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F. R O D R IG U E Z  R O A  P ro fe s s o r o f  G e o te c h n ic a l E n g in e e rin g , C a th o lic  U n iv e rs ity  o f  C h ile , S a n tia g o , C h ile

SYNOPSI S The desi gn of  t unnel  l i ni ng i ncl udi ng t he ef f ect s of  t he act ual  shear  st r esses at
t he i nt er f ace bet ween gr ound and l i ni ng can be expect ed t o di f f er  ver y s i gni f i cant l y  f r om mor e cr ude 
appr oaches .

A set  of  s i mpl i f i ed const i t ut i ve l aws based on exper i ment al  ev i dence ar e pr oposed t o model  t he i nt er  
f ace behavi or .  The r esul t s  of  a Fi ni t e El ement  anal ys i s  of  a t unnel  excavat ed i n a est r at i f i ed r ock 
mass and subj ec t ed t o i nt er nal  pr essur e i s pr esent ed.

I NTRODUCTI ON

Pr evi ous st udi es suggest  t hat  i nt er f ace st r esses 
may af f ect  s i gni f i cant l y  t he magni t ude and d i s ­
t r i but i on of  bendi ng moment s i n t he t unnel  l i n­
i ng ( Sagaset a,  1976) .  I n or der  t o st udy anal yt i  
cal l y  t hi s pr obl em t he const i t ut i ve l aws of  t he 
i nt er f ace i nt er act i on ar e r equi r ed.  A set  of  
such l aws of  a s i mpl i f i ed nat ur e ar e her e pr opo^  
e d , and a speci al  pur pose Fi ni t e El ement  pr ogr am 
was devel oped t o be used i n t unnel  l i ni ng desi gn 
The pr ogr am i ncl udes an i nt er f ace el ement  t o mo ­
del  soi l - s t r uct ur e i nt er act i on.

Sever al  cases wer e per f or med t o anal yze t he s i g­
ni f i cance of  t he var i ous par amet er s  af f ect i ng 
t he i nt er f ace behav i or  and t hei r  i nf l uence on 
t he t unnel  l i ni ng bendi ng moment s.  Act ual l y,  
t he r esul t s  of  onl y one case ar e pr esent ed her e,  
because of  space l i mi t at i ons.  The r est  of  t hem 
wi l l  be publ i shed el sewher e.

whi ch t he pr ev i ous l y  ment i oned aut hor s f i t t ed t o 
di r ect  shear  t est  dat a on sand- concr et e i nt er f a­
ce behav i or  f or  var i ous val ues of  t he nor mal  
st r ess,  a .

SOI L- STRUCTURE I NTERACTI ON

Gener al  Anal ys i s

The r el at i ve di spl acement  bet ween adj acent  f i ni ­
t e el ement s,  as . i t  occur s i n t he cont act  sur f ace 
bet ween t he soi l  and t he st r uct ur e,  can be consi  
der ed us i ng speci al  el ement s known as j oi nt - el e 
ment s  and i nt er f ace el ement s ( Goodman et  a l . , 
1968;  Ghabouss i  et  a l . ,  1973;  Rodr i guez Roa,  
1977) .  The si mpl e case of  uncoupl ed i nt er f aces,
i . e.  wher e nor mal  and t angent i al  di spl acement s 
ar e i ndependent ,  was cons i der ed t o be a r easona­
bl e model  f or  a number  of  soi l - s t r uc t ur e i nt er ­
act i on pr obl ems.

Pr oposed Const i t ut i ve l aws

A commonl y  used f unct i on f or  r epr esent i ng t he be 
havi or  of  " f r i c t i onal  i nt er f aces" ,  i . e.  t hose 
wi t h nul l  adhesi on,  i s t he so- cal l ed hyper bol i c  
l aw whi ch depends on f our  i ndependent  par amet er s 
denot ed by  Rf ,  n,  Ki ,  6 ( Cl ough and Duncan,
1971)  . Fi gur e 1 shows t he hyper bol i c  f unct i on

Fig.1. Direct Shear Test Data fo r Sand-Concrete 
Interface Behavior.

A si mpl i f i ed bi l i near  l aw dependi ng on onl y 
t hr ee i ndependent  par amet er s,  n,  Kj  , 6,  i s pr e ­
sent ed ( See Fi g.  2) .  Thi s r el at i onshi p i s suf ­
f i c i ent l y  accur at e f or  most  pr act i cal  appl i ca­
t i ons.  Under  compr ess i ve nor mal  st r esses,  t he 
t angent i al  st i f f ness k s i s def i ned by  t he f ol l ow 
i ng r el at i ons :

k g = t ge.  = K i Yw  ( p V  ( f or  Tg<  an t g6)  ( 1)  
r  a

an ' t g6
or  k g = t g6f  = — r---  ( f or  xg =an t gS)  ( 2)

s
wher e:

a , t  = no r ma l  and  s hear  s t r es s es  at  t he i n 

t e r f a c e .
As = r el at i ve di spl acement .

— 2 25  K P a ,  N o r m a l  S t r e s s

H y p e r b o l i c  R e p r e s e n ta t io n

(C lo u g h  a n d  D u n c a n .1971) 

A c tu a l  S t r e s s - D i s p l a c e m e n t  C u rv e

(C lo u g h  a n d  D u n c a n ,1971) 

P ro p o s e d  B i l in e a r  L a w

112 K P a ,  N o r m a l  S t r e s s

4 5  K P a ,  N o r m a l  S t r e s s

02 0.4 0.6 OS 
Rel at i ve di spl acement ,  A s ( m-10’  )
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KI -
P a

V

= peak angl e of  f r i c t i on mobi l i zed at  
t he i nt er f ace.

= uni t  wei ght  of  wat er

= nondi mens i onal  par amet er s.
= at mospher i c  pr essur e.
= See Fi g.  2.

N> c f  = p e a k  a n g le  o f  f r i c t i o n  

m o b i l i z e d  a t  t h e  i n t e r ,  

f a c e .

C o n s t a n t  n o r m a l  s t r e s s . <Tn

Re lat iv e  d isp lacem en t , A s

Fig.2. Bilinear law proposed fo r fric tiona l in te r fa ­

ce behavior.

- he nor mal  st i f f ness k i s commonl y  t aken as a- i - i  ri J
ver y l ar ge val ue.

Under  t ens i l e nor mal  st r esses,  ar bi t r ar i l y  smal l
val ues ar e used f or  bot h k„  and k .

n s

Fi gur e 1 shows t he bi l i near  l aw f i t t ed t o t he ex 
per i ment al  r esul t s  r epor t ed by  Cl ough and Duncan 
( 1971) .  For  t hi s par t i cul ar  case,  t he val ues 
Kj .  = 33. 000 and n = 0, 75 wer e obt ai ned.

I n cl ay soi l s,  t he adhes i on bet ween soi l  and 
st r uct ur e may not  be negl i gi bl e and must  be t a­
ken i nt o account  ( Desai ,  1975) .  Adhes i on i s due 
t o a phys i cochemi cal  phenomenon r at her  t han a me 
chani cal  one,  t hus,  i t  i s r easonabl e t o expect  
t hat  i t s magni t ude i s i ndependent  of  a .

l Io w , as i n t he case of  f r i c t i onal  st r esses,  i n­
t er f ace di spl acement s ar e r equi r ed t o mobi l i ze 
adhesi ve st r esses.  As t he t angent i al  r el at i ve 
di spl acement  i nc r eases t he adhesi ve shear  st r ess 
al so i nc r eases unt i l  i t  r eaches a max i mum val ue 
" ca" ;  beyond t hi s poi nt ,  t he adhesi ve shear  
st r ess gr adual l y  decr eases wi t h i nc r eas i ng d i s ­
pl acement s  ( Ur i el ,  1980) .

Once t he i nt er f ace r el at i ve di spl acement  pr ocess 
st ops,  t he soi l  may,  wi t h t i me,  r ecover  i t s adhe 
si ve char act er .  Thi s woul d be t he ef f ect  of  
t hi xot r opi c pr oper t i es.

The pr oposed s i mpl i f i ed const i t ut i ve l aw f or  an 
i deal  adhesi ve i nt er f ace ( wi t h nul l  f r i ct i on)  i s 
shown i n Fi g.  3.

At t empt s  have been done t o est i mat e t he adhesi on 
f r om t he undr ai ned shear  s t r engt h of  t he soi l  
( Desai ,  1975) ,  however ,  t hi s pr ocedur e may not  
al ways be appl i cabl e ( Bur l and,  1973) .

I n or der  t o ver i f y  t he adecuacy of  t he pr oposed 
r el at i ons,  t he r esul t s obt ai ned by O' Nei l l  and 
Reese ( 1970)  f or  a c l ay - conc r et e i nt er f ace wer e

s m  : r e l a t i v e  d is p la c e m e n t  r e q u i ­

r e d  to  m o b i l i z e  m a x im u m  a d ­

h e s i v e  s h e a r  s t r e s s .  C a .

s f  : r e l a t i v e  d is p la c e m e n t  t h a t  l i  -  

m i t s  a d h e s iv e  b e h a v io r .

Fig.3. Constitutive law proposed fo r adhesive in ­

terface.

anal i zed ( See Fi g.  4) .  Fi gur e 5 shows how t he 
const i t ut i ve l aw,  f or  an i nt er f ace wi t h f r i c t i on 
and adhesi on,  can be obt ai ned by super pos i ng t he 
f unct i ons ment i oned above.  I t  i s appar ent  t hat  
t he pr oposed r el at i ons ar e cons i s t ent  wi t h t he 
avai l abl e exper i ment al  evi dence.  I t  i s al so appa 
r ent  t hat  t he sof t eni ng phenomenon obser ved i n 
t he t est s i s due t o t he gr adual  l oss of  adhesi on 
wi t h i nc r eas i ng r el at i ve di spl acement s .

F ig .4 . D irect Shear Test D a ta  fo r  a Concre te-C lay 

In te rfa c e .

Fig

R e la t iv e  D is p la c e m e n t ,A s (m -153 >

.5. C o n s titu tive  law  proposed fo r  adhesive and 

fr ic t io n a l in te rfa c e .
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I n t he par t i cul ar  case di scussed,  t he max i mum 
adhesi ve shear  st r ess i s of  t he or der  of  t he ma ­
x i mum shear  st r ess due t o f r i ct i on.  On t he ot her  
hand,  t he r el at i ve di spl acement  r equi r ed t o mobi  
l i ze t he max i mum adhes i on i s about  t hi r t y per  
cent  of  t hat  cor r espondi ng t o t he max i mum f r i c ­
t i on.

APPLI CATI ONS

The pr obl em of  a t unnel  excavat ed i n a hor i zon­
t al l y  s t r at i f i ed r ock mass and subj ect ed t o i n­
t er nal  pr essur e was st udi ed.  The gener al  d i men­
s i ons of  t he t unnel  cons i der ed ar e ver y  much t he 
same as t hose used by  Ur i el  y Sagaset a ( 1971)  i n 
t he pr obl em t hey anal yzed.

The r ock mass was model l ed as a l i near  el ast i c 
ani sot r opi c  cont i nuous medi a.  The i nt er f ace f i ni ^ 
t e el ement  gover ned by t he nonl i near  el ast i c pr o 
posed const i t ut i ve l aws,  was assumed t o have t he 
pr oper t i es  i ndi cat ed i n Fi g.  6.  The f i ni t e el e ­
ment  mesh used i s shown i n Fi gs.  7a and 7b.

The st r esses on t he out war d f ace of  t he l i ni ng 
obt ai ned f r om t he anal ysi s ar e pr esent ed i n Fi g.  
8.  For  sake of  compar i son,  t he st r ess pat t er n 
obt ai ned by negl ec t i ng i nt er f ace r el at i ve di spl a 
cement s,  i s al so shown i n t he f i gur e.

CONCLUSI ONS

The r esul t s  of  t he anal ys i s  per f or med show t hat  
negl ec t i ng i nt er f ace di spl acement s i n model l i ng 
gr ound- t unnel  i nt er act i on,  may  l ead t o s i gni f i ­
cant l y  di f f er ent  desi gn st r esses.

The s i mpl i f i ed const i t ut i ve l aws pr oposed ar e 
shown t o f i t  exper i ment al  evi dence t o a ver y sa 
t i s f act or y degr ee.  They ar e ver y wel l  sui t ed f or  
use i n Fi ni t e El ement  anal ysi s.

/ / f  '/ V / V  / V / V / V  / / / / / /  ?/  7777~ 77~

R o c k  m a s s  p a r a m e te r s :  

Ex= 20,58- 10s KPa 

Ey= 6,86-105 KPa 

V y „ = V xx  = 0,15 

Gxyr 4,9-10 KPa 

1T= 23,52 KN/m3

Fig. 6. Problem considered.
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Fig.7. a) Finite Element Mesh 
used.

C o n c r e t e  p a r a m e t e r s :  

E x = E y  = K 7 - 1 0 5 K P a  

V y * = V „ x = ° . > 5  

■(z 1 9 ,6  K N / m 3

In t e r f a c e  

p a r a m e t e r s  

K ,=  3 3 .0 0 0  

n  = 0 .7 5  

6  = 2 5*

cQ= 0
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Fig. 7.b) Tunnel lining mesh detail.

y

Fig. 0. Results obtained with the model.
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