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SUMMARY. Measurements of v e r t i c a l  and horizontal  compressive s t r e s ses  i n  rock masses show a global 
tendency f o r  a l i nea r  increase with depth, with the  horizontal  s t r e s s e s  being a function o f ,  and greater  
than,  the  v e r t i c a l  s t r e s s e s  due t o  gravity This re la t ionship  can be explained i f  the  horizontal  s t r e s ses  
a re  equivalent t o  the  long-term s t rengths  of the  rock masses, which a re  functions of the v e r t i c a l  confining 
pressure.  The horizontal  forces which load the  rock masses u n t i l  the  s t r e s s e s  a re  i n  equilibrium with the  
s t rengths  are  those which drive the movements of the e a r t h ' s  c rus t a l  p l a t e s  i n  the  process known as  p l a t e  
tec tonics .  I t  i s  shown t h a t  measured s t r e s s  magnitudes and di rec t ions  are  consis tent  with t h i s  explanation 
f o r  t h e i r  evolution. 

1 SUMMARIES OF RESULTS OF WORLD-WIDE STRESS 
MEASUREMENT 

The f i r s t  publications summarizing r e s u l t s  of 
measurements of in-s i tu  s t r e s s ,  drawing trends from 
them, and recognizing t h a t  the  existence of 
continent-wide o r  even global pa t terns  could be 
recognized, are  t o  the  c r e d i t  of N i l s  Hast (Refs. 1, 
2, 3) .  In  h i s  contribution t o  the In ternat ional  
Symposium on the Determination of St resses  I n  Rock 
Masses i n  Lisbon i n  May 1969 Barry Voight (Ref. 4) 
discussed the  recent recognition of continental  
d r i f t  and p l a t e  tec tonics ,  and speculated t h a t  these 
phenomena could be r e l a t ed  t o  the  global s t r e s s  
pa t t e rns  described by Hast. He concluded t h a t  
d i r e c t  causal re la t ionships  could not ye t  be drawn, 
as the  amount of data  on in-s i tu  s t r e s s  measurements 
were insu f f i c i en t  t o  a s  y e t  conclusively prove the  
nature of the  s t r e s s  pa t t e rns ,  and the mechanisms 
driving the  continental  d r i f t  were s t i l l  very 
speculative,  but  he speculated t h a t  the same 
mechanism could be responsible f o r  horizontal  
compressive s t r e s s e s  and the  movements of the  
l i thospher ic  p l a t e s .  

Shortly the rea f t e r  Hast (Ref. 5) published 
another paper, expanding on h i s  e a r l i e r  ones, and 
demonstrating the even wider geographical 
app l i cab i l i t y  of the s t r e s s  pa t t e rn  t h a t  he had 
deduced - a l inea r  increase of average horizontal  
compressive s t r e s s  with depth below the  surface of 
the e a r t h ' s  c rus t  (Ux+uy = 19.5MPa + O.lMPa/m depth).  
He demonstrated t h a t  high horizontal  compressive 
s t r e s s e s  exis ted  i n  close proximity t o  zones such 
as  the mid-Atlantic Ridge and the  East  African R i f t  
where continental  d r i f t  would seem t o  require 
horizontal  tensions t o  be operating; a s  a r e s u l t  he 
s t a t e d  t h a t  theor ies  of convection currents were 
inconsis tent  with r e s u l t s  from s t r e s s  measurements 
i n  such.places a s  Iceland, and, by implication,  t h a t  
continental  d r i f t  was therefore dubious. Hast 
preferred  t o  s tay  with h i s  e a r l i e r  mechanism f o r  
horizontal  compressive s t r e s s  evolution,  a gradually 
contracting outer c rus t  of the  Earth. 

Bulin (Ref. 6)  attempted t o  define the  measured 
s t r e s s e s  i n  terms of geological conditions, by 
separately p lo t t ing  r e s u l t s  fo r  the c rys t a l l ine  and 
folded basement, fo r  the  sedimentary deposits  on the  
platforms, and f o r  s3lt and gypsum deposits .  The 
trend of v e r t i c a l  s t r e s s  versus depth was l i n e a r ,  

and s imi lar  f o r  a l l  types of rock, corresponding t o  
a gravi ty  re la t ionship  uv = pgz, with p values of 
2.5 t o  3.0 tonnes/metre3 encompassing most of the  
measured values. i . e .  = 24.5 t o  29.4kPa per metre 
depth. The trend l ines  of average horizontal  s t r e s s  
( U X l y  = (Ux+Uy) /2)versus depth could be 
d i f f e ren t i a t ed  in to  t h a t  f o r  sedimentary cover 
deposits  ( U X r y  = 3.6MPa + 0.007MPa/m depth) and t h a t  
f o r  the basement rocks ( U X t y  = 6.1MPa + 0.03MPa/m). 
P lo t t ing  the  r a t i o  of t o  Uv a s  a function of 
depth resul ted  i n  consistent  r a t i o s  of 0.5 t o  0.7 
f o r  sedimentary cover rocks and 0.6 t o  1.0 f o r  
evaporite deposi ts ,  but  the  r a t i o  varied with depth 
f o r  the  basement rocks. This indicated t h a t  the  
horizontal  s t r e s ses  i n  sedimentary cover and 
evaporites were a d i r e c t  function of the  v e r t i c a l  
gravity s t r e s s :  U X t y  - - pgz*v/(l-v) with implied 
Poisson's r a t i o s  of 0.33 t o  0.41 i n  the former and 
0.375 t o  0.5 i n  the l a t t e r .  No such re la t ionship  
could be deduced f o r  the  basement rocks, and the  
horizontal  s t r e s s  was obviously caused by forces 
other than gravity.  

Turchaninov e t . a l .  (Ref. 7) reported.severa1 
recent s t r e s s  determinations throughout the  U.S.S.R. 
In many places both horizontal  compressive pr incipal  
s t r e s ses  great ly  exceed the  geos ta t i c  s t r e s s ,  pgz, 
by a s  much as  twenty times ( i n  the  Kola Peninsula).  

Sbar and Sykes (Ref. 8)  summarized the  records 
of earthquake a c t i v i t y  and recent s t r e s s  
determinations i n  North America. The observed 
pat tern  of s t r e s s e s  appears t o  indicate  high 
horizontal  compressive s t r e s s e s ,  ac t ing i n  an 
eas ter ly  d i rec t ion,  throughout eastern North 
America. 

Sykes and Sbar (Ref. 9) examined the  records 
of more than 80 in t r ap la t e  earthquakes i . e .  I 
occurring i n  the i n t e r i o r s  of c rus t a l  p l a t e s ,  away I 
from the dominant seismic zones along p la t e  
boundaries. They found t h a t  broad scale  pat terns  of 
compressive s t r e s s  e x i s t  over the  Ear th ' s  surface,  
with the earthquake focal  mechanisms being 
consis tent  with measure3 s t r e s s  d i rec t ions  ar.d with 
d i rec t ions  of p l a t e  motions. 

Ranall i  and Chandler (Ref. 10) made a 
comprehensive synopsis of a l l  previous rock s t r e s s  
determinations. They followed Bulin 's  pract ice  of 
subdividing the reported measurements, accordinq tct 
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t h e i r  q e o l o g i c a l  s e t t i n g .  H a s t ' s  r e l a t i o n s h i p ,  

O X , Y  = 9.31MPa + 0.05 z MPa was shown t o  be v a l i d  
f o r  s h i e l d  a r e a s  and Pa laeozoic  fo lded  b e l t s ,  
a l though t h e r e  i s  cons iderab le  s c a t t e r  on bo th  s i d e s  
of  t h e  l i n e .  The sedimentary cover  o f  p la t fo rms  
has a r e l a t i o n s h i p  ox, = 2.50MPa + 0.013zbPa. A s  
t h e  v e r t i c a l  s t r e s s  r e l a t i o n s h i p  i s  uv = 0.026zMl?a 
it i s  e v i d e n t  t h a t  i n  t h e s e  sedimentary cover  
d e p o s i t s  t h e  v e r t i c a l  s t r e s s  t ends  t o  exceed t h e  
h o r i z o n t a l  s t r e s s  below a depth o f  about  200 metres .  
Rana l l i  and Chandler show i n  t h e i r  Table 2 a number 
o f  de te rmina t ions  where f u l l  d e t a i l s  o f  each 
p r i n c i p a l  s t r e s s  magnitude and d i r e c t i o n ,  a s  w e l l  
a s  t h e  rock t y p e ,  were publ ished.  Some of  t h e s e  
va lues  a r e  shown on Fig.  1, a p l o t  o f  maximum 
p r i n c i p a l  s t r e s s ,  01, versus  dep th ,  z .  R a n a l l i  and 
Chandler,  i n  t h e i r  Fig.  3 ,  show h o r i z o n t a l  s t r e s s  
an i so t ropy  r a t i o  (0l/U2) versus  depth.  Analys i s  of 
t h e s e  d a t a  show t h a t  t h e r e  is  no s i g n i f i c a n t  
tendency f o r  t h e  r a t i o  t o  change with depth.  The 
mean repor ted  r a t i o  i s  1.94, and h a l f  o f  t h e  
repor ted  va lues  l i e  betwecn 1.35 and 2.5. I f  t h i s  
mean 01/02 r a t i o  of  1.94 i s  a p p l i e d  t o  H a s t ' s  
r e l a t i o n s h i p  U X l y  = 9 .31  + 0.052 it y i e l d s  an 
express ion  f o r  01 = 12.29MPa + 0.066zMPa. T h i s  
l i n e ,  when p l o t t e d  on Figure 1 ,  i s  seen t o  be i n  
good agreement wi th  t h e  measured va lues .  Pred ic ted  
average p r i n c i p a l  va lues  a t  s e v e r a l  dep ths  a r e  a s  

fol lows : 

TABLE 1 

I f  t h e s e  va lues  f o r  0 1  and Uv a r e  p l o t t e d  a s  
Mohr c i r c l e s ,  a s  shown i n  Fig.  2 a s t r a i g h t  l i n e  
envelope can be f i t t e d  over  t h e  s t r e s s  c i r c l e s .  
The parameters  o f  t h i s  Mohr envelope a r e  So = 4MPa, 
4 = 25.5O. This  envelope may r e p r e s e n t  t h e  average 
s t r e n g t h  o f  t h e  c r u s t a l  rocks (mainly g r a n i t e s )  i n  
which t h e  s t r e s s e s  were measured. 

2 EXTRAPOLATION OF NEAR-SURFACE STRESS MEASURE- 
MENTS TO GREATER DEPTHS 

I f  t h e r e  i s  a d i r e c t  c a u s a l  r e l a t i o n s h i p  
between t h e  Hast r e l a t i o n s h i p ,  a s  shown by t h e  
s t r a i g h t  l i n e  on Fig.  1, and t h e  s t r a i g h t  l i n e  
"rock s t r e n g t h "  envelope on Fig. 2, it seems e v i d e n t  
t h a t  t h e r e  is  a l i m i t  t o  t h e i r  e x t r a p o l a t i o n  a s  
s t r a i g h t  l i n e s :  t h e  l a t t e r  may be expected t o  

Figure 2 
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e x h i b i t  t h e  well-known p a r a b o l i c  o r  e l l i p t i c a l  shape 
under high conf in ing  p r e s s u r e s ,  while  t h e  former 
w i l l  consequently a l s o  become curved. 

K r o p ~ t k i n  (Ref. 11) d i s c u s s e s  t h e  observed 
p a t t e r n s  o f  high h o r i z o n t a l  compressive s t r e s s e s  
near  t h e  s u r f a c e .  H i s  F ia .  2  shows p o s t u l a t e d  
r e l a t i o n s h i p s  between U x S y  and 0, and depth below 
t h e  e a r t h ' s  s u r f a c e .  He shows a g radua l  d e p a r t u r e  
from t h e  Hast l i n e  a t  a  depth o f  about  10km. The 
magnitude of  - 0,) con t inues  t o  i n c r e a s e  t o  a  
va lue  of  about  300MPa, a t  a  depth of  about  25km, 
a f t e r  which t h e  h y d r o s t a t i c  c a s e  i s  approached, a t  
a  depth o f  50-60km. A p l a u s i b l e  s t r e n g t h  envelope 
may be drawn, a s  on Fig. 3, by e x t r a p o l a t i n g  t h e  
envelope a s  der ived  i n  F ig .  2, wi th  So = 4MPa, 
$I = 25.50, u n t i l  it is  j u s t  t angent  t o  a  c i r c l e  with 
0, = 0 3  = 265MPa, corresponding t o  overburden 
p r e s s u r e  a t  a  depth of  10km. The envelope then  
becomes curved,  and becomes a  h o r i z o n t a l  t angent  
t o  a  s t r e s s  c i r c l e  wi th  Uv = 0 3  = 662MPa 
(corresponding t o  overburden p r e s s u r e  a t  a  depth of  
25km) and (Ul  - U3)/2 = 300MPa ( a f t e r  Kropotkin) .  

This  curve may be taken  a s  a  reasonable 
approximation t o  t h e  s t r e n g t h  envelope o f  t h e  
c r u s t a l  m a t e r i a l s  i n  which s t r e s s e s  have been 
measured. 

3 PLATE TECTONICS 

A s  mentioned above, Voight (Ref. 4) suggested 
t h a t  a  c a u s a l  r e l a t i o n s h i p  may e x i s t  between high 
h o r i z o n t a l  compressive s t r e s s e s  and p l a t e  t e c t o n i c s .  

Voight e t . a l  (Ref. 12) s t a t e d  t h a t  t h e  
a v a i l a b l e  evidence favours  t h e  i n t e r p r e t a t i o n  t h a t  
t h e s e  s t r e s s e s  r e p r e s e n t  e x i s t i n g  t e c t o n i c  phenomena, 
r a t h e r  than " r e s i d u a l s "  from a n c i e n t  deformations.  
They quoted from t h e  work o f  Gzovskiy (Ref. 1 3 ) ,  i n  
showing how t h e  U.S.S.R. could be d iv ided  i n t o  zones 
with d i f f e r e n t  magnitudes of  s t r e s s e s ,  w i t h  t h e  
d i r e c t i o n s  of  t h e  maximum h o r i z o n t a l  s t r e s s e s  i n  t h e  
h i g h e s t  s t r e s s  zones being normal t o  a c t i v e l y -  
b u i l d i n g  mountain ranges and p l a t e  c o l l i s i o n  
margins. They a l s o  quoted d i s c r e p a n c i e s  i n  
convect ion c u r r e n t  models which mean t h a t  convect ion 
c u r r e n t s  a r e  an implaus ib le  d r i v i n g  mechanism f o r  
p l a t e  t e c t o n i c s .  

and magnitude, up t o  3 o r  4 t imes  i n  some a r e a s .  
This  seemed t o  cor robora te  t h e  hypothes i s  t h a t  t h e  
h o r i z o n t a l  s t r e s s e s  and t h e  p l a t e  motions were 
c a u s a l l y  l i n k e d ,  cons ider ing  t h a t  t h e  p r e s e n t  
episode of  p l a t e  motions and sea- f loor  spreading i s  
considered t o  have commenced l e s s  than a  q u a r t e r  o f  
a  b i l l i o n  y e a r s  ago,  and t h a t  s e v e r a l  p rev ious  
ep i sodes ,  on s i m i l a r  time s c a l e s ,  occurred 
prev ious ly .  

Sbar  and Sykes (Ref. 8) considered t h a t  t h e  
e x i s t i n g  p a t t e r n  of s t r e s s e s  i n  North America is  
post-Mesozoic i n  o r i g i n ,  and t h a t  they have been 
generated by t h e  same mechanism a s  d r i v e s  t h e  
movements of  l a r g e  l i t h o s p h e r i c  p l a t e s .  

F i t c h  e t . a l .  (Ref. 14) s t a t e  t h a t  r e s i s t a n c e  
of t h e  I n d i a n  Ocean p l a t e  t o  subduct ion beneath t h e  
e a s t e r n  end o f  t h e  Alpine - Himalayan orogenic b e l t  
i s  be l ieved  t o  be  a  major source of  t e c t o n i c  s t r e s s  
i n  t h a t  p l a t e .  They a l s o  comment t h a t  mechanism 
s o l u t i o n s  f o r  ear thquakes w i t h i n  t h e  major p l a t e s  
g e n e r a l l y  show h o r i z o n t a l  maximum compressive s t r e s s  
axes ,  o f t e n  w i t h  near ly  uniform t r e n d .  These 
p r e f e r r e d  o r i e n t a t i o n s  may be  i n t e r p r e t e d  a s  due t o  
t h e  s t r e s s  condi t ions  a t  t h e  n e a r e s t  i n t e r p l a t e  
margin, o r  t o  t r a c t i o n s  near  t h e  bottom o f  t h e  p l a t e .  

Davies (Ref. 15) , i n  commenting on Ref .9, 
s t a t e s  t h a t  bo th  measurements o f ' i n  s i t u  s t r e s s  and 
ear thquake mechanism s o l u t i o n s  imply t h a t  t h e r e  a r e  
broad s c a l e  p a t t e r n s  of  compressive s t r e s s  over  t h e  
E a r t h ' s  s u r f a c e .  These observa t ions  a r e  s t r o n g l y  
l inked  t o  p l a t e  t e c t o n i c s .  

Jackson and Shaw (Ref. 16) d i s c u s s  t h e  l i n e a r  
i s l a n d  cha ins  i n  t h e  P a c i f i c  Ocean, and cons ider  
t h a t  they have been caused by r i f t i n g  p a r a l l e l  t o  
t h e  d i r e c t i o n  of  01.. The P a c i f i c  p l a t e  i s  
p r e s e n t l y  dominantly s t r e s s e d  with an i n - s i t u  
maximum s t r e s s  o r i e n t e d  NW-SE, uniformly o r i e n t e d  
f o r  t h e  l a s t  40 t o  50 m i l l i o n  y e a r s .  

The r e c e n t  l i t e r a t u r e ,  a  s e l e c t i o n  of  which has 
been quoted,  s t r o n g l y  sugges t s  t h a t  r e l a t i o n s h i p s  
between h o r i z o n t a l  compressive s t r e s s e s  and p l a t e  
t e c t o n i c s  have now become g e n e r a l l y  accepted.  

4  DRIVING FORCES FOR PLATE TECTONICS 

Turchaninov e t .  a l .  (Ref. 7 )  l inked  s t r e s s  No unanimity of opinion e x i s t s ,  b u t  some of t h e  
o r i e n t a t i o n s  with r e c e n t  mountain b u i l d i n g ,  and main i d e a s  may be  summarized. 
emphasized t h a t  p r e s e n t  s t r e s s  o r i e n t a t i o n s  appear 
t o  be d i f f e r e n t  from those  t h a t  c r e a t e d  mountains Sbar  and Sykes (Ref. 8 )  considered t h a t  t h e  
i n  t h e  geo log ic  p a s t .  Hast ,  i n  h i s  publ i shed  p a t t e r n  shown i n  t h e i r  Fig. 5 ,  of t h e  d i r e c t i o n s  of 
d i s c u s s i o n  fol lowing Kropotk in ' s  paper  (Ref. 11) , i n - s i t u  s t r e s s e s  measured i n  North America, may 
s t a t e d  t h a t  it is c l e a r  t h a t  t h e  h o r i z o n t a l  s t r e s s  r e s u l t  from t h e  s t r e s s e s  a p p l i e d  t o  t h e  l i t h o s p h e r e  
f i e l d  i n  t h e  E a r t h ' s  c r u s t  has  changed i n  d i r e c t i o n  by some p a t t e r n  of  flow i n  t h e  asthenosphere,  and 



t h a t  s t r e s s  measurements could help t o  define t h i s  
pa t tern  of mantle flow. 

1 Forsyth (Ref. 17) concluded t h a t  "pushing from 

I t he  r idges i s  a primary driving mechanism of p l a t e  
tectonics".  He studied the records of a 1971 

I earthquake i n  the  Antarctic P la t e ,  approximately 
I 

SOOkm e a s t  of the  Pacific-Antarctic Ridge, and 
calculated t h a t  the  earthquake was caused by a 
horizontal  compressive s t r e s s ,  s t r ik ing  a t  85O t o  
the  r idge ax i s  d i rec t ion.  The.push from the  ridges 
could a r i s e  from the  in jec t ion of magma a t  t he  
r idge c r e s t ,  o r  t o  hydrostatic overpressure 
r e su l t ing  from the  elevation of the  r idge above the 
ocean basins. 

Bott and Dean (Ref. 18) showed t h a t  such 
horizontal  pressures applied a t  o r  near ocean ridges 
would gradually d i f fuse  across the  p la te :  "the 
viscous shearing s t r e s s  of the  asthenosphere i s  a 
s ign i f i can t  f ac to r  i n  causing s t r e s s  t o  d i f fuse  
through the  l i thosphere".  The implication i s  t h a t  
periodic pushes from the  ridges would not be 
perceived as  f luc tuat ing s t r e s ses  i n  the  i n t e r i o r  of 
a p l a t e .  Pers is tent  changes i n  pressure would take 
of the order of a mill ion years t o  penetrate across 
a large  p la t e .  

Sykes and Sbar (Ref. 9)  show i n  t h e i r  Fig. 3 
the  s t a t e s  of s t r e s s  inferred  from 80 focal  
mechanism solut ions  of i n t r a  p l a t e  earthquakes. 
Thrust f au l t ing  ( the  f a i l u r e  expected when U l  and tr2 
a re  horizontal  and 03, the  minimum pr incipal  s t r e s s ,  
i s  ve r t i ca l )  i s  involved i n  : 49% of the  t o t a l  
number of earthquakes; a l l  of those i n  the  Paci f ic  
p la te ;  a l l  of those i n  the  At lant ic  p l a t e  well  away 
from the  mid-Atlantic r idge;  73% of a l l  events away 
from ridges,  subduction zones, and East Africa. 
Their Fig. 4 indica tes  t h a t  normal f au l t ing  only 

I 
seems t o  occur i n  oceanic c rus t  younger than 20 

I 
million years o ld  (or  within about 400km of the 
r idge,  a t  a typ ica l  spreading r a t e  of 2cm/year). 
Thrusting, r a the r  than s t r ike - s l ip  f au l t ing  (when 02 

I is  v e r t i c a l ) ,  seems t o  be predominant i n  rocks o lder  
I than 20 mill ion years.  Great horizontal  compressive 

s t r e s s  i s  indicated seaward of severa l  Paci f ic  
trenches. A s ingle  mechanism i s  not evident, but  
gravi ta t ional  sinking seems t o  be ac t ing only near 
i s land a rcs ,  and is considered t o  be a contributory,  
not the  primary driving mechanism. Pla tes  may be 
driven from below by flow, o r  by gravi ta t ional  
s l id ing  o r  pushing from the general area of r idge 
c res t s .  

Harper (Ref. 19) considers t h a t  p l a t e s  a re  
pulled along on top of a viscous asthenosphere by 
t h e i r  cold dense leading edges, and t h a t  they a l so  
tend t o  s l i d e  down the  flanks of ocean ridge systems. 
For reasonable physical proper t ies  he calculated 
t h a t  a typica l  strong subduction zone p u l l s  about 
seven times a s  hard a s  a typ ica l  mid ocean ridge 
pushes. ~ a r p e r ' s  Fig. 1 shows the  veloci ty  profile! 
through the  l i thosphere and asthenosphere, with a 
return current i n  the  asthenosphere, flowing i n  the  
opposite d i rec t ion t o  the  l i thospher ic  p l a t e s .  This 
is  an in t e res t ing  reminiscence of convection 
currents ,  providing the  necessary mass t r ans fe r s ,  
without the  major inconsistencies mentioned, f o r  
instance,  by Hast (Ref. 5)  

Solomon e t - a l .  (Ref. 20) analysed the  absolute 
ve loc i t i e s  of individual p l a t e s ,  which they found 
indicated t h a t  p u l l  by subducted l i thosphere a t  
trenches is  an important driving force and t h a t  drag 
may be greater  beneath continental  than oceanic 
l i thosphere.  They a l so  deduced t h a t  the  driving 
forces a t  r idges must be a t  l e a s t  comparable i n  
magnitude t o  other forces i n  the system. The 

various driving forces they considered included 
negative buoyancy forces a t  subduction zones and a t  
r idges ,  viscous drag on the  bases of p l a t e s ,  and 
res is tance  forces adjacent t o  sinking s labs .  They 
t e s t ed  numerical models, using varying assumptions 
a s  t o  the  r e l a t i v e  magnitudes of these forces,  
agains t  measured s t r e s s  pat terns .  A model 
consist ing of buoyancy forces exerted symmetrically 
&out r idges and trenches,  and viscous drag a t  the  
base of the  l i thosphere,  gives inferred  pr incipal  
s t r e s s  d i rec t ions  i n  good agreement with those 
measured, i f  the  r idge force is  approximately equal 
t o  the  trench force,  and the  drag = 0.01 t o  0.001 
of the  trench force.  A model with negl ig ib le  
driving forces a t  t he  r idges gave predic t ions  not 
i n  agreement with measurements, and hence i s  
unacceptable. No model considered could match the 
measured pr incipal  s t r e s s e s  i n  North America and 
Europe unless the driving forces a t  the  r idges a re  
comparable t o  thos exerted a t  subduction zones. 

Forsyth and Uyeda (Ref. 21) attempted t o  choose 
the  most p laus ib le  mechanisms f o r  driving the 
motions of the l i thospher ic  p l a t e s ,  by determining 
a s e t  of forces t h a t  would make the  sum of the 
torques ac t ing on a p l a t e  equal o r  close t o  zero 
(as  each p l a t e  must be i n  dynamic equil ibrium).  
Tt.ey concluded t h a t  the forces ac t ing on the 
downgoing s l ab  control  the  veloci ty  of the  oceanic 
p la t e s  and a re  an order of magnitude stronger than 
ar.y other force.  The forces ac t ing on a downgoing 
s l a b  control  the  veloci ty  of the oceanic p la t e s ,  
but  the  ne t  force from the  s l ab  i s  small. The 
horizontal  p a r t  of the  p l a t e  should be under a weak 
compressive s t r e s s  due t o  the  push from the  ridges,  
which i s  balanced by res is tance  a t  trenches and 
weak drag on the  base of the  p la t e  - t h i s  drag i s  
stronger under the continents than the  oceans. 
Drag forces a re  passive,  i . e .  there  a re  no 
convection currents.  

The magnitude of the  push from the ridges has 
been estimated as of the  order of 23 t o  30MPa; t h i s  
is  the  mean excess pressure exerted on the  
l i thosphere due t o  the  elevation of the r idges above 
the  surrounding sea f loor .  

Finally,  the  recent work of L i s t e r  (Ref. 2 2 )  
may be quoted. The observed ridge topography, a 
square-root deepening of the  oceanic basement away 
from the  ridge,  can be due sole ly  t o  thermal 
c ~ n t r a c t i o n  of uniformly flowing material .  He 
calculated t h a t  l a t e r a l  compressive s t r e s s e s  of the  
order of 36MPa can be developed i n  the p la t e  by i t s  
b~coming r i g i d  a f t e r  a r e l a t ive ly  small decrease i n  
temperature. This driving force i s  not an edge 
force associated only with ac t ively  r i f t i n g  mid- 
oceanic ridge c res t s .  

I t  i s  in t e res t ing  t o  r e c a l l  t h a t  Hast 
o r ig ina l ly  postulated t h a t  thermal contraction of 
the e a r t h ' s  c rus t  was the  mechanism which generated 
horizontal  compressive s t r e s ses .  It now seems t h a t ,  
although much evidence i s  against  any contraction 
of the  e a r t h ' s  t o t a l  circumference, thermal 
contraction maybe a p laus ible  mechanism f o r  driving 

, p la te  motion. The measured in - s i tu  compressive 
s t r e s ses  i n  continental  p l a t e s  a re  greater  than the  
magnitudes f o r  mid-oceanic driving forces s t a t ed  by 
Forsyth and Uyeda, and L i s t e r .  However, the  
downward subduction forces,  regarded by some of the 
authors a s  up t o  an order of magnitude higher, 
could very well  produce large compressions of the 
continental  p l a t e s .  A simple ca lcula t ion shows a 
possible magnitude of a continental  compression, by 
a s lab  downgoing a t  45O t o  the  hor izonta l ,  under a 
buoyancy s t r e s s  of lOx36MPa (quoted by L i s t e r  as 
the thermal contraction driving s t r e s s ) .  Horizontal 



s t r e s s  = 10x36 cos 45O = 255MPa. 

This sampling of the  l i t e r a t u r e  indicates  a 
general consensus i n  favour of p l a t e s  being driven 
by both push from the  v i c i n i t y  of r idges and p u l l  by 
the cool dense sinking subducted s labs .  The l a t t e r  
driving forces are  variously estimated by d i f f e ren t  
authors a s  equal t o  o r  up t o  an order of magnitude 
l a rge r  than the  former. I t  seems reasonable t h a t  
high compressive s t r e s s e s  w i l l  be generated i n  a 
continental  p l a t e  when an oceanic p la t e  pushes 
agains t  it and i s  dragged beneath it by subduction. 

5 EVIDENCE FOR FAILURE CAUSED BY HORIZONTAL 
STRESS FIELD 

Hast (Refs. 3 and 5) quoted severa l  examples 
of large  scale  rock f a i l u r e s  which he a t t r ibu ted  t o  
horizontal  maximum pr inc ipa l  compressive Stresses.  
Several other examples may be quoted from more 
recent l i t e r a t u r e ,  which confirm Hast 's  ideas.  

Brown e t . a l .  (Ref. 23) repor t  the  presence a t  
a dam s i t e  i n  Quebec of tension f r ac tu res ,  more o r  
l e s s ' p a r a l l e l  t o  the  surface and extending t o  g rea t  
depths i n  the  precambrian gneiss.  These appear t o  
be very s imi lar  t o  the  hor izonta l  f i s su res ,  created 
by a process l i k e  a x i a l  cleavage f rac tur ing i n  
response t o  dominant horizontal  compressive 
s t r e s s e s ,  described by Hast (Ref. 3) . 

Balakrishna and Gowd (Ref. 24) studied the  
d isas t rous  earthquake which followed the  f i l l i n g  of 
the  Koyna reservoir ,  i n  1967. They in fe r red  t h a t  
the  earthquake epicentre was a t  a depth of 4.2km, 
and t h a t  the  horizontal  tec tonic  s t r e s s  was of the  
order of 210MPa. A t  a depth of 4.2km the  v e r t i c a l  
gravi ty  s t r e s s  may be expected t o  be about 11OMPa. 
For t ranscurrent  f au l t ing  t o  occur the  v e r t i c a l  
s t r e s s  must be the  intermediate pr incipal  s t r e s s ,  
so  the  minimum horizontal  pr incipal  s t r e s s  must 
have been l e s s  than 11OMPa. The e f f e c t  of reservoir  
f i l l i n g  could be expected t o  develop pore f l u i d  
pressure of the  order of 40MPa. 

The s t r e s s  conditions before reservoir  f i l l i n g  
may have been: 

After reservoir  f i l l i n g  : 

That i s ,  before reservoir  f i l l i n g  the  s t r e s ses  
(of the  same general order of magnitude a s  Hast 's  
re la t ionship)  gave s t r e s s  c i r c l e  A lying s l i g h t l y  
t o  the  r i g h t  of the inferred  s t rength  envelope of 
Fig. 3. After the  reservoir  was f i l l e d  the  
e f fec t ive  s t r e s s  c i r c l e  B in tersected  the  strength 
envelope and a f a i l u r e  resul ted .  This seems t o  be 
evidence t h a t  the  c rus t  was under a s t a t e  of s t r e s s  
very close t o  f a i l u r e  before being disturbed by 
man's ac t iv i ty .  This observation has of course been 
confirmed by many other  earthquakes induced by 
reservoir  f i l l i n g .  

Sbar and Sykes (Ref. 8 )  described severa l  
examples of pop-ups caused by high horizontal  
compressive s t r e s ses  i n  eas tern  North America; 
quarrying reduces the  v e r t i c a l  l i t h o s t a t i c  load a3 
t o  lower than the value required t o  r e s i s t  the 
horizontal  s t r e s s  01, and the  rock buckles upwarc?. 

They a l so  described a s e r i e s  of small man-made 
earthquakes i n  1971, generated by high pressure 
in j ec t ion  of f lu ids  i n t o  a s a l t  recovery well i n  

New York; the  seismic a c t i v i t y  v i r t u a l l y  ceased 
when in j ec t ion  ceased. The incident  supports the  
presence of high tec tonic  s t r e s s e s  i n  equilibrium 
with rock s t rength ,  u n t i l  the f l u i d  pressure 
decreased the  e f fec t ive  normal s t r e s ses  i n  the  rock, 
a s  i n  the  Koyna example above. 

Saul1 and Williams (Ref. 25) repl ied  t o  Ref. 8 
by describing severa l  more pop-ups occurring near 
Montreal under the  action of east-west compression, 
and i n  response t o  reductions i n  l i t h o s t a t i c  load, 
caused by quarrying. 

Voight (Ref. 26) fu r the r  develops the  theme 
t h a t  f l u i d  pressures i n  rock masses can lead t o  
f a i l u r e ,  and conversely t h a t  the d iss ipat ion of 
f l u i d  pressures can a r r e s t  the  f a i l u r e  and "lock in" 
the  horizontal  s t r e s ses .  He speculates t h a t  low 
angle t h r u s t  f a u l t s ,  o r  dgcollement zones, a r e  
mobilized under a condition of i n t e r s t i t i a l  f l u i d  
pressures approximately equal t o  overburden 
pressure,  and allow over thrus t  movements of many 
kilometres. Once the f l u i d  pressure d i s s ipa te s ,  
t he  overburden pressure imposed on the  dgcollement 
zone develops i t s  f r i c t i o n a l  s t rength ,  prevents 
fur ther  movement, s t a b i l i z e s  the  th rus t  block and 
locks i n  the  tec tonic  s t r e s ses .  I n  the  terminology 
used i n  the  Koyna dam example above, the  th rus t  
f a u l t  s l i p s  when e f fec t ive  s t r e s ses  a re  ul'=Uh-pgz 
u3'=0. The rock mass re turns  t o  s t a b i l i t y  when 
s t r e s s e s  become 01 = Uh 03 = pqz 

To sum up, evidence f o r  the  assumption t h a t  
the  c rus t  of the  ear th  i s  of ten  i n  a metastable 
s t a t e  of equilibrium between the  rock mass s t rength  
and the  tec tonic  s t r e s s  f i e l d s  f a l l s  i n t o  2 main 
categories:  

(i) the presence of subhorizontal f i s su res  
p a r a l l e l  t o  the  ground surface ( indicat ing an ax ia l  
cleavage type of f a i l u r e  when both hor izonta l  
pr incipal  s t r e s ses  a re  greater  than overburden 
pressure) o r  of subver t ica l  shear f r ac tu res  s t r i k i n g  
a t  20 - 30° t o  the  major pr incipal  s t r e s s  d i rec t ion 
( indicat ing t h a t  overburden pressure was greater  
than the smaller horizontal  pr incipal  s t r e s s ) .  Both 
occurrences show t h a t  horizontal  s t r e s s e s  equal t o  
the rock's  s t rength  have been imposed. 

(ii) indicat ions  t h a t  increases i n  pore f l u i d  
pressure i n  a rock mass, by in j ec t ion  i n t o  wel ls  o r  
by sa tura t ion under a reservoir ,  can cause sudden 
f a i l u r e s ,  a s  the  e f fec t ive  normal s t r e s ses  ac t ing 
on the  rock mass are  reduced from a just-stable 
s t a t e  t o  an unstable s t a t e ;  conversely, t h a t  
d iss ipat ion of f l u i d  pressure can transform an 
unstable rock mass i n t o  a just-stable mass, i n  
equilibrium with the  tec tonic  s t r e s s  f i e l d .  

6 EXPECTED ROCK MASS STRENGTHS 

To p red ic t  the  s t rength  of a mass of rock of 
the  order of a l i thospher ic  p l a t e ,  under load f o r  
geological time periods,  attempts may be made t o  
deduce the  e f f e c t s  on the s t rength  of a rock sample 
of increasing the  volume subjected t o  loading, and 
of decreasing the  loading r a t e  (o r  of increasing 
the duration of application of a sustained load) .  
There have been severa l  recent publications on both 
aspects,  but  t h i s  author w i l l  not t r y  t o  summarize 
them here, but w i l l  quote h i s  deductions from them. 

Protodyakonov (Ref. 27) proposed the  
re la t ionship  f o r  the  r a t i o  of the  s t rength  of a 
rock sample ( a  cube of s ide  d) t o  the  s t rength  of 
an e f fec t ive ly  i n f i n i t e  rock mass, 



where b = t h e  spac ing  between d i s c o n t i n u i t i e s  i n  
t h e  rock mass. Hoek (Ref. 28) s t a t e d  t h a t  m could 
be assumed t o  be between 2 and 5 ,  f o r  hard  rocks j.n 
compression. An NX core  (54 mm diameter)  wi th  a  
l eng th  t o  diameter  r a t i o  o f  2.5 h a s  a  volume of 
3 . 1 ~ 1 0 - ~ m ~ ,  which is  t h e  same volume a s  a  cube with 
a  s i d e  l e n g t h  o f  68 mm. Assuming an average joint: 
spacing o f  1 met re ,  t h e  term d/b is  approximately 
0.07 and t h e  range of  probable va lues  f o r  Od/Um, 
f o r  m = 2 t o  5,  becomes 1.9 t o  4.7 w i t h  a  mean of  
3.3. 

Bieniawski and Van Heerden (Ref. 29) l i s t  a  
s e r i e s  of  r e c e n t  l a r g e  s c a l e  compression t e s t s ,  
showing t h a t  f o r  hard  rocks t h e  measured r a t i o s  of: 
l abora tory  s t r e n g t h s  t o  l a r g e  s c a l e  s t r e n g t h s  were 
2 t o  18 ,  wi th  t h e  mean of  t h e  va lues  they  repor ted  
being about  7. A s  t h e s e  l a r g e  s c a l e  t e s t s  were 
c a r r i e d  o u t  on specimens o f  f i n i t e  s i z e ,  t h e  
s t r e n g t h  reduc t ion  f a c t o r s  would i f  anything be 
conserva t ive  when a p p l i e d  t o  l a r g e r  volumes, s o  
t h i s  e s t i m a t e  of  7  w i l l  be used below. 

Est imation o f  time-dependent s t r e n g t h  can be 
at tempted 

(i) by e x t r a p o l a t i n g  t h e  f a i l u r e  s t r e n g t h s  of  
samples a t  var ious  load ing  r a t e s ,  t o  an e f f e c t i v e l y  
i n f i n i t e l y  slow load ing  r a t e ;  o r  

( i i )  by s u b j e c t i n g  samples t o  d i f f e r e n t  s u s t a i n e d  
s t r e s s  l e v e l s ,  p l o t t i n g  t h e  time taken f o r  f a i l u r e  
a t  each s t r e s s  l e v e l ,  e x t r a p o l a t i n g  t ime t o  
i n f i n i t y ,  and deducing t h e  apparent  s t r e s s  l e v e l  
which would cause f a i l u r e  a f t e r  an i n f i n i t e l y  long 
time. 

Obert  (Ref. 30) quotes  examples of  s t r e n g t h  
reduc t ions  of  up t o  SO%, a s  t ime t o  f a i l u r e  i s  
increased  from 0.03 seconds t o  30 seconds. This  
r e p r e s e n t s  a  ha lv ing  of  s t r e n g t h  wi th  a  thousand- 
f o l d  decrease  i n  load ing  r a t e .  A l abora tory  quasi.- 
s t a t i c  t e s t ,  c a r r i e d  o u t  a t  a  load ing  r a t e  of  700k.Pa 
s t r e s s  i n c r e a s e  p e r  second, would t a k e  2 t o  3 
minutes t o  break rocks i n  a  t y p i c a l  s t r e n g t h  range 
of  80 t o  130MPa. The r e l a t i v e  s t r e n g t h s  a t  longer  
t imes t o  f a i l u r e  may then be c a l c u l a t e d  a s  : 

Rela t ive  S t r e n g t h  Time t o  F a i l u r e  

100% 2 minutes 
50% 2 days 
25% 5 y e a r s  
12.5% 5 thousand y e a r s  

6% 5 m i l l i o n  y e a r s  

This  p r e d i c t i o n ,  o f  a  t e n f o l d  reduc t ion  i n  
s t r e n g t h  when loading over  g e o l o g i c a l  t ime-sca les ,  
j.s no t  i n  good accord with o t h e r  experimental  work. 
John (Ref. 31) shows experimental  d a t a  f o r  g r a n i t e ,  
where a  reduc t ion  i n  load ing  r a t e  by a  f a c t o r  of  
1 . 0 ~  r e s u l t s  i n  a  46% decrease  i n  s t r e n g t h .  This  
sugges t s  t h a t  we may perhaps fol low t h e  l e a d  o f  
C;zovskiy (Ref. 1 3 ) ,  who suggested t a k i n g  long-term 
s t r e n g t h  a s  50% of  t h e  l abora tory  va lue .  

Rough p r e d i c t i o n s  may now be made. I f  t h e  
a f f e c t  o f  i n c r e a s i n g  the s t r e s s e d  volume from a 
1.aboratory sample t o  a  l i t h o s p h e r i c  sample i s  t o  
reduce t h e  s t r e n g t h  t o  14% o f  t h e  quick compressive 
s t r e n g t h ,  and t h e  e f f e c t  of  long- te r r r load ing  i s  t o  
ha lve  t h e  s t r e n g t h ,  it may be reasonable  t o  expec t  
t h e  s t r e n g t h s  of  l i t h o s p h e r i c  p l a t e s ,  under loads  
f o r  m i l l i o n s  of  years ,  t o  have only about  7% of  
t h e  l abora tory  s t r e n g t h s  of  t h e i r  c o n s t i t u e n t  rocks .  

The most common rock type  i n  which measured 
maximum h o r i z o n t a l  p r i n c i p a l  s t r e s s e s  were repor ted  
by R a n a l l i  and Chandler (Ref. 10)  was g r a n i t e .  
Bamford (Ref. 3 2 ) ,  i n  a  comprehensive t a b u l a t i o n  of  
publ i shed  p h y s i c a l  p r o p e r t i e s  o f  rocks ,  found t h a t  
t h e  r e p o r t e d  range of unconfined compressive 
s t r e n g t h s  of  g r a n i t e s  was 54 t o  290MPa, wi th  a  
median va lue  of about  150MPa. 

The unconfined compressive s t r e n g t h  of  t h e  
1. i thospheric  p l a t e s  might then be deduced a s  being 
of  t h e  o r d e r  of  1 5 0 ~ 0 . 0 7  = 11MPa. This  i s  i n  
reasonable agreement wi th  t h e  maximum h o r i z o n t a l  
s t r e s s  a t  t h e  s u r f a c e  c a l c u l a t e d  i n  Table 1 and 
shown on F ig .  2, and prov ides  s t r o n g  evidence f o r  
t h e  conclusion t h a t  measured h o r i z o n t a l  s t r e s s  
va lues  a r e  i n  e f f e c t ,  a l s o  t h e  s t r e n g t h  va lues  of  
t h e  rocks i n  which they a r e  measured. This  
t ,ypothesis is  i l l u s t r a t e d  i n  Figure 4. 
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7 CONCLUSIONS AND PRACTICAL IMPLICATIONS 

An argument t h a t  a s t r o n g  c a u s a l  r e l a t i o n s h i p  
e x i s t s  between p l a t e  t e c t o n i c s  and h o r i z o n t a l  
compressive s t r e s s e s  i n  t h e  o u t e r  c r u s t  of t h e  
e a r t h  h a s  been presen ted .  Impl ica t ions  a r e  t h a t  
reasonable  e s t i m a t e s  of  t h e  magnitudes of  such 
s t r e s s e s  i n  Pa laeozoic  and o l d e r  rocks  may be made, 
commencing from labora tory  s t r e n g t h  t e s t s  on 
t y p i c a l  samples of  rocks from t h e  reg ion  of 
i n t e r e s t ;  and t h a t  t h e  l i k e l y  d i r e c t i o n s  of  t h e  
p r i n c i p a l  s t r e s s e s  may be es t imated  from t h e  
r e g i o n a l  d i r e c t i o n s  of  p l a t e  movements and t h e  
p a t t e r n  o f  subduct ion zones. For examples, t h e  
Austral ian-Indian p l a t e ,  moving i n  a n o r t h e a s t e r l y  
d i r e c t i o n ,  is  c o l l i d i n g  with t h e  Euras ian  p l a t e  
along t h e  Sunda a r c  and wi th  t h e  P a c i f i c  p l a t e  
along t h e  nor thern  c o a s t  of  New Guinea and t h e  
Solomon I s l a n d s ,  while  t h e  P a c i f i c  p l a t e  moving 
westwards i s  c o l l i d i n g  wi th  t h e  A u s t r a l i a n  p l a t e  
along t h e  Tonga and Kermadec t renches .  The s t r e s s  
f i e l d s  a r e  a r e s u l t  of  t h e s e  c o l l i s i o n s ;  maximum 
p r i n c i p a l  s t r e s s e s  a r e  o r i e n t e d  e a s t e r l y  i n  south- 
e a s t e r n  and southwestern A u s t r a l i a ,  and north-  
e a s t e r l y  i n  nor thern  A u s t r a l i a .  c . f .  F i t c h  e t - a l .  
(Ref. 1 4 ) .  

I t  i s  hoped t h a t  r e p o r t i n g  o f  i n - s i t u  s t r e s s  
measurements i n  f u t u r e  w i l l  a l s o  inc lude  d a t a  of 
s t r e n g t h  t e s t s  of  t h e  rocks i n  which they were 
conducted, i n  o r d e r  t o  t e s t  t h e  hypothes i s  argued 
i n  t h i s  paper .  
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