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Abst rac t - -For  the present paper  it is assumed that rocks have linear isotropic viscous or elastic deformational 
properties, but their moduli may vary with mean stress. It is argued that the rock in shear zones should be weaker 
than the surrounding rock. Models of shear zones in which they are represented as sheets of rock with lower 
elasticity or  viscosity modulus are set up. The stresses within the shear zones are calculated for different orienta- 
tions of the shear zones relative to the regional compression direction. For brittle failure it is found that the 
modification of the stress in the shear zone can favour further cracking and that the deformation is unstable. The 
model is used to provide an explanation for brittle failure in shear, second-order faults and en 6¢helon arrays of 
tension fractures. The mean stress in a weak zone is different from that in the matrix, and it is proposed that shear 
zones in rocks deformed at high metamorphic grade are caused by ductility enhanced as a result of reactions 
promoted by changes in mean stress. 

~ R O D U C ' ] F I O N  throughout  the body. Any perturbat ion which does not 
affect the boundaries,  such as an incipient shear zone, of 

SHEAR zones are often observed in homogeneous,  iso- the stress field from homogenei ty  will result in an 
tropic rock masses (Ramsay & Graham 1970). The increase in the total strain energy. Shear zones are 
development  of shear instabilities in anisotropic mate-  observed to have formed in the interiors of approxi- 
rials may be unders tood in terms of the theory pro- mately homogeneous  rock masses. If the perturbation 
pounded by Biot (1965) and applied to geological represented by the incipient shear zone is not to increase 
deformations by C~bl~ld  et al. (1971). The  mechanics the total stored strain energy, the material in the shear 
of shear instability in isotropic materials has, until zone must Ix: weaker.  For  elastic materials this means 
recently, I:men largely urtknown. Cobbold (1977) has that the Yc~mg's modulus of elasticity must be lower. 
demonstrated qualitatively that strain softening can Sirnilar arguments hold for viscous deformation with the 
cause an instability which grows into a shear zone. principle of m i ~ t i o n  of the rate of dissipation of 
Poirier (1980)shows that shear instabilities candevelop  energy in place of the principle of least stored strain 
in materials with a power  law dependence  of strain rate energy, and the viscosity modulus in place of the 
upon stress. Sewell (1974) and Rudnicki & Rice (1975) Young's modulus. 
have analysed the problem of localisation of deforma- For  a two-dimensional analysis of stress in shear 
tion in shear hands in plastic materials, and have indi- zones, these are represented as planar regions of infinite 
cated the rheological propert ies which give rise to shear extent  set in a matrix of material with greater  Young's  
instabilities. In particular, Rudnicld & Rice (1975) modulus of elasticity. The geometry  is shown in Fig. 1. 
demonstrate  the importance of the dependence of The  most compressive principal stress in the matrix acts 
deformational  propert ies on pressure or mean stress. A at an angle of ~p to the edge of the weak zone. To 
simpler analysis of shear zones, based onisot ropic  linear calculate the stresses within the weak band when the 
elastic or viscous deformational  properties,  is presented stresses and strains in the matrix are known, a coordi- 
below and the results of the analysis are used in an nate system with axes parallel and perpendicular  to the 
at tempt to explain the development  of shear zones in zone boundary is set up. The matrix stresses are: tr x, try 
brittle, semi-brittle and ductile rock deformation,  and "rxy; the matrix strains are ex, e r and ~/xy; the layer 

stresses are tr'x, tr'r and r'xy; and the layer strains are e'x, 
e'y and ~/'xy. Tensile stresses are given positive values 

S H E A R  Z O N E  M O D E L  ~ STRESS ANALYSIS  / tine of octi0n 0f 

/ most compressive 
The basis of the argument presented below is the prin- principol stress 

ciple of minimum energy which states that, for elastic 
materials, when a hody is subjected to stresses the ~ / ~  
deformation suffered by the body is that which gives the 
least stored elastic strain energy. For  a homogeneous  ® 
isotropic linear elastic body subjected to a boundary 
stress which is everywhere the same, the deformation weak zone 

will be such that strains and stresses are constant 

*Now at: Geologisches Institut, ETI-I-Zentrum, CH-8092, Ziirich, Fig. 1. The geometry of a shear zone represented as an infinitely long 
Switzerland. sheet of weaker material. 
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which isop sitetotheusualeoo cal nventionbu it 
the mos t  compress ive  principal  stress is given the usual 0 ~ ~ ~ 
symbol ,  0.t. The  b o u n d a r y  condi t ions  be tween  the layer ~ _ 3'0" " " 
and  the matr ix are, assuming the b o u n d a r y  is cohesive:  

O'y = O"y (Q) 

Txy T xy 

e,: = e'x. (1) :gs- 

These  three  condi t ions  enable  the stresses and  strains in - 96- 
the layer  to be calculated f rom those in the matrix. -97- 

Fo r  plane strain de fo rm a t i on  and  tensile stresses given 6 _ 98- 
a posit ive value, the stresses are re la ted  to the strains by - 99- 

- 1 0 0 -  , ,~ 
the linear equations: - 101 - 30" ~ 90" 

(b) m 

Cry = d21 d,22 d.23 ey -47- 

"rxy d31 d32 d33 ~/xy • (2) -&a" 
-t~9- 

,0 - S 0  

kiewiczF°r isotropic(1971,materialS,p. 54):  the matr ix {D} is given by Zien-  -51- 30" ~ 60L.._ ~, 90" 
-52- 
-S3- 

E(1-V,) (c) 
{D} - -  Fig. 2. Stress components  -2 (a), ~r I (b) and 5" (c) in a weak zone, as 

(1 + v) (1 - 2v) functions of the angle ~0 between the line of action of or t in the matrix 
and the boundaries  of the zone. Stresses  are shown in dimensionless 

1 v/( 1 - v) 0 ~ units. Young's  modulus  in the w e a k  zone is 95 % of that  in the matrix. 
v/(1 - V) 1 0 ~ Poisson's ratio is 0.45 throughout .  

0 0 (1 o 2v)/2(1 - v) (3) 

where  E is Y o u n g ' s  modu lus  and v is Poisson ' s  ratio. R E S U L T S  
The  values of  the principal  stresses in the matr ix  are 

prescr ibed  and for  each value of  ~0 it is possible to calcu- The  var ia t ion of  the stress c o m p o n e n t s  in the weak  
late the stresses in the x, y reference  sys tem (Fig. 1) by zone  with the angle, ~0, be tween  the compress ive  stress 
the s t andard  equa t ions  for  the t r ans fo rmat ion  of  stresses direct ion in the matr ix  and the w e a k  zone ,  are  shown in 
(Price 1966, chap te r  1, equa t ions  6 & 7). T h e  strains can Fig. 2 for  a sys tem with v = 0.45 th roughout ,  and 
be calculated f rom the stresses by the inverse of  equa t ion  Y o u n g ' s  modulus ,  E,  in the layer  equal  to  95 ,% of tha t  in 
(2). T w o  c o m p o n e n t s  of  stresses in the layer, 0.'y and r'xy, the matrix. A t  ~ = 45 °, the stress in the weak  zone is 
are ob ta ined  directly f rom the b o u n d a r y  condi t ions  (1);  a lmost  the  same as that  in the matrix. Below 45 ° the 
or' x may  be found  f rom the first two of  equa t ions  (2) m e a n  stress is less compressive,  and above  45* it is m o r e  
appl ied to the weak  zone:  compress ive  than it is in the matrix.  The  mos t  tensile 

principal stress, 0" 2, has a m a x i m u m  at a round  ~ = 30 °, 
0" ,, d l ie ' , ,  + d~2e y and 0"1 has a co r respond ing  m a x i m u m  in absolute  value 

near  60 °. A b o v e  q~ = 45 °, or 2 falls be low its value in the 
0.'y = d21e'x + d22e ty  • (4) matrix. W h e n  the zone is very  weak  and q~ = 90 ° the 

These  may  be solved for  0.'~ to give: stress in the zone  is isotropic and  has a value a lmost  
equal  to 0.~ in the matrix. Similarly for  a very  weak  zone  

0"'~ = d l l e  ~ + d12 (try - d21ex) with ~ = 0 ° the stress is isotropic with a value a lmost  
d22 (5) equal  to 0.2 in the matrix. Varying  the value of  E in the 

w h e r e  the p r imed  terms on the fight h a n d  side have been  weak  layer does  not  change  the posi t ions of  max ima  in 
rep laced  by their  u n p r i m e d  equivalents  using the Fig. 2, but  as the layer  becomes  weake r  the stresses in 
b o u n d a r y  condi t ions  (1). Values  of  the principal  stresses the layer  b e c o m e  m o r e  different  f rom those in the 
and their  or ienta t ions  can be calculated using s tandard  matrix. 
equa t ions  (Jaeger  1969, p. 10, equa t ion  19, & p. 7, As  t h e z o n e w e a k e n s t h e p r i n c i p a l s t r e s s e s i n t h e z o n e  
equa t ion  11). ro ta te  so as to be at 45 ° to the zone b o u n d a r y  for  all 

Thus  for  any given stress state in the matrix,  the state values of  q~ except  0 ° and 90 °. 
of  stress in the layer  m a y  be calculated.  A c o m p u t e r  F r o m  the Griffi th t heo ry  of  brittle failure the principal 
p rog ram was wri t ten to calculate the stress in the weak  stresses must  satisfy the fol lowing inequal i ty  if failure is 
zone as a funct ion of  the angle be tween  the zone  and  the to occur  in shear:  
most  compress ive  stress, 0.1, in the matrix.  Represen t ive  
results are p resen ted  in the next  section. 0.z + 3°"2 < 0 . (6) 
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If this inequality is not satisfied the failure is in ten- cracking. The  modif ied Griffith theory of McClintock & 
sion. It was found that stress states satisfying the condi- Walsh (1962) gives the following criterion for the onset 
tion for shear failure in the matr ix  could be modified in of brittle failure: 
the weak zone so as to satisfy the condition for tensile ~ (1 + ~2)t + ix 
failure. For  this to occur it is necessary for tr 2 in the < ix2)½- - ( tr 2 - cr 1 = constant (7) 
matrix to be zero or have a small positive value, and for i (1 + " ~ 5 
the strength of the weak zone to be low. where  la. is the coefficient of friction on the crack surface. 

Beniawski (1967) found a value of about  5 for the te rm 
in curly brackets  in equat ion (7). The variation of the 

A P P L I C A T I O N  T O  G E O L O G I C A L  P R O B L E M S  fracturing criterion, (5or 2 - o ' 1 )  , with the angle of the 
weak zone to the compression direction is shown in Fig. 

Brittle failure in shear 3. The unweakened  material  has a value of 100 for the 
fracturing criterion and thus weak zones or ienta ted be-  

The Griffith theory of brittle failure and its modifica- tween 47 ° and 20 ° to the compression direction have 
tion by McClintock & Walsh (1962) predicts the stress stress conditions more  favourable  to fracture propaga-  
conditions under  which materials  will fail in shear. It  tion than those in the matrix. The max imum of the frac- 
does not,  however ,  show how the shear fracture turing criterion occurs at 35*, predicting conjugate shear 
develops. The propagat ion  of individual microcracks planes at 70 ° to one another,  ra ther  than the commonly  
occurs in a stable manne r  and cannot  produce  a fracture observed 60 °. All variations of Poisson's  ratio and stress 
which runs through the whole body as in the case of ten- in the matrix give values of more  than 30 ° for the 
sile failure. Exper iments  have been carried out by Hall-  orientat ion of the least stable weak zone. This may be 
bauer  et al. (1973)on  the deve lopment  of microcracks in caused by several factors such as the neglect of plastic 
de fo rmed  quartzite. Specimens obta ined f rom the same components  in the deformation,  or  the assumption of 
piece of rock were compressed and the runs were isotropic propert ies  for the cracked material.  
s topped at different points on the stress-strain curve. Thus the analysis presented here  shows how a shear 
The  specimens were carefully examined and the location instability may  be initiated in brittle materials.  The  shear 
of the microcraoks was noted.  It  was found that  at low instability may  develop by rapidly proceeding to 
stresses the cracks occurred randomly throughout  the runaway instability, producing a shear failure plane, or 
specimen but as the ul t imate strength was approached  runaway instability may  be retarded.  The  tendency of 
the cracks occurred in a planar  zone or iented at an angle the mean  stress within the weak zone to become less 
to the compress ion axis. In other  words, a shear  insta- compressive results in an increase in pore  volume.  When  
bility deve loped  in which crack density b e e a m e p r o g r e s -  the rock is saturated with fluid and the pore  fluid 
sively higher until the rock disintegrated and a shear pressure is impor tant  in initiating fractures, the increase 
fracture plane developed,  in pore  volume will cause a drop in pore  pressure and 

The  results of the stress analysis presented above  can tend to reduce crack propagat ion.  The  rate of develop-  
be  used to explain the deve lopment  of this shear insta- ment  of the instability is then controlled by the rate at 
bility. The  Young ' s  modulus  of a material  containing which fluid can flow in f rom the surrounding rock. This is 
cracks falls with increasing crack density (Walsh 1965), in turn governed by the pressure gradient,  the pe rmea-  
and so the zone of increased crack density can be bility of the rock and the distance over  which fluid flow 
approximated  by a plane of weaker  material .  For  an must take place. As a shear zone develops, the crack 
instability to develop it is necessary that  the modification density increases, causing an increase in permeabil i ty.  
to the stress in the weak zone should p romote  fur ther  This will favour  runaway instability, the zone which suf- 

fers fur ther  weakening becoming narrower,  until a shear 
103- fracture develops. 

Dilatancy is known to be  a precursor  of ear thquake  
102- faulting (Scholtz er al. 1973). Sibson et al. (1975) have 

considered the effects of dilatancy deve lopment  and its 
- °= 101- subsequent  collapse after an ear thquake  on the pore  
,_ / fluid pressure and fluid movemen t  near  ear thquake  

100 / .  , , .  , , .  , , .  faults. The fact that dilatancy is recovered after failure 
" indicates that much of the deformat ion  associated with 

§ 99- the deve lopment  of the shear instability is elastic. This 
\ increases confidence in the explanation of shear insta- 

98- ~ bility in terms of elastic deformat ional  propert ies  as pre-  
sented here. 

97- The  model  of faulting given above may be used to ex- 
96- plain the occurrence of second-order  faults. The  

[-ig. 3. VariaIion of the fracture criterion (5~r 2 - tr 1) with orientation (~) geomet ry  of second-order  faults is shown in Fig. 4. The 
,~f t he weak zone. The values of the stresses and moduli are the same as angles which the second-order  faults make  with the main 
m Fig. 2. The fracturing criterion has a value of 100 in the matrix, fault are 15 ° and 75 ° in Fig. 4. Moody & Hill (1956) have 
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second order ~,~. with the conclusions of Knipe & White (1979) who 
faults \\~ report  microstructural evidence for microcracking in the 

early stages of the deformation.  
first order fault For  this structure, instability be runaway may pre- 

vented by reduction of pore pressure, as suggested 
Fig. 4. Geometry of second-order faulting, above, or by partial sealing of the microcracks (Ramsay 

in press, Knipe & White 1979). If the sealing of micro- 
different angles, but most o ther  authors (e.g. McKinstry cracks is important  in the development  of these struc- 
1953, Chi. "nnery 1966, Arthaud & Matte 1979) give the tures it will cause the induced strains in the rock to be 
orientations shown in Fig. 4. It is proposed that the main non-recoverable and in this case a strictly elastic analysis 
fault occurs in the middle of a weakened zone. In this is not applicable. A complete finite element modelling of 
zone the principal stress directions are close to 45 ° to the the deformation would provide a useful insight into how 
zone boundary and the second-order  zones develop in these structures form. 
response to the new stress direction. If the weak zones Thus the purely elastic analysis presented in this paper  
form at 30" to the (r I direction, then the orientation and can be used to understand several features of brittle fai- 
sense of shear on the resulting faults are as in Fig. 4. This lure and gives results broadly in agreement  with the 
explanation has much in common with those of plastic analysis of Rudnicki & Rice (1975). The fact that 
Anderson (1951) and McKinstry (1953) but the means dilatancy around ear thquake faults is recoverable sug- 
by which the stress orientat ion changes are different, gests that elasticity has a part to play in the development  

In many regions of the crust deformed in the brittle or of shear instabilities. Combination of both elastic and 
semi-brittle field, there are en ~chelon arrays of quartz- plastic effects is probably necessary if a complete 
or calcite-filled tensile fractures. The  geometry  of this analysis is required. 
feature is shown schematically in Fig. 5. Each array of 
fractures defines a shear zone and the angle between the Duct i l e  zones  

shear zone and the inferred compression direction is 
usually about  30*. This angle is the same as that for Shear zones are observed in rocks deformed at high 
brittle failure in shear conditions. The tensile fractures metamorphic  grade. Where  conjugate shear zones are 
appear  to have been formed by tensile stress inclined at observed, the angle between the shear zones facing the 
45* to the shear zone boundary.  The  stress conditions for compression direction is often greater  than 90 ° (Ramsay 
failure in shear or tension are given in equation (6) 1980). Large, vertical shear zones with wrench-fault  
above. H both the initiation of the shear zone and the displacements have been observed in Greenland by 
tensile fractures are the result of brittle failure, the stress Watterson (1978) and in Tibet  by Tapponnier  & Molnar  
in the rock at the outset must satisfy equation (6), and (1977). Although conjugate sets were not observed by 
the stress within the zone must be modified so as to no these authors, there are shear zones of opposite sense of 
longer satisfy equation (6). As described above, the shear which are related to the same compression direc- 
stress in the weakened zone can be modified so as to tion. The  angle between the shear zones and the 
satisfy the criterion for tensile failure if the effective least  compression direction is greater  than 45 ° . 
compressive principal stress is zero or positive. A possil~le mechanism of deformation for shear zones 

Thus the development  of shear zones with en 6chelon in metamorphic  "rocks is transformation or reaction 
tension fractures can be understood in terms of the enhanced ductility. These mechanisms are reviewed by 
mechanism presented above for brittle failure in shear. White & Knipe (1978). In these modes of deformation,  
The effective stress before the onset of shear instability phase transformations or metamorphic  reactions, 
has the least compressive stress close to zero. As the respectively, cause a lowering of the viscosity of the 
shear instability develops, it is prevented from achieving rock. 
runaway instability. As the Young ' s  modulus of the The stability of phases or mineral assemblages is 
weak zone falls, the axes of the principal stresses rotate  determined by, among other  things, the temperature  
so as to be at 45 ° to the zone boundary and take on and pressure conditions as shown in Fig. 6. For  
values which allow tensile fracture. The  tensile fractures 
then fill with pressure-soluble material. This explana- \ _,_L:,:~. :t~°undarY of 
tion for the initiation of the shear zones is in agreement  N ~  rumury fields 

veir~ I 

. . . . . . . . .  A x 

Fig. 5, Geometry of sh©ar zon©s consisdng of ¢n ~chclon tension T 
gashes. Fig. 6. Phase stability as a function of pressure, p, and temperature, T. 
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condi t ions  of non -hyd ros t a t i c  stress the m e a n  stress is a nd  explore  the i r  consequences .  In  par t icular ,  the  effects 

usual ly  cons idered ,  of some c o m p o n e n t s  of plastic s t ra in could be invest i -  

If a rock is sub jec ted  to a d i f ferent ia l  stress u n d e r  gated and  the re la t ionsh ip  of the mode l  p resen ted  here  
condi t ions  of m e a n  stress and  t e m p e r a t u r e  which are to the theory  of Rudn ick i  & Rice (1975)  could be ex- 
close to a b o u n d a r y  of a s tabi l i ty  field (poin t  A in Fig. 6) plored.  

it is possible  that  small  he te rogene i t i e s  will result  in reg- 
ions of the rock in which condi t ions  lie on,  or  beyond ,  the Acknowledgements---Part of this work was carried out when the 
bounda ry .  This  will in i t ia te  the phase change  and  author held a Natural Environment Research Council Fellowship, 

Number GT5/F/294, and this is gratefully acknowledged. 
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