s,  
i t  i s unl i kel y  t hat  l ar ge scal e set t l ement s 
wi l l  occur  i n t he T2 ar ea.  For  t he K1 ar ea,  
l ar ger  consol i dat i on set t l ement s  can be 
expect ed.
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Fi gur e 11.  Ef f ec t  of  wat er  pr essur es  on 
wal l  def l ec t i on

5. 2 Low degr ee of  swel l i ng

For  ar eas under l ai n by deep pl ast i c  cl ays,  
l i t t l e or  no swel l i ng may occur  dur i ng 
const r uct i on.  I n t hi s case,  i t  i s r easonabl e 
t o use undr ai ned st r engt h par amet er s  t o 
cal cul at e act i ve and pass i ve wal l  pr essur es.  
However ,  gi ven t he ani sot r opi c  nat ur e of  t he 
l ayer  4 soi l s,  CAUE and CAUC st r engt hs shoul d 
be used i n t he pass i ve and act i ve zones 
r espect i vel y.  The use of  undr ai ned st r engt hs,  
whi ch aut omat i cal l y  i ncl udes t he por ewat er  
pr essur e at  f ai l ur e ( at  l east  f or  t he 
l abor at or y  st r ess pat hs ) , i s pr obabl y  r eal i s ­
t i c i n t he f i ner ,  mor e pl as t i c  soi l s  gi ven t he 
r el at i vel y  l ar ge s t r ai ns whi ch wi l l  occur .

The f act or s whi ch r esul t  i n a l ow degr ee of  
swel l i ng wi l l  pr ec l ude t he ef f ect i ve use of  
gr ound wat er  cont r ol  measur es t o r educe wal l  
movement s.  I t  i s known f r om pr ev i ous exper i ­
ence,  t hat  l ar ge wal l  movement s  ar e l i kel y i n 
K1 ar eas.  For  deeper  excavat i ons i n cr i t i cal  
ar eas,  l ar ge wal l  movement s  ar e l i kel y  t o 
occur  even i f  t hi ck,  heav i l y  r ei nf or ced wal l s  
wi t h heavy br ac i ng and deep penet r at i on ar e 
used.  For  t hese cases,  measur es  such as j et  
gr out ed sl abs or  st r ut s whi ch ar e pr e ­
i nst al l ed bel ow t he excavat i on base,  T- shaped 
wal l  sect i ons and/ or  i nt er medi at e cr oss wal l s  
wi l l  be r equi r ed t o cont r ol  def l ect i ons.

5. 3 Par t i al  swel l i ng

Those s i t uat i ons wher e par t i al  swel l i ng i s 
ant i c i pat ed ar e most  di f f i cul t  t o deal  wi t h.  
I n t heor y,  t wo appr oaches ar e poss i bl e: -

( 1)  Ef f ec t i ve st r ess appr oach: -  Ef f ect i ve 
st r ess s t r engt h pr oper t i es  can be r eadi l y
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def i ned.  However ,  a pr i or i  pr edi c t i on of  wat er  
pr essur e di s t r i but i on i n t he pass i ve zone i s 
pr ac t i cal l y  i mpossi bl e because i t  r equi r es t he 
det er mi nat i on of  t he ef f ec t s  of  swel l i ng,  
excess pr essur es  due t o shear  s t r ai ni ng and 
t he t r ans i ent  f l ow r egi me whi ch i s devel opi ng 
t owar d a s t eady s t at e f l ow condi t i on.  Each of  
t hese pr ocesses i s di f f i cul t  t o model  
i ndependent l y ;  t he pr obl em becomes pr act i cal l y  
i mposs i bl e when t hei r  i nt er - dependence i s 
consi der ed,  t oget her  wi t h t he ef f ec t  of  even 
r el at i vel y  mi nor  var i at i ons  f r om t he assumed 
model  s t r at i gr aphy.

(2)  The pr obl em can be s i mpl i f i ed t o some 
ext ent  by us i ng undr ai ned st r engt hs.  Thus,  t he 
excess wat er  pr essur es  i nduced by wal l  def or ­
mat i on i s equat ed t o t he por ewat er  pr essur e at  
f ai l ur e i n t he l abor at or y  t est  whi ch i s 
pr obabl y  not  unr easonabl e.  The pr obl em t hen 
becomes one of  coupl ed swel l i ng and t r ans i ent  
f l ow whi ch i s st i l l  ext r emel y  di f f i cul t  t o 
anal yze r el i abl y.  However ,  f or  deep wal l s,  
def l ec t i on wi l l  be l ar gel y r el at ed t o t he 
s t r engt h of  t he mat er i al s  i mmedi at el y  bel ow 
t he excavat i on dept h wher e swel l i ng i s t he 
cont r ol l i ng phenomenon.  The r educt i on i n 
undr ai ned s t r engt h whi ch accompani es swel l i ng 
can be def i ned based on t he SHANSEP appr oach 
as di scussed pr evi ousl y.

Agai n even gi ven t he s i mpl i f y i ng assumpt i ons 
assoc i at ed wi t h t hi s  appr oach,  t her e i s st i l l  
cons i der abl e uncer t ai nt y  i n t he pr edi c t i on of  
undr ai ned s t r engt h because of  t he di f f i cul t y  
i n accur at el y  pr edi ct i ng.  The ef f ect  of  t hi s 
uncer t ai nt y  i s s i gni f i cant  i n r el at i on t o wal l  
def or mat i on as i l l us t r at ed on Fi g.  12.  Because 
of  t hi s  uncer t ai nt y,  por ewat er  pr essur e meas ­
ur ement  dur i ng cons t r uc t i on i s mandat or y.  The 
phi l osophy  of  gr ound def or mat i on cont r ol  i n 
t hese cases i s not  as obv i ous as i t  i s i n t he 
f ul l  swel l i ng or  no swel l i ng cases.  A conser v ­
at i ve appr oach woul d di c t at e t he same t ype of  
measur es  descr i bed f or  " l ow degr ee of  swel l ­

CL __
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i ng"  cases.  Dependi ng on det ai l ed st r at i gr a-  
phi c  var i at i ons,  gr oundwat er  cont r ol  measur es 
may be equal l y  pr act i cal .

The exampl e shown an Fi g.  12 al so 
demonst r at es  t he maj or  ef f ec t  of  wal l  adhes i on 
assumpt i ons  on wal l  def l ec t i on f or  t he case of  
no swel l i ng.  Gi ven t he magni t ude of  wal l  
def l ec t i on i t  i s cons i der ed i nev i t abl e t hat  
wal l  adhes i on wi l l  be devel oped i n t he f i el d.  
However ,  t her e i s a pauc i t y  of  dat a r egar di ng 
t he magni t ude of  adhes i on whi ch i s devel oped 
at  any st age despi t e i t s obv i ous i mpor t ance i n 
t er ms of  wal l  per f or mance.

6 CONCLUSI ONS

(1)  Accur at e pr edi c t i on of  wal l  movement s  i s 
necessar y  t o assess ef f ect s of  cons t r uc t i on on 
adj acent  pr oper t i es.

( 2)  Car e must  be exer c i sed i n t he di r ec t  
ex t r apol at i on of  per f or mance dat a f r om pr ev i ­
ous excavat i ons  because of  t he s i gni f i cant  
di f f er ences whi ch can exi s t  bet ween t he 
condi t i ons  pr evai l i ng at  t he moni t or ed 
l ocat i ons and t hose whi ch wi l l  pr evai l  at  
pr oposed excavat i on l ocat i ons.

( 3)  Pr edi c t i on of  t he magni t ude of  wal l  
def or mat i on f or  t he TRTS pr oj ec t  depends t o a 
l ar ge degr ee on r el i abl e es t i mat es of  t he 
s t r engt h pr oper t i es  of  t he l ayer  4 soi l s of  
t he Sungshan f or mat i on.  These mat er i al s  ar e 
onl y l i ght l y  over consol i dat ed and exhi bi t  a 
wi de r ange i n s t r engt h behav i or  f r om sof t  c l ay 
t o l oose- medi um s i l t y  f i ne sand.

( 4)  The s t r engt h of  t he l ayer  4 soi l s 
depends on t he degr ee of  swel l i ng whi ch wi l l  
occur  dur i ng excavat i on whi ch i n t ur n depends 
on s t r at i gr aphy i n r el at i on t o excavat i on 
geomet r y  and t he engi neer i ng char act er i s t i cs  
of  t he mat er i al s .  The f ul l  r ange f r om 0- 100% 
swel l i ng i n l ayer  4 wi l l  occur  acr oss t he TRTS 
pr oj ec t .  Ther ef or e di f f er ent  appr oaches t o 
st r engt h det er mi nat i on f or  desi gn and gr ound 
def or mat i on cont r ol  measur es wi l l  be r equi r ed.  
Because of  uncer t ai nt i es  i n pr edi c t i ons  of  
per f or mance,  an obser vat i onal  appr oach wi l l  be 
r equi r ed dur i ng const r uct i on.
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Discussion

I NTRODUCTI ON

The soi l  l oss vol ume ( VI )  and t he soi l  mass l oad 
on t he suppor t  of  t unnel s ( pi )  ar e 
i nt er connect ed,  but  t hi s dependency i s not  
usual l y  assessed unl ess compl ex anal ys i s  met hods 
ar e used.  Si mpl e set t l ement  pr edi c t i on met hods 
( e. g.  Schmi dt ,  1968)  assume an i nt er nal  pr essur e 
act i ng on t he excavat i on l i ne and a r el at i onshi p 
bet ween set t l ement  and pr essur e i s gi ven.

I n t hese met hods t he pr essur e can be t r eat ed 
as a cons t r uc t i on measur e ( e. g.  compr essed ai r )  
t o decr ease set t l ement s,  but  t her e i s no way of  
obt ai ni ng s t abi l i zed suppor t  pr essur e by t hese 
met hods.  On t he ot her  hand,  s i mpl i f i ed met hods 
f or  obt ai ni ng l oads on t he suppor t  ( e. g.  
Schwar t z and Ei nst ei n,  1980)  do not  gi ve any 
pr edi c t i on of  t he soi l  l oss.  Coupl i ng t he t wo 
met hods al l ows t o back- anal yze t he supor t  
pr essur e f r om r esul t s of  soi l  l oss or  vi ce 
ver sa.  The pr ocedur e pr esent ed her e i s val i d f or  
t unnel s t hat  cause negl i gebl e vol ume change of  
soi l  dur i ng cons t r uct i on ( e. g.  t unnel s i n 
c l ay s ) .

DESCRI PTI ON

Schmi dt  ( 1969)  es t abl i shed a r el at i onshi p based 
on an el ast opl ast i c  sol ut i on bet ween t he 
i nt er nal  pr essur e appl i eed t o t he excavat i on 
l i ne of  a t unnel  and t he soi l  l oss vol ume whi ch 
i s gi ven bel ow:

t hat  t he suppor t  i s i nst al l ed at  a di s t ance Ld 
behi nd t he f ace.

Thei r  r el at i onshi p i s:

Ad 0, 98 -  0, 57 Ld/ R ( 2 )

wher e R i s t he t unnel  r adi us.
I f  t he non- di mensi onal  soi l  char act er i s t i c  

cur ve i s known ( equat i on 1) t he val ue of  t he 
st abi l i zed soi l  l oss wi l l  cor r espond t o t he 
pr essur e on t he suppor t  and t he pr essur e on t he 
cav i t y  ( equal  af t er  equi l i br i um,  or  s t abi l i zed 
condi t i ons ar e r eached. ) .  The suppor t  
char act er i c  cur ve can be dr awn t hr ough t hat  
poi nt ,  and t he val ue,  Vl o of  t he soi l  l oss when 
t he suppor t  was i ni t i al l y  i nst al l ed ( wi t h no 
l oad)  i s obt ai ned.  Schar t z and Ei nst ei n ( 1980)  
al so show t hat  t he cor r ect i on f act or  Aa can 
al so be expr esse as:

A d = Vl f  -  Vl o 
Vl f

(3)

wher e Vl f  i s t he f i c t i t i ous f i nal  soi l  l oss i f  
t he mass had l i near  el ast i c  behavi or  t hr oughout  
t he f ul l  unl oad r ange.

CASE HI STORY

A doubl e- t r ack t unnel  wi t h appr ox i mat el y 10m 
di amet er  excavat ed i n t er t i ar y f i ssur ed cl ay f or  
t he Sao Paul o subway wi t h over bur den var y i ng 
f r om 8 t o 15 m was t aken f or  t he back- anal ysi s.  
Set t l ement  val ues and ot her  det ai l s  wer e gi ven 
by Cel est i no et  al .  ( 1985) .  Rear r angi ng equat i on 
l b:

VI 3 £ 
E

- , | i  + 1)
i z
c (4)

I f  t he suppor t  pr essur e pi  i s f i r st  assumed 
not  t o var y subs t ant i al l y  wi t h t he over bur den,  
VI  ver sus l ogar i t hm of  over bur den ( or  Z/ 2R 
i n non- di mensi onal  f or m)  wi l l  pl ot  as st r ai ght  
l i ne.  The act ual  val ues ar e shown i n Fi gur e 1 
whi ch shows a ver y good agr eement .  Fr om t hat  
f i gur e i t  can be obt ai ned t hat :

2RY
= 2, 97,  or  c= 67KPa (5)

VI  = 3 OFS g ( el ast i c r ange,  0<0FM<1)  ( l a)

VI
1+A '

3 — exp ( OFS- 1)  ( pl ast i c r ange.

OFSi l ) ( l b)

wher e OFS = ( Yz:  i ni t i al  over bur den
c

pr essur e;  c:  shear  st r engt h)  and E i s t he 
modul us of  def or mab i l i t y .

Thi s r el at i onshi p can be under s t ood as a non-  
di mensi onal  f or m of  t he so- cal l ed soi l  mass 
char act er i s t c  cur ve ( Fi g.  2) .  I t  was obt ai ned 
f or  pl ane st r ai n condi t i ons.  So,  i f  t he 
equi l i br i um pr essur e appl i ed by t he suppor t ,  
away f r om excavat i on ef f ect s i s used,  t he soi l  
l oss due t o cons t r uc t uc t i on wi l l  be obt ai ned.

Schwar t z and Ei nst ei n ( 1980)  obt ai ned by means 
of  par amet r i c  numer i cal  anal yses a f act or  Ad t o 
cor r ect  suppor t  i nt er nal  f or ces obt ai ned f r om 
el ast i c,  pl ane st r ai n condi t i ons f or
t he 3- di mensi onal  ef f ect  r esul t i ng f r om t he f act

Lat er al  ext ensi on,  consol i dat ed- undr ai ned 
t est s f or  t he conf i ni ng pr essur e cor r espondi ng 
t o t he over bur den pr essur e gave about  110 KPa 
f or  t he shear  st r engt h.  Bacause t he mass was 
ver y f r act ur ed,  t he back- anal yzed val ue seems t o 
be i n agr eement  wi t h l abor at or y val ues.

I f  t he known val ue f or  E = 80 MPa ( obt ai ned 
f r om ot her  i ns t r ument at i on back- anal yses)  i s 
subst i t ut ed i nt o equat i on 4,  pi  = 170 KPa i s 
obt ai ned.  Thi s val ue i s i n ver y good agr eement  
wi t h non- l i near  f i ni t e el ement  al ayses 
si mul at i ng t he const r uct i on of  t he t unnel  
( Domi ngues,  1985) .

The non- di mensi onal  char act er i s t c  cur ves f or  
t he mass and t he suppor t  ar e shown i n Fi gur e 2.  
Val ues f or  Vl o and Vl f  obt ai ned t her e ar e 0, 40 
and 0, 55 r espect i vel y.  For  t hese val ues,  
equat i on 3 gi ves Ad = 0, 27,  and subst i t ut i ng 
t hi s val ue i nt o equat i on 2 l eads t o Ld/ R = 1, 2.

I t  i s i nt er est i ng t o not e t hat  t he suppor t  
char act er i s t c  l i ne shown i n Fi gur e 2 woul d be 
t r ue i s t he suppor t  had been i nst al l ed as cur ed,  
st i f f  shot cr et e.  As t hi s was not  t he case t he
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Fi gur e 1 -  Var i at i on of  soi l  l oss wi t h over bur den.

Fi gur e 2 -  Char ac t er i s t i c  cur ves f or
t he soi l  mass and t he suppor t .

act ual  dashed cur ve i s shown r esembl i ng 
qual i t at i vel y  t he pr ogr ess i ve st i f f eni ng of  t he 
shot c r et e.

REFERENCES

Cel est i no,  T. B. ,  Domi ngues,  L. C. S. ,  Mi t suse,  C. T. ,  
Mor i ,  K;  and Fer r ar i ,  O. A.  ( 1985)  " Set t l ement s 
due NATM const r uc t i on of  an ur ban l ar ge 
di men’si on l ow over bur den t unnel "  ( i n Por t uguese)  
Pr oc.  2nd Si mp.  Escav.  Subt . ,  ABGE,  pp 325- 347,  
Ri o de Janei r o 

Domi ngues,  L. C. S ( 1985)  " Mat hemat i cal  model s  f or  
t he TVD- PRN11 ( i n Por t uguese)  Pr oc.  2nd Si mp.  
Escav.  Subt . ,  ABGE,  pp 170- 179,  Ri o de Janei r o 

Schmi dt ,  B.  ( 1969)  " Set t l ement s and Gr ound
Movement s  Assoc i at ed wi t h Tunnel i ng i n Soi l " .  
Ph. D.  Di sser t at i on,  Uni v.  I l l i noi s 

Schwar t z,  C. W.  and Ei nst ei n,  H. H.  ( 1980)  " I mpr oved 
Desi gn of  Tunnel  Suppor t s" ,  M. I . T.  Repor t  
UMTA- MA06- 0100- 80- 4, Cambr i dge.

2 9 0 6



D is c u s s io n

B .L A D A N Y I, E c o le  P o ly te c h n iq u e , M o n tre a l,  C a n a d a

I  have been s i t t i ng her e f or  t he l ast  t wo hour s,  
l i st eni ng t o a number  of  most  i nt er est i ng cont r i but i ons 
t o t he subj ect  mat t er .  Many subj ect s wer e cover ed i n t he 
di scussi on,  but ,  sur pr i si ngl y,  an i mpor t ant  aspect  of  t he 
pr obl em has not  even been ment i oned up t o now.  A mi ssi ng 
pi ece i n t hi s di s c us s i on was,  i n my opi ni on,  t he 
det er mi nat i on of  soi l  or  r ock par amet er s t hat  woul d hel p 
eval uat i ng t he del ayed r esponse of  t he gr ound t o t he 
st r ess change pr oduced by under gr ound excavat i on and 
l i ni ng i nst al l at i on.

I n spi t e of  ampl e exper i ment al  evi dence and f i el d 
ex per i ence,  bot h bef or e and af t er  t he wel l - k nown 
Ter zagh^ s ( 1946)  paper  on l oads on t unnel  suppor t s,  i n 
whi ch he cl ear l y def i nes " squeezi ng”  and " swel l i ng” r ock,  
i t  seems t hat  t he maj or i t y of  ef f or t s i n soi l  mechani cs 
l i t er at ur e connect ed wi t h sof t  gr ound t unnel l i ng,  have 
been d i r ec t ed  t owar ds  s o l v i ng  t he p r ob l em of  
i nst ant aneous el ast i c- pl ast i c r esponse of  t he gr ound and 
i t s subsequent  consol i dat i on ar ound t he openi ng.

However ,  a del ayed r esponse,  not  necessar i l y connect ed 
wi t h t he consol i dat i on,  but  r at her  due t o a devi at or i c 
cr eep has of t en been obser ved i n t he f i el d bot h i n weak 
r ocks and i n cl ays under  undr ai ned condi t i ons ( e. g. ,  
War d,  1978;  Ladanyi ,  1981) .  I n addi t i on,  i t  i s known 
t hat ,  even i n gr anul ar  mat er i al s and i n r ock masses,  t he 
pr ocess of  st r ess r edi st r i but i on cont i nues ar ound t he 
openi ng f or  some t i me af t er  excavat i on and l i ni ng 
i nst al l at i on,  ei t her  f or  r heol ogi cal  r easons ( e. g. ,  Lo 
and Yuen,  1981;  Ladanyi  and Gi l l ,  1988) ,  or  si mpl y 
because of  changes i n gr ound pr oper t i es wi t h t i me ( e. g. ,  
Ladanyi ,  1974) .

Det er mi nat i on of  par amet er s char act er i zi ng t he l ong­
t er m behavi our  of  geomat er i al s seems t o me t o be an 
essent i al  par t  of  t he par amet er  sel ect i on f or  under gr ound 
const r uct i on.
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U S A

Discussion

The di scuss i on l eader  ( R.  J.  Mai r )  i n hi s  i nt r o ­

duc t i on not ed t hat  t he gr ound l oss exper i enced 

dur i ng t unnel l i ng i n c l ay i s of t en l ess t han 

t hat  pr edi c t ed by t heor et i cal  means ( e. g. ,  

Cl ough and Schmi dt ,  1981)  . I n sear chi ng f or  a 

r eason,  he i nqui r ed whet her  t he t heor et i cal  

pr edi c t i on mi ght ,  i n f act ,  be i nval i d f or  

shal l ow t unnel s,  wher e t he pr ox i mi t y  of  t he 

gr ound sur f ace changes t he val ue of  t he 

s t abi l i t y  number  or  over l oad f act or  f or  whi ch 

t he t unnel  r emai ns st abl e.  The di scusser  of f er s 

t he f ol l owi ng comment s  i n t hi s r egar d.

The t heor et i cal  gr ound l oss pr edi c t i on 

( Cl ough and Schmi dt ,  1981)  i s based on an 

el as t o- pl as t i c  cont i nuum anal ys i s  t hat  assumes 

ax i - symmet r i c  condi t i ons;  i . e. ,  t he ef f ect s  of  

t he dept h of  t he t unnel  and of  t he t ypi cal  

s t r engt h i ncr ease wi t h dept h ar e i gnor ed.  

Anal yses  show t hat  t he pl ast i c  zone get s qui t e 

l ar ge f or  hi gh val ues of  t he over l oad f act or ;  

f or  shal l ow t unnel s,  t he pl ast i c  zone can easi l y  

r each t he gr ound sur f ace.  For  t hi s r eason,  t he 

anal ys i s  cannot  be expect ed t o gi ve accur at e 

r esul t s  f or  shal l ow t unnel s.  However ,  t hi s  i s 

pr obabl y  not  t he pr i nc i pal  r eason f or  t he 

di s c r epanc y .

• Wi t h moder n shi el d t unnel i ng t echni ques 

us i ng f ace pr essur e,  gr ound movement s  t owar ds 

t he t unnel  f ace can gener al l y  be cont r ol l ed,  and 

t he max i mum poss i bl e gr ound l oss i s l i mi t ed t o 

t he vol ume of  t he t ai l  voi d l ef t  behi nd t he 

l i ni ng as t he shi el d advances.  For  l ar ge 

over l oad f act or s,  t hi s vol ume i s subs t ant i al l y  

smal l er  t han t hat  pr edi c t ed by t he t heor et i cal  

anal ysi s,  so i t  i s t o be expect ed t hat  t he 

act ual  gr ound l oss i s l ess t han t hat  pr edi c t ed 

by t he t heor et i cal  anal yses.  I n f act ,  t he 

t heor et i cal  anal yses,  whet her  by s i mpl e cl osed 

sol ut i ons  such as Cl ough and Schmi dt  ( 1981)  or  

by compl ex  comput er  anal yses,  at t empt  onl y  t o 

pr edi c t  t he gr ound l oss expect ed i f  t her e i s no 

r est r ai nt  t o t he r adi al  movement  of  t he soi l  

t owar ds t he t unnel ;  t he upper  l i mi t  i s,  i n f act ,  

det er mi ned by t he means t aken t o r es t r i c t  f ace 

and t ai l  voi d soi l  movement s.

For  pr ac t i cal  cons t r uc t i on r easons,  t he 

t ai l  voi d t hi ckness  t ends t o be si mi l ar ,  

r egar dl ess of  t he f i ni shed di amet er  of  t he

t unnel .  Ther ef or e,  t he t ai l  voi d vol ume and,  

hence,  t he max i mum gr ound l oss,  as a per cent age 

of  t he t ot al  excavat ed t unnel  vol ume,  woul d t end 

t o be l ower  f or  l ar ger  t unnel  di amet er s,  as i s 

t ypi cal l y  f ound.

Much of  t he pr esent at i on by t he Gener al  

Repor t er s  f or  t hi s  Sess i on was based on wor k  by 
one of  t he Repor t er s,  C.  Sagaset a,  i n par t  

pr esent ed i n Geot echni que ( Sagaset a,  1987)  . 

Anal yses  made by t he di scusser  ( Schmi dt ,  1988)  

i ndi cat e t hat  t he pr oposed met hod f or  pr edi c t i ng 

t he shape of  t he set t l ement  t r ough due t o 

t unnel i ng gener al l y  pr oduces t r oughs much wi der  

and shal l ower  t han act ual l y  measur ed i n 

pr act i ce.  Hence,  t he pr oposed met hod i s not  

conser vat i ve and cannot  be r ecommended.

The di scuss i on l eader  i nqui r ed about  t he 

par amet er s  r equi r ed f or  assess i ng l ong t er m 

set t l ement s  due t o consol i dat i on of  sof t  c l ay 

ar ound t unnel s.  Reader s  ar e r ef er r ed t o t he 

paper  pr esent ed by  t hi s di scusser  f or  t hi s 

Sess i on on t he t opi c.  I t  i s conc l uded t hat  

knowl edge of  t he f act or s mak i ng up t he over l oad 

f act or  ( undr ai ned shear  st r engt h,  over bur den 

pr essur e,  and i nt er nal  suppor t  pr es sur e) , t he 

por e pr essur e par amet er  A,  and const r uc t i on 

par amet er s  ( f ace pr essur e,  t ai l  voi d 

di spl acement  al l owed) , wi l l  per mi t  a pr edi c t i on 

of  t he occur r ence of  l ong- t er m consol i dat i on 

set t l ement s.  The next  s t ep i s t he pr edi c t i on of  

consol i dat i on set t l ement s  and a conf i r mat i on of  

t he met hod by act ual  f i el d measur ement s.

As a f i nal  not e,  i t  i s t he opi ni on of  t hi s 

di scusser  t hat  much at t ent i on has been pai d t o 

t heor i es  of  gr ound behav i or  and gr ound- l i ni ng 

i nt er act i on,  wi t h many val uabl e r esul t s,  but  

t hat  many  i nvest i gat or s  have i gnor ed essent i al  

ef f ec t s  of  t he det ai l s  of  t he cons t r uc t i on 

pr ocess.  Fut ur e wor k shoul d concent r at e on t wo 

ar eas of  devel opment :  A det ai l ed under s t andi ng 

of  t he st r esses and st r ai ns suf f er ed by  t he soi l  

adj acent  t o t he t unnel  dur i ng t he phases of  

const r uct i on,  and t hei r  ef f ect s on l ong- t er m 

set t l ement s  and l i ni ng l oads;  and a bet t er  

met hodol ogy  f or  assess i ng t he ef f ec t s  of  

spec i f i c  const r uc t i on det ai l s  on gr ound 

movement s  and soi l - l i ni ng i nt er act i ons.  The 

pr act i cal  and t heor et i cal  r ami f i cat i ons of  a new 

emer gi ng t echnol ogy,  sequent i al  cons t r uc t i on of  

t unnel s  i n soi l  -  by some t er med New Aust r i an 

Tunnel i ng Met hod,  NATM -  al so r equi r e t he 

at t ent i on of  r esear cher s  and pr act i t i oner s.
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Discussion

Some speci al  pr obl ems ar i se wi t h t unnel s i n ver y 
sof t  sat ur at ed soi l .  Typi cal l y  such soi l s have 
a sandwi ch st r uct ur e of  sof t  c l ay and ver y l oose 
si l t  and f i ne sand.  Accor di ng t o our  f i el d and 
l abor at or y exper i ence,  such soi l s ar e under con­
sol i dat ed due t o a st agnat i on gr adi ent  i „ , and 
t her ef or e have excess por e pr essur e f r om t he 
begi nni ng.  They al so show hi gh cont r act ancy and 
ar e t her ef or e pr one t o col l apse and l i quef ac ­
t i on .

These pr oper t i es  have t he f ol l owi ng conse­
quences f or  t unnel l i ng.  Suppor t  of  gr oundwat er  
by compr essed ai r  pr oduces unsat ur at ed zones 
of  r at her  uncont r ol l ed ext ensi on.  These zones 
col l apse i nt o denser  packi ng af t er  f l oodi ng.  
I nc l us i ons of  sof t  c l ay and al so of  sand ar e 
not  even st abi l i zed by bent oni t e suspens i on. Any 
even moder at e shear ,  such as pr oduced by f r ont  
cut t i ng and wal l  shi f t ,  pr oduces por e pr essur e 
i ncr ease and subsequent  set t l ement .  Long t er m 
set t l ement s due t o dr ai nage by t he t unnel  s t r uc ­
t ur e ar e al most  i nevi t abl e.
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R .J .J A R D IN E , D e p a rtm e n t  o f  C iv i l E n g in e e r in g , Im p e r ia l  C o l le g e , 

L o n d o n ,  U K

Discussion sf TG- . i gl hs ar e compl et el y  di f f er ent  - but  t hi s i s not  t he 

onl y  i mpor t ant  f act or .  The compr ess i on t est  r eaches f ai l ur e 

ver y  smal l  s t r ai ns  ( <0. 1%)  and s t r ai n sof t ens post - peak ,  

whi l s t  t he ex t ens i on t est  i s duc t i l e and devel ops  l ar ge 

pl as t i c  s t r ai ns  bef or e r eachi ng i t s peak dev i at or  condi t i on 

( at  12% st r ai n) .  The por e pr essur es  i nduced by  shear i ng ar e 

al so c ompl et el y  di f f er ent  i n t he t wo cases.  Feat ur es  such 

as t hese coul d have a mar ked ef f ec t  on t he behav i our  of  

t unnel s  and excavat i ons  I n sof t  cl ays.

The Gener al  Repor t  I nc l udes a di scuss i on on anal yses  of  

t - Mj el s  and deep excavat i ons  i n whi ch t he soi l  behav i our  i s 

assumed t o be l i near  i sot r opi c ,  or  c r os s - ani s ot r opi c , 

el ast i c.  I  woul d l i ke t o make some comment s  c oncer ni ng t hi s 

assumpt i on and t he choi ce of  appr opr i at e s t i f f ness 

par amet er s .

Fi r s t l y ,  r ecent  advances i n soi l  t es t i ng t echni ques  have 

demons t r at ed t hat  t he s t r ess - s t r al n r el at i ons  of  mos t  

soi l s,  i nc l udi ng heav i l y  over consol i dat ed s t i f f  c l ays,  

cannot  be cons i der ed t o be l i near  or  el as t i c  at  wor k i ng 

s t r esses;  Jar dl ne,  Symes and Bur l and ( 1984) .  Thi s  

obser vat i on has been r ei nf or ced at  t hi s conf er ence by  

Yubdi r  and Wood ( 1989) .

Fi el d measur ement s ,  such as t hose di scuss ed by  t he 

Repor t er s ,  show t hat  i n most  cases t he mass  of  soi l  

r r r ound i ng  excavat i ons  and t unnel s exper i ences  r el at i vel y  

smal l  s t r ai ns  as a r esul t  of  cons t r uc t i on;  St  John ( 1975) ,  

Jnr di nc  et  al  ( 1986) .  Anal yses  I ndi cat e t hat  t he 

s o i l - s t r uc t ur e i nt er ac t i on i s pr i nc i pal l y  c ont r ol l ed by  t wo 

r on- ] i ncar  aspect s  of  soi l  behavi our ;

( 1)  t he s t i f f ness  char ac t er i s t l cs  of  t he soi l  

mass at  shear  and vol umet r i c  s t r ai ns  bet ween 

0. 002% and 0. 2%,  and

( i i )  t he l ar ge s t r ai n pl as t i c  r esponse of  soi l  

wi t hi n r es t r i c t ed zones of  l ocal  yi el d.

Deal i ng wi t h t he pl as t i c  behav i our  f i r st ,  Fi gur es  1 and 2 

i how t he s t r ess - s t r ai n and s t r ess - pat h behav i our  of  a 

nor - t , l l y cons ol i dat ed l ow pl as t i c i t y  c l ay  t es t ed i n 

undr ai ned t r i axi al  c ompr ess i on and ext ens i on.  The peak

M' vi r f c on t o t he ques t i on of  gr ound s t i f f ness  at  smal l  

st r ai ns,  i t  has been convent i onal  t o assume t hat  soi l  

s t i f f ness  cannot  be measur ed r el i abl y  i n t he l abor at or y .  

El as t i c  cons t ant s  ar e usual l y  eval uat ed f r om r ough r ul es  of  

t humb , s i t e spec i f i c  exper i ence or  l i near  i nt er pr et at i ons  

of  i n s i t u t est s;  see f or  exampl e Poul os  ( 1989) .  However ,  

when l ocal  s t r ai n measur i ng t r ansducer s  ar e used t o 

over come l abor at or y  exper i ment al  er r or s,  t he r easons  f or  

t he usual  di spar i t y  bet ween f i el d and l abor at or y  par amet er s  

become cl ear .

Thi s  i s i l l us t r at ed i n Fi gur e 3 us i ng dat a f r om t est s  on 

London cl ay.  These show t he s i gni f i cance of  er r or s  I n 

convent i onal  ex t er nal  measur ement s  ( due t o beddi ng,  non-  

cent r al  l oadi ng,  sampl e t i l t i ng et c)  on t he ear l y  par t s  of  

t he soi l ' s  s t r ess s t r ai n cur ve.  The l ocal  measur ement s  show 

t hat  t he i ni t i al  s t r ess - s t r al n behav i our  I s i n f ac t  bot h 

f ar  s t i f f er  and mor e non- l i near  t han i s usual l y  

appr ec i at ed.  Thi s  I s f ur t her  emphas i zed i n t he secant

Fi gur e 2.  St r ess - s t r al n cur ves f or  a Ko c onsol i dat ed l ow 

pl as t i c i t y  c l ay  t es t ed I n undr ai ned ex t ens i on and 

compr ess i on f r om OCR -  1;  af t er  Gens ( 1982) .

Fi ^ ui c  1.  St r ess - pat hs  f or  a Ko c ons ol i dat ed l ow pl as t i c i t y  

c l ay  t es t ed i n undr ai ned ex t ens i on and compr ess i on f £om OCR 

"  i ;  at t c r  Cens ( 1982) .
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/  . '  e x te rn o l  s t r o in s  c o r re c te d

/  '  f  f o r  lo o d  ce ll  c o m p lian ce

/  j /  A p p a re n t  l in e a r  m odu lus  f ro m

/  /  e x te rn a l  m e a s u re m e n ts

/  /

[ /  
t  /

y  . . .
0 0 .1  0 2  0 .3  0 .4  O S
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Fi gur e 3.  St r ess - s t r al n cur ves f r om UU t est s on London c l ay  

- l ocal  and ex t er nal  s t r ai n measur ement s ;  af t er  Jar dl ne et  

al  ( 1985) .
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s t i f f nes s - s t r ai n pl ot  deduced f r om t he same dat a 

shown on Fi gur e 4.
whi ch i s

Sui t es  of  such t est s  have been per f or med at  I mper i al  

Col l ege t o i nves t i gat e t he ef f ec t s  of  Ko consol i dat i on,  

OCR,  s t r ess l evel ,  agei ng,  l oadi ng s t r ess- pat h and sampl i ng 

on t he s t i f f ness char ac t er i s t i cs  of  a r ange of  soi l s.  

I ns i t u exper i ment s  have al so been used t o conf i r m t hat  t he 

I nbor n Cor y chnr . i c t er i s t i cs  r ef l ect  behav i our  i n t he f i el d;  

Jar di ne et  al  ( 1985) .

Tur ni ng t o ani sot r opy  at  smal l  st r ai ns,  Fi gur e 5 pr esent s  

t he nor mal i s ed undr ai ned secant  s t i f f ness  char ac t er i s t i cs  

f ound f or  Ko consol i dat ed London Cl ay  at  t wo OCR' s.  The 

monot oni cal l y  over consol i dat ed sampl es show a mar kedl y  

di f f er ent  pat t er n t o t hat  assumed convent i onal l y .  London 

Cl ay  I s usual l y  t hought  t o have hi gher  hor i zont al  s t i f f ness 

t han ver t i cal ,  but  i n t hese t est s t he measur ed undr ai ned 

compr es s i on s t i f f nesses  wer e appr ox i mat el y  t wi ce t hose 

f ound i n ext ensi on.  Thi s di spar i t y  has been ex pl ai ned by  

not i ng t hat  t he smal l  s t r ai n char ac t er i s t i cs  of  an el ement  

ar e af f ec t ed by  i t s r ecent  st r ess hi s t or y  and may  be 

compl et el y  r eal i gned by  even per f ec t  sampl i ng pr ocedur es;  

Jar di ne ( 1985) ,  Mi ght ,  Gens  and J ar di ne ( 1985) .

Thi s f i ndi ng has many  pr act i cal  i mpl i cat i ons.  For  exampl e,  

unc onsol i dat ed t est s per f or med on per f ec t  bl ock  sampl es 

wi l l  show t he oppos i t e ani sot r opy  t o t he i n s i t u 

char ac t er i s t i cs  of  monot oni cal l y  over consol i dat ed soi l s.  I t  

i s al so t r ue t hat  r el oadi ng an over consol i dat ed depos i t  ( by 

man or  nat ur e)  can cause f ur t her  changes I n t he mat er i al ' s  

char ac t er i s t i cs ,  wi t h a t endency f or  c ompr ess i on s t i f f ness 

t o f al l  and ex t ens i on s t i f f ness t o i ncr ease.

To obt ai n r epr esent at i ve s t i f f ness par amet er s  i t  i s

\

1 0 *

A x ia l  s t r a i n  %

Fi gur e 4.  Secant  s t i f f ness - s t r ai n pl ot  f r om dat a shown i n 
Fi gur e 3.

Fi gur e 5.  St i f f ness char ac t er i s t i cs  of  Ko cons ol i dat ed 

London c l ay  at  OCR' s  3 and 7.

t her ef or e necessar y  t o r econsol i dat e t o Ko condi t i ons  

f ol l owi ng a pat h t hat  r et r aces t he most  r ecent  s t eps of  t he 

l ayer ' s  ( pr obabl y  ani sot r opi c )  s t r ess hi st or y.  Thi s  

obser vat i on t hr ows i nt o doubt  most  of  t he pr ocedur es  used 

I n pr act i ce,  par t i cul ar l y  t hoso empl oyed t o es t i mat e t he 

cr oss ani sot r opi c  par amet er  . Gvh'

I ndependent  f i el d meas ur ement s , r epor t ed by Jar di ne et  al  

( 1985) ,  sugges t  t hat  t he i n s i t u var i at i on of  Gvh wi t h shear  

s t r ai n ( f or  London cl ay)  i s s i mi l ar  t o t he t r i ax i al  

compr ess i on s t i f f ness  char ac t er i s t i c  shown i n Fi gur e 3.

I ndeed,  when t he cur ves wer e pl ot t ed as G-#01Bt / p'  agai ns t  

Troct nh. dr«i  t her e was c l ose agr eement  - sugges t i ng t hat  i t  may  
be r easonabl e,  as a f i r s t  est i mat e,  t o assume Gvh ® Euv / 3.

Anal yses  have been car r i ed out  at  I mper i al  col l ege t o 

assess t he ef f ec t s  of  such st eep non- l i near  soi l  s t i f f ness  

char ac t er i s t i cs  on a r ange of  geot echni cal  pr obl ems.  Cur ves  

have been spec i f i ed t o descr i be t he nor mal i sed shear  and 

bul k  modul us  char ac t er i s t i cs  of  di f f er ent  mat er i al s  at  

smal l  s t r ai ns  and t hese have been i ncor por at ed i nt o 

ex i s t i ng el as t o- pl as t i c  soi l  model s.  Compar i sons  bet ween 

pr edi c t i ons  and f i el d behav i our  i ndi cat e t hat  t he appr oach 

i s at  l east  as success f ul  as  convent i onal  met hods  i n 

pr edi c t i ng cent r e l i ne di spl acement s ;  Four i e,  Pot t s  and 

J ar di ne ( 1986) ,  Jar di ne and Pot t s  ( 1989) .  Mor e I mpor t ant l y ,  

cons i der abl e I mpr ovement s  can al so be made i n t he 

pr edi c t i on of  ot her  f eat ur es  - such as t he di s t r i but i ons  of  

ear t h pr essur es  appl i ed t o any s t r uc t ur al  el ement s  ( eg a 

t unnel  l i ni ng) ,  t he f i el ds of  i nduced por e wat er  pr essur e 

change and t he pr of i l es  of  near by  sur f ace set t l ement .

I  f ur t her  sugges t  t hat  s t r ess - s t r ai n non- l i near i t y  may  be 

t he pr i nc i pal  r eason f or  t he ' anomal ous '  t endency  f or  t he 

wi dt hs  of  t unnel  sur f ace set t l ement  t r oughs t o be nar r ower  

t han pr edi c t ed convent i onal l y .  Thi s expl anat i on appear s  t o 

be mor e sat i s f ac t or y  t han t he ar gument  put  f or war d 

concer ni ng t he r at i os of  not i onal ,  l i near ,  c r os s - 

ani sot r opi c  soi l  modul i .

Ref er ences

Four i e,  A . B . Pot t s,  D. M.  and Jar di ne R. J.  ( 1986)

The det er mi nat i on of  appr opr i at e soi l  s t i f f ness  par amet er s  

f or  use i n Fi ni t e El ement  anal yses  of  geot echni cal  

pr obl ems.  2nd I nt . Symp.  Numer i cal  model s  i n geomechani cs ,  

Ghen t .

GENS,  A ( 1982)

St r ess - s t r ai n and s t r engt h char ac t er i s t i cs  of  a l ow 

pl as t i c i t y  cl ay.  PhD Thesi s,  I mper i al  Col l ege,  Uni vc i s i t y  

of  London.

Hi ght ,  D. W.  Gens,  A.  and Jar di ne,  R. J.  ( 1985)

Eval uat i on of  geot echni cal  par amet er s  f r om t r i ax i al  t est s 

on of f shor e cl ay.  Of f shor e s i t e i nvest i gat i on,  Gr aham & 

Tr ot man,  London,  p 253- 268.

Jar di ne,  R. J.  Symes,  M. J. P. R.  and Bur l and,  J. B.  ( 1984)

The measur ement  of  soi l  s t i f f ness i n t he t r i axi al  

appar at us.  Geot et hni que 34,  No.  3,  p 323- 340,

Jar di ne,  R. J.  Four i e,  A. B.  Maswoswe,  J.  and Bur l and,  J. B.  

( 1985)

Fi el d and l abor at or y  measur ement s  of  soi l  s t i f f ness .  Pr oc.  

11t h I nt .  Conf .  SMFE,  San Fr anci sco,  Vol .  2,  p 511- 514.

Jar di ne,  R. J.  ( 1985)

I nves t i gat i ons  of  pl l e- soi l  behavi our .  PhD Thesi s,  I mper i al  
Col l ege,  Uni ver s i t y  of  London.

Jar di ne,  R. J.  Pot t s,  D. M.  Four i e A. B.  and Bur l and,  

J . B. ( 1986)

St udi es  of  t he i nf l uence of  non- l i near  s t r ess - s t r ai n

2911



char act er i st i cs I n sol l - st r uct ur e i nt er act i on.  
Geot echni que,  36,  No.  3,  p 377- 396.

POULOS H G ( 1989)
Pi l e Behavi our  - Theor y and Appl i cat i on.  Ranki ne Lect ur e,  
Geot echni que Vol  34,  No 2.

St .  John,  II. D ( 1975)
Fi el d and t heor et i cal  st udi es of  t he behavi our  of  gr ound 
ar ound deep excavat i ons i n London Cl ay.  PhD Thesi s,  
Uni ver si t y of  Cambr i dge.

Yubdi r ,  and Mui r  Wood,  D ( 1989)
Recent  devel opment s i n l abor at or y st r engt h and def or mat i on 
t est i ng.  Gener al  Repor t ,  Sessi on 1,  Pr oc.  12t h I nt .  Conf .  
SMFE,  Ri o de Janei r o,  Vol  4.

2912


