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A B S T R A C T : A  p ro c e d u re  is p ro p o se d  to  e stim ate  the  g ro u n d  stre ss re le ase  to  b e  u sed  in tw o  d im en sio n al d rained  an aly ses o f  sh allo w  

tu n n els in so il, in  o rd er to  a c c o u n t f o r th e  th re e  d im en sio n al stre ss c h an g es ind u ced  by  the  head ing  e x c av atio n  o f  th e  tu n nel. T h is  stress 

re le ase  is d efined  as a fu n c tio n  o f  th e  d e lay ed  ac tiv atio n  o f  th e  lin ing . T h e  p ro c ed u re  is b ased  o n  a  nu m erically  d eriv ed  g ro u n d  resp o n se  

m o d el, that assu m es a n o n - lin e ar e lastic  c o n stitu tiv e  b eh av io u r, and  re late s rad ial stre sse s and  d isp lac em en ts. A n  ind ep en d en t p ro c ed u re  

f o r rad ial d isp lac em en ts p re d ic tio n  a llo w s the  stre ss c h an g e s to  b e  assessed . T h e  p o ten tial o f  th is p ro c ed u re  is te ste d  in  ac tu al tu n nel c ase s 

w ith  e n c o u rag in g  resu lts.

R E S U M E : O n  p ro p o se  u ne m éth o d e  p o u r la p rise  e n  c o m p te  d e  la re lax atio n  d es c o n train te s d ans le  so l, d ans les c a lc u ls b id im en sio n nels 

d e  tu n n els p eu  p ro fo n d s, p erm ettan t d e  p ren d re  en  c o m p te  le s m o d if ic atio n s d e c o n train te s tri-d im en sio n n e lles lié es à  la p ro g re ss io n  d u 

fo n t d ’ e x c av atio n . L a  re lax atio n  e st d éfin ie  e n  fo n c tio n  d u d é lai d e  m ise  e n  p lac e  d u  re v ê tem en t. L a  p ro c é d u re , b asée  su r un m o d èle  

nu m ériq u e  d e la ré p o n se  d u so l, av e c  u ne h y p o th èse  d e  lo i d e c o m p o rte m e n t é lastiq u e  n o n -lin éaire , s ’ ap p liq u e au x  c o n train te s et 

d é p lac e m e n ts rad iau x . U n e  p ro c é d u re  in d ép en d an te  p o u r la p ré v isio n  d es d ép lac em en ts rad iau x  p erm et d ’ év alu er l ’ in f lu en ce  d es 

v ariatio n s d e  c o n train te s.

1 IN T R O D U C T IO N

T h e  re latio n  b e tw e e n  th e  d e lay  in  su p p o rtin g  a  tu n nel and  the 

m ag n itu d e  o f  th e  lin ing  lo ad s is w e ll kn o w n , b e in g  su p p o rted  

b o th  b y  m any  field  e v id e n c e s ( s e e  N e g ro  e t al, 1 9 9 6 , fo r 

in stan c e )  and  b y  th re e  d im en sio n al n u m erical m o d e lling  ( se e , fo r 

ex am p le , Eise n ste in  e t al, 1 9 8 4 ) . T h e  in c reasin g  d istan ce  fro m  

tu n n el f a c e  to  th e  se c tio n  w h ere  th e  lin ing  is p u t in  c o n tac t w ith  

th e  e x c av ate d  g ro u n d  c au se s a  re d u c tio n  in  th e  g ro u n d  lo ad s 

o n to  th e  lin ing . So m e  c o n ten d  that b ey o n d  c e rta in  v alu e , the  

d e lay ed  su p p o rt w ill e x p e rie n c e  in c reasin g  lo ad s, re lated  to  the  

“ g ro u n d  lo o se n in g ” , an  e f fe c t, h o w ev er, n o t as w e ll estab lish ed , 

still raisin g  c o n sid e rab le  am o u n t o f  d eb ate  ( se e  fo r in stan ce , 

Sc h w artz  e t al, 1 9 8 0 ) . T h is  fac t, th o u g h , is n o t c o n se q u e n tial in 

th e  d esig n  o f  sh allo w  tu n n els in  u rb an  are as, sin c e  fo r th em  

p ro v isio n  h as to  b e m ad e to  en su re  m in im u m  ind u ced  

d isp lac em en ts, th e re fo re  earlie r su p p o rt ac tiv atio n . A nd  th is is 

n o rm ally  d o n e  w ell b e fo re  an y  instab ility  o r “ lo o se n in g ”  p ro c e ss  

tak e s p lac e . D e sp ite  th is, th e  lin ing  in stallatio n  alw ay s tak e s 

p lac e  a f te r a  c e rta in  d e g re e  o f  stre ss c h an g e s in th e  g ro u nd . 

Ev e n  in  p re ssu riz ed  fac e  T B M s , th e  lin ing  is installed  a f te r stress 

c h an g e s and  d isp lac em en ts o c c u rre d  in  th e  g ro u n d , and  it w ill 

thu s w ith stand  g ro u n d  lo ad s sm aller th an  the  in  situ  stre sse s.

T w o  d im en sio n al analy sis o f  tu n nels is alw ay s p re fe rred  in 

ro u tin e  d esig n  p rac tic e . In  th is analy sis, th e  e f fe c t o f  the  d elay ed  

in stallatio n  o f  th e  lin ing  is ac c o u n te d  f o r by  im p o sing  a  red u c tio n  

o n  th e  o rig in al stre sse s at th e  tu n nel p erim eter, p rio r to  the  lining  

in stallatio n . T h is  is p artic u larly  tru e  in “ stre ss re v e rsal”  

p ro c e d u re s o f  e x c av atio n  sim u latio n , w h ere  e ac h  p o in t o f  the  

tu nnel c o n to u r has th e  in situ  stre ss red u c ed  by  an  am o u n t a  

d efined  as a  p e rc e n tag e  o f  the  o rig in al in situ  stre sse s. U su ally  

th is am o u n t, the  “ stre ss re le ase  fa c to r” , is a  f ix ed  q u an tity  

ap p lied  to  e ac h  p o in t o f  th e  e x c av atio n  p erim eter. T h is  red u c tio n  

is p erfo rm ed  n u m erically  a f te r c o m p le te  “ rem o v al”  o f  th e  g ro u nd  

m aterial w ith in  th e  e x c av ate d  are a. T h e  stre ss re d u c tio n  in the  

2 D  m o d el m im ic s the  stre ss tran sfe r o r “ arc h in g ”  that tak e s 

p lac e  aro u n d  th e  u n su p p o rted  tu n nel head ing  b o th  tran sv ersal 

and  lo n g itu d inal to  the  tu n n el ax is.

T h e  im p o rtan c e  in  asse ssin g  su ch  a stre ss re le ase  fa c to r is 

en h an ced  b y  th e  fac t d e te c te d  in re c e n t in q u iries o f  d esig n  

p rac tic e  th at the  “ fu ll o v erb u rd en ”  trad itio n al assu m p tio n  (P e c k , 

1 9 6 9 )  is b e in g  g rad u ally  re p lac e d  b y  a  “ red u ce d  o v erb u rd en ”  

h y p o th esis ( se e  N e g ro  &  Eise n ste in , 1991 and  N e g ro  &  L e ite ,

1 9 9 4 )  in the  d esig n  o f  sh allo w  tu n n els in so il.

W h at is u su ally  u n c lear is h o w  to  e stim ate  the  stress 

red u c tio n . N o rm ally  th is is d o n e  b ased  o n  p ast e x p e rie n c e  (se e  

N e g ro  &  L e ite , 1 9 9 4 ) , o n  field  o b se rv atio n s ( se e  Sw o b o d a and  

L aab m ay r, 1 9 7 8 ) , g u id ed  b y  ex p e rie n c e d  rec o m m en d atio n  o f  

so m e  au th o rs ( f o r in stan c e , th e  5 0 %  stre ss re d u c tio n  p ro p o sed  

b y  M u ir W o o d  1 9 7 5 ) . E x c e p t f o r so m e  stu d ies fo r d eep  seated  

tu n n els in  e lastic  g ro u n d  ( se e  fo r in stan c e  Sc h w artz  &  Ein ste in , 

1 9 8 0 ) , no  p ro c e d u re  h as b e en  m ad e av ailab le  y et to  asse ss the 

stre ss re lax atio n  aro u n d  sh allo w  tu n n els in so ils as a  fu n c tio n  o f  

the  d e lay ed  in stallatio n  o f  the  su p p o rt. T h e  aim  o f  th is p ap er is 

an  attem p t to  fill th is g ap  and  to  p ro v id e  a sim p le to o l allo w in g  

lin ing  p e rfo rm an c e  an tic ip atio n , w h ich  in tu rn  m ay  su p p o rt lining  

lo ad  m o n ito rin g  in terp retatio n .

2  S T R A T E G Y

R e latio n s b e tw e e n  th e  d e lay  in  lin ing  ac tiv atio n  ( th e  d istan ce  to  

the  tu n nel f a c e )  and  th e  rad ial d isp lac em en ts ( c o n v e rg e n c e )  at 

the  o p en in g  se e m s e asie r to  asse ss th an  re latio n s fo r g ro u nd  

stre sse s ( lo ad s ) . In  fac t, th e  fo rm er e x ist f o r d eep  tu nnels in 

e lastic  g ro u n d  ( se e  N iw a e t al 1 9 7 9 , fo r in stan c e ) . I f  w e  w ere  

ab le  to  e stab lish  su c h  a re latio n  fo r a  sh allo w  tu n nel, then  w e 

c o u ld  p o ssib ly  asse ss th e  asso c iate d  g ro u nd  stre ss c h an g es, 

p ro v id ed  a re latio n  b e tw e e n  d isp lac em en ts and  g ro u n d  stress 

w e re  kn o w n . T h is  re latio n , fo r d eep  tu n nels in h y d ro static  stress 

field  is w e ll k n o w n  and  it is term ed  “ G ro u n d  R e a c tio n  (o r 

R e sp o n se )  C u rv e ” . I f  th is re latio n  c o u ld  b e  ex ten d ed  to  sh allo w  

tu n n els in  a sen sib le  fo rm , w ith  c o n sid e rab le  g en erality  ( fo r 

in stan ce , fo r n o n  h y d ro static  s tre ss  f ie ld , and  n o n  lin ear d rained  

b e h av io u r o f  g ro u n d ) , th en  o n e  c o u ld  so lv e  the  p ro b lem  th ro u g h  

tw o  se ts o f  so lu tio n s: (a )  th e  G ro u n d  R e sp o n se , lin king  rad ial 

stre sse s w ith  d isp lac em en ts at th e  tu n nel p erim eter, and  (b )  the 

G ro u n d  C o n v e rg e n c e , lin king  rad ial d isp lac em en ts w ith  d istan c e  

fro m  tu n nel fac e  to  w h ere  the  lin ing  is ac tiv ated . B y  c o u p lin g  

b o th  so lu tio n s o n e  w o u ld  g e t the  aim ed  re latio n  b e tw een  g ro u nd  

stre ss and  d elay ed  lin ing  ac tiv atio n .

T h e  first so lu tio n , in  a  g en eral fo rm , w o u ld  b e  e x p ressed  in 

the  fo llo w in g  te rm s, fo r e ac h  p o in t o f  th e  tu nnel c o n to u r

F = f ( o r , u , , tu nn el siz e , d ep th , d e fo rm atio n  an d  stren g th  p aram e te rs)  ( 1 )

w h ere  a r is th e  rad ial stress and  ur is the  rad ial d isp lac em en t at 

th e  tu nnel p erim eter.
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T h e  se c o n d  so lu tio n  w o u ld  inv o lv e  a  m o d el ac c o u n tin g  fo r 

th e  th re e  d im en sio n al natu re  o f  th e  p ro b lem . In  b o th  c a se s  a 

nu m erically  d eriv ed  ap p ro ac h  is fav o u red  in o rd e r to  ac h iev e  

g en erality . H o w ev er, c o n sid erab le  am o u n t o f  sim p lif ic atio n  w ill 

b e  req u ired  to  m ake  the  p ro b lem  trac tab le , as sh o w n  in 

fo llo w in g  se c tio n s.

3 M O D E L  F O R  G R O U N D  R E SP O N SE

T o  asse ss th e  first so lu tio n  d esc rib ed , p re fe re n c e  w as g iv en  to  

the  h y p erb o lic  g ro u nd  m o d el as  ex ten d ed  b y  D u n c an  and  C h ang  

( 1 9 7 0 ) .  T h e  p re fe re n c e  w as m ain ly  d u e to  th e  ab ility  o f  

ac c o u n tin g  fo r the  n o n  lin earity  o f  the  so il b e h av io u r th ro u g h  a 

hy p o e lastic  in c rem en tal c o n stitu tiv e  re latio n , w ith  v ariab le  and  

stre ss d ep end ent tan g en t m o d u lu s. T h e  kn o w n  lim itatio n s o f  this 

m o d e l (D u n c an , 1 9 8 0 )  to  p red ic t so il re sp o n se  u nd er c e rtain  

stre ss p ath s, u n d er near c o llap se  c o n d itio n s, f o r h ig h ly  d ilatin g  

so ils u n d er sh ear, f o r strain  so ften in g  m aterials, o r f o r far f ro m  

failu re  situ atio n s ( se e  L o  P re sti et al, 1 9 9 7 )  are  larg e ly  

o v errid d en  by  its e n o rm o u s p o te n tial fo r g e n e raliz atio n  ( se e  fo r 

in stan ce  R e se n d iz , 1 9 7 9 ) .

M o re o v e r, fo r m ax im u m  g e n e raliz atio n  p o ten tial and  to  

red u c e  th e  nu m b er o f  v ariab les, an  in c rem en tally  rev e rsib le  

(u n iq u e )  stre ss-stra in  b e h av io u r w as assu m ed . T h is  e n su res th e  

sim ilarity  o f  th e  g ro u n d  re sp o n se  and  its ind ep en d en ce  o n  the  

sc ale  o f  the  p ro b lem , th o u g h  it im p lies in  m o re  sto red  en erg y  

than  it sho u ld  (W in te r, 1 9 8 2 ) . I f  the  tan g en t m o d u lu s is m ad e 

ind ep en d en t o f  the  stre ss lev e l thu s m akin g  Ja n b u ’ s ( 1 9 6 3 )  

e x p o n e n t eq u al to  z ero  and  i f  the  c o h e siv e  c o m p o n e n t o f  

stren g th  is also  se t eq u al to  z e ro , h o m o th e tic  stre ss-stra in  c u rv es 

are  fo u nd  as sh o w n  in  Fig u re  1.

w h ere  the  v ariab les hav e the  sam e m ean ing  as in  D u n c an  and  

C h an g , o p . c it. fo rm u latio n .

In  a 2 D  re p re se n tatio n , u nlin ed  c irc u lar tu n n els w ith  d if feren t 

d iam eters w ill exh ib it h o m o th e tic  g e o m e trie s  i f  th e ir ratio s  o f  

c o v e r to  d iam eter (H / D ) w e re  the  sam e. I f  g e o m e tric ally  

h o m o th e tic  tu n nels are  d riv en  th ro u g h  a g ro u nd  m ass exh ib itin g  

h o m o th e tic  h y p erb o lic  s tre ss-stra in  c u rv e s, the  g ro u n d  m ass 

re sp o n se  w ill b e  also  h o m o th e tic . In  fe e t, u n iq u e no rm aliz ed  

stre ss and  strain  re sp o n se s are  fo u nd  at c o rresp o n d in g  

(h o m o th e tic )  p o in ts aro u n d  th o se  tu n n els p e rim e te rs, in  p re -  

failu re  stag e s ( se e  Fig u re  2 ) .

T h e  ab o v e  fin d in g s sim p lif ied  the  p aram etric  f in ite  e lem en t 

an aly ses n eed ed  f o r g en eraliz atio n : tw o  d im en sio n al p lane strain  

m o d elling  o f  c irc u lar, u n lined  tu n nel, u nd er g rav itatio n al stress 

f ie ld , w ith  c o n stan t Ko and  E,„ w ith  stre ss re v e rsal e x c av atio n  

te c h n iq u e  p erfo rm e d  in c rem en tally , w ith  stre ss re d u c tio n  fac to r 

ap p lied  u n ifo rm ly , in e ac h  step , to  all p o in ts o f  th e  o p en in g .

Fig u re  2 : N o rm aliz ed  g ro u n d  resp o n se  o f  h o m o th e tic  tu n nels 

in  g ro u n d  m ass w ith  h o m o th e tic  c o n stitu tiv e  law .

T h e  c e n tre  o f  h o m o th ety  o r o f  sim ilitu d e o f  th ese  c u rv e s is 

th e ir o rig in , at z e ro  strain  and  stre ss. T h e  h o m o th e tic  

tran sfo rm atio n  m ap s a  cu rv ed  seg m en t in to  a  p aralle l seg m en t 

w ith  len g th  eq u al to  th e  ratio  o f  h o m o th e ty  tim e s th e  len g th  o f  

the  o rig in al seg m en t. I f  the  c o o rd in ate s o f  th e  h o m o th e tic  p o in ts 

o n  th ese  c u rv e s ( th e  in te rse c tio n  o f  th e  latte r w ith  an  arb itrary  

ax is th ro u g h  th e  c e n tre  o f  sim ilitu d e) are  u sed  as re fe re n c e  

v alu es, (o v  -  0 5 ) ’  and  e i , and  i f  th e  d e v iato ric  stre ss and  the 

m ajo r p rin c ip al strain s o f  e ac h  c u rv e  are  n o rm aliz ed  to  th ese  

re fe re n c e  v alu es, a  sin g le  n o rm aliz ed  h y p e rb o la is fo u n d  fo r the  

en tire  g ro u n d  m ass, re g ard less o f  th e  v alu e  o f  th e  m in o r 

p rin c ip al stress. Fo r  a  c o n stan t in situ  stre ss ratio  Ko and  

h o riz o n tal g ro u nd  su rfac e , th e  in itial tan g en t m o d u lu s is c o n stan t 

w ith  th e  d ep th :

En = K- pa 1 - Rf
1 -  sim|> 1 -  Ko

2  ■ sinty Ko
(2)

D im en sio n al an aly sis ind ic ated  c o n v en ien t n o rm aliz ed  rad ial 

stre ss and  n o rm aliz ed  rad ial d isp lac em en t p aram eters:

OrO

U =
K  ' E„  

D c r r„

(3)

(4)

w h ere  a, and  o jo  aré  c u rren t and  in itial rad ial stre sse s, ur is the  

rad ial d isp lac em en t and  D is th e  o p en in g  d iam eter. T h e  

sim p lif icatio n s in tro d u ced  allo w  e q u atio n  ( 1 )  to  b e  ex p re sse d  in 

a m o re  c o m p ac t fo rm :

F=f(0, I, U, H/D, Ko (5)

w h ere  an g le  V in d ic ate s  th e  p o sitio n  o f  o p en in g  p o in ts. N o te  that 

th e  stre ss re d u c tio n  fa c to r is

a  = 1 - 1 (6)

and  th at, w ith o u t m u ch  c o n se q u e n c e  th e  P o isso n ’ s ratio  c an  b e  

kep t c o n stan t (e q u al to  0 .4 , f o r in stan c e ) .

M o re o v e r, n o te  th at b y  m akin g  th e  c o h e sio n  eq u al to  z e ro , it 

is alw ay s p o ssib le  to  find  an  eq u iv alen t fric tio n  an g le  ipc, 

asso c iate d  w ith  a  failu re  ratio  (R/t)  eq u al to  u n ity , w h ic h  g iv es 

th e  sam e tan g en t m o d u lu s. Fro m  eq u atio n  ( 2 ) , se ttin g  Rf,=l, o n e  

g e ts:

</>e = a r c s in ( l -  R f + Rf c sc 0 )~ ‘ (7)

T h e re fo re , th ere  is n o  need  to  v ary  th e  failu re  ratio  in the  

g en eraliz atio n  an aly ses, b e in g  en o u g h  to  re p lac e  <f> b y  (j>, in 

eq u atio n  ( 5 ) .

Fig u re  1 : H o m o th e tic  h y p erb o las.

< T j*  1 0 0  KPo

a  - a
—!------ —  *  constant

a3 « 600  kPo

a ,  = 5 0 0  kPo

« 3 0 0  kPo

a . - a ,  e
1 3 /

» 2 0 0  kPo

6 0 0

tP

tT « o o

2392



T h e  d im en sio n less eq u atio n  ( 5 )  is u se fu l fo r th e  d e fin itio n  o f  the 

ran g es o f  v ariab les f o r the  p aram etric  nu m erical an aly ses. T h e se  

ran g e s w e re  se le c te d  to  c o v e r the  m o st c o m m o n  situ atio n s fo u nd  

in  p rac tic e . T h e  d im en sio n less g ro u nd  c o v e r H / D w as m ad e to  

v ary  b e tw e e n  1.5  to  6 , the  fric tio n  an g le  f ro m  2 0 °  to  4 0 ° , and  th e  

in  situ  stre ss ratio  f ro m  0 .6  to  1 .0 . T h e se  ran g e s c o v e r ab o u t 

8 0 %  o f  c a se s  fo u n d  in  re c e n t p rac tic e  rev iew ed .

T h e  p aram etric  an aly ses p erfo rm e d  w ith  th is g ro u nd  m o d el 

rev ealed  an o th e r sin g u larity . Fig u re  3 p re sen ts no rm aliz ed  

re sp o n se  c u rv e s fo r tu n nel sp ring lin e , f o r d istin c t fric tio n  an g les. 

T h e se  c u rv e s w e re  fo u nd  to  b e  n early  h o m o th e tic , w ith  the 

c e n tre  o f  sim ilitu d e at th e  p o in t O  w h ere  a  =  U = 0 ( L=  1).

D raw  th ro u g h  p o in t O  an  arb itrary  ax is  O P  th at w ill in te rse c t 

c u rv e s f o r 0=20° e  3 0 °  at p o in ts M  and  N . T h e  c o o rd in ate s o f  

th e se  p o in ts are  a ’ and  U ’: u se  th ese  c o o rd in ate s as  re fe re n c e  

v alu es and  n o rm aliz e  o n c e  m o re  e ac h  o f  th e se  c u rv e s, to  eac h  

re sp e c tiv e  re fe re n c e  v alu e. T h e  n u m eric al re su lts re p lo tte d  in 

term s o f  th e  new  ab sc issa  U/U'  and  o f  th e  n ew  o rd in ate

4 G EN ERA LIZ A TIO N  O F G RO UN D  RESPO N SE

A =  1 - a  / a' (8)

and  are  sh o w n  in  Fig u re  4 . T h e  no rm aliz ed  resu lts fu rn ishes a 

sin g le  re sp o n se  c u rv e  f o r e ac h  p o in t o f  the  tu n nel c o n to u r, w h ic h  

is ind ep en d en t o f  the  g ro u n d  fric tio n  an g le . T h is  find in g  p ro v id es 

m o re  g en erality  to  th e  aim ed  so lu tio n . O n e  sh o u ld  n o te , 

h o w ev er, th at the  p o in ts sh o w n  in  Fig u re  4  are  re lated  to  the  

p re -failu re  c o n d itio n s and  that th e  c u rv e  f itted  th ro u g h  th e m  is 

v alid  fo r th is c o n d itio n  o n ly .

N o n  lin ear le ast-sq u are s re g re ssio n  te c h n iq u e s w e re  u sed  to  

b e st fit th e  tw ic e  n o rm aliz ed  n u m eric al d ata. T h e  b e st fu n c tio n  

fittin g  all d ata, w ith  m in im u m  resid u al m ean  sq u are  (v ary ing  

fro m  I ff3 to  1 0 s), w as fo u n d  to  b e :

A = 1 - (x / (P, + P2 -x + (1  / (P3 + Pt ■*+  P\ -x 2))))  ( 9 )

w h ere  x  = U /U ’ and  P, are  fu n c tio n  p aram eters. T h is  fu n c tio n  

se e m s su itab le  in  th e  sen se  it h as a  d e fin ab le  lim it f o r larg e  

d isp lac em en ts, th o u g h  b e in g  c le ar th at it sh o u ld  b e  u sed  fo r

Fig u re  3 : N o rm aliz ed  g ro u n d  re sp o n se s at tu n n e l sp ring lin e  

fo r d if feren t fric tio n  an g les.

in terp o latio n  w ith in  p re -failu re  c o n d itio n s o n ly . T h e  p aram eters 

fo r c ro w n , sp ring lin e  and  f lo o r o f  the  tu n nel are  sh o w n  in T ab le

I. Fig u re s 5 , 6  and  7 p re sen t th ese  fu n c tio n s in g rap h ic  fo rm , fo r 

th re e  Ko v alu es, fo r the  th ree  p o in ts o f  th e  tu nnel c o n to u r and  

fo r th re e  n o rm aliz ed  g ro u nd  c o v e rs . T h e y  fu rn ish  the  re latio n  

b e in g  so u g h t b e tw een  th e  stress red u c tio n  fa c to r and  the  

c o n v e rg e n c e  d isp lac em en t o f  a  sh allo w  tu nnel.

Fig u re  8  fu rn ishes the  ratio  a' /U ‘ w h ic h  is th e  slo p e  o f  the 

arb itrary  h o m o th e ty  ax is, as a  fu n c tio n  o f  the  tu nnel g ro u nd  

c o v e r. T h is  ratio  w as m ad e ind ep en d en t o f  <j> and  a ’ w as 

se le c te d , f o r th e  re d u c tio n  p ro c e ss , in su ch  a w ay  as to  m ake  it 

ind ep en d en t o f  the  g ro u nd  c o v e r.

Fig u re  9  sh o w s a ’ as a  fu n c tio n  o f  th e  fric tio n al re sistan c e  

e x p ressed  as:

m - l  =
2 ■ sin<j>

1 -  sirup
(10)

T ab le  I: P aram e te rs o f  th e  tw ic e  n o rm aliz ed  re sp o n se  c u rv es.

PI P2 P3 P4 P5

Ko=0-6 HÆ>=6.0 Croati

Spring!.

Floor

0.7863

0.3270

0.7550

0.1643

0.5378

0.0791

5.8485

2.2039

4.4239

-0.9192

13714

-2.7928

15.2721 

4.4509 

4.6785

H/D=3.0 Croati

Springl.

Floor

0.7592

0.3262

0.8201

0.1959

0.5428

0.0558

5.5995

2.3007

6.3141

-1.8853

1.1162

-6.6624

182108

4.9612

8.7052

H/D=1.5 Crown

Springl.

Floor

0.5830

0.3173

0.8312

0.3175 

0-5517 

0.0476

2.9017

2.2334

6.4333

1.5671

1.0538

-5.5703

5.6173

5.0694

7.8069

Ko=0.8 H/D=6.0 Crown

Springl.

Floor

0.5480

0.4223

0.7230

0.3849 

0-5317 

0.2316

3.0527

3.4086

3.5999

2.9276

3-2167

-2.8499

9.9043

12.6102

14.5303

H/D=3.0 Crown

Springl.

Floor

0.5055

0.4197

0.7328

0.4191

0.5380

0.2234

2.8752

3.4399

3.8938

3.6904

2.6640

-3.9446

6.8780

14-5739

15.8681

H/D=1.5 Crown

Springl.

Floor

0.5052

0.4096

0.7171

0.4630

0.5500

0.2256

3.6081

3.4225

3.6040

5.5775

2.1201

-2.8964

17.3331

15.7848

11.6415

Ko=1.0 H/D=6.0 Crown

Springl.

Floor

0.4274

0.4416

0.4323

0.5208

0.4977

0.5090

4.2706

4.0454

4.0270

4.9524

5.6946

5.0692

9.1674

6.1024

7.6430

H/D=3.0 Crown

Springl.

Floor

0.4097

0.4484

0.4574

0.5446

0.5015

0.4914

4.4999

4.6854

4.3206

5.3435

3.7948

4.2243

10.7461

10.6789

10.4066

1

H/D=1.5 Crown

Springl.

Floor

0.3575

0.4207

0.4258

0.6118

0.5227

0.4880

5.1904

4.0515

3.2546

5.6765

4.5578

4.6773

172042

82557

3.4674

H / I > 6 . 0  -  C R O W N  

H / D = 6 . 0  -  S P R I N G L .  

□
H / D = 6 . 0  -  F L O O R  

H / D = 3 . 0  -  C R O W N  

©

H T > 3 . 0  -  S P R I N G L .

O

H / D = 3 . 0  -  F L O O R  

A

H / D = 1 . 5  -  C R O W N

H / D H . 5 - S P R I N G L .

0  0 . 5  1 1 .5  2  2 . 5  3  3 .5  4  4 . 5  5  ^

H Æ M . 5 -  F L O O R

Fig u re  5 : T w ic e  n o rm aliz ed  g ro u nd  re sp o n se  fo r Ko  =  0 .6 .

Fig u re  4 : T w ic e  n o rm aliz ed  g ro u nd  re sp o n se  fo r sp ring lin e  

and  f o r any  fric tio n  an g le  (K o = 0 ,8 ) .

Figure 6: Tw ice normalized  ground respo nse fo r Ko =  0.8.
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Fig u re  7 : Tw ice  no rm alized  g ro und  resp o nse fo r Ko =  1.0.

H/ D K o =1.0 -  F L O O R

Fig u re  8 : Slo p e  o f  the arb itrary  ho m o thety  axis and 

no rm alized  tunnel co v er.

m -1 K o = 1 . 0 -  F L O O R

Fig u re 9 : Relatio nship s betw een the reference g ro und  stress 

red u ctio n fac to r and  g ro und  frictio nal resistance.

T h e  se t o f  fu n c tio n s sh o w n  in Fig u res 5 to  9  rep resen ts p re ­

fa ilu re  no n  lin e ar g ro u nd  re sp o n se  c u rv c s , fo r th re e  p o in ts at the  

p e rim e te r o f  a sh allo w  c irc u la r tu n n e l, in c o h e s io n le ss  g ro u nd . 

In o th e r se c tio n  it w ill b e  sh o w n  h o w  to  ac c o u n t fo r m o d erate  

c o h e siv e  c o m p o n e n t o f  stren g th  and  h o w  to  ac c o u n t fo r 

in c re asin g  g ro u nd  s tif fn e ss  w ith  d ep th . A  sim ila r se t o f  fu n c tio n s 

c an  b e  d e f in e d  fo r u n d rain cd  ( f r ic tio n le ss )  c o n d itio n s.

5 G R O U N D  C O N V E R G E N C E  A T  L IN IN G  A C T IV A T IO N

T h e  e stim ate  o f  g ro u nd  stress red u c tio n  in  th e  tw o  d im e n sio n al 

m o d el p re sen ted  in th e  p rev io u s se c tio n  re q u ire s an in d ep en d en t 

e v alu atio n  o f  th e  g ro u nd  d isp lac e m e n ts aro u nd  th e  tu nnel 

p e rim e te r, p rio r to  th e  in stan t w hen  th e  lin in g  is p ut in c o n tac t 

w ith  the  so il and  starts in te rac tin g  w ith  it.

So lu tio n s  a v a ila b le  fo r tu n nel c o n v e rg e n c e  e stim ate s w ere  

d ev e lo p ed  f o r d eep  tu n n e ls, w ere  n u m e ric a lly  d eriv ed  fro m  

e ith e r 3 D  o r a x isy m m e tric  f in ite  e le m e n ts  o r b o u n d ary  in teg ral, 

assu m ed  the  g ro u nd  m ass to  b e h av e  lin e a r-e la stic a lly  and

assu m ed  th at the  o p e n in g  is u n lin ed . So m e  so lu tio n s ac c o u n t fo r 

in situ  stre ss o th e r th an  u n ity  (e .g . N iw a e t a l, 19 7 9 ) . N eg ro  et al 

( 1 9 8 6 ) ,  o n  th e  o th e r han d , u sed  a s im ila r ap p ro ac h  b u t fo r a 

sh allo w  c irc u la r tu n nel c o n d itio n , tak in g  in to  ac c o u n t th e  e f f e c t 

o f  th e  stre ss f re e  g ro u nd  su rfac e  and  o f  th e  g rav itatio n al stre ss 

g rad ien t. T h e y  u sed  3 D  f in ite  e le m e n t p aram e tric  sim u latio n s to  

o b tain  a n u m e ric a lly  d eriv ed  so lu tio n  fo r p re d ic tio n  o f  rad ial 

d isp lac e m e n ts at th e  fac e  o f  sh a llo w  tu n n e ls, fo r Kn v alu es 

b e tw e e n  0 .6  and  1.0  and  g ro u nd  c o v e rs  b e tw e e n  1.5 and  3 

d iam eters. T h is  u n lin ed  tu n nel so lu tio n  fo r e la s tic  g ro u nd  w as 

late r ex te n d e d  to  fu rn ish  rad ial d isp lac e m e n t o f  the  tu nnel 

p e rim e te r at p o in ts b e h in d  the  tu n nel fac e .

T h e  e x te n d e d  so lu tio n  fu rn ish e s the  d im e n sio n le ss rad ial 

d isp lac e m e n t at tu nnel c ro w n  and  f lo o r  as:

U = a -  b- Ko ( 1 1 )

and  at tu n nel sp rin g lin e  as:

U  =  a - b /K .  ( 1 2 )

w h ere  a and  b are  the  c o e f f ic ie n ts  sh o w n  in Fig u re  10, as a 

fu n c tio n  o f  th e  re la tiv e  d istan c e  to  th e  tu n n el fac e .

It is kn o w n  that th e  p re se n c e  o f  th e  lin in g  d o es no t a f fe c t 

m u ch  th e  d isp lac e m e n t at the  tu n nel fac e . H o w ev er, f o r p o in ts 

b e h in d  th e  f a c e  th e  in f lu e n c e  o f  th e  lin in g  b e c o m e s  m o re  

p ro n o u n c ed , th e  e x te n d e d  so lu tio n  te n d in g  to  o v e rp re d ic t th e  

e la s tic  d isp lac e m e n ts . T h is  is a lim itatio n  o f  th e  so lu tio n  w h ic h  

is b a lan c e d  b y  the  assu m p tio n  o f  lin e ar e la s tic ity  that 

u n d erp red ic ts th e  ac tu al no n lin e ar d isp lac e m e n ts o f  the  g ro u nd  

m ass.

N o tw ith stan d in g  th e se  sh o rtc o m in g s , the  ex te n d e d  so lu tio n  

w as fo u nd  to  b e  c o n siste n t w ith  N iw a at al ( 1 9 7 9 )  so lu tio n . 

A d d itio n ally , it y ie ld ed  e stim ate s  o f  tu nnel c o n v e rg e n c e  at 

c ro w n , sp rin g lin e  and  f lo o r  in m o re  than  5 0  ac tu al c ase  h isto rie s 

o f  sh allo w  tu n n e ls, that c o m p are d  fav o u rab ly  w ith  th e  m easu red  

d isp lac e m e n ts p rio r to  th e  lin in g  a c tiv atio n  (N e g ro , 1988) . 

D e p artu res b e tw e e n  p re d ic tio n s and  m e asu re m e n ts w ere  

o b se rv e d  w h e n e v e r p o o r g ro u nd  c o n tro l c o n d itio n s p re v aile d , 

w ith  lo c a liz e d  in sta b ilitie s  and  larg er lo sse s o f  g ro u nd , 

re g ard less th e  c o n stru c tio n  m eth o d  o r the  g ro u nd  ty p e.

A  key  issu e  in ap p ly in g  th is s im p lif ie d  so lu tio n  to  ac tu al 

p ro b le m s is th e  d e f in itio n  o f  th e  p o in t o f  lin in g  ac tiv atio n . Fo r 

N A T M  b u ilt tu n n e ls lin in g  ac tiv atio n  o c c u rs  at th e  se c tio n  

w h ere  th e  lin in g  rin g  is c lo se d  by  sh o tc re te in g  the  in v ert arc h  at 

tu nnel f lo o r. Fo r T B M  o r sh ie ld e d  tu n n e ls, lin in g  ac tiv atio n  

o c c u rs  at th e  se c tio n  th e  lin e r is p u t in fu ll c o n tac t w ith  the  so il, 

w h ere  g ro u t f ills  th e  v o id  b e h in d  it o r w h ere  the  lin in g  is 

ex p an d e d . G o o d  g ro u nd  c o n tro l c o n d itio n s n o rm ally  im p lie s  in 

lin in g  ac tiv atio n  b e tw e e n  0 .5  to  1.5 tim e s the  tu nnel d iam eter. 

L arg e r d e lay s in lin in g  ac tiv atio n  c an  im p ly  in p o o re r c o n tro l 

c o n d itio n s, w h ere  th is sim p lif ie d  m eth o d  c e a s e s  to  fu rn ish  g o o d  

e stim ate s  o f  tu n nel w all c lo su re .

C R O W N  - c o e f .  a  

□
C R O W N  - c o e f .  b  

S P R I N G L .  -  c o e f .  a

o
S P R I N G L .  -  c o e f .  b  

▲

F L O O R  -  c o e f .  a

A

F L O O R  -  c o e f .  b

Fig u re 10: C o effic ients o f  d im ensio nless rad ial d isp lacem ents 

at p o ints o f  the tunnel co nto u r.
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6  A P P R O X IM A T IO N S

O n e  re s tric tiv e  assu m p tio n  m ad e  in th e  d e v e lo p m e n t o f  the  

g ro u nd  re sp o n se  m o d el re fe rs  to  th e  z ero  c o h e sio n . T h e  

in f lu e n c e  o f  m o d e rate  c o h e s iv e  c o m p o n e n t o f  stren g th , 

h o w ev er, c an  b e  tak en  in to  a c c o u n t ap p ro x im ate ly . T h is  c an  b e  

d o n e  b y  ad ju stin g  th e  fric tio n  an g le  o f  th e  so il w ith  c  ■-= 0 in  su ch  

a w ay  th at th e  in  situ  stren g th  d e f in e d  in te rm s o f  th e  p rin c ip al 

s tre ss d if f e re n c e , at the  tu n n el a x is  e le v a tio n , is m ad e  eq u al to  

th e  stren g th  o f  th e  ac tu al so il w ith  n o n -z e ro  c o h e sio n . T h is  

ad ju stm e n t h as b e en  tested  by  n u m e ric al m o d e llin g  that rev e aled  

th at th e  b e st and  sa fe r ap p ro x im atio n s w e re  o b tain e d  w ith  th e  

assu m p tio n  that the  stre ss d if f e re n c e  at fa ilu re  is re ac h e d  by  

k e e p in g  th e  m in o r in situ  p rin c ip al stre ss c o n stan t and  by  

in c re asin g  the  m a jo r p rin c ip al stress. Fo r th is stress p ath , the  

ad ju ste d  f ric tio n  an g le  b e c o m e s:

¡ + ( a i /c)-iun<p
(13)

Fig u re  11: C a lc u late d  and  m easu red  rad ial stre sse s o n  th e  

A B V  tu n n e l’ s sh o tc re te  lin in g , Sa o  P au lo  ( a  =  5 3 % ) .

A n o th e r re s tr ic tiv e  assu m p tio n  m ad e  re fe rs to  th e  Ja n b u ’ s 

e x p o n e n t n, w h ic h  w as a lso  se t eq u al to  z ero . T h is  is the  

p aram e te r c o n tro llin g  th e  rate  o f  in c re ase  o f  the  in  situ  tan g en t 

m o d u lu s o f  a  so il d e p o sit w ith  d ep th . I f  n is eq u al to  u n ity , th e  in 

situ  tan g en t m o d u lu s in c re a se s  lin e arly  w ith  d ep th . I f  n is eq u al 

to  z e ro , a c o n stan t m o d u lu s p ro f ile  w ith  d ep th  is fo u n d , w hat 

u su ally  d o e s n o t c o rre sp o n d  to  reality . T o  tak e  into  

c o n sid e ratio n  th e  m o d u lu s c h an g e  w ith  d ep th , a n u m b er o f  

n u m e ric a l an a ly se s w as p erfo rm e d . It w as fo u n d  that i f  the 

g ro u nd  re sp o n se s at th e  c ro w n  and  at th e  f lo o r w e re  n o rm aliz e d  

to  th e  in situ  s tif fn e ss  o f  th e  g ro u nd  at p o in ts lo c ate d  h a lf  

d iam e te r ab o v e  and  b e lo w  th e  tu nnel re sp e c tiv e ly , th e  resu ltin g  

n o rm aliz e d  g ro u n d  re sp o n se  c u rv e s w o u ld  b e  p rac tic a lly  

in d ep en d en t o f  th e  rate  o f  in c re ase  o f  the  m o d u lu s w ith  the 

d ep th , thu s in d ep en d en t o f / ;. T h is  a rtif ic e , th e re fo re , a llo w s the  

e f f e c t o f  th e  m o d u lu s in c re asin g  w ith  d ep th  to  b e  ap p ro x im ate ly  

ac c o u n te d  fo r, f ro m  th e  re su lts o f  an aly se s w h ere  a c o n stan t in 

situ  stif fn e ss  is assu m e d , as is the  c ase .

Fig u re  12: C a lc u late d  and  m e asu re d  th ru sts o n  th e  Ed m o n to n  

L R T  Sh ie ld e d  tu n n el p rim ary  lin in g  ( a  =  6 2 % ) .

7  A P P L IC A T IO N S

T o  asse ss th e  stre ss re le ase  fa c to r  a  fo r a p artic u lar tu n nel w h ere  

a  2 D  n u m e ric a l an aly sis  is to  b e  p erfo rm e d , o n e  sh o u ld  f irstly  

id e n tify  th e  d is tan c e  X  fro m  the f a c e  w h ere  th e  lin in g  is 

ac tiv ate d . Eq u atio n s ( 1 1 )  and  ( 1 2 )  an d  Fig u re  10 fu rn ish e s the  

d im e n s io n le ss  rad ial d isp lac e m e n ts U  at th re e  p o in ts o f  the  

tu n n el c o n to u r, at a d is tan c e  X , f o r a g iv en  in  situ  stre ss ratio  K0. 

U sin g  e q u atio n s ( 7 )  and  ( 1 3 )  th e  ad ju sted  f ric tio n a l re s is ta n c e  o f  

th e  so il (m-I)  is fo u n d  thro u g h  e q u atio n  ( 1 0 ) . Fig u re  9  fu rn ish es 

the  re f e re n c e  stre ss re le a se  fa c to rs  a  and  Fig u re  8  y ie ld s the 

slo p e  o f  th e  arb itrary  h o m o th e ty  ax is. Fro m  th e  latte r, the 

re f e re n c e  d im e n s io n le ss  d isp lac e m e n ts ( / ' f o r the  th re e  p o in ts o f  

th e  tu n nel p e rim e te r are  fo u n d . W ith  th e  ratio  U/U'  fo r e ac h  o f  

th e se  p o in ts , o n e  o b ta in s th re e  v alu e s o f  X th ro u g h  Fig u re s 5 , 6  

o r 7. I f  re q u ire d , in te rp o latio n  o f  X is m ad e  fo r o d d  Kn v alu es. 

Fro m  e q u atio n  ( 8 )  o n e  o b ta in s, fo r e ac h  p o in t o f  th e  tu nnel 

c o n to u r:

CROWN Sl 'RINGLINI i  A N G L E( C) FLOOR

Fig u re  13: C a lc u la te d  and  m easu red  stre sse s o n  B ra s il ia  

M e tro  tu n n el sh o tc re te  lin in g  ( a  =  5 7 % ) .

a  = ( l - X ) - a ‘ ( 1 4 )

T h e  stre ss re le ase  fa c to r to  b e  ap p lied  to  the  2D  n u m e ric al 

an aly sis  o f  a p artic u lar tu n nel w ill c o rre sp o n d  to  the  av e rag e  a  

v alu e  f o r th o se  p o in ts o f  th e  tu n nel c o n to u r. N o te  that the 

sp rin g lin e  ¿ rv a lu e  is c o u n te d  tw ic e  in the  av e rag e d  fac to r:

a  =  c r o w n  +  2 '  a . s f h i . v g i jm :  +  a n . n o n ) / ^  0  5 )

T h e  ab o v e  p ro c e d u re  w as ap p lied  to  a  d o z en  o f  tu n nel c a se s  

and  sam p le s o f  re su lts o b tain e d  are  sh o w n  in Fig u res 11 and  12, 

that re fe r to  th e  A B V  N A T M  tu n nel in Sa o  P au lo  (N e g ro  an d . 

E ise n ste in , 1 9 8 1 )  and  to  the  Ed m o n to n  L R T  Sh ie ld e d  T u n n e l in 

C an ad a ( B ra n c o , 1981) .

In  the  ap p lic a tio n s o f  th is m e th o d  to  ac tu al tu nnel c a se s , no  

attem p t w as m ad e  to  b e st f it th e  o b se rv e d  p e rfo rm an c e s.

T h e se  te sts w e re  no t b ac k -an a ly se s , s in c e  it w as assu m ed  that 

all p aram e te rs g o v e rn in g  the  tu n nel re sp o n se  w e re  kno w n . T h e se  

te sts  c o v e re d  a  w id e  ran g e  o f  c o n d itio n s , o f  so il ty p es, 

g e o m e trie s , o f  c o n stru c tio n  m eth o d s. Fro m  th ese  ap p lic a tio n s it 

w as n o ted  that th e  c a lc u la tio n  p ro c ed u re  e ith e r m atc h e d  o r 

o v e re stim ate d  th e  lin in g  lo ad s. Sim ila r  ag re e m e n t w as o b tain ed  

w ith  re sp e c t to  g ro u nd  d isp lac e m e n ts .

A f te r th e se s te sts in v o lv in g  L a m b e ’ s ty p e C  p re d ic tio n s , th is 

p ro ced u re  has b e e n  u sed  in m o re  th an  a hu nd red  o f  tu nnel c a se s , 

as ty p e A  p re d ic tio n . A s an  e x am p le . Fig u re  13 p re se n ts a 

c o m p ariso n  o f  m easu red  and  p re d ic te d  (ty p e  A  p re d ic tio n )  

lin in g  lo ad s in the  p rim ary  sh o tc re te  lin in g  o f  B ra s il ia  M e tro  

(N e g ro  and  K o c h e n , 1996) .
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T h e  am o u n t o f  g ro u nd  stre ss re le a se  at lin in g  a c tiv atio n  in 

th e se  a p p lic a tio n s  v aried  fro m  2 0 %  to  7 0 % , the  m o st f req u en t 

v alu e  b e in g  aro u n d  5 0 % , c o n siste n t w ith  the  arb itrary  stress 

re d u c tio n  p ro p o sed  b y  M u ir W o o d  ( 1 9 7 5 )  fo r lin in g  d esig n .

8  FIN A L  C O M M E N T S

T h o u g h  v alid ate d  b y  a larg e  n u m b e r o f  ap p lic a tio n s , th e  p re sen t 

p ro c e d u re  has a n u m b e r o f  lim itatio n s. T h e  p ro c e d u re  is stric tly  

v alid  f o r th e  c o n d itio n s it w as d e v e lo p e d , c le a rly  stated  in  the 

p re c e d in g  se c tio n s . Its use is re stric te d  w ith in  th e  lim its  o f  the 

v ariab le s  it c o n sid e rs. O f  c o u rse  so m e  d e g re e  o f  e x trap o latio n  

c an  b e  e x e rte d  b u t is u n w arran ted . In any  c a se , th e  m eth o d  is 

a p p lic a b le  f o r g o o d  g ro u nd  c o n tro l c o n d itio n s, in  w h ic h  any  

fo rm  o f  in stab ility  is  p re c lu d e . It is, th e re fo re , a b as ic  

re q u ire m e n t fo r th is p ro c e d u re  ap p lic a tio n , to  asse ss  th e  lim itin g  

stress re la x a tio n  th at b rin g s ab o u t th e  c o lla p se  o f  th e  u n lin ed  

tu n n el. T h is  asse ssm e n t c an  b e  p erfo rm e d , fo r in stan c e , thro u g h  

th e  Bo u n d  T h e o re m s  o f  P lastic ity . Stre ss  re le ase  fac to rs  g re ate r 

th en  th e  lim itin g  fa c to r c au sin g  c o lla p se  are  no t ac c e p tab le .

So m e  c o n stru c tio n  m eth o d s, fo r in stan c e  th e  slu rry  p ressu re  

b a lan c e d  sh ie ld , m ay  p o se  d if f ic u ltie s  in  ap p ly in g  th e  p re sen t 

p ro c ed u re . T h is  m ay  re q u ire  an a lte rn ativ e  m eth o d  fo r 

p re d ic tio n  o f  th e  tu n nel c o n v e rg e n c e , o n  a c c o u n t o f  th e  slu rry  

p re ssu re .

Fin a lly , th e  p ro c e d u re  c an  b e  u sed  and  is b e in g  u sed , no t o n ly  

to  tu n n e llin g  p e rfo rm an c e  p re d ic tio n , b u t to  tu n nel su p p o rt 

m o n ito rin g  an aly sis . In fa c t, tu n n el c o n v e rg e n c e  fro m  

e x te n so m e te rs , d eep  se ttle m e n t p o in ts , in c lin o m e te rs  c an  b e  

treated  as an  in p u t in to  th e  m e th o d , th at c an  th en  fu rn ish  the  

c o rre sp o n d in g  g ro u nd  stre sse s. I f  th e  latte r are  kn o w n  fro m  

lin in g  lo ad s m e asu re m e n ts, then b ac k  an aly sis  c an  b e  p erfo rm e d  

ren d erin g  g ro u nd  v ariab le s so m e tim e s d if f ic u lt to  asse s ( K0 fo r 

in stan c e ) .

9 A C K N O W L E D G E M E N T S

T h e  resu lts p re sen ted  are  p art o f  a re se arc h  p ro je c t sp o n so re d  b y  

F A P E SP  ( B ra z i l )  and  N S E R C  (C an ad a) .

M r P au lo  Iv o  Q u e iro z  fro m  Bu re au  d e P ro je to s  e  C o n su lto ria  

Ltd a. ( B ra z i l )  w as in stru m en tal in th is rep o rt p rep aratio n .
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