
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


C h a irm a n ’s  a d d re s s  

D is c o u rs  p re s id e n t ie l

K .A K A I, K y o to  U n ive rs ity , J a p a n

As  t he c o n s t r u c t i o n  demand  i s i nc r eas i ng  
g l oba l y  e i t he r  due t o i nc r eas i ng  popu l a t i on  or  
r ap i d  pac e  of  i n dus t r i a l i z a t i on  we ar e r unn i ng  
out  of  t he c ho i c es t  p l ac e f or  c ons t r uc t i on .  We 
ar e c on t i n u a l l y  f ac ed  wi t h  poor  s i t es ,  
un f r i e n d l y  geo l ogy  and hos t s  of  o t her  pr ob l ems .  
Ch o i c e s  t hat  ar e l ef t  t o us  i s  e i t her  t o a b o ndom 
t he s i t e,  wh i c h  we may  no l onger  be ab l e  t o 
a f f or d,  or  t o i mpr ov e  our  t ec hno l ogy  t o meet  

t hes e s h o r t c omi ngs  i n t he na t u r e  s uc c es s f u l l y .  
And i n t h i s  s es s i on  we e n d e av ou r ed  t o do t hat .

Las t  f ew y ea r s  hav e s een a hc c t i c  g r owt h  i n 
r es ea r c h  ac t i v i t i e s  i n t he f i e l d  of  s of t  r oc k  
eng i neer i ng ,  as  e v i denc ed  f r om t he pub l i c a t i on  
o f  r es ea r c h  paper s  i n v a r i ous  j our nal s ,  
p e r i o d i c a l s  and magaz i nes .

Under  t hes e c i r c ums t anc es ,  t he es t ab l i s hmen t  
o f  I SSMFE Commi t t e e  on Sof t  Roc k s  and I ndu r a t ed  
So i l s  was  p r o p o s e d  by  t he f o r mer  Pr es i den t  of  
I SSMFE,  Pr of .  Bengt  B.  Br oms  t o s uc c eed t he 
I SSMFE Tec hn i c a l  Commi t t ee  on Und i s t u r bed  
Sa mp l i n g  and Labo r a t o r y  Te s t i n g  of  Sof t  Roc k s  
and I ndu r a t ed  Soi l s .  The  J apanes e  Soc i e t y  of  
So i l  Me c h a n i c s  and Fo u n da t i on  En g i nee r i ng  
( J SSMFE)  was  as k ed  t o s uppor t  t he Tec hn i c a l  
Commi t t ee .  The J apanes e  Soc i e t y  ac c ep t ed  hi s  
r eques t  and r e c o mmended  Pr o f es s o r  Kol c h i  Ak a i , 
Pr o f e s s o r  of  Ky o t o  Un i v er s i t y ,  as  t he Chai r man,  
and Pr o f e s s o r  To s h i h i s a  Adac h i ,  Pr o f es s o r  of  
Ky o t o  Un i v er s i t y ,  as  t he Sec r e t a r y  of  t he 
Te c h n i c a l  Commi t t ee .  The  Pr es i den t  Br oms  
ac c e p t e d  t he J SSMFE' s  r ec ommenda t i on  and i nv i t ed 
t he me mb e r s h i p  of  t he Tec hn i c a l  Commi t t ee.

The  Pr es i den t  Pr o f es s o r  Br oms  s ai d about  
t h i s  c ommi t t e e  t hat  " Muc h v a l uab l e  wor k  had been 
c a r r i ed  ou t  by  t he I SSMFE Tec hn i c a l  Commi t t ee  on 
Un d i s t u r b e d  Sa mp l i n g  and Labo r a t o r y  Te s t i n g  of  
Sof t  Roc k s  and I ndu r a t ed  So i l s  s pons or ed  by  t he 
Au s t r a l i a n  Ge omec hn i c a l  Soc i et y .  I t  was  
p r o p o s e d  t o o r g a n i z e  a d i s c us s i on  s es s i on  at  t he 
8t h As i an  Reg i ona l  Co n f e r enc e  i n Ky o t o  1987 
whe r e  t he r epor t  or  paper s  bas ed on t he r epor t  
o f  t he Commi t t e e  wou l d  be d i s c us s ed.  
Mo d i f i c a t i o n s  or  r ewr i t i ng  mi gh t  be r equ i r ed  of  
t he r epor t  by  a wo r k i n g  g r oup  wi t h i n  t he new 
Commi t t ee .  Di f f i c u l t i e s  or  ev en f a i l u r es  wer e  

o f t en  c onnec t ed  wi t h  t he c o ns t r uc t i on  on 
i ndu r a t ed  s o i l s  and weak  r oc k s  s uc h as  t unnel s ,  
s t ab i l i t y  o f  s l opes  and deep ex c av a t i ons  as  
i nd i c a t ed  by  n u mer ous  c as e h i s t or i es .  i l  wou l d  
be v a l u a b l e  t o o r gan i z e  a d i s c us s i on  s es s i on  at  
t he 12t h  I CSMFE i n Ri o  de J anei r o ,  Br az i l ,  i n 
1989 whe r e  e. g.  v a r i ous  s t ab i l i z a t i on  me t hods  
c ou l d  be d i s c us s ed  s uc h as  bol t i ng,  anc hor s ,  
s oi l  na i l i ng ,  s ho t c r e t e  and d r a i nage . "  Then he 
p r o p o s e d  t he f o l l o wi n g  t er ms  o f  r e f e r enc e  f or  
t he c ommi t t ee :

( 1)  o r gan i z e  a d i s c us s i on  s es s i on  at  t he 1987 
As i an  Reg i ona l  Con f e r enc e  i n Ky ot o,  J apan,  
c onc e r ned  wi t h  s a mp l i ng  and t es t i ng  of  s of t  
r oc k s  and I ndu r a t ed  soi l s .

( 2)  o r gan i z e  a d i s c us s i on  s es s i on  at  t he 12t h 
I CSMFE on c o ns t r uc t i on  p r ob l ems  c onnec t ed  wi t h  
i ndu r a t ed  s o i l s  and s of t  r ocks .

Howev er ,  i t  was  wi t h  deep r egr e t  t hat  we had 
t o dec l i ne  t he honor  of  o r g a n i z i n g  a d i s c us s i on  
s es s i on  at  t he 1987 As i an  Res i ona l  Con f e r e n c e  i n 
Ky ot o,  J apan,  bec aus e  t he t i me s c hedu l e  of  t he 
c o n f e r e n c e  had been a l r eady  f i xed.  The t er ms  of  
r e f e r enc e  of  t h i s  c ommi t t ee  wou l d  be l i mi t ed  t o 
o r gan i z e  a d i s c us s i on  s es s i on  at  t he 12t h I CSMFE 
i n Ri o de J a ne i r o  on c ons t r uc t i on  p r ob l ems  
r e l a t ed  t o ex c av a t i on  i n s of t  r ocks .

I n o r der  t o r un t he d i s c us s i on  s es s i on  
e f f ec t i v e l y ,  we s et  t hemes  of  d i s c us s i on,  e. g.

( 1)  Ex c av a t i o n  p r ob l ems  on
-  s l opes
-  f ounda t i ons
-  t unne l s
-  open i ngs
-  o l  t i er s

( 2)  Eac h  p r ob l em i nc l udes
- phy s i c a l  i nd i c es  and eng i nee r i ng  

p r oper t i es
-  f i e l d  I nv es t i ga t i on  and l abor a t o r y  

t es t s
-  des i gn  p r i nc i p l es  and des i gn  

me t hods
-  f i e l d  meas u r emen t  and f i e l d 

behav i o r

( 3)  Ot he r  i n t e r es t s
-  c r i t e r i a  f or  I ndur at ed s oi l s  and 

s of t  r oc k s
- wo r l d - wi de  d i s t r i bu t i on  of  s of t  

r oc k s
- s pec i a l  f ea t u r es  of  r eg i ona l  s of t  

r oc k s

Di s c us s i o n  Ses s i on  No . 5 " CONSTRUCTI ON 
PROBLEMS RELATED TO EXCAVATI ON ON SOFT ROCKS"  
was  hel d  f r om 4: 00  pm t o 6 : 30  pm on Monday ,  
Augus t  14,  1989.  Du r i n g  t he s es s i on  f o l l owi ng  
s i x  r epor t s  wer o  pr es ent ed:
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1.  Dr .  DOBEREI NER ( Br az i l )  : " Gener a l  Re p o r t ”
An o u t l i ne  o f  t he p r es en t  k nowl edge  of  s of t  

( weak )  r oc k s  was  pr es ent ed.  Sev er a l  k i nds  of  
c as e  s t ud i es  on s of t  r oc k  p r ob l ems  I n 
g e o t ec hn i c a l  e n g i n e e r i n g  wer e  h i gh- l i gh t ed .  He 
e mp h a s i z e d  t he d i f f i c u l t y  of  t he de f i n i t i on  of  
t he wo r d  of  " s o f t  r oc k "  and t he i mpor t anc e  of  
s o f t  r oc k  p r ob l ems  I n c i v i l  eng i neer i ng .  He 
ex p l a i n e d  t he d i s t r i b u t i o n  of  s of t  r oc k s  I n t he 
wo r l d  and e n g i n e e r i n g  p r ope r t i e s  of  eac h  s of t  
r oc k .  He a l s o  e x p l a i ned  t hr ee t y p i c a l  
phenomena ,  I . e. ,  s wel l i ng ,  s queez i ng .  and 
l i que f a c t i o n  wh i c h  ar e o f t en  e x p e r i enc ed  du r i ng  
t he e x c a v a t i on  wor k s  I n s of t  r oc k  gr ounds .  
Fi na l l y ,  ou t l i n e s  of  f i v e t ec hn i c a l  paper s  
s ubmi t t ed  t o t h i s  s es s i on  of  12t h I CSMFE wer e  

I n t r o d u c e d .

2.  Dr .  D . G . COUMOUL OS ( GREECE)  : " Fi e l d  and 
l a b o r a t o r y  I nv es t i ga t i on  on s of t  r oc k s "

Ex p e r i e n c e  f r om f i e l d  I nv es t i ga t i on  and 
l a b o r a t o r y  t es t s  on s of t  r oc k s  was  p r es ent ed.  
On s ome we a t h e r e d  s of t  r oc k s  i t  I s pos s i b l e  t o 
p e r f o r m al l  s ol i  mec han i c s  t es t s  f or  
c l a s s i f i c a t i o n  and f or  c ompr es s i b i l i t y  and 
s t r engt h .  On l ess  wea t h e r e d  s of t  r oc k s  I t  i s 
u s ua l l y  s u f f i c i en t  t o d e t e r mi ne  c ompr es s i b i l i t y  
and s t r eng t h  p r oper t i es .  I t  i s be l i ev ed  t hat  
p r e f e r e n c e  s hou l d  be g i v en  t o po i n t  l oad t es t s  
wh i c h  c an be c a r r i ed  out  qu i c k l y  i n t he f i e l d  on 
c or es  f r om t he b o r eho l es  and on s ampl es  f r om 
t es t  pi t s .  Ty p i c a l  r es u l t s  wer e  ex p l a i ned  f r om 
f i e l d  i nv es t i ga t i on  on wea t h e r e d  s ha l e  and 
c l ay ey  mar l  wh i c h  wer e  t he bas i c  s ubs u r f ac e  
f o r ma t i ons  I n t he At h e n s  and Pi r aeus  ar eas ,  and 
r anges  of  v a r i a t i o n  wer e  g i v en  of  l abo r a t o r y  
t es t  r es ul t s .  Deep ex c av a t i on  wor k  I n t he 
At he n s  s ha l e  and I t s  s uppor t  wer e  a l s o  
p r es en t ed  .

3.  Dr .  P. J . HUERGO ( BELGI UM)  : " Pr ob l ems  t o 
as s es s  b e a r i ngs  and  d i ps  of  J o i n t s  i n s of t  
r oc k s  s l opes .  Me c h an i c a l  pa r ame t e r s  of  
t r a n s i t i on  ma t e r i a l s ”

Cas e r ec or ds  on s l opes  I n s hal es ,  mar l s ,  and 
c ha l k s  wer e  pr es ent ed .
- t he s l i de  r i s k s  I n t he Co l n t e  hl . l l  and 
Ma r t e l a n g e  n e a r - s u r f a c e  wea t he r ed  dc s t r es s ed  
s hal es .  ( Bel gi um)
- t he Wo n c k  c ha l k  quar r y  s l i de.  I nduc ed damages  
on a r a i l r oad  t unnel .  ( Bel gi um)
- t he s l ope  s t ab i l i t y  on t he Kenper  i nar l s.  
( Lux embur g )
- s ome d i f f e r en t  s l i de  c as es  i n t he Gr eek  mar l s  
f r om s l oped  s i t es  near  Sa l on i c a  and Cr et e.  
( Gr e e c e )

I n h i s  d i s c us s i on ,  t he r ol e of  t he wa t e r  was  
f u l l y  ex p l a i n e d  t o ev a l ua t e  t he s a f e t y  f ac t o r  of  
s l ope  c or r ec t l y .

4.  Mr ' .  A. DENDA ( J APAN)  : " Lar ge s c al e
v e r t i c a l  e x c a v a t i on  wo r k s  i n Neogene  s ed i men t a r y  
s of t  r oc k  mas s "

The  c o n s t r u c t i o n  of  i n - g r ound oi l  s t o r age  
t ank s  at  Ak i t a  Pr e f ec t u r e ,  J apan was  I n t r oduc ed.  
Thes e  t ank s  a r e  t he l a r ges t  of  t he i r  k i nd i n t he 
wor l d .  An I n t ens i v e  i ns t r umen t a t i on  and 
mo n i t o r i n g  s y s t em was  adop t ed  and meas u r e me n t s  
wer e  f ed bac k  f or  p r ed i c t i on  of  t he nex t  s t ep 
and a l s o  t o t he ex c av a t i on  wor k  wi t h  r eal  t i me.  
Cons equen t l y ,  wor k  was  c omp l e t ed  s a f e l y  and

e c o n o mi c a l l y  al l  t he way  t o t he f i nal  
ex c av a t i on .  I n s p i t e  of  t he c omp l ex i t y  of  t he 
c o n d i t i o n s  or  f ac t o r s  gov e r n i n g  g r ound behav i or ,  
g r ound  s t ab i l i t y  and a s af e  ex c av a t i on  wer e  
s ec u r ed  a g a i ns t  s uc h pec u l i a r  de f o r ma t i on  as  
s l i ppage  wh i c h  c an not  be f o r es een be f o r e  
ex c av a t i on .  I n a d d i t i on  t o t he mo n i t o r i n g  
s y s t em,  d e t a i l ed  i nv es t i ga t i on  and t es t s  on 
s we l l i n g  and s l ak i ng  a l s o  c on t r i bu t ed  t o a 
s uc c es s f u l  c x c av a t i on .

5.  Pr of .  C. OTEO ( SPAI N)  : " Heav i ng  of  t he 
bo t t o m i n t he open pi t  ex c av a t i on  on mar l y  
f o r ma t i ons ,  wi t h  s pc c i a l  c o n s i d e r a t i on  t o t he 
gy p s u m- ma r l  c as e"

Se r i ous  d i f f i c u l t i e s  c an be f ound at  t he 
bo t t o m i n t he open p i t  e x c av a t i ons  i n ma r l y  and 
ma r l y - c l a y e y  f o r mat i ons .  Bes i de  t he pos s i b l e  
s l ope  ex c av a t i o n  I ns t ab i l i t y  or  t he ex c av a t i on  
bo t t o m f a i l u r e  ( due t o a l ow b e a r i ng  c apac i t y ,  
f ac t s  mor e  f r equen t  i n s of t  c l ay  f o r mat i ons  t han 
i n ma r l y  ones ) ,  t he p r ob l ems  of  h e av i ng  of  t he 
b o t t o m wer e  p r es en t ed .  The  d i f f e r en t  t y pes  of  
heav e  and t he i r  c aus es  i n Spa i n  wer e  i n t r oduc ed.

6.  Dr .  A. NEGRO ( BRAZI L)  : " St ab i l i t y  c ond i t i ons  
of  t unne l s  i n f i s s u r ed  gr ounds "

Ty p i c a l  p r ob l ems  du r i n g  t he ex c av a t i on  of  
t unne l s  i n s ha l e  and  I n ha r d  f i s s u r ed  c l ay  bu i l t  
I n Cana d a  and  Br az i l  we r e  d i s c us s ed.  Key  wor ds  
i n h i s  l ec t u r e  wer e  c r i t e r i a  f or  s t ab i l i t y  
as s es s men t ,  g r ound  p a r a me t e r s  ev a l ua t i on ,  bac k  
ana l y s i s ,  s t oc has t i c  met hod,  t h r ee d i mens i ona l  
d e f o r ma t i o n  a n a l y s i s  and t i me - dependen t  t unnel  
s t ab i 1 1 t y .

Af t e r  t he s i x  p r es en t a t i ons ,  Di s c us s i on  Leader ,  
Pr of .  J oh n s t o n  l ed t he f l oor  d i s c us s i on.  
Di s c u s s i o n s  f r om t he f l oor  wer e  c o n c en t r a t ed  t o 

t he f o l l o wi n g  t wo t opi c s :

- s i z e  of  t he s pec i men  f or  t he l abo r a t o r y  t es t ,  
and

- mer i t s  and demer i t s  b e t ween  t he l abo r a t o r y  t es t  
and f i e l d  t es t .

Pr of .  Sh i n j o  ( J APAN)  d i s c us s ed  t he e f f ec t s  of  
d r y i n g  on we a t h e r i n g  o f  muds t one .  I t  was  
d i s c u s s e d  on t he bas i s  of  t he r es u l t s  of  t he 
a l t e r n a t e  d r y i n g  and we t t i n g  t es t s  wh i c h  wer e  
c a r r i ed  out  on c y l i nd r i c a l  s pec i mens  c ut  i n bot h  
v e r t i c a l  and ho r i z on t a l  ax i a l  d i r ec t i ons  t o 
be d d i n g  pl ane.  He c onc l u d e d  t hat  t he 
an i s o t r o p i c  ax i a l  s h r i nk age  s t r a i n  gene r a t ed  I n 
t he f i r s t  d r y i n g  p r oc es s  was  one of  t he 
i mpor t an t  we a t h e r i n g  f ac t o r s  i n f l uenc i ng  t he 
d e t e r i o r a t i o n  of  muds t one.

Fi na l l y ,  he p r es e n t e d  s ummar y  at  t he end of  
t he s es s i on.  I n s ummar y ,  emphas es  wer e  p l ac ed  on

1)  t he r es ear c h  on s of t  r oc k  i s v er y  i mpor t an t  
t o n a r r o w t he gap be t ween  s oi l  mec h a n i c s  and 

r oc k  mec han i c s .

2)  The  d e f i n i t i o n  of  " s of t  r oc k "  and t he 
u n i f i c a t i o n  of  t es t i ng  me t hods  s hou l d  be 
hu r r i ed  .

I n add i t i on ,  t he Commi t t e e  was  r eques t ed  
t o p r e p a r e  a d r a f t  r epor t  wh i c h  s hou l d  r ep r es ent  
a wo r l d  v i ew of  t he s t a t e - o f - t he - a r t .  I t  i s.
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howev er .  not  eas y  t as k  t o mak e  a wo r l d  v i ew of  
t he s t a t e - o f - t he - a r t .  Ther e f o r e ,  i t  was  
dec i ded,  f or  t he s ak e o f  c l ar i t y ,  t o d i v i de  t he 

r epor t  i nt o t wo par t s :

( 1)  mec han i c a l  p r o p e r t i es  o f  s of t  r oc k s ,  and

( 2)  c as e  h i s t o r i e s  on t he ex c av a t i on  p r ob l ems  i n 
s of t  r oc k s .

The  p r e l i mi n a r y  dr a f t  of  t he Tec hn i c a l  
Repor t  wh i c h  was  p r epa r ed  by  t he J apanes e  l oc al  
t as k  f o r c e  c ommi t t ee  member s ,  was  d i s t r i bu t ed  t o 
eac h  memb e r  of  t he I SSMFE s ubc ommi t t ee  and eac h 
me mb e r s  of  t he J apanes e  l oc al  t as k  f or c e 
c ommi t t ee .  Bas ed  on t he c omment s  and 
d i s c u s s i o n s  s ent  f r om t hem,  t he Tec hn i c a l  Repor t  
was  c ompl e t ed .  The  Tec hn i c a l  Repor t  has  s ev en 

c h ap t e r s  as  f o l l ows :

1.  Me c h a n i c a l  p r o p e r t i es  o f  s of t  r oc k s  and 

i ndu r a t ed  s oi l s ,

2.  Co n s t i t u t i v e  equa t i on  and  f a i l u r e  c r i t e r i a  
f or  s o f t  r ock ,

3.  Fo u n d a t i o n  of  s ea br i dge,

4.  Sl ope  ex c av a t i on ,

5.  La r g e - s c a l e  v e r t i c a l  ex c av a t i on  wor k s  i n 
n e ogene  s ed i me n t a r y  s of t  r oc k  mas s .

6.  Tu n n e l l i n g  i n s o f t  r oc k s  and i ndur at ed 
s oi l s ,  and

7.  Un d e r g r o u n d  s pac e  and openi ng.

I n add i t i on ,  s ome t ec hn i c a l  paper s  and 
r e f e r enc es  r e l a t ed  t o t he d i s c us s i on  s es s i on  
No . 5 we r e  ac c ept ed.  Thos e  ar e a l s o  i nc l uded i n 
t he r epor t .

I n c onc l us i on ,  I  wan t  t o t hank  al l  t he member s  
of  t he I SSMFE Tec hn i c a l  Commi t t ee  and of  t he 
J a panes e  l oc al  t as k  f o r c e  c ommi t t ee  f or  t hei r  
k i nd  dev ot i on.  The  s t i mu l a t i n g  d i s c us s i on  
p r es e n t e d  i n Di s c us s i on  Ses s i on  No . 5 and t he 
d i s t i n g u i s h e d  Tec hn i c a l  Repor t  i n my  op i n i on  
hav e  e n r i c hed  our  k n owl ede  I n t h i s  ar ea  t han 
b e f o r e .
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I .W . J O H N S T O N ,  D e p a r tm e n t  o f  C iv i l  E n g in e e r in g ,  M o n a s h  U n iv e rs i t y ,  M e lb o u r n e ,  A u s t r a l ia

1. SOFT ROCK IN THE GEOTECHNICAL SPECTRUM

Traditionally, the science of soil mechanics and foundation engineering 
has been concerned with the low strength end of the overall geotechnical 
spectrum wherein the behaviour of materials, such as sands and clays, 
has received considerable attention. Over the years, soil mechanics has 
developed many methods for determining material properties which are 
suited to the characteristics of these materials so that relevant properties 
are obtained for the purposes of design.

However, it is rare to see soil mechanics references to materials 
exceeding about 500 kPa in uniaxial compressivc strength. Where these 
stronger materials are encountered, it is normal practice to simply 
extrapolate traditional soil mechanics technology. Little concession is 
given to test methods which may be more appropriate to these harder, 
more brittle, dilatant and often discontinuous materials.

The other major geotechnical science is nock mechanics. In contrast to 
the soil mechanics approach wherein the geotechnical materials have 
generally been regarded as a continuum, rock mechanics, because of the 
dominant influence of defects, is primarily a study of discontinua, with 
the properties of (he intact substance being of little consequence when 
compared with the much weaker defects. Since the degree of difficulty 
involved in moving from continuous to discontinuous materials increases 
by a quantum leap, it is not surprising to find that rock mechanics is 
dominated by empirical design methods with, as yet, little to rival the 
more precise formulations of soil mechanics.

Soft rocks are occasionally considered in the rock mechanics literature, 
but it is noticeable that, even though the rock substance properties 
become comparable to the defect properties, the approach usually adopted 
is a qualitative extrapolation of hard rock technology. Again, little 
concession has been given to the characteristics of soft rock; to their less 
brittle behaviour, to their more compressible characteristics and to the 
importance of the effective stress concept.

These two principal areas of geotechnical engineering have developed 
independently with their own methods of classification, testing, 
interpretation and design. While each has ventured beyond its traditional 
boundaries to consider some of the problems of soft rocks, these 
excursions have been very tentative and characterised by conservatism. 
There seems to have been little effort made to correlate or unify these 
different approaches to the solution of the engineering problems of soft 
rock, including the determination of their material properties.

It follows that soft rock could be considered as occupying a no-man's- 
land, a sort of geotechnical twilight zone, between materials which have 
been traditionally regarded as the separate domains of either soil 
mechanics or rock mechanics.

While there are obvious historical reasons for this independent 
development, it could be considered now, perhaps, to be an unfortunate 
progression which has lead to alternative, and often contrasting 
perceptions of engineering properties and performance.

For example, there are significant variations between the respective 
approaches of soil and rock mechanics in quantifying the strength of an 
intact geotechnical material. When the strength of an intact specimen of

stiff clay is required, the soil mechanics course of action would probably 
involve the use of the triaxial test This technique would necessitate the 
mounting of the specimen in a triaxial cell and confining it by a selected 
cell pressure. The specimen would then be axially loaded to failure 
under representative drainage conditions to yield either effective or total 
strength parameters in terms of cohesion and angle of friction. Il is 
comparatively easy to obtain these parameters for soils as sufficiently 
high confining pressures are readily obtained in the laboratory (i.e. 
confining pressures much greater than the cohesion, can be obtained so 
that the angle of friction can be defined).

In rock mechanics, however, the strength of an intact specimen of 
sandstone, say, would probably be defined in different terms, perhaps 
even making use of empirical test methods such as the point load index 
test. Triaxial tests are occasionally used but because of the strength of 
rocks, the confining pressures attainable are rarely greater than the 
uniaxial compressive strength. Therefore, it is unusual to be able to 
define more than just the uniaxial strength. Furthermore, in the ease of 
laboratory strength tests on rock, little consideration is given to the 
influence of pore water pressures or conditions of drainage.

These different methods of defining the strengths of the respective 
materials have perpetuated the apparent difference between the materials 
themselves. This difference has been exacerbated by the fact that soil 
strengths are generally considered to be reasonably represented by linear 
Mohr-Coulomb envelopes whereas with rocks, highly non-linear 

envelopes are considered more representative.

One must ask whether the many differences between the behaviour of 
soils and rocks are of a fundamental nature, or have these apparent 
differences merely been perceived and sustained bccause of the 
traditionally diverse approaches used in the two principal geotechnical 

sciences.

There is a small but increasing volume of evidence to suggest that soils 
and rocks form a continuous spectrum of materials in which engineering 
characteristics and properties change gradually as the spectrum is crossed. 
For example, in some recent work at Monash University, my colleague, 
Dr. Novello and I, have examined the performance of a wide range of 
materials in the critical state framework. It would appear that there is 
little difference between the observed performance of these 
materials despite strength differences ranging from a few kPa to several 
hundreds of MPa (i.e. some 5 orders of magnitude) as is illustrated in 
Figs. 1 and 2.

Therefore, despite the apparent radical differences between soils and 
rocks, could it be that both groups are actually all part of the same 
progression? Variations in their characteristics and properties could 
simply be a matter of degree than of fundamental nature, with soft rocks 
forming the "missing link" between the two traditionally different 
materials. On the basis of this argument, it follows that soil mechanics 
and rock mechanics are more than just loosely related areas of the 
applied earth sciences. They are, in fact, the extreme ends of the same 
area of science, governed by exactly the same principles.

It follows that the important relationships, such as the distinction between 
effective and total stress analyses, which are of everyday application in 
soil technology, are equally applicable to rock mechanics. While in soils
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M E A N  E F F E C T IV E  S T R E S S  , p ' ( M P a )

Fig. 1: Normal consolidation loci for various geotechnical materials (after 

Novello and Johnston, 1989).

M E A N  S T R E S S ,  p 1 ( M P a )

Fig. 2: Critical slate loci for various geotechnical materials in In q’ : 

In p’ space (after Novello 1988).

this distinction must be made to account for the influence of pore water 
pressures which can be of the same order of magnitude as the soil 
strength, with hard rocks, the pore water pressures may only be a small 
fraction of their strength, making this distinction much less critical. 
Conversely, when considering the mass strength of rocks, the presence of 
weak defects or discontinuities can have a pronounced influence simply 
because tha defects can be an order of magnitude or more weaker than 
the intact rock. Exactly the same principles apply, and indeed have been 
applied to soils but because of the significantly smaller differences 
between intact and defect strengths, the influence of defects is not as 

marked.

It is therefore suggested that since soft rocks display the engineering 
characteristics of both soils and rocks, for its technology to emerge from 
its current nebulous state, the combined contributions of both soil and 
rock mechanics must be recognised as being essential. This implies that 
those who deal with soft rocks should be familiar with the principles of 

both areas of expertise.

A x ia l  s t r a i n  r a t e  ( s t r a i n / m i n . )

Fig. 3: Triaxial test results on Melbourne mudstone (after Chiu, Johnston 
and Donald, 1983).

2. METHODS FOR DETERMINING MATERIAL PROPERTIES

There are two basic approaches which can be used for the determination 
of material properties; the first involves undisturbed sampling and 
laboratory testing and the second involves in-situ testing. The approach 
most suited to any given investigation must depend on many variables. 
It is not my intention here to consider these factors nor enter into a 
discussion on which approach is to be preferred for soft rock.

What I would like to do in the time remaining is to select a test 
method from each of the approaches and examine it from bolh a soil 
mechanics and a rock mechanics approach.

3. LABORATORY TESTS

There are a number of laboratory tests which can be carried out in order 
to obtain material properties for design in both soils and rocks. One 
such test is the triaxial test, which as discussed previously, is used for 
both soils and rocks. I do not have time to go into all the details of 
this test technique. All I propose to briefly consider is the rate at which 
the axial load should be applied to the sample.

According to ISRM suggested methods (Brown, 1981) the load on the 
specimen should be applied at a constant stress rate such that failure will 
occur within 5 to 15 minutes of loading. Alternatively, the stress rate 
should be within the limits of 0.5 to 1 MPa/sec. If the first rate were 
adopted, then the rate of strain application would be approaching 1 x 101 
strain/min. If the alternative rate were selected, then the rate of strain 

application would be significantly higher with the test completed in a 
matter of seconds. According to the ISRM standard, either of these rates 
would be acceptable (although the fust would probably be selected). 
These rates may well be acceptable to relatively hard rocks where 
induced pore water pressures are not significant. However, if these rates 
were applied to soft rocks, significant errors could be introduced.

Fig. 3 shows the results of a series of triaxial tests conducted on 
specimens of Melbourne mudstone. Each sample was tested under 
identical conditions of one-way drainage at a confining pressure of 3.56 
MPa. The only difference in the tests was that the rates of strain
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application were varied to cover the range of very slow (about 1CT’ 
strain/min) to relatively fast (about Iff1 strain/min). The figure shows 
the effect of this change of applied strain rate on the measured deviator 
stress required to cause failure. The reason for these changes is the pore 
water pressures generated as shown. Clearly then, had this same material 
been tested according to the ISRM suggested methods, serious error 
would have resulted.

If the well established methods of Gibson and Henkel (1934) are applied 
to the triaxial tests on this material, then as has been demonstrated by 
Chiu, Johnston and Donald (1983), an appropriate test rate can be 
selected so that pore pressure effects are kept to insignificant levels.

Although there would appear to be established methods for the triaxial 
testing of rocks, these methods may not be suitable for soft rocks. 
Indeed, without a working knowledge of the basic principles of soils 
testing, as has been illustrated in this case, the results obtained could 
have been in serious error.

4. IN-SITU TESTS

There are a number of in-situ tests which can be applied to both soils 
and rocks. However, there is one particular in-situ test technique which 
is common in soils and is becoming increasingly applied to soft rocks 
with the development of high capacity instruments. This test is the 
pressuremeter.

For tests in soils, the pressuremeter probe is introduced to a borehole 
and the probe is expanded against the borehole wall in increments of 
applied pressure to obtain a pressure - radial strain curve. From this 
curve, on the basis of a number of relevant assumptions it is possible to 
estimate the elastic modulus as well as the strength of the soil. This is 
a well established technique in soil mechanics investigations. When such 
tests are conducted in a soft rock, the same basic technology is applied, 
so that estimates of modulus and strength can be obtained.

When the pressuremeter probe is expanded, the radial stresses are 

compressive and the circumferential stresses are initially tensile. 
Provided yielding occurs before this tensile stress reaches the tensile 
strength of the material tested, then the test will continue with the 
material surrounding the borehole remaining intact. This is normally the 
case with pressuremeter tests in soils. Therefore, in the extension of 
pressuremeter technology from soils to soft rocks, it is also assumed that 
the tensile strength of the tested material is not exceeded, and that the 
material remains intact.

However, with soft rocks, because of a number of characteristics, it is 
much more likely that the tensile strength will be exceeded before first 
yielding occurs. (Haberfield and Johnston, 1986). This means that 
radial cracks will occur in the borehole walls and these will propagate 
outwards as the pressure is increased. These cracks will radically 
influence the measured response of the pressuremeter with the result that 
the pressure-radial strain curve will be much softer. Consequently, any 
derived elastic modulus will be significantly less than had cracking not 

taken place.

In order to give an idea of the effect of this cracking phenomenon on 
moduli as they would be estimated from a pressuremeter test result, Fig.4 
shows the results of an analysis for a moderately weathered mudstone. 
It is clear that if a correct estimation of modulus for a soft rock from a 
pressuremeter result is to be obtained, the cracking phenomenon must be 

taken into account.

This situation is then an example of how the application of established 

soil mechanics technology to testing in soft rocks could lead to 
significant error. However, it has long been recognised in rock 
mechanics that loading of the kind found in pressuremeter testing must 
lead to the development of radial cracks. Therefore, a working 
knowledge of rock mechanics would have recognised that cracking would 
occur, so that the appropriate steps could be taken.

5. CONCLUDING REMARKS

In the time which has been made available for this short presentation, it 
has not been possible to present a detailed assessment of how the many 
different material properties of soft rocks may be obtained. A

E f f e c t i v e  i n - s i t u  h o r i z o n t a l  s t r e s s .  k P a

Fig. 4: Variation of measured modulus to actual modulus with effective 
in-situ horizontal stress for a mudstone tested with a pressuremeter and 
subject to radial cracking (after Haberfield and Johnston, 1986).

considerably longer time would be necessary for this task. However, by 
the few examples I have presented, I hope I have persuaded a few of 
you that soft rock merits special attention.

I have indicated that it is my opinion that soft rocks are not merely 
materials which form a margin to the two principal areas of study, but 

are, in fact, central to a continuous spectrum of materials ranging from 
soft clays to hard rocks, the behaviour of which are governed by the 
same engineering principles, technologies and relationships. I would also 
argue that for soft rock technology to advance, it is most important that 
the respective contributions of both soil and rock mechanics are 
recognised and applied.

REFERENCES

Brown, E. T. (Ed) 1981. Rock characterisation testing and monitoring, 
ISRM Suggested Methods. Pergamon Press, Oxford.

Chiu, H. K„ Johnston, I. W. and Donald, I. B. (1983). Appropriate 
techniques for triaxial testing of saturated soft rock. Int. J. Rock 
Mech., Min. Sci. & Geomech Abstr., Vol. 20, pp 107-120.

Gibson, R. E. and Henkel, D. J. (19S4). The influence of duration of 
tests at constant rate of strain on measured "drained" strength. 
Geotechnique, Vol. 4, pp 6-15.

Haberfield, C. M. and Johnston, I. W. (1986). Concepts for 
pressuremeter interpretation in soft rock. Proc. Spec. Geomech. Symp., 
Interpretation of Field Testing for Design Parameters, Adelaide, I.E. 
Aust., pp 65-69.

Novello, E. A. (1988). Geomechanics and the critical state. Ph.D. 
Thesis. Monash University, Melbourne.

Novello, E. A. and Johnston, I. W. (1989). Normally consolidated 
behaviour of geotechnical materials. Proc. XII ICSMFE, Rio de 
Janeiro, A. A. Balkema, Vol. 3, pp 2095-2100.

2833



D iscu ss io n

A . D E N D A , S h im iz u  C o rp o ra t io n , T o k y o , J a p a n  

H . H A Y A S H I, S h im iz u  C o rp o ra tio n , T o k y o ,  J a p a n  

H . K A W A S A K I, S h im iz u  C o rp o ra t io n ,  T o k y o , J a p a n

Gener a l l y ,  Neogene  s ed i men t a r y  s of t  r oc k  i s not  
i ndur a t ed  enough and i t s  ha r dnes s  i s i n - be t ween 
t hat  of  r oc k  and s oi l .  On t he o t he r  hand,  i t  s hows  
b r i t t l e  mec han i c a l  behav i o r  l i k e t hat  of  r oc k  but ,  

on t he o t her  hand,  l i k e s oi l ,  por e  wa t e r  p l ay s  an 
i mpor t an t  r o l e  i n i t s  mec han i c a l  behav i or .  Suc h 
non- s o i l ,  non - r oc k  i n t e r med i a t e  f ea t u r es  r es u l t  i n 
t he pec u l i a r  s ed i men t a r y  s of t  r oc k  c ha r ac t e r i s t i c s  
g i v en  bel ow:

1.  Sl ak i ng
2.  Swe l l i ng
3.  Pl as t i c  and v i s c ous  behav i o r
4.  St r a i n - s o f t en i ng  behav i o r  ( Res i dual  

St r e n g t h )
5.  An i s o t r opy

Eng i neer i ng  p r ob l ems  f or  c o n s t r uc t i on  wor k s  i n 
and on s of t  r oc k  mas s  bas i c a l l y  r es u l t  f r om t he 
pec u l i a r  s t r eng t h  and d e f o r ma t i on  p r oper t i es  of  
s of t  r ock ,  howev er ,  t hes e un i que  mec han i c a l  
p r oper t i es  ar e apt  t o de t e r i o r a t e  wi t h  t i me.  Sof t  
r oc k  a l s o  has  a t endenc y  t o d e t e r i o r a t e  when  i t  i s 
r epeat ed l y  mo i s t ened  and dr i ed.  Ev en t hes e t e n d e n ­
c i es  mak e eng i nee r i ng  p r ob l ems  of  c ons t r uc t i on  
wor k s  i n and on s of t  r oc k  mas s  mor e  c omp l i c a t ed  
and d i f f i c u l t  t o s o l v e wi t h  ex i s t i ng  t ec hno l og i es  
ac qu i r ed  t h r ough t he e x p e r i enc e  of  ov e r c omi ng  
eng i nee r i ng  p r ob l ems  on s oi l s  and har d  r oc k  mas s .

The ob j ec t  of  t hi s  paper  i s t o i n t r oduc e  t he 
c ons t r uc t i on  of  i n - g r ound oi l  s t o r age  t ank s  at  t he 
Ak i t a  oi l  s t o r age  bas e.  Thes e  t ank s  wer e  c o n ­
s t r uc t ed i n t he Funak awa f or mat i on,  wh i c h  i s a 
t y p i c a l  Neogene s of t  r oc k  mas s  i n J apan.  Thes e  
t ank s  ar e t he l a r ges t  of  t he i r  k i nd i n t he wor l d .

Pr ev en t i v e  meas u r es  aga i ns t  s l ak i ng,  s wel l i ng,  
and c r eep  as  des c r i bed  abov e  wer e  t ak en i nt o 
ac c ount  be f o r ehand  du r i ng  t he p l ann i ng,  des i gn i ng  
and c ons t r uc t i on .  I n add i t i on ,  r ea l - t i me  o b s e r v a ­
t i onal  ex c av a t i on  wi t h  i ns t r umen t a t i on  was  p e r ­
f or med wi t h  ex c e l l en t  r es ul t s .

OUTL I NE OF THE WORK

Ak i t a  Oi l  St o r age  Co. ,  Lt d.  has  been c ons t r uc t i ng  
an oi l  s t o r age  bas e wi t h  a t ot al  c apac i t y  of  4. 5 
mi l l i on  k i l o l i t e r s .  Th i s  oi l  s t o r age  bas e  i s 
l oc at ed i n t he Tohok u  ar ea on t he s ou t he r n  c oas t  
of  t he Oga Pen i ns u l a  on t he J apan  Sea.  As  s hown i n 
Fi gur e  1,  t he oi l  s t or age  bas e has  a wes t  bas e  ( 4 
i n - g r ound t ank s  wi t h  a t o t a l  c apac i t y  of  305, 000 
kl )  and an eas t  bas e  ( 0 i n - g r ound t ank s  wi t h  a 
t ot al  c apac i t y  of  353, 000k l ) .  At  pr es ent ,  t he 
t ank s  i n t he wes t  bas e hav e  been a l r eady  c o mp l e t ­
ed.  The t ank s  i n t he eas t  bas e ar e s t i l l  under  
c ons t r uc t i on .

Thi s  r epor t  ex ami nes  c o n s t r uc t i on  of  t wo t ank s  
( TK- 03,  TK- 04)  of  t he 4 t ank s  i n t he wes t  bas e.

Fi gur e  2 s hows  a s t r uc t u r a l  ou t l i ne  of  t he 
t ank s .  The i ns i de d i a me t e r  of  t he t ank  i s 90m,  and

FI GURE 1.  Lay out  of  Ak i t a  Oi l  St o r age  Bas e.  
( Nagat a et  al . ,  1 9 8 9 )

FI GURE 2 .  Si mp l i f i ed  c r os s  s ec t i on  of  t he t ank .  
( Nagat a et  a l . ,  1 9 8 9 )

t he ma x i mum oi l  dep t h  i s 48m.  The s i de wa l l  i s  a 
c onc r e t e  s hel l  wi t h  a 2. 7m t h i c k nes s ,  and t he 
bo t t om i s a c onc r e t e  p l a t e  wi t h  a 0 . 5m t h i c k nes s .

The d i ame t e r  of  t h i s  l ar ge s c a l e  e x c a v a t i o n  i s 
96m,  and t he dep t h  f r om t he f o r ma t i on  l ev el  i s  39m 
f or  TK- 03 and 36m f or  TK- 04.  Anc ho r ed  s o l d i e r  

beams  ( H- 300* 300* 10 x 1 5mm)  wi t h  s ho t c r e t e  f or  
s uppor t i ng  t he t empor a r y  r e t a i n i ng  wa l l  a r e  d r i v en  
at  i n t e r v a l s  of  2. 5m.  For  t he r oc k  anc ho r  wor k ,  
s t eel  s t r ands  made  of  h i gh  t ens i on  s t r eng t h  wi r e  
wi t h  a d i a me t e r  of  12 . 7mm ar e d r i v en  i n at  6 
l ev el s  at  6m i n t e r v a l s  f or  TK- 03,  and at  5 l ev el s  
set  at  6m i n t e r v a l s  f or  TK- 04,  The i n i t i a l  t e n ­
s i on i ng  f or c e t o t he r oc k  anc ho r  c onv e r t ed  i n t o  a 

d i s t r i b u t i o n  l oad on t he r e t a i n i ng  wal l  i s  be t ween  
15- 39k Pa.  Thi s  v a l ue  i s r e l a t i v e l y  s mal l .  The ma i n  
pu r pos e  of  t he r oc k  anc ho r  i s not  t o c on f i ne  t he 
g r ound  d e f o r ma t i on  ( ana l y s i s  i n t he des i gn  j udged 
t he g r ound  t o be s e l f - s u p p o r t i n g  wi t hou t  r oc k  
anc hor s . )  but  t o p r ev en t  t he ex c av a t ed  s ur f ac e  
f r om be i ng  l oos ened.

Fi gur e  3 s hows  t he c o n s t r u c t i o n  wor k  f or  TK- 03.

OUTL I NE OF THE GROUND CONDI TI ONS

The c ons t r uc t i on  s i t e  i s r ec l a i med  l and.  Or i g i n a l ­
l y t he s i t e  was  c ov er ed  by  0 . 5 - 6 . 0m of  s ea wat er .  
The unde r l y i ng  geo l og i c a l  s t r uc t u r e  be l ongs  t o t he 
Funak awa Neogene For ma t i on  ex c ep t  f or  t he l and 
f i l l  c ov e r i ng  t he s u r f ac e  of  t he s i t e.

Be f o r e  c o ns t r uc t i on  began,  a d e t a i l ed  geo l og i c a l  
s u r v ey  was  made so t hat  geo l og i c a l  d i s t r i bu t i on ,  
r oc k  j nass c ond i t i ons ,  and phy s i c a l  and mec han i c a l  
r oc k  p r oper t i es  c ou l d  be t ak en  i n t o  c o n s i d e r a t i on  
f or  t he des i gn.  Fur t he r mor e ,  du r i ng  ex c av a t i on ,  
t he r oc k  c ha r ac t e r i s t i c s  us ed  i n t he des i g n  wer e  
c hec k ed  t h r ough l abo r a t o r y  t es t s  on b l oc k  s ampl es  
t ak en at  t h r ee d i f f e r e n t  dept hs .

Tab l e  1 s hows  t y p i c a l  p r oper t i es  of  t he s ampl es .  
Eac h  s ampl e  c ons i s t s  of  as  muc h  as  70% c l ay  f r a c ­
t i on  and has  h i gh  p l as t i c i t y .  Ac c o r d i ng  t o X- r ay  
d i f f r a c t i o n  ana l y s i s ,  one c l ear  peak  i s s een at  

about  20=7° ,  p r ov i ng  t he p r es enc e  of  mo n t mor i l l o -
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Sampl e A 
DL 12.  5m

Sampl e B 

DL- 25.  0m

Sampl e C 

DL-40.  5m

Sand Fr ac t i on( >74^ m) (X) 2. 3 1. 2 1 . 0

Si l t  Fr act i on( 5- ' - 74/ / m) (X) 29. 3 20. 0 26. 2

Cl ay Fr act i on( < 5/ i m) ( X) 68. 3 78. 8 72. 8

Li qui d Li mi t w, ( X) 130. 1 157. 0 97. 8

Pl ast i c Li mi t W p ( X) 34.  1 47.  1 34. 0

Pl ast i ci t y I ndex I  p 96. 0 109. 9 63. 8

Act i vi t y A c 1. 834 1. 640 1. 094

Speci f i c Gr avi t y Gs 2.  72 2.  68 2.  65

Nat ur al  Wat er  Cont ent W„ ( X) 29. 3 26. 3 28. 0

Wet  Uni t  Wei ght 7  . m/m3) 18.  82 18. 91 18. 91

Dr y Densi t y 7  d ( kN/ m3) 14.  50 14.  99 14.  80

Nat ur al  Voi d Rat i o e 0.  83 0.  75 0.  75

Degr ee of  Sat ur at i on S , ( X) 96. 0 94. 0 98. 9

Unconf i ned Compr essi ve

St r engt h q u ( MPa) 2.  17 2.  70 5.  30

Tensi l e St r engt h a , ( MPa) 0.  321 0.  382 0.  405

Consol i dat i on Yi el d St r engt h P,  ( MPa) 11. 27 11. 47

Compr essi on I ndex A 0. 216 0.  191 0.  126

Swel l i ng I ndex K 0.  055 0.  043 0.  048

Fi xed- l n- Pl ace I ncl i nomet er  

Rock Def or met er  

St r ai n Cange ( Sol di er  Beams)  

3- D Sl i di ng Mi cr omet er  
( TRI VEC) ____________

Pr obe I ncl i nomet er

T

( b)  Mon i t o r i n g  i t ems
(Uni t :m)

( a)  Lay ou t  of  i ns t r umen t a t i on

FI GURE 4.  Lay ou t  of  i ns t r umen t a t i on ,  and  mo n i t o r i n g  i t ems  and  s y s t em.

TABLE 1.  Ty p i c a l  p r ope r t i es  of  Funak awa  muds t one.

FI GURE 3.  Ex c av a t i on  wor k  i n TK- 03 t ank .

l ong as t he ex c av a t ed  s u r f ac e  was  p r o t ec t ed  f r om 
dr y i ng,  c ons i de r ab l e  s we l l i ng  t hat  wou l d  hav e t o 
be t ak en i nt o ac c oun t  i n t he des i g n  i s not  g e n e r ­
at ed.  Ther e f o r e ,  c ement  pas t e  c oa t i ng  i s an e f f e c ­
t i v e meas u r es  aga i ns t  s wel l i ng ,  t oo.

I NSTRUMENTATI ON AND MONI TORI NG

Fi gur e  4 s hows  meas u r e me n t  i t ems  and t he l ay ou t  of  
t he i ns t r umen t a t i on .  Mos t  of  t he i ns t r umen t s  wer e  
l i nk ed t o a mi c r o c o mp u t e r  i n t he me a s u r emen t s  
c ont r o l  s hac k  set  up at  t he wor k  s i t e.  Al l  dat a  
wer e  ob t a i ned  au t oma t i c a l l y  at  f i x ed t i me i n t e r ­
v al s .

I n t h i s  mon i t o r i ng  s y s t em,  t wo g r ades  of  c r i t e ­
r i a of  g r ound behav i o r  ar e set  as  c ons t r uc t i on  
c ont r o l  s t andar d.  One i s c a l l ed  t he a l l owab l e  
l i mi t  and t he o t he r  i s c al l  t he c on t r o l  l i mi t .  A 
f l ow c har t  was  emp l oy ed  i n t he wor k  manua l  as  
s hown i n Fi gur e  5.  The a l l owab l e  l i mi t  i s a f i x ed 
v a l ue  t hat  depends  on t he s t r eng t h  of  t he g r ound 
mat er i a l .  Ur gent  meas u r es  mus t  be t ak en i f  t he 
g r ound  behav i o r  mi gh t  ex c eed  t h i s  l i mi t .  On t he 
o t her  hand,  t he c on t r o l  l i mi t  i s be f o r ehand  e s t a b ­
l i s hed be f o r ehand  as  t he ma x i mu m v a l ue  at  eac h 
ex c av a t i on  s t age wh i c h  s hou l d  not  ex c eed t he 
a l l owab l e  l i mi t  at  t he f i nal  e x c a v a t i on  s t age.  
Ex ami na t i on  on meas u r es  f or  t he nex t  ex c av a t i on  
s t age s hou l d  be made  when  g r ound  behav i o r  mi gh t  
ex c eed s pec i f i ed  v a l ues  at  eac h  c ons t r u c t i o n  s t ep.

ni t e,  an e x pans i v e  c l ay  mi ner a l .  Un c o n f i ned  c o m­

p r es s i on  s t r eng t h  i s i n a l ow r ange,  2- 5MPa.  Thi s  
s hows  t hat  t he s o l i d i f i c a t i o n  i s pr emat ur e .

As  men t i o n e d  abov e,  t he Funak awa  Fo r ma t i on  
c ons i s t s  ma i n l y  of  e x t r eme l y  f i ne p a r t i c l es  and 

c on t a i ns  mo n t mo r i l l o n i t e . Si nc e  r e pea t ed  we t t i ng  
and d r y i ng  of  t he e x c av a t ed  s u r f ac e  wou l d  c aus e  
s l ak i ng,  and s i nc e  s we l l i ng  due t o s t r es s  r e l i e f  
was  a l s o  a c onc er n,  p r ope r  me a s u r e s  wer e  needed.

Sl ak i ng  had been p r ed i c t ed  by  t he p r ec eden t  
de t a i l  i nv es t i ga t i on ,  s l ak i ng  t es t s  wer e  c onduc t ed  
bas ed on t he J SCE me t h o d  on b l oc k  s ampl es .  The 
t es t s  r ec on f i r med  t hat  t he po r t i on  of  muds t one  
t hat  domi n a t e s  mos t  of  t he Funak awa  Fo r ma t i on  i s 
l i k e l y  t o c aus e s l ak i ng.  Howev er ,  as  t hes e  s er i es  
of  t es t s  wer e  i ndex  t es t s  i n a s ens e,  t he c ho i c e  
of  ac t ua l  me as u r es  c ou l d  not  be bas ed on t he t es t  
r es u l t s .  Ther e f o r e ,  p r i o r  t o f u l l - s c a l e  e x c a v a ­
t i on,  t o de f i ne  pos s i b l e  me as u r es  aga i ns t  s l ak i ng,  
a t es t  e x c a v a t i on  was  pe r f o r med  at  t he wo r k  s i t e  
TK- 03.  Th i s  i n - s i t u  t es t  c on f i r med  t hat  an e f f e c ­
t i v e  me as u r es  aga i ns t  s l ak i ng  wou l d  be t o p r ev ent  
t he ex c av a t ed  s u r f ac e  f r om d r y i ng  by  c oa t i ng  i t  
wi t h  c ement  pas t e  j us t  a f t e r  ex c av a t i on .

Ac c o r d i ng  t o t he p r e l i mi na r y  i nv es t i ga t i on ,  as
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The mon i t o r i ng  s y s t em p r ov i ded  new i n f o r ma t i on  as  
t he ex c av a t i on  pr oc eeded.  Ca l c u l a t i o n  c ond i t i ons  
wer e a l t e r ed  or  ad j us t ed  by  e l as t i c  bac k  ana l y s i s  
( ax i s y mmet r i c  f i n i t e  e l emen t  ana l y s i s )  of  g r ound 

behav i o r  ob t a i ned  t h r ough t he mo n i t o r i n g  s y s t em.  
Af t e r  t hat ,  g r ound behav i o r  at  eac h  e x c a v a t i on  
s t age was  p r ed i c t ed  by  c a l c u l a t i on  us i ng  updat ed  
i n f o r ma t i on  on t he c ond i t i ons .  Anc ho r  t ens i on,  
l ay out  and s i z e wer e  a l s o  r ev i ewed.

As  t he e x c a v a t i on  p r oc eeded,  s ome unp r ed i c t ed  
s l i de d e f o r ma t i on  d i d  oc c ur ,  as  s hown i n Fi gur e  7.  
Suc h d i s c r ep a n c i e s  wer e  due t o t he h e t e r ogene i t y  
of  t he gr ound,  t hat  i s,  t he l oc al  ex i s t enc e  of  
weak  l ay er s ,  or  t he an i s o t r opy  of  t he g r ound  
j udg i ng  f r om t he meas u r e me n t s  of  t he g r ound  d e f o r ­
ma t i on  a r ound t he wor k  s i t e.

An ana l y t i c a l  mode l  wh i c h  c ou l d  ev a l ua t e  t he 
s l i ppage  behav i o r  was  ob t a i ned  us i ng  e l as t i c  bac k  
ana l y s i s .  I n t hi s  ana l y s i s ,  j o i n t  e l emen t s  wer e  
us ed i n t he pos i t i on  of  t he pos s i b l e  weak  l ay er s  
wher e  s l i ppage was  obs er v ed.  Bas ed on t h i s  a n a l y t ­
i cal  model ,  t he c on t r o l  l i mi t  i n t he eac h  e x c a v a ­
t i on s t ep was  es t ab l i s hed .

Af t e r  t he c omp l e t i on  of  ex c av a t i on ,  t he a n a l y t i ­
c al  model  was  r ev i ewed t o s i mu l a t e  ac t ua l  g r ound 
de f o r ma t i on  at  eac h  ex c av a t i o n  s t age,  es pec i a l l y  
t o ex ami ne  t he s l i ppage  d i s p l ac ement .  I n e s t a b ­
l i s h i ng t he c ons t i t u t i v e  equa t i ons  of  t he abov e  
ana l y t i c a l  model ,  g r ound  d e f o r ma t i o n  was  c l a s s i ­
f i ed i nt o f our  c a t ego r i es  s hown bel ow:

1.  de f o r ma t i o n  c aus ed by  r e l i e f  of  s t r es s  
( i nc l ud i ng c r eep  de f o r mat i on )

2.  s we l l i ng  de f o r ma t i o n
3.  d e f o r ma t i on  due t o an i s o t r opy  of  t he

gr ound,  and
4.  l oc al  s l i ppage  de f o r mat i on .

I s opa r ame t r i c  e l emen t s  we r e  us ed f or  i n t ac t  r oc k  
mas s .  They  hav e e q u i v a l en t  c onv e r s ed  s t r eng t h  
pa r ame t e r s  wh i c h  ar e put  i t ems  1 and 2 abov e  
t oget her .  Rega r d i n g  an i s o t r opy ,  on t he a s s u mp t i on  
t hat  i n t ac t  r oc k  mas s  i s s t r a t i f i ed  a n i s o t r op i c  

e l as t i c  mat er i a l ,  a n i s o t r o p i c  s t r eng t h  i s  ob t a i ned  
bas ed on t he r es ear c h  of  Sh i n j o  and Komi y a ( 1984) .  
They  s howed t hat  t he peak  and y i e l d  s t r eng t h  l oc i  
i n e f f ec t i v e  s t r es s  ar e not  i n f l uenc ed  by  a n i s o ­
t r opy .  Ther e f o r e ,  t he f o l l owi ng  equa t i on  i s  i s o-  
t r op i c a l l y  app l i ed  t o t he peak  s t r eng t h  l oc us  f or  
t he i n t ac t  r oc k  mas s  ( Wat anabe et  a l . ,  1988) .

( )
'  o  + A *  ' f

( 5- 1

whe r e  A i s a c ons t ant ,  i s  t he s t r es s  r a t i o  at  

t he peak  s t r eng t h  ( Toc t  /  ( 0^+ A ) ) f .

Conc e r n i ng  t he j o i n t  e l emen t  ex p r e s s i n g  t he weak  
l ay er ,  an e l as t i c  s pr i ng,  wh i c h  has  a s t r eng t h  
p r opo r t i ona l  t o nor mal  f or c e,  was  t en t a t i v e l y  us ed 
t o de f i ne  t he j o i n t  e l emen t  at  f i r s t .  Th r ough  bac k  
ana l y s i s  of  t he g r ound  d i s p l ac emen t ,  howev er ,  
e l as t o - p l a s t i c  t heor y  was  app l i ed  t o t he j o i n t  
e l ement  ( Denda et  al . ,  1988) .  The s t r eng t h  p a r a me ­
t er s  of  t he j o i n t  e l emen t  wer e  o b t a i ned  f r om t he 
s l ur r y  s t r eng t h  of  t he o r i g i na l  i n t ac t  r oc k .  The 
r e l a t i ons h i p  be t ween  j o i n t  e l emen t  s t r e s s ( t , )

and d i s p l a c e me n t  ( 6 ^ , 6 )  i s  e x p r es s ed  by  t he

f o l l owi ng  equat i on:

r c f i  i  i i ( d h  l

• =  U H
l  d o  I  l  1

n
I  d b  1

n

3 <>F dG OF dG
k - H — k ■ —
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i  I
• * di di a n

<k>n Oi

H  \ L , aF dG o dF dG
— k k ------- —  k H - k 2

• "  di - . • i n
do do do

n ft it

i s t he y i e l d c r i t e r i o n , G i s 1

■a*

dS
( 5- 2)

po t en t i a l ,  and H i s d e f i ned  by  t he f o l l owi ng  

e q u a t i o n :

- ‘XSHfMJXirMSXSMJXIr)
n n  h  n »i

The f o l l owi ng  e qua t i ons  wer e  us ed t o de f i ne  
y i e l d  c r i t e r i on  and p l as t i c  po t en t i a l :

( 5- 3)

M r K 1’ ■ &!
f u n

M r + K p • 6? f  $ h

Mr
G =  —  -

, o

" ( r

( 5- 4)

( 5- 5)

ny

wher e  Mfi f  i s  t he s t r es s  r a t i o  at  peak  s t r engt h ,
*  P

o ny i s t he y i e l d  s t r es s ,  a i s a c ons t an t ,  Kg i s

an i n i t i a l  s hear  s pr i ng  c ons t an t  no r ma l i z ed

by  nor mal  s t r es s ,  and 6^  i s t he p l a s t i c  s hear

d i s p l a c e me n t .

An ax i s y mme t r i c  a n a l y s i s  was  made  f or  t he eac h  
ex c av a t i on  s t age.  The i n t ac t  r oc k  mas s  was  c o n s i d ­
er ed e l as t i c ,  and weak  l ay er s  wer e  c ons i de r ed  
e l a s t o - p l as t i c  as  men t i o n e d  ear l i e r .  I n t h i s  
ana l y s i s ,  t he nor ma l  s pr i ng  c ons t an t  i s  i n f i n i t e
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sl i di ng i s der i ved f r om t he i nt er act i on bet ween 
t he r ock mass and t he weak l ayer .

Accor di ng t o t he l ocal  saf et y f act or  di s t r i bu ­
t i on i n Fi gur e 8,  t he mi ni mum saf et y f act or  of  t he 
i nt act  r ock mass i s 1. 52 even i n t hi s anal ysi s,  
whi ch t ook i nt o account  s l i ppage def or mat i on.  Thi s 
val ue means t hat  t he i nt act  r ock mass r emai ns 
wi t hi n t he el ast i c  r ange.

Fur t her mor e,  f r om bot h t he on- s i t e measur ement s  
and t he numer i cal  anal ysi s,  each sl i ppage def or ma­
t i on r anges wi t hi n onl y 17m or  so f r om t he r et ai n­
i ng wal l .  Consequent l y,  t he gr ound was t ot al l y 
st abl e and was not  i n t he ser i ous danger  of  col ­
l apsi ng .

FI GURE 6.  Mesh l ayout .

80 60 40

I I
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I
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FI GURE 7.  Compar i son bet ween measur ement s  and 
cal cul at i ons.

i n model i ng t he j oi nt  el ement ,  because t he weak 
l ayer  was t hi n and ver t i cal  di spl acement  of  t he 
weak l ayer  was negl i gi bl y  smal l .

Fi gur e 6 shows t he mesh l ayout ,  and Fi gur e 7 
shows exampl es of  anal ys i s  r esul t s.  As i s cl ear  
f r om t he f i gur es,  t he gener al  t endency of  act ual  
gr ound behavi or  can be expr essed wi t h t he model  
pr oposed above.  Such def or mat i on behavi or  as

FI GURE 8.  Di s t r i but i on of  l ocal  saf et y f act or s.

CONCLUSI ON

An i nt ensi ve i nst r ument  i t >n and moni t or i ng syst em 
was adopt ed i nd meas ur ement s  wer e f ed back f or  
pr edi c t i on t h< >t ej  i al so t o t he exca­
vat i on wor k wi t h t i me.  Consequent l y,  wor k was
compl et ed saf el y and economi cal l y  al l  t he way t o 
t he f i nal  excavat i on.  I n spi t e of  t he compl exi t y  
of  t he condi t i ons or  f act or s gover ni ng gr ound 
behavi or ,  gr ound st abi l i t y  and a saf e excavat i on 
wer e secur ed agai nst  such pecul i ar  def or mat i on as 
s l i ppage whi ch can not  be f or eseen bef or e excava­
t i on .

I n addi t i on t o t he moni t or i ng syst em,  det ai l ed 
i nvest i gat i on and t est s on swel l i ng and sl aki ng 
al so cont r i but ed t o a successf ul  excavat i on.
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Cha l k  i s a t ypi cal  t r ans i t i on mat er i al  bet ween sof t  

r ocks  and i ndur at ed soi l s.  Many  pr ac t i cal  di f f i cul t i es  

ar i se i n assess i ng mechani cal  behav i our  spec i al l y  f r om t he 

gener al  scat t er i ng of  exper i ment al  dat a when l ow t est  

st r esses - as i s of t en t he case i n ci v i l  engi neer i ng wor ks

- ar e appl i ed.  Her eaf t er  a desc r i pt i on i s made of  a s l ope 

sl i de i n a chal k  quar r y  as a consequence of  di ggi ng 

mat er i al  f or  t he l i me and cement  i ndust r y.

Fi g. l  Geol ogi cal  map of  Bel gi um and l ands l i de s i t uat i on

The quar r y  i s s i t uat ed i n eas t er n Bel gi um ( f i g. l ) ,  i n 

an upper  Cr et aceous  ( Senoni an)  r egi on c har ac t er i zed by  many  

i mpor t ant  cal car eous  out cr ops.  The quar r y,  about  80m h i ght , 

i s f or med of  a Maas t r i cht i an gr ey  chal k  l ayer ,  50m t hi ck,  

over l appi ng a Campani an whi t e chal k  l ayer ,  30m t hi ck.  As a 

r esul t  of  a s t r at i gr aphi cal  gap,  an i ndur at ed chal k  st r at a,  

about  0. 7m t hi ck,  ( geol ogi cal l y  cal l ed " har d gr ound" ) ,  had 

been f ound at  t he cont ac t  bet ween t hese t wo l ayer s.  The 

chal k  l ayer s,  compact ,  near l y  hor i zont al  and homogeneous,  

ar e i nt er r upt ed by t wo j oi nt  f ami l i es,  r andoml y  l ocat ed,  

and bot h di ppi ng near  ver t i cal  and nor mal  t o one anot her .  

The whol e chal k  mass over l ays  a cal car eous  gl auconi t i c  c l ay  

bed cal l ed " smect i t e" .

The wat er  t abl e i s s i t uat ed i n t he l ower  chal k  l ayer s,  

a seepage sur f ace hav i ng been obser ved i n t he s l ope f oot ,  

j ust  over  t he smect i t e bed.  The di ggi ng i s per manent l y  r un 

under  wat er  l evel .  Thi s  may pr obabl y  have been t he ear l y  

r eason of  t he weat her i ng and i nc r eas i ng compr ess i bi l i t y  of  

t he l ower  chal k  l ayer s.  El sewher e,  a r ai l way  t unnel ,  about  

6m l engt h c i r cumscr i bed r adi us,  i s dr i ven t hr ough t he r ock

( or  i ndur at ed soi l )  mass,  j i i st  bel ow t he har d gr ound.

Al l  t he f act or s - di ggi ng i n pr ogr ess  t owar ds  t he 

t unnel  r educ i ng t he l at er al  pass i ve s t r engt h,  l ar ge 

di s t r essed r ock  vol ume ar ound t he t unnel ,  l ooseni ng of  t he 

l ower  chal k  l ayer s near  t he s l ope f oot  - wer e met  f or  

c r eat i ng physi cal  condi t i ons  al l owi ng a l andsl i de.

Anyhow,  t he l ands l i de came unexpec t edl y  because 

mechani cal  condi t i ons wer e bel i eved bet t er  t han t hey ac t ual l y  

ar e.  The acci dent  i nvol ved t he r ai l way t r af f i c bei ng i nt er r upt ed 

and s t opped t he quar r y  wor k.

Even when t he t unnel  was one of  t he t r i gger i ng l ands l i de 

maj or  f act or s,  i t  ser ved af t er war ds as a not ewor t hy obser vat i on 

post  t o exami ne and poi nt  up cr acks  j ust  i nt o t he c hal k  mass 

( f i g. 2) .

Fi g. 2.  Geol ogi cal  pr of i l e of  t he chal k  quar r y.

As a r esul t ,  a set  of  c r acks wi t h openi ngs up t o 0. 1 

m and s l i pped f aces,  as wel l  as,  her e and t her e,  

s l i c k ens i des , coul d be obser ved j ust  out s i de t he l i ni ng,  

t owar ds t he quar r ys i de.  The bear i ng of  t he c r acks  i s 

par al l el  t o t he t unnel  ax i s  and di ps obl i quel y  t angent i al  

t o t he t unnel  at  t he vaul t  spr i ng.

Onl y  some cr acks ar e v i s i bl e at  t he t op of  t he sl ope.  

Thei r  bear i ng i s 40 t o t he s l ope cr es t  and t hey f or m one 

si de of  t he assumed sl i de di agr am.  Some open cut s 

r eveal ed a set  of  c r acks hi dden i n t he gr ound - f al l i ng i n 

t he r ough al i gnment  of  t he sur f ace appar ent  c r acks  - 

sket chi ng a r at her  c i r cul ar  l i ne.

SLOPE STABI LI TY ANALYSI S

Bear i ng and di p c r ack  dat a ar ound t he t unnel  made i t  

poss i bl e t o embar k  upon a f i r s t  s l ope s t abi l i t y  anal ys i s  

assumi ng a s l i di ng t r uncat ed wedge geomet r y.  The near  

ver t i cal  f ai l ur e pl ane i s t angent  t o t he t unnel  vaul t  

( f i g. 3 di agr am) .  Ac cor di ng t o t he assumed di p,  t he 

f ai l ur e pl ane i nt er cept s  t he t op sur f ace at  a di s t ance of  

16 t o 26m f r om t he sl ope cr est .

When poi nt  C - poi nt  wher e t he s l i de edge i nt er cept s  

t he t op sur f ace - moves away  f r om t he s l ope cr es t  

( f i g. 4) ,  t he t r apezoi dal  t op pl ane of  t he wedge becomes 

r ect angul ar ,  changi ng t hen t he assumed wedge shape.  

Mor eover ,  wi t h t hi s geomet r y ,  t he t unnel  l engt h concer ned 

by t he s l i di ng wedge was t oo shor t  - no mor e t han 26m - 

when t her e had been obser ved t hat  damages  and cr acks  i n 

t he t unnel  l i ni ng ex t ended about  65m l engt h.
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Fi g. 3.  Assumed s l i di ng wedge

Fi g. 4.  Assumed s l i di ng wedge - ver t i cal  c r oss  sec t i on

The assess i ng of  t he mechani cal  par amet er s  t o use i n 

t he cal cul at i ons  had been done f r om a set  of  t r i ax i al  

t est s  ( U. U. )  whi ch gave t he f ol l owi ng mean val ues:  f or  

t he cohesi on:  C- 0. 37 MPa,  f or  t he f r i c t i on angl e:  9- 12  . 

The whol e set  of  exper i ment al  r esul t s  has been bounded by 

t he f ol l owi ng val ues:  cmi n- 0. 35 MPa and <Pral,x“ 44 .

Cal cul at i ons  per f or med wi t h mean val ues  c and tp gave 

saf et y  coef f i c i ent s  F t hat  ar e ever ywher e above t he 

cr i t i cal  uni t y  t hr eshol d,  t he mi ni mum val ue r eachi ng F-  

1. 87.  To get  val ues c or r espondi ng t o f ai l ur e r i sk,  

cal cul at i ons  need t o be per f or med wi t h di f f er ent  

f r ac t ur i ng val ues Kf . Then t he c r i t i cal  t hr eshol d i s 

r eached f or  f r ac t ur i ng val ues  over  45% when obser vat i ons  

on f i el d and on chal k  sampl es di sc l ose f r ac t ur i ng val ues 

no mor e t han 20%.

Cal cul at i on r esul t s  pr esc r i bed changes  t o t he wedge 

geomet r y .  St r uc t ur al  and l i t hol ogi cal  f eat ur es  sugges t ed 

t hat  t he s l i di ng wedge may show t he shape of  f i gs.  5 and 

6.  wher e a t r apezoi dal  bot t om s l i di ng pl ane i s put  i n t he 

pl ace of  t he s l i di ng edge.  Act ual l y ,  t hi s  f ai l ur e pl ane 

i s a mul t i pl e set  of  smal l  shear  sur f aces  devel oped i nt o

Fi g. 5.  Adopt ed f ai l ur e wedge

Fi g. 6.  Adopt ed s l i di ng wedge ver t i cal  cr oss  sec t i on

t he l ower  weak  chal k  l ayer s  above t he smect i t e c l ay  bed.  

The l at er al  s l i di ng pl anes AEXT and BDYV have t he same 

40°  bear i ng t owar ds t he sl ope cr es t  AB,  but  t he l engt h AB 

and t he ar ea of  bot h pl anes change wi t h hor i zont al  and 

ver t i cal  ( dept h)  di ggi ng pr ogr ess at  t he quar r y  sl ope.  

The di ppi ng of  t he AE and BD edges i s t he same as t he 

obser ved c r acks  i n t he sl ope f ace.

Wi t h t hi s geomet r y,  t he saf et y  val ues  f or  t he mean 

mechani cal  par amet er s  ar e l ower  t han t hose cal cul at ed 

wi t h t he f i r st  wedge geomet r y.  Never t hel ess  l ands l i de 

r i sk  concer ns  r at her  hi gher  f r ac t ur i ng val ues.  On t he 
ot her  hand,  when t he cohes i on decr eases  c ( -»cml n) and t he 

f r i c t i on angl e i ncr eases <p (-* <p max) , l ands l i de r i sk  

concer ns  pr ogr ess i vel y  l ower  f r ac t ur i ng val ues  Kf . So 

i t ' s  cor r obor at ed t hat  l ands l i de r i sk  depends  r at her  on 

cohes i on t han on f r i c t i on par amet er s.
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A f i ni t e el ement  anal ys i s  per f or med on t he bas i s  of  

an el ast i c ,  homogeneous  and i sot r opi c  mechani cal  r esponse 

of  t he chal k  wi t h cohes i on val ue down t o c -  0. 05 MPa and 

f r i c t i on val ue up t o <p -  20°  ( Bonnecher e et  a l . , 1985)  

shows agr eement  bet ween t he assumed wedge s l i di ng 
ver t i cal  cr oss  sect i on and t he hi gher  ex t ens i on st r ess 

zone out l i nes,  ( f i g. 7)

[%%%] def or med el ement s 

1*i'l'ivl shear ed el ement s

I -. 1 t ensi on el ement s

hi gh def or mat i on zone

Fi g. 7.  Anal ys i s  by t he f i ni t  met hod - f i nal  sl ope 

s i t uat i on ( af t er  BONNECHERE et  al . , 1985)

The choi ce of  t he l ast  t heor et i cal  appr oach ( f i gs . 5 et

6)  had been cor r obor at ed when t he whol e s l i ded c hal k

wedge was r emoved,  r eveal i ng t hen,  t he ac t ual  f ai l ur e 

pl anes ( f i g.  8)

Fi g. 8.  Ver t i cal  cr oss sec t i on of  t he chal k  quar r y  af t er  
t he r emoval  of  t he s l i ded wedge.
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P a n e lis t c o n tr ib u tio n : B o tto m  h e a v in g  in o p e n  p it 

e x c a v a tio n s  in g y p s u m  m arl an d  m a rly -c la y  so ils  

C o n tr ib u tio n  de  p a n e lis t: S o u le n e m e n t d u  fo n d  d e s  

fo u ille s  o u v e rte s  d a n s  le  g y p s e , la  m a rn e  e t les  so ls  

a rg ilo -m a rn e u x

C A R L O S  S .O T E O , D ire c to r  G e o te c h n ic s  L a b o ra to ry  

C E D E X -M O P U , S p a in

SYNOPSI S:  I n t hi s  c ont r i but i on t he pr obl ems  of  bot t om 

heav e i n open pi t  exc av at i on,  due t o dec ompr es s i on and 

t o c hanges  i n phy s i c o- c hemi c a1 condi t i ons ,  ar e exposed.  

Sever al  ex ampl es  of  t hese phenomena ar e des c r i bed,  al so 

t he f ac t or s  i nvol ved i n each case.

When i mpor t ant  open pi t  excavat i ons  ar e car r i ed 
out  i n mar l  and mar l y - c l ay  r ocks,  t he f ol l owi ng 
pr obl ems ar e t o be cons i der ed ( Fi gur e 1) :
-  St abi l i t y  of  excavat i on sl opes.
-  Poss i bi l i t y  of  t he excavat i on bot t om f ai l ur e 

owi ng t o l ack of  bear i ng capac i t y  ( i n sof t ,  
sat ur at ed c l ay  s oi l s ) .

-  Bot t om heave owi ng t o decompr essi on.
-  Changes i n t he Geot echni cal  behav i our  over  

t i me due t o env i r oment al  act i on or  t o t he 
phys i co- chemi cal  condi t i ons of  t he mat er i al .
A consequent  heav i ng of  excavat i on bot t om

wi ch i s f ur t her  accent uat ed by t he above men­
t i oned decompr essi on.

Thi s cont r i but i on wi l l  onl y deal  wi t h t he 
t hi r d and f our t h t ypes of  pr obl ems.

The bot t om heave depend:
1)  On t he Geot echni cal  pr oper t i es  of  t he mar l  

r oc k s .
2)  On t he excavat i on si ze.
3)  On t he pr esence of  t he expans i ve c l ay 

f r act i ons.
4)  On t he poss i bi l i t y  of  t he chemi cal  t r ans ­

f or mat i ons occur ,  et c.
I n t he f ol l owi ng f our  exampl es of  bot t om hea­

v i ng wi l l  be br i ef l y  her e.  Al l  t he exampl es 
cor r espond t o cons t r uc t i on wor ks car r i ed out  i n 
Spai n.

o )  I N E S T A B I L I T E  0 E T A L U S  

S L O P E  I N S T A B I L I T Y

b )  R U P T U R E  D U  F O N D  

B O T T O M  F A I L U R E

I  4

T

f t ?

c )  G O N F L E M E N T  P O U R  

D E C O  M P R E S S IO N  

S W E L L I N G  B Y  U N L O A D IN G

d )  E V O L U T IO N  P E N D A N T  T E M P S  

T I M E  E V O L U T I O N

O
t

P R O B L E M S  D A N S  L E  F O N D  D E S  F 0 U I L L G S  E N  M A R N E S  

( P R O B L E M S  IN  M A R L Y  F O R M A T I O N S  )

Fi gur e 1. -  Typi cal  pr obl ems i n open pi t  excava­
t i ons .

Z z
UJ —

I  -!

P R 0 F 0 N D E U R

D E P H T
(m)

Fi gur e 2. -  Bot t om heav i ng i n t he Sev i l l a shaf t  
( Ur i el  & Ot eo,  1976) .

-  Case A:  Access shaf t s t o t he Sevi l l e under ­
gr ound r ai l way.  The shaf t  ar e ci r cul ar ,  about  
30 m deep and 40 m i n di amet er ,  us i ng t he 
sl ur r y t r ench wal l  t echni ques.  These wal l s 
r uns t hr ough sat ur at ed quat er nar y  f or mat i ons 
and i s embedded abo' i t  8 m i nt o t he mi oceni c  
" Guadal qui v i r  bl ue nar l s" ,  t ypi cal  sof t  mar l y 
r ock of  t he sout h of  Spai n.  These bl ue mar l s,  
wi t h medi um t o hi gh pl ast i c i t y,  have an unco­
f i ned compr ess i on s t r engt h about  2 MPa,  and 
cont ai ng 25% car bonat e.  The mat er i al  i nvol ved 
i s f i ssur ed and wi t h s i l t  depos i t s  i n t hese 
f i ssur es.  Some t i mes gas and wat er  pocket s 
ar e f ound i n t hese " bl ue mar l s" .  The heavi ng 
caused by i nduced decompr ess i on was about  5 
cm and i t  occur r ed r api dl y  ( Fi gur e 2)  . Most  
of  t he bot t om r i s i ng happened dur i ng t he 
r emoval  of  t he l ast  par t  of  t he t ot al  over ­
bur den pr essur e,  as i s usual  i n phenomena 
caused by soi l  unl oadi ng.

-  Case B:  Cor r esponds t o t he Pl aza Nueva shaf t ,  
al so i n t he Sev i l l e under gr ound.  Asi de f r om 
t he dec ompr es s i on heav i ng i n t he bot t om 
shaf t ,  sever al  days af t er  t he excavat i on had 
r eached i t s max i mum dept h.  The bot t om r ose 
about  50 cm and t hi s was caused by t he pr e ­
sence of  a gas pocket  under  pr essur e i nt o 
mar l s,  near  t he shaf t  bot t om.  Thi s gas bubbl e 
was abl e t o br eak t hr u and l i f t  t he " bl ue 
mar l s"  of  t he bot t om.  I t  became evi dent  l a ­
t er ,  by cont i nous  dynami c penet r at i on t est s,  
t hat  t he t hi ckness  of  t he mar l y  f or mat i on 
af f ect ed yas about  8 m,  wi t h ver y l ow bl ow 
count  ( Fi gur e 3) .  To bi l d f oundat i ons f or  t he 
f ac i l i t i es i n t he bot t om shaf t ,  i t  was neces ­
sar y t o bor ed mi c r opi l es  t r aver s i ng t he de ­
compr essed ar ea.

-  Case C:  Excavat i on of  some 17 m i nt o a f or ma­
t i on of  al t er nat i ng l ayer s of  ver y har d c l ays 
f or  t he cons t r uc t i on of  a t r eat ment  pl ant  
near  Madr i d.  The decompr ess i on separ at e t he 
c l ay and gi psum l ayer s,  causi ng gaps 1 mm 
wi de i n some cases,  t hat  i ncr esi ng t he ho ­
r i zont al  per meabi l i t y .  Thi s,  t oget her  wi t h 
ex i s t i ng ver t i cal ,  sof t  c l ay f i l ed f i ssur es 
i n t he gypsum ( kar st i c phenomena) , moi s t ened 
t he mont mor i l l oni t e c l ays wi t h subsequent  
swel l i ng ( Fi gur e 4) .  I n or der  t o cont r ol  t he 
access of  t he wat er  t o t hi s zone,  a BO cm 
t hi ck by 5 m deep concr et e t r ench wal l  was 
bui l t  ar ound t hr ee decant er s.  Thi s wal l  r edu-
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R E S I S T A N C E  A  L A  P E N E T R A T I O N  (  b / 2 0 c m )  

S T R E N G T H  T O  T H E  P E N E T R A T I O N

Fi gur e 3. -  Test s  on t he excavat i on bot t om.

Fi gur e 5. -  Fi el d swel l i ng measur ed i n Case D.

18  2 1  2 4  2 7  
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Fi gur e 4. -  Swel l i ng measur ed i n t he Case C.

ce t he wat er  seepage and heav i ng ( Fi gur e 4) .  
Al so t he concr et e wal l  was not  abl e t o st op 
t he heav i ng t ot al l y,  at  l east  i t  r educed i t  
i n t wo of  t hem.  I n t he ot her  case t he pr esen­
ce of  gl auber i t e sal t z i n t he gypsum ( i . e. ,  
gypsum const i t ut ed by cal c i um and sodi c sul -  
f at s)  wor sened t he pr obl em.  The wat er  seepage 
t hr ough t he gl auber i t e br ought  sodi um i ons t o 
t he c l ay wi ch gr adual l y  i ncr eased i t s swel ­
l i ng capaci t y.  Act ual  pl an i nc l ude l i me gr ou-  
t i ngs i n t he ar ea t o sol ve t he pr obl em once.  
At  t hi s moment ,  t wo decant er s  or  t hr ee af f ec ­
t ed ar e i n oper at i on.
Case D:  To i nst al  an i mpor t ant  power  pl ant  i n 
Nor t her n Spai n 80 m excavat i ons wer e r equi r ed 
t hr ough sandst ones and gypsum mar l s.  These 
mar l s  cont ai n esmect i t es  i n t he c l ay f r act i on 
and anhydr i t e i n t hei r  gypsum f r act i on.  These 
mar l s  wi t h an unconf i ned compr ess i on s t r engt h 
about  30 MPa,  ar e st r at i f i ed hor i zont al l y.  
Si nce t he excavat i on,  a heav i ng of  sever al  
cent i met er s  has been measur ed over  some t en 
year s ( Fi gur e 5)  . At  pr esent ,  owi ng t o t he 
i mpor t ance of  t he power  pl ant ,  cons i der abl e 
r esear ch i s under  way,  bot h t o under s t and 
t he phenomenon and t o pr edi c t  t he end of  t he 
heavi ng.  The wor ks i ncl udes a ser i es of  car e ­
f ul l y des i gned swel l i ng t est ,  wi t h and, , wi t h­
out  cont r ol l ed suct i on,  i n t he CEDEX Geot ech-  
ni cal  Labor at or y  f r om Madr i d,  us i ng i ns t r u­
ment s  devel oped i n Fpai n,  by member s  of  t hat

4 0 0  

T I M E  (  D A Y S )  

T E M P S ( J O U R S )

Fi gur e 6. -  Long- t er m swel l i ng t est s i n gypsum 
mar l s  ( Fr om F.  Es t eban) .

Labor at or y  ( Escar i o,  Est eban,  Vi nas,  et c. )  
The Fi gur e 6 shows some of  t hese l ong- t er m 
t est s car r i ed out  by Est eban.  To sum up t hi s 
wor k  i t  can be sai d t hat  i ni t i al  decompr es ­
si on of  t he mar l  al l ows wat er  pr enet r at e i t s 
s t r uc t ur e wi ch,  on r eachi ng t he cl ay par t ,  
causes t he swel l  of  smect i t es.  Thi s r el at i ve­
l y r api d phenomenom,  i nduces a new openi ng i n 
t he s t r uc t ur e of  t he mar l ,  i nvol v i ng a posi -  
bl e hydr at i on and swel l i ng of  t he anhydr i t e 
and gr owt h of  gypsum cr yst al s.  These phenome­
na,  ver y  sl ow,  may be t he cause of  l ong t er m 
heav i ng.  Dur i ng t he r un of  t he swel l i ng 
t est s,  i n oedomet er  appar at us,  a gr owt h of  
gypsum cr yst al s  has been obser ved.

I n concl usi on,  bef or e t he excavat i on desi gn 
i n mar l ,  i s necessar y  t o st udy t he posi bl e 
phenomena of  bot t om swel l i ng ( by decompr es i on 
or  by phys i co- chymi cal  changes ) . The swel l i ng 
may be sl ow,  af t er  t he bot t om f ac i l i t i es ar e 
bui l d,  r esul t i ng i n a danger ous  si t uat i on.

Ref er ences :
URI EL,  S.  and OTEO,  C.  ( 1976) .  " Pr opi edades 

geot ecni cas  de l as mar gas azul es del  Guadal ­
qui vi r " .  Pr i mer  Si mposi o Naci onal  sobr e Rocas 
Bl andas.  Madr i d.  Vol .  1.
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D isc u s s io n

D .G .C O U M O U L O S , C o n s u lt in g  E n g in e e r , P a rtn e r , C a s to r  L td , 

A th e n s ,  G re e c e

a r e v er y  l ow i n t he At h e n s  s hal e.  They  v a r y  at  
r andom and  do not  s how any  i mpr ov ement  wi t h  
dep t h  .

Ty p i c a l  v a l ues  of  c or e  r ec ov e r y  and  RQD, r e p o r t e d  
by  Ko t z i as  C1988)  ar e as  f o l l ows :

Mean  St anda r d  No of  
Va l ue  Dev i a t i o n  Res u l t s

Cor e  r ec ov e r y  ( I )  

RQD ( I )

34

4 . 5

30

13

105

105

The d i s c us s i o n  t hat  f o l l ows  p r es en t s  ex pe r i enc e  
f r om f i e l d  i nv es t i ga t i ons  and  l abo r a t o r y  t es t s  
on t wo t y pes  of  s of t  r oc k s  wh i c h  ar e enc oun t e r ed  
i n t he t wo b i gges t  c i t i es  of  Gr eec e,  At hens  and 
Pi r eaus .  A p r o n o u n c e d  c ons t r u c t i o n  ac t i v i t y  i s 
t ak i ng p l ac e  i n bo t h  c i t i es  wi t h  deep e x c a v a ­
t i ons ,  mu l t i s t o r e y  bu i l d i ngs ,  i n t e r s e c t i o n s , et c.

The bas i c  s ubs ur f ac e  f o r ma t i on  i n t he At h e n s  a r ­
ea i s a s c h i s t  f o r mat i on ,  c a l l ed  At hens  s hal e,  
wh i c h  r anges  f r om a v e r y  weak  c l ay ey  s hal e wi t h  
v a r y i ng  degr ee  of  wea t he r i ng ,  t o a v er y  s t r ong 
c a l c a r eous  s hal e wi t h  i n t e r med i a t e  l ay er s  of  c o n ­
g l o me r a t e  and l i mes t one  at  p l ac es .

The bas i c  s ubs ur f ac e  f o r ma t i on  i n t he Pi r eaus  
a r ea  i s a mar l  f o r ma t i on ,  k nown as  mar l  of  
Pi r eaus ,  wh i c h  r anges  f r om a h a r d  c l ay ey  mar l  
t o a s t r ong c a l c a r e o u s  mar l .

Fi e l d  i n v e s t i ga t i ons  i n t he abov e f o r ma t i ons  ar e 
c a r r i ed  out  wi t h  t he a i d  of  r o t a r y  d r i l l i ng .
Th i n  wa l l e d  s i ng l e  t ube and  doub l e  t ube c or e  b a r ­
r e l s  wer e  t r i ed  us i ng  d i amond  b i t s  and c o n ­
t r o l l ed  c i r c u l a t i o n  of  d r i l l i ng  wat er .  Cor e  r e ­
c ov e r y  and  s amp l i ng  ar e i n gener a l  poor  p a r t i c ­

u l a r l y  i n t he At h e n s  s hal e.  Bes t  r es u l t s  ar e o b ­
t a i ned  by  d r i l l i ng  i n dr y ,  wi t h o u t  c i r c u l a t i o n  
d r i l l i ng  wat er ,  us i ng  r e l a t i v e l y  l a r ge d i amet e r  
doub l e  t ube c o r e  b a r r e l s  of  t he t y pe T- 101,  
wh i c h  y i e l d s  a c or e  d i ame t e r  of  84 mm.

The f o l l o wi n g  t es t s  ar e u s ua l l y  pe r f o r me d  i n t he 
b o r e h o l e s :

Pe n e t r a b i l i t y  t es t s

Pe n e t r a b i l i t y  i s ex p r e s s e d  i n c en t i me t e r s  and 
c o r r e s p o n d s  t o t he pene t r a t i o n  of  t he s t andar d  
p e n e t r a t i o n  t es t  ( SPT)  s ampl er  c aus ed  by  60 
b l o ws  of  t he s t andar d  hammer .  The i dea of  p e n ­
e t r a b i l i t y  was  i n t r oduc ed  by  St a ma t o p o u l o s  and 
Ko t z i as  ( 1 9 7 4 ) f or  c l as s i f y i n g  r oc k s ,  and  as  wi l l  
be s hown l at er ,  i t  c an be us ed  e f f e c t i v e l y  t o 
d i f f e r en t i a t e  b e t we e n  l ay er s  wi t h  v a r y i ng  degr ee 
of  wea t he r i ng .

Wat e r  p e r me a b i l i t y  t es t s

Wa t e r  p e r me a b i l i t y  t es t s  i n t he c a l c a r e o u s  s hal e 
or  i n t he c a l c a r eous  mar l ,  p r e f e r ab l y  wi t h  p a c k ­
er s ,  ar e v e r y  us e f u l  as  t hey  g i v e  good i nd i c a ­
t i ons  about  d i s c o n t i n u i t i e s  and c a r s t i c  c av i t i es .

FI ELD I NVESTI GATI ONS I N THE ATHENS SHALE

Cor e  r ec ov e r y  and ROD ( Roc k  Qu a l i t y  Des i gna t i on)

Pe n e t r a b i l i t y  i n t he At h e n s  s hal e

Fi gur e  1 i s a t y p i c a l  d i ag r am of  t he v a r i a t i on  

of  pen e t r a b i l i t y  wi t h  dep t h  i n t he At h e n s  s hal e.  
I t  c an be s een f r om t hi s  f i gur e ,  t hat  t he degr ee  
of  wea t he r i n g  i n t he At hens  s hal e i s dec r eas i ng  
wi t h  dept h.  At  g r ound  s ur f ac e  t he degr ee  of  
we a t h e r i n g  i s,  as  ex pec t ed ,  v er y  h i gh  due t o t he 
ex pos ur e  of  t he ma t e r i a l  t o a t mos phe r i c  c o n d i ­

t i ons .  Bey ond  t he dep t h  of  6 t o 10 met er s ,  t he 
p e r me a b i l i t y  r eac hes  a c o ns t an t  v a l ue ,  us ua l l y  
no t  ex c eed i ng  6 cm.

£

i
t-
Q.
W
a

Fi g. 1 Va r i a t i o n  of  p e n e t r a b i l i t y  wi t h  
dep t h  i n t he At he n s  s hal e.

Di ag r ams  s howi ng  t he v a r i a t i on  of  pene t r a b i l i t y  
wi t h  dep t h  ar e t o t he au t ho r ' s  op i n i on  t he mos t  
e f f ec t i v e  way  t o d i s t i ngu i s h  b e t we e n  l ay er s  wi t h  
v a r y i ng  degr ee  of  weat he r i ng .

Fu r t her ,  i t  i s  pos s i b l e  p a r t i c u l a r l y  f or  s of t  
r oc k s ,  t o es t ab l i s h  c o r r e l a t i o n s  of  p e n e t r a b i ­
l i t y  wi t h  c o mp r e s s i b i l i t y  and  s t r eng t h  ( Coumoul os  
and  Kor y a l os ,  1981) .

LABORATORY TESTS ON THE ATHENS SHALF.

Fi gur e  2 g i v es  t he r anges  of  v a r i a t i o n  of  c l a s ­
s i f i c a t i on  t es t  r es u l t s  on s ampl es  of  wea t h e r e d  
c l ay ey  s hal e t hat  c ou l d  be p r oc e s s e d  as  soi l .

PENETRABI LI TY ( c m / 60 bl ows)

Uppe r  h i gh l y  
we a t h e r e d  z one

Lower  l es s  
we a t h e r e d  z one
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The s oi l  me c h a n i c s  t es t s  y i e l ded  t he f o l l owi ng

r e s u l t s :

( a)  Fi nes  v ar y  b e t we e n  12 and  55 per c en t ,  
wh e r e a s  gr av e l  v a r i es  b e t we e n  2 and  65 

p e r c e n t  ( f i g 2a)  ,

( b)  I t  appear s  f r om t he p l a s t i c i t y  c ha r t  
( f i g 2b)  t hat  t he ma t e r i a l  p r oc e s s e d  
t h r ough a 0. 42 mm s i ev e i s c l ay  of  t he 
g r oup  ( CL)  of  t he u n i f i e d  s oi l  c l a s s i f i ­

c a t i on  s y s t em.

( c)  Dr y  un i t  we i g h t  v a r i e s  b e t we e n  1. 84 
t / m̂  and 2. 25 t / m̂  ( f i g 2c) .

( d)  Na t u r a l  wa t e r  c o n t e n t  f l uc t ua t es  b e ­
t ween 5 and 23 p e r c en t  and i s a l way s  
b e l o w t he p l as t i c  l i mi t  ( see f i g  2d) .

FI ELD I NVESTI GATI ONS I N THE MARL  OF PI REAUS

Ty p i c a l  r es u l t s  of  p e n e t r a b i l i t y  and  r oc k  q u a l i ­
t y  ( RQD)  ar e p r e s e n t e d  i n t he h i s t o g r a ms  of  f i g ­

u r es  3 an d  4 r es pec t i v e l y .  Fr om ex pe r i enc e  whi c h 
i s ba s e d  on c a r e f u l  e x a mi n a t i o n  of  t he c o r es  and 
on d e t e r mi n a t i o n s  of  c a l c i um c a r b o n a t e  c on t en t ,  

i t  was  pos s i b l e  t o d i f f e r e n t i a t e  b e t we e n  c l ay ey  
mar l  and  c a l c a r e o u s  mar l ,  and s ugges t  t he d i v i ­

s i on  l i nes  b e t we e n  t he t wo c a t e g o r i e s  s hown i n 
t hes e f  i gur es  .

Wa t e r  p e r me a b i l i t y  t es t s  i n t he b o r e h o l e s  y i e l d ­
ed a c o e f f i c i e n t  of  p e r me a b i l i t y  of  t he o r der  of  
10 ” ^ m/ s ec ,  wh e n  no  d i s c o n t i n u i t i e s  or  o t her  v o i ds  
we r e  enc oun t e r ed .
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UJ 4 0 -

cr

u . 3 0 -

o

a: ?o-
UJ

cl)
J 1 0 -

O

JL
0

CAL CAREOUS 
MARL

CL AYEY MA RL
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0  2 4 6 8  10 12 14 16 18 

PENETRABI L I TY ( c m / 6 0  b l ows )

Fi g . 3 Re s u l t s  of  p e n e t r a b i l i t y  t es t s  on 
c l ay ey  and  c a l c a r eous  mar l .

I  5 0

z  4 0

10 20  3 0  4 0  5 0  6 0  70  8 0  9 0  XX)  

ROCK QUAL I TY ROD (•/ . )
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0  5 10 15 2 0  2 5  

NAT.  WA T E R CONT  (•/.)

0  5 10 15 2 0  25  30  

d)  NAT.  WAT E R CONT ENT (•/.)

F i g . 2 Su mmar y  of  c l a s s i f i c a t i o n  t es t  
r es u l t s  on we a t h e r e d  s hal e.

Fi g . 4 Res u l t s  of  RQD i n c l ay ey  and c a l c a r eous  

ma r l .

Po i n t  l oad t es t s  on t he mar l  of  Pi r eaus

Po i n t  l oad t es t s  wer e  c a r r i ed  out  on s ampl es  f r om 
b o r e h o l e s  and  t es t  p i t s  a f t e r  i mmer s i ng  t hem i n 

wa t e r  f or  24 hour s .

Ty p i c a l  r es u l t s  ar e s hown i n f i gur e  5 t oge t her  
wi t h  un i ax i a l  t es t  r es u l t s  on s pec i mens  f r om t he 
s ame s ampl es .  Bas ed  on t hes e r es u l t s ,  i t  c an be 
s een t hat  po i n t  l oad t es t  r es u l t s  c an be us ed  
f or  t he es t i ma t i o n  of  t he s t r eng t h  of  t he mar l  
i n u n i ax i a l  c ompr es s i on. -  I n t he c as e  of  t hi s  
c l ay ey  mar l ,  t he r a t i o  of  t he t wo s t r eng t hs  i s 
of  t he o r de r  of  1: 10 ( f i g 5b) .

PARTI CLE SI ZE ( mm)

0 .0 0 2
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LABORATORY TESTS ON THE MARL  OF PI REAUS

Fi gu r e  6 g i v es  t he r es u l t s  of  c l a s s i f i c a t i o n  
t es t s  on c l ay ey  and c a l c a r e o u s  mar l .  The t es t s  
on t he c a l c a r eous  mar l  wer e  c a r r i ed  out  on ma ­
t er i a l  wh i c h  was  p u l v e r i z e d  i n o r der  t o mak e  i t  
p o s s i b l e  t o p r o c eed  wi t h  At t e r b e r g  l i mi t s '  

d e t e r mi n a t i o n s .

CAL CAREOUS MARL ~

CL AYEY MARL

- SUGGEST ED DI VI SI ON g o  
LI NE o °

°  ° 0 ° 0
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O O

O o

10 20  3 0  4 0  5 0  
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6 0

SEE FI G b
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t />~
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Fi g . 5

UNI AXI AL  ST RENGT H ( MPa )

Co r r e l a t i o n  of  po i n t  l oad  s t r eng t h  
wi t h  un i ax i a l  c ompr es s i on .

The d i f f e r e n t i a t i o n  b e t we e n  c l ay ey  and c a l c a ­
r eous  mar l  i s c l ear  i n t he p l a s t i c i t y  c ha r t  ( see 
f i g 6a)  bu t  no  d i f f e r e n t i a t i o n  i s p os s i b l e  i n 
f i gu r es  6b and 6c.

Fi gur e  7 s hows  r es u l t s  of  g r a i n s i z e  s i ev e and 
h y d r o me t e r  ana l y s es  on s ampl es  of  c l ay ey  and c a l ­
c a r eous  mar l .  Samp l es  of  c a l c a r eous  mar l  wer e 
p r o c e s s e d  t h r ough a 2 mm s i ev e a f t e r  pu l v er i z i ng  
t hem.  I t  i s of  i n t e r es t  t o no t e  t hat  t he h y d r o ­
me t e r  a na l y s es  on c a l c a r eous  mar l  s ampl es  y i e l d ­
ed v e r y  l ow p e r c e n t a g e s  of  c l ay  pa r t i c l e s  whi c h 
ar e s mal l e r  t han 0 . 002  mm.  I t  i s be l i e v e d  t hat  
g r a d a t i ons  and i n pa r t i c u l a r  h y d r o me t e r  anal y s es  
c an  be u s ed  s u c c es s f u l l y  t o c o n f i r m t he d i s t i nc ­
t i on b e t we e n  c l ay ey  and c a l c a r eous  mar l  ( Coumou-  
l os  and Kor y a l os ,  1987) .

Fi na l l y ,  o n e - d i mens i ona l  c on s o l i d a t i o n  t es t s  on 

u n d i s t u r b e d  s ampl es ,  y i e l d e d  v a l ues  of  c o n ­
s t r a i ned  modu l i  of  e l a s t i c i t y  v a r y i ng  be t ween  

15 and 90 MN/ m̂  f or  t he c l ay ey  mar l ,  and b e ­
t ween 50 and  180 MN/ m2 f or  t he c a l c a r eous  mar l .

L E GE ND 

•  CL AYEY MARL  

o CAL CAREOUS MARL

O 10 2 0  3 0  0  10 2 0  3 0

b)  NAT.  WAT ER CONTENT (•/ . ) C)  NAT.  WATER CONT.  (•/ . )

Fi g . 6 Cl a s s i f i c a t i o n  t es t  r es u l t s  on c l ay ey  
and  c a l c a r eous  ma r l .

F i g . 7 Gr ada t i o n  of  c l ay ey  and  c a l c a r eous  mar l .
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CONCL UDI NG REMARKS

The e x p e r i enc e  f r om t he abov e  t wo t y pes  of  s of t  
r oc k  c an be e x t ended  t o o t her  t y pes  of  s of t  
r oc k s .  I t  i s s ugges t ed  t hat  f i e l d  i n v e s t i g a ­
t i ons  and l abo r a t o r y  t es t s  s hou l d  i nc l ude,  but  
no t  l i mi t ed  t o t he f o l l owi ng :

Fi e l d  r ec on n a i s s a n c e

Geo t ec hn i c a l  f i e l d  r ec on n a i s s a n c e  of  t he gener a l  
ar ea  of  t he p r o j e c t  i s of  v i t a l  i mpor t anc e ;  i t  
s hou l d  i nc l ude  obs e r v a t i o n s  of  r ec en t  deep e x ­
c av a t i ons ,  l oc a t i ons  of  p o t en t i a l  s l i p  s ur f ac es ,  
c av i t i es ,  we a t h e r i n g  of  t he s u r f ac e  ma t e r i a l ,  
and  i n f o r ma t i on  abou t  l ong - t e r m b e h a v i o u r  of  

s l opes  and c ut s .

Su b s u r f a c e  e x p l o r a t i ons

Ro t a r y  d r i l l i ng  us i ng  l ar ge d i ame t e r  doub l e  t ube 
c or e  b a r r e l s  of  t he t y pe T- 101 wi t h  c o n t r o l l e d  
c i r c u l a t i o n  of  c l ean  wat er ,  p r ov ed  t o be t he 
mos t  e f f ec t i v e  way  f or  c o r i ng  oper a t i ons .  I m­
p o r t an t  i s t he p r es enc e  of  e x p e r i e n c e d  f i e l d  
p e r s onne l  f or  des c r i p t i o n s  of  s ampl es  on t he b a ­
s i s  of  d r i l l i ng  r at e,  c or e  r ec ov er y ,  RQD and 
f i e l d  t es t s .

Pen e t r a b i l i t y  t es t s

Rec o r ds  of  p e n e t r a t i o n  of  t he SPT pi  i t  s poon s a m­
p l e r  c au s e d  by  60 b l ows ,  c an be u s e d  e f f ec t i v e l y  
f or  i den t i f y i ng  q u a n t i t a t i v e l y  v a r i a t i o n s  of  

r oc k  p r o p e r t i e s  i n t he bo r eho l es .

Pe r me a b i l i t y  t es t s

Wa t e r  p e r me a b i l i t y  t es t s ,  p r e f e r a b l y  wi t h  p a c k ­
er s ,  g i v e good i nd i c a t i ons  about  d i s c on t i n u i t i e s  
and c a r s t i c  c av i t i es .

Po i n t  l oad t es t s

The p e r f o r ma n c e  of  po i n t  l oad t es t s  on c or es  
f r om b o r e h o l e s  and on s ampl es  f r om t es t  p i t s ,  i s 
an eas y  and qu i c k  way  t o ob t a i n  es t i ma t i o n s  of  
s t r eng t h  i n u n i ax i a l  c ompr es s i on .  I t  i s be l i ev ed  
t hat  p r e f e r e n c e  s hou l d  be g i v en  t o t he e x ec u t i on  
of  t hes e t es t s  i n t he f i e l d  on f r es h c o r es  f r om 
t he bor eho l es .

Pr es s u me t e r  t es t s

Pr es s u me t e r  t es t s  i n b o r e h o l e s  i n s of t  r oc k  ar e 
v e r y  us e f u l  f or  t he de t e r mi n a t i o n  of  c o mp r e s s ­
i b i l i t y  and s t r eng t h  c ha r a c t e r i s t i c s .  Bec aus e  of  

t he i r  r e l a t i v e l y  h i gh  c os t ,  t hey  do not  hav e  a 
wi de  app l i c a t i on .

L a b o r a t o r y  t es t s

On s ome wea t h e r e d  s of t  r oc k s ,  i t  i s  p o s s i b l e  t o 
c a r r y  out  al l  s oi l  me c h a n i c s  t es t s  f or  c l a r i f i ­
c a t i on  p r o p e r t i e s  and f or  t he d e t e r mi n a t i o n  of  
c o mp r e s s i b i l i t y  and s t r eng t h  c h a r ac t e r i s t i c s .
On l es s  we a t h e r e d  s of t  r oc k s  i t  i s u s u a l l y  n e c e s ­
s ar y  t o p u l v e r i z e  t he ma t e r i a l  i n o r der  t o p r o ­
c es s  i t  t h r ough t he r e l ev an t  s i ev es  f or  c l a s s i ­
f i c a t i on  t es t s .

t ec hn i c a l  Ch a r a c t e r i s t i c s  of  t he At hens  
Shal e ,  329- 334 , At h e n s  ( i n gr eek )  .
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D isc u s s io n : E ffe c ts  o f d ry in g  on  w e a th e rin g  o f 

m u d s to n e  

D isc u s s io n : E ffe ts  d e  s e c h a g e  s u r l’6 ro s io n  d e  la  p e lite  

T .S H IN J O , U n iv e rs i ty  o f  R y u k y u s , O k in a w a ,  J a p a n

Dr y i n g  i s one of  t he i mp o r t a n t  we a t h e r i n g  f a c ­
t or s ,  bec aus e  mu ds t one  s we l l s  and s l ak es  eas i l y  
onc e  i t  i s dr i ed.  So.  t he e f f e c t s  of  d r y i n g  on 
we a t h e r i n g  o f  mu d s t o n e  wa s  d i s c u s s e d  on t he 

bas i s  of  t he r es u l t s  of  t he a l t e r na t e  d r y i n g  and 
we t t i n g  t e s t s  wh i c h  we r e  c a r r i e d  o u t  o n  

c y l i n d r i c a l  s p e c i me n s  c u t  i n bo t h  v e r t i c a l  and 
h o r i z o n t a l  a x i a l  d i r e c t i o n s  t o  b e d d i n g  p l ane .  
Sp e c i me n s  we r e  s l o wl y  d r i e d  and t hen g r adua l l y  

we t t e d  wi t h  wa t e r  s pr ay .

F i g . l  s h o ws  t h e  r e l a t i o n s h i p  b e t w e e n  
v o l u me t r i c  c h a n g e  a nd  wa t e r  c on t en t  du r i ng  t wo 
c y c l e s  o f  d r y i n g  a n d  we t t i n g  p r o c e s s e s .  Th e  
s h r i n k a g e  c u r v e  i n  t h e  f i r s t  d r y i n g  p r o c e s s  
r ev ea l ed  s uc h  v o l u me t r i c  s t r a i n  t o be i r r e v e r s ­
i bl e,  and t hen t he v o l ume t r i c  s t r a i n  was  r e v e r s ­
i b l e  I n t h e  s h r i n k a g e  a n d  s we l l i n g  b e h a v i o r  
a f t e r  t h e  c o mp l e t i o n  o f  t h e  f i r s t  d r y i n g  
p r o c e s s .  Th e  s h r i n k a g e  c u r v e ,  wh i c h  was  l r r e -
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Fi g. 1 Shr i nkage and swel l i ng cur ves

v er s l b l e ,  c an be s u b d i v i d e d  I n t o  t h r e e  s t ages ,  
n a me l y ,  n o r ma l  s h r i n k a g e ,  A' B,  i n  wh i c h  t he 
v o l u me t r i c  c h a n g e  wa s  eq u a l  t o t h e  a mo u n t  o f  
dewat er ,  s t r uc t u r a l  s hr i nk age,  B' C,  I n wh i c h  t he 
v o l u me t r i c  c h a n g e  wa s  l es s  t han  t he a mo u n t  of  
dewat er .  and r es i dua l  s h r i n k a g e ,  C' D.  I n wh i c h  
mu d s t o n e  c o n t i n u e d  f u r t h e r  t o  s h r i n k  wi t h  
dr y i ng.

F i g . 2 s h o ws  t he s t r a i n  p a t h s  d e n o t e d  as  t he 
r e l a t i ons h i p  be t ween  v o l ume t r i c  s t r a i n  and ax i al  
s t r a i n  f or  v e r t i c a l  and  h o r i z o n t a l  s p e c i me n s .  
I t  c an be f ound t hat  t he s t r a i n  pat h  was  l i near  
I n eac h s h r i nk age  s t age du r i ng  t he f i r s t  d r y i ng  
p r oc c s s  and i n t he f o l l owi ng  d r y i ng  and we t t i n g  
p r o c e s s e s ,  a n d  t h a t  t he  g r a d i e n t  f o r  t h o s e  

s t r a i n  pat hs ,  ex c ept  f or  o ne  i n t he s t r u c t u r a l  
s h r i n k a g e  s t age ,  ha d  t he s ame v a l ue .  F u r t h e r ­
mo r e ,  t h e  mu d s t o n e  u s e d  i n  t h e  t e s t s  i s  
a n i s o t r o p i c  i n I t s  s h r i n k a g e  and  s we l l i n g  b e ­
hav i o r  .

I f  t he a n i s o t r op i c  s h r i nk age  was  g e n e r a t e d  i n 
muds t one ,  t he s hear  s t r es s  may  hav e been c aus ed 
by  t he s hear  s t r a i n  wh i c h  wer e  equal  t o t he d i f ­
f e r enc e  i n v e r t i c a l  and ho r i z on t a l  ax i a l  s t r ai n.

Ey  -  e h • On t he o t her  hand,  t he v o l ume t r i c  
c hange  c an be r ep r es en t ed  as  f o l l ows ;  v = v j ♦ v^,  
whe r e  v i =(  Ey  + 2 Ej j  ) I s v o l ume t r i c  c hange  due 
t o s uc t i on,  p r ed i c t ed  by  v er t i c a l  and hor i z on t a l  
ax i a l  s t r a i ns ,  and vj  i s  v o l u me t r i c  c h a n g e  due 
t o  d i l a t a n c y .  Ac c o r d i n g  t o t he c ompar i s on  of  
t he v o l u me t r i c  c h a n g e  o b t a i n e d  t h r o u g h  t e s t s  
wi t h  t he v o l u me t r i c  c h a n g e  due t o s uc t i on  p r e ­
d i c t e d  by  u s i n g  a x i a l  s t r a i n s  s h o wn  I n F i g . 2,  
I t  wa s  f o u n d  t ha t  t he v o l u me t r i c  c hange due t o 
d i l a t anc y ,  4 v d, had  g e n e r a t e d  i n t he s t r u c t u r a l  
s h r i n k a g e  s t a g e  a l one .  Th e r e f o r e ,  I t  c an be 
c o n s i d e r e d  t h a t  t h e  I r r e v e r s i b l e  v o l u me t r i c  
c h a n g e  h a d  r e s u l t e d  f r o m d i l a t a n c y  I n I t s  
s t a g e .

F i g . 3 s h o ws  a d r o p  I n s t r e n g t h  f o r  mu d s t o n e  
wh i c h  we r e  we t t e d  a f t e r  d r y i n g  ou t  t o v a r i o u s  
degr ee  of  wa t e r  c ont ent .  I n t he nor mal  s hr i nk age  
s t a g e ,  t h e  s t r e n g t h  o f  mu d s t o n e  wh i c h  we r e  
we t t e d  a f t e r  d r y i n g  o u t  r ema i ns  unc hanged,  b e ­
c aus e  t he s h r l nk ed  muds t one  I s r ec ov er ed  t o t he 
i n i t i a l  c o n d i t i o n  on  we t t i n g .  Th e  s t r e n g t h  
r e ma r k a b l y  d e c r e a s e s  wi t h  d r y i n g  o u t  I n t he  
s t r u c t u r a l  s h r i nk age  s t age,  wher e  t he d i l a t anc y  
has  r e s u l t e d  f r o m t h e  b r e a k d o wn  o f  mu d s t o n e  
f a b r i c  c a u s e d  by  a n i s o t r o p i c  a x i a l  s h r i n k a g e  

s t r a i n.  On t he o t he r  hand.  I n t he mu ds t one  wh i c h  
h a s  b e e n  d r i e d  ou t  t o t he r e s i d u a l  s h r i n k a g e  
s t age,  t her e  appea r s  t o be no c hange i n s t r eng t h  
due t o t he h i s t o r y  of  dr y i ng,  bec aus e t he b r e a k ­
d o wn  o f  f a b r i c  d u e  t o  a n i s o t r o p i c  s h r i n k a g e  
s t r a i n  has  been c ompl et ed.

I n  c o n c l u s i o n s ,  t h e  a n i s o t r o p i c  a x i a l  
s h r i n k a g e  s t r a i n  g e n e r a t e d  I n t he f i r s t  d r y i ng  
p r oc es s  I s one of  t he i mpor t an t  we a t h e r i n g  f a c ­
t or s  I n f l uenc i ng  t he de t e r i o r a t i on  of  muds t one.

2847



v
o
l
u
m
e
t
r
i
c
 

st
ra

in
 

v 
% 

v
o
l
u
m
e
t
r
i
c
 

s
t

r
a

i
n

- 5

- 4

- 3

-2

-1

0

1

2

3

4

- 6

1 I 

V- sampl e

i i . i 

~  C, . v / V Gf >En. /
- X  / /

1 cycl e a) « fc/

O dr yi ng /  L
( A, B, C, D)

•  wet t i ng / •/ /
( D, E)

' /
2  cycl e / /  >

A dr yi ng / /  _

<E, F) 7 *
A wet t i ng

✓  *
<F, G)

A

' t 
/
/

( comp.  ) /* / , A ( exp. )
/ /

b b g f l
A ^B:

Vr r H Nor mal
i B' v C:

f r o  1 St r uct ur al

z c  ' ' 7 C~D:
rt> 1 
j" 1 ^  Resi dual
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Fi g. 3 St r engt h of  mudst one 
wet t ed af t er  dr y i ng 
out

axi al  st r ai n e„  * 
H

Fi g. 2 St r ai n pat h dur i ng dr y i ng 
and wet t i ng
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