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where v is the incremental elastic Poisson ratio and 

(7.11) p = �(�1�~�/�2�-�r� + {l13 

(where �(�1�~� is the intermediate principal deviatoric stress) is a normalized value 
of the intermediate principal plastic strain rate consistent with the current 
state of stress. 

Equation (7.10) is not fully adequate to describe bifurcations (e.g. it predicts 
unrealistically large negative values of h for the axisymmetric compression 
test, i.e. the «triaxial» test [109]) because of inadequacies of the constitutive 
model on which it is based, but it shows important trends that are reflected in 
results for more elaborate constitutive models [109, 114, 116]. First, the value 
of h at localization varies strongly with the nature of the deformation state 
prior to lo.calization, as reflected in the dependence on P. For example, if P= 0, 
which means that the plastic state corresponds to plane strain (which may be 
rather typical of the geological setting for strike-slip and thrust faulting), the 
critical h is positive (if p, =1= (l) and is given by 

(7.12) h = [(1 + v)2/18(1-v)](p,- {l)2G. 

�~�.� 

On the other hand, very different deformation states such as axisymmetric 
compression or extension [P = (1 ± {l/v3)/2v3] are much more resistant to 
localization, and the predicted h for this model will generally be negative 
(strain softening). The gravest state is slightly removed from plane strain, and 
·occurs for P = - (p, - (3)/6; the corresponding critical h is larger than that 
for plane strain by a factor of 2/(1+ 11). Second, the tendency for localization 
is accentuated by a high frictional component of the plastic strength. This is 
reflected in the dependence on the frictional parameter p, in (7.12). The dif­
ference between p, and (3 corresponds to a deviation from «plastic normal­
ity » [109], and such deviations are found to promote localization in several 
other cases examined [114,116]. . 

As RUDNICKI and RICE [109] noted, predictions of localization, especially 
for' deformation states well removed from plane strain, are strongly sensitive 
to the stiffness of constitutive response for abrupt changes in the direction of 
stressing. They showed that, for rock «plasticity» arising from frictional slip 
processes as in fig. 9c), a vertex structure must develop on the yield locus in a 
space at the current stress state, and suggested that the effect could be modelled 
in a simple manner by appending a term 

to the right-hand side of (7.3). This term vanishes when at has the direction 
-of at, so that the original constitutive model then applies, and hI is a «vertex» 
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modulus. This is expected to be of the same order as G, and much greater 
than Ihl, for brittle rock. Its inclusion brings the predicted critical point much 
closer to the nonhardening state (h = 0), although states such as plane strain 
remain less resistant to localization than axisymmetric compression, in which 
somewhat negative values of h are still predicted. Some indications of a slightly 
negative h at localization in the triaxial test are found, for example, in the 
tests in a stiff apparatus (so that instability does not occur by machine interaction 
shortly after the onset of softening) by WAWERSIK and FAIRHURST [117] and 
W A WERSIK and BRACE [118]. This testing state is also strongly sensitive to 
imperfections of material or loading system. For example; shear constraints 
of the end loading plates in a triaxial apparatus induce a locally concentrated 
strain state that is closer to plane strain than to axially symmetric compression 
at the outer rims of the specimen ends. Thus end constraint may allow locali­
zation to initiate there and spread by self-strain concentration through the 
specimen before bifurcation conditions for a state of homogeneous axisym­
metric compression are met. 

For fl = 0.6 and {J = 0.3, which are thought to be typical of granite in the 
brittle range, RUDNICKI and RICE [109] show that over a wide range of values 
of the vertex modulus hI (0.1 to 1.0 G) the predicted angle () (consistent with the 
notation 1n fig. 12a)) for localization in the axisymmetric test varies from 55° 
to 54.6°. This is, for example, rather close to the value () R:i 54° reported by 
RUMMEL et al. [72] for their tests of intact granite specimens shown in fig. 13a). 

7·2. Struct~tre of shear zones. - The motivation for studies of shear localiza­
tion is that they might contribute to understanding the structure of tectonic 
shear zones. Direct observations of such zones in the field and in laboratory 
simulations [119, 120]· based on the Riedel shear of clay samples, as well as 
studies of artificial fault gouge between rock faces in the triaxial test [121] 
and of various granular materials in the ring-shear apparatus [122], suggest a 
complex sequence of localizations before a well-defined macroscale fault zone is 
formed. The localization bifurcations just addressed would seem to correspond 
to the first localizations observed (Riedel shears [119]) but do n:ot necessarily 
coincide with the ultimate direction of macroscale motion. 

Figure 15 is based on Skempton's [119] idealization of field and laboratory 
observations. Under imposed deformations that ultimately r~sult in displace­
ments along D, the first features observed are the en echelon Riedel shears R, 
often accompanied by less dominant. conjugate Riedel shears (R'). Thrust 
shears (P) are sometimes observed at late stages in the shear process, and 
tensile cra,cks (T) may form if the confining pressure is small. The important 
point is that the final displacement shears D, which accommodate large imposed 
motions, are accompanied by a highly complex structure of prior ruptures. 
BYERLEE et al. [121] report early deformation features similar to the Riedel 
shears (R) in their simulated fault gouge experiments, while final motion takes 
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place at the boundary (D) between the gouge and coherent rock. They report 
an angle V' R::i 20° for the R features; SKEMPTON reports values ranging from 10° 
to 30°, but possibly altered by continuing deformation . 

.. 

o 

Fig. 15. - Localized shear structures within a macroscale fault which ultimately 
displaces along D, based on [119]. Riedel shears R form as an early feature; conjugate 
Riedel shears (R') and thrust shears (P) are sometimes observed, as- well as tensile 
cracks (T) at low confining pressure. 

SKEMPTON associates Rand R' with Rankine's rupture lines of the Mohr .. 
Coulomb failure theory, in which case 'IjJ = q;/2 (assuming the deviatoric stress 
state is pure shear relative to D at the time of formation), and 90° - q; is the 

J,.' 

angle between Rand R', where q; is the angle of internal friction. Alternatively, 
they may be an example of the localization instability studied by RUDNICKI 
and RICE, subsect. 7"1, and their predictions of 'IjJ for ft = 0.6 range from ap­
proximately 9° (for (J = 0, no dilatancy) to 18° (for (J = 0.6) and are little 
affected (say, ±1°) by the vertex modulus hi over the range studied. Both 
estimates of 'IjJ assume that the deviatoric stress state is pure shear, and this is 
unlikely to be precisely the case in the fault gouge experiments. 

These observations seem relevant to earthquakes in three major respects. 
First, the different orientations of seismically inferred fault planes reported 
by LINDH et al. [87J for foreshocks V8. those for the main rupture (identified 
with the aftershock plane) may be an example of the formation of features 
analogous to the Riedel shears, and may have potential for the prediction of 
impending rupture. (It remains an open question as to why the initial shear 
failures do not extend over great distances, but rather form an en echelon array.) 
Second, the tendency of stress fields associated with rapidly propagating ruptures 
to favor off-plane orientations has been noted in sub sect, 5'5 and 6'3. If natural 
fault zones at depth in the Earth have a complexity of structure analogous to 
that in fig. 15, there may be an ample distribution of weakened surfaces to allow 
the types of discontinuous rupture propagation suggested by the stress fields. 
Third, each individual feature of the shear zone of fig. 15 may correspond to 
the types of slip motion, and exhibit the levels of strength, suggested by labo­
ratory fault slip experiments, but the effective slip-weakening relations between 
(J and Llu on a tectonic scale should perhaps be identified with the overall shear 
behavior of a finite-width, complexly faceted fault zone. 
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7·3. Strain-weakening inclusion model tor earthquake instability. - RUD­

NICKI [110-]' developed a model for analyzing earthquake instabilities in which a 
limited zone of rock is assumed to be stressed into the inelastic and, ultimately, 
strain-weakening regime, while the surroundings remain elastic and are sub­
jected to steadily increasing remote stress. For simplicity of analysis he took 
the inelastic zone to have the form of an ellipsoidal inclusion, with local prop­
erties being uniform within the inclusion. In this case it is a consequence of 
Eshelby's [16] general solutions that, independently of the stress-strain relations 
of the inclusion material, the stress and strain (ainC, EinC) are uniform within it 
and are related to the far-field stress and strain (Goo, EOO

) by 

(7.13) 

Here Q is' a constant tensor, dependent only on the orientation and ratios of 
principal axes of the ellipsoid and on the elastic constants of the material out­
side it. Components of Q are given for several cases by RUDNICKI [110], although 
11i8 results for narrOw inclusions are subject to corrections noted in [11, 123]. 
Thus, since Eoo'is a known function of aOO (i.e. the linear elastic stress~strain 
relatioils~, and since it is assumed that some constitutive relation, e.g. (7.3), 
has been Specified relating Eib.C to alne, (7.13 ) enables the state within the inclusion 
to be calculaited as a function of aOO

• At least this is the case when the inclusion 
is strain hardEming or only slightly strain softening, but, if the inclusion is 
dtivento a sufficiently softened state, it is found that £inc -+ 00 for a fixed aoo 
and no further static solution exists. This corresponds to a rate of softening that 
falls' below' the, effective elastic unloading stiffness of the surroundings, and is 
taken as the onset'of ai seismic earthquake instability. For the case shown in 
fig. 16a), the' 'remotely applied stress is a pure shear "roo relative to prinCipal 
axes of the ellipsoid, and ')loo (= "roo/G) is the remote shear strain. If "rlnc and ')llnc 

are 'the corresponding quantities in the inclusion, then (7.13) reduces to 

(7.14) 

where 

(7.15) ~ = 2(4 ~ 5'1')/(7 - 5'1') 

. . . . 

for a spherical inClusion" and 

(7.16) ~, = 4(1- 'I')aln(2 - v)b 

for a narrow (b« a) axisymmetric ellipsoid. 
Figure 16b) illustrates an interpretation of the model and a graphical proce­

dure for its solution, due to RICE [11]. The stress-strain relation for the inclu-
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sion is displaced from the origin. This allows the model to represent a seismic­
gap zone which has not accommodated as much as its surroundings to over­
all tectonic motions, and thus sustains higher stress. If one considers a level 
of remote stress 1:'0:>, and associated 'Yo:>, corresponding to point A in fig. 16b), 
then eq. (7.14) requires that the state1:'ind 'Yinc within the inclusion lie on a line 
through A with slope - G/~. This determines the inclusion state at A' as shown. 

a) 

. 5 
rine- r." =6 (Too-Tine) 

r;oo=Grpo 

b) 

Fig. 16. - Desoription of instability of a strain-weakening ellipsoidal inclusion under 
remote shear loading. The displaced origin for the inclusion stress-strlj.inrelation means 
that the inclusion represents a seismic gap zone. Instability occurs at state B'. 

The same procedure determines the history of inclusion states as 1:'0:> is increased, 
and finally a set of states B, B' is reached as shown, beyond which no further 
static solution exists, and a seismic instability ensues. 

The geometry of the construction shows that, if the remote tectonic stress 
1:'0:> increases at a uniform rate to:>, the strain rate within the inclusion will ac­
celerate in time with rinc -7 00 as the instability point is neared. 

The model assumes a uniform state of material within the inclusion, and this 
is clearly a strong idealization. However, it illustrates in a simple way the 
interaction between a nonelastic strain-weakening zone and the surroundings, 
and shows the role of the elastic stiffness of the surroundings (G/~ in this case) 
in dictating instability conditions. 
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S. - Mechanical effects of an infiltrating pore fluid. 

In this section the possibility is considered that rock masses at the sites of 
crustal earthquakes are infiltrated with ground water. The mechanical interac­
tions that result have been suggested as controlling the time dependence of stress 
redistribution shortly after faulting, thus contributing to the time scale of after­
shocks [124, 125]. They act also to partially stabilize the rupture process, 
whether in the form of slow shear crack propagation [11, 75,99], or of deforma­
tion to instability of a strain-weakening region or faulted zone [11,123,126,127]. 
This stabilization is such that the rupturing system does not become dynamically 
unstable at the critical conditions inferred from models that neglect pore fluid 
effects. Instead time-dependent but, at least initially, quasi-static processes 
of deformation occur within the rupturing zones, which may in some cases 
allow the completely aseismic completion of the rupture event, and in others 
lead to an accelerating creeplike progression towards seismic instability on a 
time scale controlled by fluid transport, tectonic loading rate and constitutive 
properties of the failing region. 

The effects divide into those which can be understood on the basis of coupling 
between pi:ire fluids and Biot [128] elastic deformation of the host rock and those 
which rely on inelastic dilatant deformation. Accordingly, the next subsection 
reviews Biot's theory of elasticity for fluid-infiltrated solids, and this is followed 
by a description of various applications of the theory to rupture models. Next, 
the formulation of constitutive relations that incorporate inelastic dilatancy is 
reviewed, followed by a discussion of further applications. 

S·1. Biot theory of coupled deformation/diffusion processes in fluid-infiltrated 
elastic solids. - The basic theory of fluid-infiltrated elastic solids has been 
established in a series of paper by BIOT [128, 129] and reviewed recently by 
RICE and CLEARY [99]. Here we consider the linear quasi-static theory, and 
regard the material as isotropic and homogeneous. In addition to stress and 
strain as fundamental state variables, one now introduces the pore pressure p 
and the fluid mass content.m per unit volume. Pore pressure is defined as the 
pressure on an imagined fluid reservoir which would just equilibrate an element 
of materia.! to which it is connected from either giving off or receiving fluid 
from the reservoir. Fluid mass density e is defined locally as the mass density 
of fluid in the equilibrating reservoir; thus e = e(p), neglecting temperature 
effects. Stress is defined as the measure of total forces per unit areas of an 
element; there is no need to distinguish one part as being carried by the solid 
and another by the fluid. Strain refers to the relative displacement of solid 
points in the host phase. Stress, strain and pore pressure will all be interpreted as 
alterations from some ambient equilibrium state, and thus body forces are 
neglected. 
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The following terminology is introduced: « drained) deformation refers to 
alterations of state at constant fluid pore pressure p; « undrained ) deformation 
to alterations of state at constant fluid mass content m. Clearly, material 
response will be stiffer under undrained than drained conditions. 

Stress-strain relations are 

(8.1) (Jrxp = (K - 2G/3) ~rxpe'Y'Y + 2Gerxp - 1;p?Jrxp , 

where K is the elastic bulk modulus for drained conditions, G is the shear 
modulus, and 1; is a new material constant. It can be written as 1; = 1- K/K;, 
where K: is an alternate new constant which can, in certain simple cases [99, 
130,131], be identified as the bulk modulus K. of the solid material. These 
cases are such that all pore space is continuous and fluid filled, the fluid is 
chemically inert, and all points of the solid respond to isotropic stress with an 
isotropic dilation governed by the same bulk modulus K •. 

For undrained deformation the stress-strain relation must have the form 

(8.2) 

where K,.).s the undrained bulk modulus, and this together with (8.1) suffices 
to show that under undrained conditions 

(8.3) 

But thermodynamics requires [128,129] that (Jrxp deap + p d(m/e) be an exact 
differential, which in turn implies that 

(8.4) 

This relation, together with the fact that m is unaffected by variations of e'Y1' 
and p meeting (8.3), requires that 

(8.5) rn = mo + e1;[e"" + 1;p/(Ku - K)] . 

Here mo is the value of m in the reference state and, within the linear theory, e in 
this expression can be regarded as constant and equal to its value in the reference 
state. 

The final constitutive relation is Darcy's linear pore fluid diffusion equation 

(8.6) 

where qrx is the fluid mass flux per unit area in the a-direction and ~ is a per­
meability coefficient, sometimes written as kip"~ where p, is fluid viscosity and k 
has units of length squared. Again e in this expression can be regarded as 
constant in the linear theory. 
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Equations (8.1), (8.5) and -(8.6) provide the full set of constitutive relations, 
and introduce three new material constants: 1;, Ku and u. The full field equations 
are given by observing that £ can be expressed in terms of u by (2.2), and that 
the stress equilibrium equations 

(8.7) 

and fluid mass conservation equation 

--(8.8) 

must be met. By using (8.1), equilibrium requires that 

(8.9) 

and, by (8.5), (8.6), mass conservation requires, after using (8.9), that 

(8.10) 

where nOlW c represents a diffusivity, given by 

(8.11) 

Note that the bracketed terms in (8.10) are proportional to m - mo, and hence 
that this quantity (and not p in general) satisfies the homogeneous diffusion 
equation. 

Equations (8.9), (8.10) complete the theory, but it proves convenient in 
discussing solutions to use alternative quantities to 1; and Ku. Particularly, 
RICE and CLEARY [99] used the undrained Poisson ratio 'Pu and an undrained 
pore pressure coefficient B (defined so that p = - B(Jyy/3 for undrained stress 
application), and tabulated experimental values of these. In general v<vu<! 
(where 'P is the drained Poisson ratio) and 0 « B « 1; the upper limits are ap­
proached in the case of a fully saturated material with effectively incompres­
SIble fluid and solid co stituents , the lower limits for a highly compressible 
pore fluid. Relations between the constants are 

(8.12) -

(8.13) 

B = (Ku - K)f1;Ku , 

3'11 + 1;B(l - 2v) 
Vu = 3 -1;B(l - 2'11) • 

Further, RICE and CLEARY [99J express B in terms of K, porosity (m/e in the 
reference state), fluid bulk modulus Kn K: and a further modulus K:, which, 
like K~, reduces to K. in the special cases discussed earlier. Hence, in these 
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special case"s the additional constants (;; Ku (or v
U

' B) can be calculated directly 
from measured values of the drained elastic constants K and G, from the porosity 
and from the bulk moduli K f and K. of the fluid and solid constituents. 

The parameters which control the magnitude of effects to be discussed in 
sub sect. 8'2-8'4 are the Poisson ratios v and Vu (and particularly the difierence 
between them), whereas the time scale of the effects is controlled by c. Table II 
shows values of v and Vu from a tabulation of properties for intact rocks by 
RICE and CLEARY [99], assuming full saturation, and from a tabulation by 
RICE and RUDNICKI [123] based on self-consistent model calculations of 
O'CONNELL and BUDIANSKY [132] for a solid of Poisson ratio 0.25 containing N 
narrow, fluid-filled cracklike pores of radius r per unit volume, assumed to be 
capable of fluid communication. In general the Poisson ratio associated with 
stress wave propagation is intermediate to v and vu ' sometimes approaching 
the latter, and examinations of wave speed data by O'CONNELL and BUDIAN­

SKI [132lsuggest a range of Nr3 from 0.1 to 0.3 as being representative offield 
conditions in the vicinity of the 1971 Sail Fernando"earthquake. The last three 
columns of table II contain various ratios of undrained to drained rock stiffness 
that arise in applications. The last two of these columns refer to the expressions 
for ~ given in (7.16) for axisymmetric narrow ellipsoidal inclusions and in (7.15) 
for spheHcal inclusions; ~ is calculated from v, ~u from Vu' 

TABLE II. - "falues of the drained and undrained Poisson ratios, v and vu , and of various 
ratios of undrained to drained stiffness based upon them. The intact-rock results are 
from a tabulation by RICE and CLEARY [99]. The results given in terms of the crack 
density parameter Nr3 are from a tabulation by RICE and RUDNICKI [123], based on 
self-consistent model calculations by O'CONNELL and BUDIANSKY [132] for a solid 
with Poisson ratio 0.25 containing N cracklike pores of radius r per unit volume. 

v Vu I-v ~/~u for ~/~u 
I-vu 

axisymmetric for 
narrow ellipse sphere 

Intact rock type [99] 

Charcoal granite 0.27 0.30 1.04 

Westerly granite 0.25 0.34 1.14 

Ruhr sandstone 0.12 0.31 1.28 

Berea sandstone 0.20 0.33 1.19 

Clay soil 0.12 0.50 1.76 

Nr3 [123, 132] 

0 0.25 0.25 1.00 1.00 1.00 

0.1 0.21 0.28 1.11 1.06 1.07 

0.2 0.17 0.32 1.22 1.12 1.15 

0.3 0.12 0.36 1.37 1.20 1.25 

0.4 0.08 0.41 1.56 1.29 1.39 
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The values of diffusivity c for intact rocks with water as the pore fluid are [99] 
7.10-6 and 2.2 .10-5 m 2/s for the two granites and 5.3,10-4 and 1.6 m 2/s for the 
two sandstones of table II. But fluid transport in rocks under field conditions 
is expected to be dominated by large-scale joints and faults. Indeed, various 
field observations in earthquake regions as summarized by ANDERSON and 
WHITCOMB [133] suggest values of c in the range of 1 m 2/s, although measure­
ments based on well response near the San Andreas fault by KOVACH et al. [134J 
suggest a range of 0.01 to 0.1 m 2/s. Typically, results on pore fluid effects in 
rupture models have been given for c = 0.1 and 1.0 m 2/s [11, 123J. 

It is to be expected that c and the differences between drained and undrained 
moduli reduce with depth in the Earth, owing to increased overburden pressure. 

8'2. Stress field of a dislocation; aftershock processes. - BOOKER [125J gave 
the plane-strain solution of the Biot equations for a suddenly introduced 
discrete dislocation, corresponding to mode-II slip, in the case of incompressible 
constituents (vu = 0.5), and RICE and CLEARY [99J gave the solution for 
arbitrary vu' If a dislocation of Burger's vector bl is introduced at point x~ of 
the Xl-axis at time t', i.e. the slip distribution is 

(8.14) 

the resulting shear stress a2l(xI , X 2 , t) along the axis (X2 = 0) is [99J 

(8.15) 

where 

(8.16) F(A) = 1 _ [1 _ 1 - VuJ 1 - exp [- A] . 
I-v A 

At short times after dislocation introduction, F = 1, whereas, at long times, 
F = (1- vu)/(I- v), which is required in order for the solution to reduce to 
that based on drained elastic properties. 

The significance of this solution for aftershock processes was recognized by 
NUR and BOOKER [124] and BOOKER [125J. For example, suppose that a region 
of the Xl-axis sustains a sudden mode-II slip so that a stress drop !1a (= a~l - a!l) 
results in the slipped region, and that afterwards the slip distribution remains 
fixed in time. Because the slip can be regarded as a distribution of dislocations, 
the stress drop quantity !1a (= a~l - a2l) diminishes in time, ultimately by the 
factor (1- vu)(I- v), within the slipped region but increases outside it. This 
means that the total shear stress a2l increases in time within the slipped region, 
and decreases outside it. This is consistent with a pattern of aftershock activity 
which is confined to the slipped region, rather than the (presumably) more 
highly stressed region outside of it, and with a time scale controlled by pore 
fluid diffusion. 
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The magnitude (1- vu)/(l- v) of the long-time fractional reduction in stress 
drop is the inverse of the quantity tabulated in the third column of table II, 
and these figures suggest that 10 to 30% reductions may be typical. On the 
other hand, if the ruptured region is in the form of a circular shear crack, the 
long-time reduction is given by the inverse of the quantity tabulated in the 
fourth column, suggesting reductions of 5 to 15%. In either case, the stress 
changes motivating aftershock activity seem significant. Of course, the after­
shocks themselves alter the slip distribution. If the stress drop on the fault is 
to remain constant in time, the figures would imply a further slip of perhaps 5 
to 20% on a circular rupture after the main event, either aseismically or with 
aftershocks. 

An estimate of the time scale for stress redistribution may be made by 
considering the sudden slip distribution (eq. (5.10») 

(8.17) ~Ul = 2(1 - vu)(~a)t=o+ Va2 
- xVG 

for a mode-II plane-strain shear crack of length 2a, sustaining a uniform stress 
drop (~a)t=o+ immediately after rupture. For purposes of calculating ap­
proximately the time-dependent stress drop !:1a at the center of the rupture 
(Xl = 0), ~this distribution may be regarded as being created by two oppositely 
signed discrete dislocations placed at the centroids Xl = ± 2a/n of the right 
(0 < Xl < a) and left (- a < Xl < 0) continuous dislocation distributions of 
density - d~ul/dxl. Hence 

(8.18) 

,----, 1.0 -- --- --- --- -- -- -.-- --- --___ _ 
8 

" 'b 
.:3 
l~ 

b~ 

.::!. 
~ -....... 
r:=:-' 0.5 
b 
<l 

o 

.. 
.... \ .. 0----- 2a --.....,~~I 

0.3 0.4 

Fig. 17. - Time dependence of the stress drop t!.a at the center of a suddenly intro­
duced shear fault, sustaining a uniform stress drop (t!.a)t=o+, in a fluid-infiltrated solid. 
The growth in time of the total shear stress a21 acting on the slipped region may con· 
tribute to the time scale of aftershock processes. 
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The result is plotted in fig. 17 in the dimensionless form 

The reduction in !:la is rapid at first and a characteristic time of aftershock 
activity can be defined by a2/14c, corresponding to half of the full reduction. 
However, the effect continues over long time periods, with the dimensiop.less 
stress quantity in fig. 17 approaching slowly to unity, as 1- a2/2n2ct, at large 
times. As an example, if the rupture length 2a is 4 kmand c lies in the range 0.1 
to 1 m 2/s suggested earlier, the characteristic time ranges from 3.5 to 35 days, 
although the shape of the curve in fig. 17 suggests continuing effects over periods 
that are several times longer. 

8'3. Pore fluid stabilization of quasi-statically propagating shear cracks. - The 
complicated nature of the Biot equations has thus far prohibited their solution 
for realistic crack models, in which a zone -of slip is initiat~d at some location 
and spreads, at first quasi-statically, along a fault. However, a simpler crack 
model solved by RICE and SIMONS .[75] suggests a significant effect of pore 
fluids in ~abilizing shear cracks. They considered a semi-infinite mode-II 
crack, moving quasi-statically at uniform speed v under the action of a stress 
drop l1a that acts only over distance l behind the crack tip, where the region of 
stress drop moves also at uniform speed v. This simulates a moving finite crack 
of comparable length, for which slip is arrested at the trailing end. 

First neglecting any zone of strength degradation at the tip, they sho-wed 
that the near-tip stress and strain field was of exactly the same inverse-square­
root singular form as for an ordinary elastic solid having a Poisson ratio equal 
to the drained value, V, and that the pore pressure vanished at the tip. They 
showed that the stress intensity factor K of this singular field was given by 

(8.19) 

where 

(8.20) 

is the nominal intensity factor, i.e. that which would result from the same 
loading on an ordinary elastic solid, and h(vl/c) is a monotonically deercasing 
function of its argument (and defined by an integral in eq. (41) of [75]), equal 
to unity when vl/c = 0 and approaching (1- 'IIu)/(l-- v) when vIle --+ <Xl. 

This high-speed limit of h(vl/c) is again the inverse of the stiffness ratio given 
in the third column of table II. For this crack model the criterion for crack 
advance is -that 

(8.21) 
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where -1.:rit is the critical energy release" rate, and thus by (8.19) the nominal 
value of the energy release rate necessary to drive the crack at speed v is 

(8.22) .1.:om = (1- v)K!om/2G = 4(1- v)(6.(])2llnG = -1.:rit/[h(vllc)]2. 

Hence, according to this model, J.:om = ~dt at v = 0+, but J.:om must in­
crease to drive the fault at increasing speeds, and 

(8.23) as vllc ~ 00. 

If we judge from the values tabulated in table II, this is a substantial effect, 
with values of the coefficient fcrit ranging from 1.23 to 1.88 for values of Nr 3 

between 0.1 and 0.3. The result is plotted in a dimensionless from as the curve 
labelled roll = 0 in fig. 18. (The curve is drawn for (1- '11)/(1- ",u) = 1.33, but, 
in the dimensionless form presented, it is not very serisitive to the numerical 
value chosen.) 
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Fig. 18. - The nominal energy release rate (.Fnom = 4(1-v)(~0')2l/nG) required to drive 
a mode-II shear crack at speed v in a fluid-infiltrated elastic solid . .Fcrit is the actual 
fracture energy. Size of the slip-weakening zone is 0); 0) = 0 corresponds to singular 
crack model. 

This is, however, a case in which the singular crack model leads to results 
which become unrealistic phySically at high speeds (when the diffusion pene­
tration scale clv of the drained elastic singularity shrinks to zero), and has 
been discussed by RICE [135] as one of several examples in which an energy 
balance fracture criterion for a singular crack model leads to paradoxical results. 
A more realistic estimate of the effect is described by a slip-weakening model 
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analyzed by RICE and SIMONS [75], and corresponding to a constant resistance 
over the size co of the end region (like in the dashed-line plots of fig. 11). Results 
are shown for several ratios co {l; the effect is seen to lead to a peak in the required 
value of J nom to drive the fault and, very approximately, this peak occurs 
when the speed is sufficiently large for the diffusion penetration distance c/v to 
become comparable to co. 

The results of fig. 18 show a substantial effect of pore fluids in stabilizing a 
shear rupture, in that J nom must be increased continuously, at least up to the 
peak in the curves, to drive the fault at increasing speed. As RICE and SI­
MONS [75] observed, the stabilizing effect may be a critical factor in allowing 
the existence of slowly propagating slip events along faults (time-dependent 
frictional resistance may be involved also). For example, KING et al. [78] and 
NASON and WEERTMAN [136] report that creep -events on the San Andreas 
fault in central California propagate at speeds ranging from 1 to 10 km/day 
(sometimes faster) and have rupture lengths ranging from 0.1 to 10 km. Since 
there seems to be an inverse relation between speed and length, these events 
may be considered to correspond to values of vl ranging from approximately 1 to 
10 km2/day. Hence, for values of c suggested earlier these events correspond 
to a range of values of vl/c between 10 and 102 when c = 1 m2/s and between 
102 and -iUa when c = 0.1 m2/s. These ranges of vl/c coincide generally with 
the portion of the vl/c axis in fig. 18 for which the pore fluid effects should be 
active in stabilizing the ruptures, although the range for the smaller value of c 
extends somewhat beyond the maxima in the curves for the slip-weakening 
model. 

The results suggest that large-scale slip events, for example, as studied by 
STUART [57, 58] and STUART and MAVICO [59], are given some extra margin of 
stability by the presence of pore fluids, and that they can sustain modest increases 
in their effective fracture energies (.Jfnom)' at least up to the level corresponding 
to the peak in the J nom vs. v relation. This may be important in leading to a 
less abrupt instability than that expected when pore fluid effects are neglected, 
and may be a source of short-time earthquake precursors in the form of acceler­
ating fault creep to-ward instability. 

3·4. Effects on elastic 1mloading stiffness of the surroundings of a strain­
weakening zone. - Similar stabilizing effects of pore fluids are predicted for 
the strain-weakening inclusion model of subsect. 7·3. As shown in fig. 16, the 
inclusion becomes unstable at point B' when the the slope of its softening 
stress-strain relation decreases to a value equal to the elastic unloading stiff­
ness of the surroundings, namely G/~, where ~ is a function of the Poisson 
ratio of the surroundings and shape of the inclusion, eqs. (7.15), (7.16). For 
slow tectonic loadings the surroundings may be assumed to deform in a nearly 
drained fashion. But, when the instability point B', based on the drained value 
of ~, is reached, the inclusion cannot become dynamically unstable, because 
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the surroundings respond to rapid deformations in an undrained fashion, and 
thus with a larger stiffness G/~u' where ~u is:the value of ~ corresponding to 'Pu' 

(Hence the ratio of undrained to drained stiffness of the surroundings is ~/gu' 
and this is tabulated in the last two columns of table II.) Instead, a process 
of self-driven creep begins at B', which may, in general, be expected to accelerate 
toward a seismic instability when the softening slope reduces to G/~u' but which 
may under some conditions allow an aseismic progression of rupture. 

The process has been analyzed in an approximate manner by RICE [11] and 
RICE and RUDNICKI [123]. Their work is based on a solution developed by 
RICE et al. [127] for the time-dependent straining of a fluid-infiltrated solid 
containing a highly permeable spherical inclusion .. Under shear loading, and 
for nondilatant shearing of the inclusion, the resulting pore pressure perturbation 
vanishes within the inclusion, but diffusive flows are established in the sur­
roundings in their transition from undrained to drained response. RICE et 
aL [127] showed that the inclusion deforms homogeneously under these condi­
tions and the Eshelby relation of (7.14) generalizes to 

(8.24) 
t 

~. + ~ f {~u + (~- ~u) t[c(t - t')/a 2]}[t..,(t') - t1ne(t')]dt', 

o 

where t = 0 is some time at which the system is at equilibrium under fully 
drained conditions, and where t(ct/a2 ) is a function that they determine, which 
increases from 0 to 1 with a time history very similar to that for the function 
plotted in fig. 17. 

RICE and RUDNICKI [123] present results for the deformation to instability 
of strain-weakening inclusions, assumed to exhibit a stress-strain relation near 
peak strength (tine = tp' ?'ine = ?,p), in the form 

(8.25) 

where 2}. (which they choose as 0.005, approximately consistent with data 
like those in fig. 13) is a measure of the width of the strength peak. They show 
results for the time-dependent inclusion strain, assuming a uniform tectonic 
stress rate too, and define a precursor time tpr as the time of the self-driven ac­
celerating creep period from point B' in fig. 16 to the final seismic instability. 
For too = 1 barty, c = 0.1 m 2/s and ~/~u = 1.10 (which seems reasonable from 
table II), they find tpr = 37 days for a spherical inclusion of 1 kin radius, 83 
days for 3 km radius and 122 days for 5 km radius. The times decrease by about 
a factor of 1/2 for c = 1 m 2/s. Also, estimates of tpr for avery flat inclusion 
zone in the form of an axisymmetric ellipsoid with 18:1 aspect ratio are gen­
erally 1/10 to 1/15 of those for a spherical zone. An increased undrained to 

40 - Rendiconli S.I.F. - LXXVIII 



626 J .• R. RICE 

drained· stiffness ratio increases tpr ' for example by about a factor of 3 when 
,/;u = 1.2.5. Although these estimates of tpr vary widely according to· the as­
sumptions made, they ·are generally consistent as to order of magnitude. w.ith 
those for earthquake precursors associated with events of comparable rupture 
size by SCHOLZ et al. [137J and WHITCOMB et al. [138]. 

8'5. Constitutive respons,e for inelastic dilatancy of fluid-inflitratedsolids. -
Inelastic dilatancy is a characteristic feature of brittle rock deformation as 
observed in the laboratory at loadings near or to failure (e.g. [71, 72J), and is 
also observed to· accompany shearing of rock surfaces in contact [100]. In 
nominally coherent rock, dilatancy is a consequence of the opening of cracks. 
The effects of such processes, distributed over regions near faults, have been 
cited, as a· possible source of .. precursory variations in seismic and transport 
properties (e.g. [137-141]) . 

. Here we consider dilatancy of fluid-infiltrated rocks, and note that this 
provides another means for the stabilization of rupture processes since the 
strength of brittle rock is largely frictional in origin, and frictional resistance is 
enhanced by the suctions developed in pore fluids by dilatant deformation. 
The effect was first discussed in relation to granular materials by REYNOLDS [142]. 
It is a baiic concept in interpreting the mechanical response of soils, and has been 
demonstrated for initially intact saturated rocks by BRACE and MARTIN [143J. 

For elastic response, eq. (8.1) shows that the strain is determined by 
(J0f,{J + 'POOf,{J, where 0 < , < 1. But is it generally agreed that inelastic-strain 
increments are governed by the Terzaghi [144] « effective» stress (Jcx{J + POOf,{J' 

RICE [145] has shown that this form must apply when inelasticity arises from 
frictional slip at isolated asperity contacts and/or from the growth of sharp 
cracks in fully saturated rock, and in these same circumstances the inelastic 
chaI;lge dPv in the porosity. v(~ m/e) is equal to the inelastic dilatant strain. 
Thus, assuming conditions as discussed earlier are met for the moduli K;, K: to 
reduce to the bulk modulus of the solid, K., RICE [11] showed that the con­
stitutive relations of eqs. (7.1), (7.2) generalize in the case of fluid saturation to 

(8.26) { 
dy = drlG + dPy, de = - [do'- (1- K/K.) dp]/K + dPe, 

dPy = [dr~ ,u(d(J- dp)]/h, dPe = p[dr- ,u(d(J- dp)]/h. 

Further, just as for the elastic case, it is necessary to append a constitutive 
relation for the fluid mass content, which is 

(8.27) . dm/e = v dp/Kf - (1- K/K.)(d(J - dp)/K - v dP/K. + dPe. 

These equations imply that, for drained deformation (p constant) at con­
stant (J, 

(8.28) (dr/dY)drained ~ h/[l + h/GJ , 
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whereas, for undrained deformation ;(m constant) at constant a, 

(8.29) (d-r/dY)undralned = (k + fllJK')/[l+(k + f-lf3K')/G] ; 

where 

(8.30) 11K' = l/K + v/Kf :- (1 + v)/K •.. 

Equation (8.29) illustrates the effect of dilatancy hardening; the plastic modulus k 

for drained response is increased to an effective modulus k + f-lf3K' for undrained 
response. The corresp.onding rate o~ development of suction in the pore fluid is 

(8.31) (dp/d-r)undr&ined. - f3K' /(k + f-lf3K' ). 

The strengthening of shear resistance which can be obtained in this way is 
potentially large since K' will generally be of the order of the smaller of K 
or Kf/v. But it is limited by the following factors: 

i) As large suctions are induced, the effective compression a - p in­
,creases and this generally tends to· inhibit: dilatancy and, if f3 -+ 0, the effect 
ceases. 

.!,' 

ii) The suctions may reach· a level such that the total pore pressure 
(initial ambient pressure minus suction) reduces sufficiently that a liquid to 
vapor transition occurs in the pore fluid or dissolved substances come out of 
solutio~ as gases, In this case K t -;.. 0, which implies that K' -)- 0 and again 
limits the effect. 

iii) The plastic constitutive moduli for the underlying drained response 
may reduce sufficiently with continuing deformation so that the drained response 
meets conditions for a localization instability as discussed in subsect. 7"1. 
RICE [146] showed that, despite the fact that k + f-lf3K' may be large and 
positive at such a state, dilatant hardening then becomes unstable in the 
sense that· any small nonuniformities in the pore pressure distribution grow 
·exponentially in time, the implication being that the localization instability 
will occur in the undrained condition as well. 

The effects of dilatancy within slip-weakening fault models have been indi­
cated in fig. 10. In particular, if slip during the strength degradation process is 
.accompanied by dilatant opening over a time scale that is too short for full 
.alleviation of the associated suctions by diffusion, the effective compressive 
stress (- (1'22) - P in fig. 10c) will increase, thus increasing the shear resistance 
.and the effective fracture energy. 

Estimates of the effects of dilatancy on shear crack propagagation with a 
·dilating end region have been made by RICE [11] (based on an earlier study [147] 
~f analogous phenomena in clay soils), and on a strain-weakening inclusion 



628 J. R. RICE 

model by RICE and RUDNICKI [123]. Unfortunately the calculations rely on 
many parameters for which the values under field conditions are uncertain 
within wide ranges. However, the use in these calculations of even minimal 
dilatancy parameters as inferred from laboratory studies (e.g. [71, 100J) sug­
gests strong effects of dilatancy in stabilizing the rupture process. The effects 
are similar in kind to the analogous effects due to Biot elastic response as discus­
sed in subsect. 8'3 and 8'4. 

8'6. Dilatancy effects during the slip-weakening p1'Ocess in shear cmck prop­
agation. - To examine the effect of dilatancy during fault slippage, consider 
first an infinite fault occupying the plane X 2 = 0 and suppose that this is slip­
ped uniformly in shear under constant compressive stress (- 0'22)' In this case 
the U = U(X2' t) and eqs. (8.9), (8.10) imply that 

(8.32) 

Let H(t) be the dilatant opening of the fault. This opening must be supplied 
with pore fluid so that the boundary condition on X 2 = 0 is 

(8.33) 

The solution of the diffusion equation (8.32) is straightforward under these 
boundary conditions and one finds that the suction induced on the plane of 
the fault is 

t 

(8.34) C f fi(t') dt' 
- p(O, t) = 2x V J'tc(t _ t') . 

-00 

N ow consider a quasi-statically propagating shear cra.ck moving at uniform 
speed v (fig. 19a») and assume that dilatant opening occurs at a uniform rate 
Hvjw within the slip-weakening zone, so that a total dilatant opening H results 
at Xl = - w, and remains constant thereafter. The resulting pore pressure 
distribution on the fault plane may be estimated approximately by (8.34) and is 

(8.35) 

where U is the unit step function and 

(8.36) 8 = (cH/xw)Vvw/nc 

is the maximum suction (fig. 19a»). The distribution would be less sharply 
peaked if the fault itself is a high-diffusivity path. The effect of the suction 
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is to augment the shear resistance <T2l by p( - p), where p is the friction coef­
ficient (i.e. the slope of the curves in fig. 100), where the resistive stress is shown 
as a function of - 0'22 - p), and this means that the stresses required to drive 
the crack are increased. 

~ k-w~ opening 

----0'-====>--:-. -'.-'-V_--x 1+~ 
Lp (suction) 

aJ 

0"21 

Fig. 19. ~ Effect of dilatant opening during fault slippage: a) a maximum suction 8 

is induce~. in the pore fluid and b) the stress-resisting slip is augmented by p(-p), 
where p is the friction coefficient. . . 

RICE [11, 1{7] gave an approximate estimate of the effect by idealizing the 
slip-weakening stress distribution in the absence of suctions, as shown by the 
dashed line in fig. 19b). The total shear resistance is shown by the solid line 
and the friction coefficient is written as pp within the zone of peak strength and 
Pf outside it. In analyzing the problem, he actually replaced aP 

- af with (2/3)· 
'(aP

- af) and ~u with (3/2).6.u to preserve the same fracture energy..li in the 
absence of :fluid suction but to make the size w of the end region agree with the 
more realistic estimate Wo of (6.12) in that case. The surrounding material 
was treated as an ordinary elastic solid, so that the additional stabilization 
resulting from Biot elasticity (subsect. 8'3) is neglected. Assuming that the 
overall crack length is large compared to the size 0), he finds that 

This is an implicit equation because fJ depends (through 8) on w. The resulting 
energy release rate ..Ii required to drive the fault at the assumed speed v (obtained 
from the corresponding expression for K in eq. (22) of [147], also given as eq. (38) 
of [11]) is 

(8.38) 
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where e is the natural-logarithm base and'l is the total length over which the 
crack has propagated. For nonuniform,. accelerating propagation it should be 
reasonable to choose l as the length over which the fault haS propagated at 
speeds comparable to the current speed. Fortunately, the dependence. on l is 
not strong. 

The result simplifies considerably when ftp = 0.44 ftn which means that fJ = 0 
and w = Wo. In this case, after using (8.36) and (6.12) with v = 0.25, the expres­
sion for J can be put in the form 

(8.39) 

To discuss the terms in the bracket, note that H/t1u is a dilatancy factor. 
BARTON [100J gives dH/d(t1u) at peak strength of rough natural rock surfaces 
as the tangent of a dilatancy angle dn and suggests that 

(8.40) 

where (]n is the effective normal stress on the. fault and (]1 -:- (]a is the compressive 
fraoture fi,trength of intact specimens of the adjoining· material at the same 
confining stress (]a as in the fault sliding experiment. He suggests that dn values 
of 1° to 3° will persist at the transition from slip with strength degradation 
to stable slip (right end of fig. 10c»). Thus, if H/t1u is identified as (1/2) tg dn , 

values of H/-t1u equal at least to 0.008 to 0.026 are expected; and typically 
perhaps 2 to 3 times larger in the range of slip with large strength degradation. 
Accordingly, the following numerical example takes H/t1u = 0~04 (i.e. dn = 4.6°). 
The ratio c/xG is independent of permeability and can be- expressed as [99J 

(8.41) 

where typical values of B for intact rock are [99J 0.5 to 0.9. B may be larger 
under field, conditions than for intact rock due to jOints and faults, and has a 
maximum value of 1; B = 0.8 is used.- If we choose the v, 'lin values for Nra = 0.2 
in table II as representative, this gives c/xG == 2.0. 

The logarithmic term in (8.39) is taken as 2.6, corresponding to l = 50 Wo 

(e.g. 5 km rp.pture length with 100 m end region). Factor of 10 increases or 
decreases in l/wo would change the 2.6 to 3.7 or 1.4, respectively. Hence, for 
the case considered, with friction coefficient ftf = 0.6, 

(8.42) 

and the corresponding value of the maximum suction is 
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These expression are plotted in fig. 20. Evidently, very large increases 
in J are possible. Depending on the size of the strength degradation zone (00 

(which is unknown to within very wide limits, subsect. 6'2) the middle range 
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Fig, 20, - Fracture energy and maximum su(}tion induced for stabilization of propa­
gating shear crack by dilatanii hardening: curve 'a) fracture energy' J, curve b) suction 8. 

Computation assumed dilatant opening H = 0.04 ~'U, rupture length 1 = 50wo' frictional 
coefficient Pi = 0.6. 

of the velocity scale in fig. 20: (say, 102 to 104) may correspond to slow creep 
propagation or to rapid crackpropagation;'perhaps in the early stages of dynamic 
rupture. For example, if wo 'l km (the largest estimate in sub sect. 6'2), the 
middle range of the velocity axis corresponds to 'V = 4 to 400 km/day. This 
estimate of COo was associated with a strength drop of 100' bar (and a fracture 
energy of 106 J /m2)y SO' that the suctions are of order. 20 to 200 bar over this 
range. But, if COo = 1 m, the middle range of the velocity axis is 3 to 300 km/min. 

8'7. Dilatant hardening stabilization of rupture in the strain-weakening inclusion 
model. - A related study of dilatancy effects was made by RICE and RUD­

NICkI [123J, who applied the constitutive formulation of eqs. (8.26), (8~27) to 
the' strain-weakening inclusion model of fig, 16. This analysis was complementary 
to that' based on :Riot elastic effects in the surroundings and discussed in sub-
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sect. 8'4. The inclusion was taken to be spherical in shape and was assumed to 
sustain a spatially uniform but (because of the dilatant deformation) time­
varying pressure p, and fluid flow into the inclusion, in order to alleviate the 
continually generated suctions, was calculated according to the solution for an 
arbitrary pressure variation on the wall of the spherical cavity in fluid-infiltrated 
elastic surroundings [99, 127]. 

Again, instability cannot occur abruptly when state B' is reached in fig. 16, 
because the rapid deformations of the inclusion are undrained and hence stiffer 
than those of the (drained) stress-strain relation in the figure. Hence the system 
enters a period of self-driven accelerating creep at B'. 

RICE and RUDNICKI modelled the processes by assuming that the drained, 
in situ stress-strain relation in shear had the form of eq. (8.25) near peak, and 
solved for the time histories of strain and pore pressure within the inclusion 
due to a uniform rate of remote stressing. Over the range of parameters 
studied, suctions in excess of a few tens of bar were found to result only very late 
in the precursory period (again defined as the time between reaching state B' 
and final seismic instability). 

Assuming a tectonic loading rate Too = 1 bar/y, friction factor p, = 0.6, 
dilatancy factor {J = 0.3, peak width stress-strain parameter 2A. = 0.005, 
fluid compressibility K f = 22 kbar and initial porosity v = 0.01, they compute 
precursory times tpr = 55,230 and 410 days when c = 1 m 2/s and the zone 
radius is a = 1, 3 and 5 km, respectively. The corresponding figures are tpr = 

= 240,840 and 1420 days, respectively, when c = 0.1 m 2/s. Also, decreases 
in {J result in approximately proportional decreases in tpr ' whereas a factor 
of 10 decrease in K f is required to decrease tpr by a half. A flattened shape of 
the strain-weakening zone should reduce tpr ' as for the model in subsect. 8'4, 
but results for tpr have not been. obtained for this case. 

Contrary to popular conceptions of the dilatancy-diffusion model, tpr does 
not scale in proportion to a2/c. This is because diffusion is not the only source 
of the time scale in the process. The tectonic loading rate is important as well, 
particularly since this determines how far removed the system is from drained 
equilibrium when the stage of self-driven accelerating creep is entered. The 
results also do not support the conception that dilatancy must necessarily be 
associated with large changes in wave speeds an~, conversely, that the absence 
of wave speed anomalies means an absence of dilatancy. Such wave speed 
effects can result [139], but, as remarked, the suctions induced in the pore fluid 
seem generally to be small, even though the mechanism seems capable of pro­
ducing long-time precursory effects of accelerating creep. Significant wave 
speed alterations can occur only if the suctions are large enough to induce a 
liquid to vapor transition or release of dissolved gases over large regions of rock. 
The model suggests that this need not happen until very late in the precursory 
period, if at all, although it is certainly possible that such phenomena could 
occur locally through strong nonuniformities of deformation that are neglected 
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in the simple model of a homogeneously deforming inclusion. Perhaps more 
direct evidence on large-scale dilatancy effects may be sought in effects on 
transport properties, e.g. electro-kinetic effects [148,149], which are sensitive 
to the dilatant opening of cracks but do not require a lack of liquid-phase in­

filtration. 

PART III 

Processes on a tectonic scale leading to earthquake instabilities. 

9. - Space and time sequences of earthquake activity and viscous coupling 
to the asthenosphere. 

The earthquake instability models considered in part II are local in character. 
In different forms, they assume that the surroundings of the focal region are 
essentially elastic and are subjected to a remotely uniform tectonic stress, 
typically taken to increase at a constant rate, that induces instability after 
some pr"b'cess of stable fault slippage (subsect. 6'1) or distributed inelastic 
straining (subsect. 7'3), possibly influenced by time-dependent frictional slip 
(subsect. 6'4) and/or by mechanical interactions with pore fluids (sect. 8). 
These considerations provide a framework for relatively short-term earthquake 
precursory processes in the vicinity of the focal region, But to understand 
earthquake processes over longer time and spatial scales, it is useful to consider 
in more detail the tectonic stressing process itself. This stressing is, of course, 
attributed to large-scale tectonic plate motions that are accommodated by some 
coinbination of stable slippage and discontinuous brittle rupture, i.e, earth­
quakes, along plate boundaries or seismic belts, 

Here we examine the time- and position-dependent stressing of crustal 
material that arises from coupling of an essentially elastic lithosphere to an 
asthenosphere that responds viscously under long-term sustained stress. This 
coupling seems relevant to understanding the recurrence times of great earth­
quakes as well as the processes of transmission of earthquake activity along 
seismic belts and the time-dependent stressing to rupture of seismic gap zones 
that have not accommodated as much (or as recently) as neighboring zones of 
the belt to imposed plate motions, 

Some aspects of this viscoelastic coupling have been considered in models 
as initiated by BUDIANSKY and .AM:AZIGO [13] for the periodic occurrence of 
great earthquakes. They examine a model for strike slip faulting in which 
the fault extends vertically downwards from the Earth's surface in a lithospheric 
plate, and in which displacement is uniform along the direction of strike as if 
the length of the surface breaks was indefinitely long, with uniform offset, 
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in the strike direction (i.e. two-dimensional mode-III crack model). BUDIANSKY 
and Al\lAZIGO neglected coupling at the upper asthenosphere boundary and 
instead modelled creep effects approximately by assuming that the crust behaved 
as a homogeneous Maxwell linear viscoelastic body (elastic and viscous element 
in series). More realistic treatments of the coupling, in which an elastic plate 
subject to remote velocity boundary conditions is joined to a viscoelastic 
substrate, were developed subsequently by SAVAGE and PRESCOTT [150] for a 
distributed dislocation fault model and in the context of crack models with 
prescribed stress drops by SPENCE and TURCOTTE [151] and TURCOTTE et al. [14]. 

As first noted in the simple model of Budiansky and Amazigo [13J, this 
class of models exhibits a limit cycle response consisting of indefinitely repeated 
sequences of seismic-stress drop in rapid slip on the fault, that shifts stress 
down toward the ~sthenosphere, causing initially rapid creep there which grad­
ually accommodates the earthquake slip and, together with the continually 
imposed plate motions, re-stresses the fault and repeats the cycle. Further, 
the correlation of such models with observations on plate motion rates, earth­
quake stress drops and recurrence times, or with observations on surface 
deformation during the post-seismic adjustment period, permits an approximate 
estimate of asthenosphere rheological properties. For example, NUR and 
MAVKO [11>2] generalized by correspondence methods a solution of Rybicki [153J 
for a dislocation in a layered elastic medium to the viscoelastic case, and pre­
dicted post-seismic deformations due to the viscoelastic coupling with a homo­
geneous Maxwell asthenosphere. Fitting of results to observed deformation 
following the 1946 N ankaido earthquake suggested a viscosity 1] on the order 
of 5.1018 Pa's (= 5.1019 poise), so that the relaxation time 1]IG is of the order 
of 5 years. This viscosity estimate is within the range (4.1018 to 6'102°Pa's) 
predicted by MCCONNELL [154] from Fennoscandian uplift data, but somewhat 
lower than more recent estimates (4.1019 Pa' s) from those data by CATHLES [155] 
and STACEY [25J, and also from very approximate estimates by STACEY [25J 
based OIl energy balances in plate motion (3.1019 Pa's under oceanic crust, 
5.1020 Pa's under continental crust). However, as noted in a somewhat dif­
ferent context by RUDNICKI [8], if the actual asthenosphere rheology is non­
linearly viscous (e.g. [25,156]), a somewhat reduced effective linear viscosity 
may be 3tppropriate for the response to large stress alterations created in the 
asthenosphere by great earthquakes. 

The cyclic earthquake models just discussed consider variations in .time of 
crustal-stress levels, but neglect nonuniformities in space. In fact, the examina­
tion of' earthquake activity over long sections of seismic belts suggests that there 
may be relatively well-organized spatial patterns of stress accumulation and 
relief, so that the stressing at one segment along a belt is not independent 
of, but rather is influenced strongly by, the time-dependent transmission of stress 
from the rupture of neighboring segments. This. seems to be particularly true 
for the occurrence of great earthquakes (say, magnitude 7 or larger) as studied 
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on the northwestern circum-Pacific belt by FEDOTOV [157] and MOGI [158, 159], 
and .along . the' North Anatolian fault zone in Turkey by RICHTER [160], 
MOGI [159] and AMBRASEYS [161]. Successive major ruptures, extending over 
distances on the order of 200 km along the Earth's surface, tend to abut rather 
than overlap; for example, MOGI [158] observes that the circum-Pacific belt 
is covered in a: riearly continuous manner by the aftershock areas of great 
shallow earthquakes' without any appreciable overlap of the aftershock zones. 

Although the fit to a simple propagation model is far· from perfect, the 
observations suggest the propagation of a «triggering» process for great earth­
quakes along seismic,belts, with speeds on the order of 50 to 100 km/y (ignoring 
the discontinuities of individual events) for the North Anatolian. zone and of 150 
to 270 km/y' for' the circum-Pacific belt [159]. 

SAVAGE [162] has hypothesized the presence of a propagating creep wave 
of stress that triggers major ruptures along the northeastern Pacific boundary. 
Further, SCHOLZ [163], in an analysis of various observations before the 1975 
Haicheng earthquake, has presented strong evidence for a propagating «defor­
mation front I), with width (in terms of induced seismic activity) on the order 
of 100 to 300 km, that travelled approximately 1000 kill through northeast 
China at a speed on the order of 110 km/y. 

These..\observations of propagation effects are most marked by the occurrence 
of major ruptures, while lower-magnitude seismic activity seems to be occur­
ring in a much;'le'ss systematic way [159]. The picture which emerges is that 
plate boundaries or seismic belts may be ruptured by large-scale, through-crust, 
crack-propagation-like processes. In other words, the accommodation of plate 
boundaries to imposed plate motions does not seem to occur in a random 
fashion in space through process of stress build-up to instability and release. 
Rather, the stress intensification seems to be dictated in large part by processes 
of slip on adjoining segments of the seismic belt, which reduces stress locally 
but thereby transmits stress, and hence new seismic activity, to neighboring 
segments. 

The most likely factor controlling the time scale of these processes is, of 
course, the viscous cQupling between the lithosphere and the asthenosphere. The 
simple Elsas~er Ii64] model of a semi-infinite elastic plate riding on a layer of 
viscous material shows that. uniform stress drops along a plate boundary 
create deformation waves. of stress relief which propagate outward in the 
plate as a diffusion process. This process, as noted by BOTT and DEAN [165] 
and ANDERSON [12], may provide a mechanism by which stress alterations 
and hence seismic. activity is transmitted along plate boundaries. Consider, 
for example, the rupture of a long but finite segment of the crust in a great 
earthquake. : The !sudden drop in stress along the fault transfers stress both to 
the upper asthenosphere and to the adjoining sectors of the plate boundary. 
But, as the, asthe:[lOSph~re relaxes in time, mor~ of the stress alt~ratiQn is 
shifted to the adjoining segments of plate boundary, and this provides an in-
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creased tectonic stressing rate on those segments, making them likely sites 
for the location of the next major rupture. The process is complicated to describe 
in mathematical terms. An approximate formulation is outlined in sect. 10 
based on a generalization of the Elsasser model, which has been applied 
recently by LEHNER et aL [166] to analyze time-dependent crustal stressing 
following major ruptures or associated with propagating deformation fronts 
of the kind discussed by SAVAGE [162] and SCHOLZ [163J. 

These considerations are, of course, relevant also to the description of the 
time-dependent stressing of seismic gap zones adjoining major ruptures along 
active earthquake belts. Such zones are a natural focus for studies of impending 
earthquakes (e.g, [15]). They have, presumably, been stressed to high levels 
at the times of rupture of adjoining sections of the belt, and the process of 
asthenosphere relaxation is expected to cause further time-dependent stress 
increases with gap zones at rates which may greatly exceed average tectonic 
stressing rates. 

10 •. - Generalized Elsasser model and time-dependent stressing associated with 
major ruptures • 

.\' 

Consider an elastic lithosphere plate of uniform thickness H which rides on 
a viscoelastic asthenosphere; Xl, X 2 are co-ordinates on the upper plate surface. 
Let 

(10.1) 

o 

O'ap(Xl' X 2 ) = ~ f O'ap(Xl' X 2 , X 3) dX3 

-H 

be thickness-averaged stresses. Then the three-dimensional stress equilibrium 
equations integrate to 

(10.2) DC, fJ = 1,2, 

in terms of the thickness-averaged stresses, where 7:p = 0'3p(X1 , X 2 , - H) is the 
shearing traction acting in the negative fJ-direction on the lower plate surface. 
Let ua(xI , x2 ), DC = 1,2 , be the corresponding thickness-averaged displacements 
in the plane of the plate. Then the {( plane stress » relations between stress and 
displacement gradients are 

(10.3) 

These follow from the three-dimensional isotropic stress-strain relations when it 
is assumed that the changes in thickness average stress 0'33 due to deformation are 
negligible. Such will be the case for disturbances of dominant wavelengths that 
are comparable to or greater than H, although even for very-shott-wavelength 
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disturbances (for example, crack tips or dislocations in plates) comparison 
between plane-stress and plane-strain (the extreme limit of thickness direction 
constraint) solutions suggests that the errors in prediction of the thickness 
average fields will generally be small, involving errors of the order 'jI2 R::I 10% . 

The model of Elsasser [164] (formulated for one- V8. two-dimensional dis­
placement fields) takes 

(lOA) 

where h is the thickness of the asthenosphere and 'YJ is its average viscosity. 
This should be especially appropriate if, as is widely suspected (e.g. [25, 155]), 
the asthenosphere is a channel of material of the same order of thickness as H 
and of much lower viscosity than the adjoining material. Otherwise 'YJ/h is to 
be regarded as some effective upper-mantle coupling parameter, although 
it would have to depend on the dominant wavelength of the disturbances. 
MELOSH [156] adopts a nonlinear viscous relation instead of (lOA), but, in 
order to deal simply with some otherwise complex problems, nonlinearity is 
neglected here. 

A weakness of the Elsasser model is that in it the asthenosphere responds 
rigidly to-\sudden loadings, and this can be corrected in a manner consistent 
with the simplicity of the model by using the Mawxell form 

(10.5) 

That is, ""co: = GUo:/b is the resistance of the asthenosphere to a sudden displace­
ment U a • This is less suitable than the corresponding approximation for the 
viscous part of the resistance. LEHNER ct al. [166] show that the choice 
b R::I (n/4)ZH causes this model to give the same instantaneous elastic relation 
between D..a and D..u for a sudden, uniform through-thickness stress drop as 
would be the case for a mode-III crack in a half-space of uniform elastic mod­
ulus G. (However, the instantaneous displacements attenuate somewhat too 
rapidly in the direction perpendicular to the fault.) 

If we combine eqs. (10.2), (10.3) and (10.5), the thickness average displace­
ment field is governed by 

(10.6) (IX + {J 2J/2Jt){2J2uv/2Jxe 2JXIl + [(1 + 'jI)/(1- 'jI)] 2Jz'tte/2Jxe 2Jxv} = 2Juv/2Jt , 

')I, e = 1,2, 

where 

(10.7) IX = hHG/'YJ , {J = bH • 

The parameter IX is a diffusivity. Taking h = 100 km [25, 155], G = 5.5 .1010 

Pa as a lithosphere average shear modulus [25], H = 90 km as an average of 
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oceanic and continental lithosphere thickness [25], and using' the range of 1] 

from 5.1018 Pa' s [152] to 4.1:019 Pa' s [155], one finds 

(10.8) 

Using b f":::I (n/4)ZH as suggested earlier, we have 

(10.9) vIP f":::I 70 km, 

and the characteristic relaxation time of the Maxwell model is 

(10.10) fJ/a f":::I 1.5 to i5 y. 

For times which are large compared to this relaxation time, the Maxwell model 
can be replaced by Elsasser's purely viscous model. 

10'1. Response to sudden stress drop~and slips on long segments of a plate 
boundary. - Consider a very .. long ~ection of plate boundary, coincident with 
the x1-a~s, alld suppose that fa,ulting takes place uniformly along the boundary 
so that u = u(xz, t). The equations for u1 , U z then decouple to 

(10.11) 

If t,he slip is of a strike slip type, only v"l is nonzero and it is related. to the 
stress alteration (from the stress field aO(xz , t) which would result in the plate 
due to large-scale tectonic. processes if no slip had taken place) by 

(10.12) 

For a thrust type of slip, which is regarded as a normal discontinuity 6.uz in 
displacement within the plane-stress model, with stress drop expressed in terms 
of ~O'zz, the only nonvanishing displacement is Uz and 

(10.13) 

Equations (10.11)-(10.13) may be solved by Laplace transformation. This 
is done for the strike-slip case and the solution for the thrust case be constructed 
from it by an easy change of variables. Let 

(10.14) U1(XZ, s) = fU1(X2, t) exp[- st]dt. 

° 
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Then, if a~(s) is the transform of the slip displacement on the fault, we have, 
forlV2 > 0, 

(10.15) 
. {Ul(IV~' s) -:- [aul(s)/2] exp[~ }.(S)IV2] , '. . 

.. a21(IV2 , s)~ a~l(IV2' 8) = - A(S) G[aul (s)!2] exp [- }.(s) x2] , 

where 

(10.16) A(S) = vs/(cx + pSj . 

Thus the stress .drop aO"l(t) = O"~l(O, t) - 0"21(0, t) is related to the slip au1(t) by 

(10.17) 

The following special cases are of interest: 

i) If the plate boundary undergoes a step function slip aUl U(t), where 
now aUl is a constant, and is constrained subsequently from further slip, 
standard Laplace inversion procedures show that the stress drop is 

(10.18) aO"l(t) = [Gaud2vPJ exp [- IXt/2P]I0(lXt/2P) , 
.l,.' 

where 10("') is the modified Besselfunction of zero order and 10(0) = 1. Forlong 
times (i.e. t»P/1X ~ 1.5 to 15 years, eq. (10.10») this reduces to 

(10.19) 

which would be valid for all time within the simple Elsasser model (i.e. for (J = 0). 
The solution given by eq. (10.18) is plotted in fig. 21, where the time axis is 
scaled by the Maxwell relaxation time. 

The displacement U 1 (X2 ; t) at points within the plate is given by a complicated 
integral; but for large times this reduces to 

(10.20) 

which shows that the slip propagates out into the plate as a spreading diffusion 
wave. The average penetration distance of the disturbance is X2~ 2Vat and the 
portion· of the plate in which the major deformations are concentrated spreads 
over ~ distance of app~oxima~ely 3Vat. Thus, for exampie, if we use the lower 
viscosity estimate, the penetration of the stress wave is IV2 ~ 70 km for t = 0.5 y, 
100 km forI y, 170 km for 3 y, 320 km for 10 y and 1000 km for 100 y; the 
distances IV2 decrease by a factor of 3 for the larger viscosity estimate. These 
figures illustrate the manner in which stress redistributions ·from great earth­
quakes are propagated through the crust. For thrust boundaries, eq. (10.11) 

shows that IXshowd be replaced by 2cx/(1- v), so that the penetration distances X 2 

are approximately 1.6 times greater at any given time. 
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The stress drop 6,<h(t) on the plate boundary decreases to zero for long times 
because the asthenosphere ultimately relaxes completely and is able to sustain 
no part of the stress drop. This is a deficiency of the in:fi.nitely-lon~-fault model. 
The actual long-term stress drop should be identified with the 6,(11 that would 
remain in a plate uncoupled to its foundation and subject to the same slip. 
Since the actual rupture lengths in great earthquakes are seldom more than a 

1.0 

o 2 4 6 8 12 14 16 
t/(fJ/a) 

Fig. 21. - Thickness average shear stress drop /lO'I(t) associated with sudden thickness 
average slip /lUI which takes place at t = 0 and is held fixed for subsequent time 
on infinitely long strike slip boundary; Vp r:::::; 7€H/4 r:::::; 70 km, Pia = Maxwell relaxation 
timer:::::;1.5y for Tj=5·101S Pa·s, 15y for Tj=5·1019 Pa·s. 

few times H, the long-term value of 6,(11 is of the same order but smaller than 
the initial stress drop. On the other hand, for the sequential occurrence of 
neighboring great earthquakes over a relatively short time period, compared 
to earthquake recurrence times, the infinite-fault model may be approximately 
valid. 

Despite these deficiencies, the solution does illustrate the effects of astheno­
sphere coupling on shifting· back onto the plate boundary the stress which is 
shed from it during the earthquake, as viscous relaxation processes take place. 
That is, a2l increases in time, rather rapidly at first, as 6,(11 decreases. This is 
an effect analogous to that of pore tluids discussed in subsect. 8'1, although 
of typically longer time scale (an analogously defined characteristic time for 
the process is ~1.8 fJ/ex ~2.7 to 27 years), and may be important as a factor 
causing aftershocks following great earthquakes. 

ii) The complementary problem, which is that treated by EJJSASSER [164] 
and BOTT and DEAN [165], considers the stress drop 6,al to be constant on the 
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plate boundary. In this case the solution by Laplace inversion of (10.17) for 
the slip on the boundary is 

(10.21) L\u1(t) = [2 L\aiVP/G] exp[ - at/2p][(1 + at/fJ)Io (at/2fJ) + (at/p)I1 (at/2p)l, 

where I1(z) = dlo(z)/dz. For long times this reduces to 

(10.22) 

which is Elsasser's [164] solution; it applies for all time if P = o. The cor­
responding long-time solution for the propagation of the stress relief into the 
plate is 

(10.23) 

and this has a penetration history identical to \. that discussed earlier. 
This solution is unrealistic in the sense that it allows slip to take place for 

all subsequent time on the plate boundary. However, unless the gain in strength 
following rupture is rapid by comparison to characteristic times of the solution, 
some of the implied post-seismic slip on the boundary may in fact actually 
occur. ~ address the problem further it is necessary to describe the time­
dependent restrengthening process in more detail than is presently possible. 

10·2. A model of a propagating deformation front. - LEHNER et al. [166] apply 
the generalized Elsasser model to an analysis of propagating through-crust 
deformation fronts. They first show that the governing equations (10.6) can 
be replaced, for strike-slip motions, by the simpler uncoupled model equation 

(10.24) 

for u1 , with the associated stress alteration being given by (10.12). They 
show that the solutions of this equation reproduce closely the solutions of (10.6) 
relating arbitrary distributions of L\U1(X1, t) along plate boundary to the as­
sociated distributions L\a1(x1, t) of stress drop, and do so exactly in the limits 
of short- and long-wavelength disturbances, as well as in all cases for which 
the foundation is relaxed (r~ = 0). A model equation with analogous features 
for thrust boundaries is [166] 

(10.25) 

with stress alterations given by (10.13). 
LEHNER et al. [166] model propagating deformation fronts of the strike slip 

type by seeking solutions of (10.24) in the steady-state form U 1 = U1(X1 - vt, x2 ) 

corresponding to uniformly moving dislocations and uniforInly moving cracks 

41 - Rendiconti S.I.F. - LXXVIII 
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under prescribed stress drops. The work is intended to examine the hypoth­
esis that viscous coupling to the asthenosphere might control the kinds of 
sequep.tial occurrence of great earthquakes and crustal deformations discussed 
in sect. 9. The full details of solution are rather complicated. Here the results 
are reported only for the case of a zone of length l that moves uniformly along 
the plate boundary in a strike-slip mode and sustains a uniform thickness 
average stress drop !1a. For simplicity of analysis the problem is modelled in 
the same manner as discussed in subsect. 8·3, namely as a uniform stress 
drop !1a acting only over a length l near the tip of a uniformly moving, semi­
infinite mode-II crack (see inset diagram of fig. 22). 

Fig. 22. - Concentration of stress (as measured by thickness average stress intensity 
factor K) at leading edge of a propagating through. crust deformation front, modelled 
by uniform stress drop da over length l. 

A measure of the concentrated stress near the tip of the propagating zone 
is provided by the mode-II stress intensity factor, and this is found by solution 
of (10.24) under the stated boundary conditions to be given by [166J 

(10.26) 

where a(v) is a function of velocity given by 

(10.27) 2a(v) = V(ex/{JV)2 + 4f{3(1 + V)2- exf{3v • 
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In the limit v -+ 0, a~v) --+ 0 and the foundation is completely relaxed. In that 
case the solution for K reduces to 

(10.28) K = dav'8l/n , 

which is the known solution for a similar loading on an elastic plate with traction­
free lower surfaces. In the opposite limit, v --+ 00, the foundation is unrelaxed 
and responds only elastically; a(v) --+ 1/(1 + v) v7J in that limit and 

(10.29) K = daV2(1 + v)V/3 erf [Vl/(l + v)YP] . 
Note that, when the length l of the zone of stress drop is large compared to 
(1 + v)v7i (-~ H), K becomes independent of l and is given by K r:::::J dav'2ii. 
By comparison, the relaxed result of (10.28) has no limit asl increases. 

The full solution o~ (10.26) for K has been plotted in fig. 22 as a function 
of v for various lengths l of the deformation zone. Here v is taken as 0.25 and 
for simplicity of interpretation (1 + v)YP r:::::J (1 + v)nH/4 has been replaced 
by H, and eq. (10.7) for (X has been used so that the parameter 2vyP/(1 + v) (X is 
written as 1.3 'YJv/hG. The stress concentration decreases with v as expected, 
because the foundation has less time for relaxation at higher speeds. For values 
of the diIiiensionless velocity parameter in excess of about 30, the result for K is 
within approximately 1% of the completely unrelaxed limit of (10.29), whereas 
significant increases in K (most marked for the great rupture lengths) occur as 
the velocity parameter decreases. 

The results suggest that values of the velocity parameter between, say, 1 
and 30 might correspond to the speeds of propagating rupture events of the 
type discussed in sect. 9. This is in good agreement with the reported speeds, 
which range'from 50 to 100 km/y on the Anatolian fault, 100 km/y in northeast 
China and 150 to 270 km/y on the circum-Pacific belt. If one uses the crustal 
average shear modulus G = 5.5.1010 Pa and h = 100 km as before, and the 
Nur and Mavko [152] viscosity of 'YJ = 5.10 18 Pa-s, the reported crustal prop­
agation events correspond to values of the dimensionless velocity parameter 
1.3'YJv/hG in fig. 22 ranging from 2 to 11, which falls into the anticipated range. 
The fit is a little less good but still convincing when the larger Cathles [155] 
viscosity of 4-1019 Pa's is used, in which case the reported crustal events cor­
respond to values of the, velocity parameter between 16 and 85. For the thrust­
slip model, corresponding variations in K occur over a range of the dimensionless 
velocity parameter which is increased by a factor of 2/(1- v) r:::::J 8(3. Hence 
the range of 1 to 30 for the strike-slip model is equivalent to a,range of 3 to 80 
for the thrust-slip model, and all the values inferred above from reported speeds 
fall essentially into this range. 

These results' support the concept that coupling between the elastic litho­
sphere and viscoelastic asthenosphere is a Y' major process in controlling the 
progression of great earthquake ruptures along plate boundaries. They also 
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suggest that viscosities of the order 1 to 2.1019 Pa·s are appropriate for earth­
quake processes. As remarked earlier, the effective viscosity associated with 
response to great earthquakes may be lower than that for processes which 
generate less stress in the asthenosphere, because of possible nonlinearities 
in actual asthenosphere rheology. 

10'3. Stressing of segments of plate boundaries adjoining great earthquake 
ruptures. - For simplicity of discussion, the time-dependent concentration 
of stress on segments of a plate boundary adjoining a great earthquake rupture 
is measured here in terms of the thickness average stress intensity factor K, 
assuming a uniform thickness average stress drop D..(] along a rupture length l. 
LEHNER et al. [166] analyze the time dependence of this stressing by developing 
appropriate solutions of (10.24). The intensity factor immediately after rupture 
is given by (10.29), which corresponds to unrelaxed, purely elastic asthenosphere 
response. The derivation of the long-time limit, for complete relaxation of the 
asthenosphere, is difficult and must be carried out in conjunction with some 
model which tells when post-seismic slip stops so that the offset D.u remains 
fixed for subsequent time. However, an upper bound to the relaxed value, 
which corresponds to the maintenance of a constant stress drop (and hence 
of continued post-seismic slip), is given by (10.28). 

The ratio of this upper-bound relaxed value of K to the unrelaxed value 
immediately after rupture is approximately 1.34 when l = H, 1.67 when l = 2H 
and 2.51 when l = 5H. The actual time dependence of t1:J.e transition from the 
unrelaxed to relaxed limit will, of course, depend on the processes of viscous 
asthenosphere response, as embodied in (10.6), (10.24) and (10.25). 

The results suggest that viscous coupling processes be explored further as 
a basis for determining time-dependent stress accumulation in regions adjoining 
great earthquakes, and similar concepts should be useful for the analysis of 
stress accumulation within seismic gap zones along earthquake belts. 
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