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mote tectonic loadings are considered. The reasons are similar to those illustrated for 
the inclusion model in Fig. 3 b. But the creep observations suggest that the process 
may have a far more rapid time scale and that some essentially rate-dependent aspect 
of material behavior serves to stabilize the slipping region, in the sense that an in­
creasing stress intensity k is required for an increasing, but still quasi-static, fault 
spreading speed V. This stabilizing mechanism is, presumably, what allows fully stable 
creep-like slip events as reported by KING et al. [13] to occur. Further, the exhaustion 
of the stabilizing mechanism corresponds to the transition from precursory fault creep 
to an earthquake. 

Two promising mechanisms for this type of fault stabilization arise from themechan­
ical interactions with pore fluids in a fluid-infiltrated rock mass, and are described in 
the next sections. Equally or more important mechanisms might arise from time effects 
of a surface-chemical type, e.g., from the environmentally assisted growth of micro­
cracks in regions of asperity protrusions or from time dependence of gouge cementation 
at microscopic contacts. Indeed, studies of the friction process like that of DIETERICH 
[10] may lead to a mechanism based on such considerations, although, to the writer's 
knowledge, no viable model has yet been proposed. 

4.1. Dilatancy in the breakdown region 

BARTON [2], [3] emphasizes that natural rock joints brought into stationary contact 
dilate slightly as they are sheared toward peak strength. Indeed, BARTON further sug­
gests that this dilation can be suppressed only by normal stresses (or, for fully closed 
joints, combinations of triaxial stresses) that reach levels appropriate to rupture of the 
rock bordering the joint, and that the transition between sliding with a strength drop, 
e.g., as in Fig. 8, and fully stable sliding without strength decrease can be explained in 
terms of attaining stress levels that suppress dilation. 

With this in mind we consider in Fig. 9a a model similar to that of RICE [23] for 
slip surfaces in soils. Here a dilatant opening of total amount H is assumed to occur 
within the breakdown zone as the slipping region spreads at a steady speed V along the 
fault surface. This dilation induces a suction distribution in the pore fluid, and the 
particular distribution shown was calculated by RICE [23] in a manner discussed also 
for the present context by RICE and CLEARY [26], based on the following assumptions: 
The dilation is assumed to be equivalent to the induction of a flow of liquid into the 
zone 00 at a uniform rate, such that a net volume H per unit area is indrawn in the 
time oo/V that it takes the breakdown zone to pass by. Hence the volumetric flow rate 
into the fault from each side is VB/2oo per unit area (transport along the fault is neg­
lected). The pore pressure field is assumed to satisfy the one-dimensional consolidation 
equation 

(35) 

where c is the diffusivity and y the direction normal to the crack. Further, the volu­
metric flow rate per unit area is" 8p/8y, where" is a permeability coefficient, and the 
diffusion equation is solved subject to the boundary condition that the flow rate at the 
fault surface be VH /200 while a point is within the breakdown zone, and zero otherwise. 
The resulting suction (-LIp) rises in proportion to rl/2, where, r is the distance from 
the tip of the slipping region, and reaches a maximum of (RICE [23]; also RICE and 
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CLEAR Y [26], eq. (54)) 

(-LfP)ma.x=H- - =HM-c ( V )1/2 ( V )1/2 
x :itca> :itca> 

(36) 

at the trailing edge of the breakdown zone. Here the ratio c/x, which is independent 
of fluid transport properties, is written as M; this is a kind of elastic modulus (e.g., 
RICE and CBLEAltY [26], eq. (17)) and, in the special case for which the fluid and solid 
constituents are regarded as separately incompressible, M is the elastic modulus for 
fully drained one-dimensional straining. 
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Fig. 9. Dilatancy in fault-tip breakdown zone. a Suctions induced by dilat~nt opening 
H as slipping region spreads quasi-statically at speed V; b shear-stress distribution as­
sumed for analysis of fault stabilization by dilatancy. following RICE [23]; the friction 
coefficient is I-' B in the breakdown zone and fJ. p along regions of the fault subjected to 
larger amounts of sliding 

The effect of the pressure distribution on the resistance to slip is illustrated in 
Fig.9b. Following RICE [23], the basic frictional resistance, without pore-pressure 
effects, is simplified to piece-wi~e constant stress distribution shown, with the drop from 
one level to the other at ~ = 3~/2. The 2/3-factor on stress and 3/2 on displacement are 
chosen so that the area under the 7:' vs. ~ curve and formula for co given earlier remain 
the same, a~ least to the neglect of the suction effect, despite the simplification. The 
suction is a~med to translate directly into a corresponding increase in the effective 
normal stress, and assuming friction coefficients j.tB within the breakdown zone and j.tF 

outside it, this causes the augmentation of shear resistance as shown in Fig. 9b. 
Assuming that the augmented shear strength differs significantly from 7:'p only 

within a zone that is small compared to overall fault length, RICE [23] analysed the 
problem as if the shear distribution shown acted on a semi-infinite shear crack in plane 
strain and found that the breakdown zone size was (RICE [23], eq. (21)) 

where 

co = coo[(l +.p2)112 _P]2, 

P =! (-LfP)max.o LuB(l -log 2) - tJ.!! log 2] , 
8 7:'B -7:'p 

(37) 
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and where COo is the value of co given by (34) and (-LfP)max,o corresponds to the quan­
tityof (36) with co replaced by woo Further, the stress intensity factor le, based on excess 
of Too over TF as before, required to drive the slipping region against this augmented 
resistance, is (RICE [23], eq. (22») 

(2W)'1/2 {4 [ 1 (4l)]} le = -;- 3" (TB - TF) + (-LfP)max /-LB + "'2 /-LF log em ' (38) 

where e ist the natural logarithm base, where the logarithm actually arises as the 
asymptotic form of a term which it closely approximates when l/w is greater than 2 or 
so, and where l is an outer cut-off dimension for the suction distribution. The latter 
arises because the slipping region has been modelled as being of semi-infinite extent and 
having spread at a steady speed for all prior time. This makes the expression for le un­
bounded, and the cut-off l can be regarded as the radius of the slipping region or, per­
haps better, the distance over which the slipped region has spread at speeds which are 
of magnitude comparable to the current V. Fortunately, there is only a weak depend­
ence on l (Table 4). 

Table 4. Dependence of A on cut-off length l 

A, for P-F = 0.5p-B 
A, for P-F = I-lB 

10 

1.26 
1.88 

102 

1.69 
2.74 

103 

2.11 
3.59 

Substituting (37) into (38) and neglecting higher powers of (-LfP)max,o/(TB - TF) 
than the first, one obtains 

le = lecrit [1 + A /-LB( -LfP)max,o] 
(TB - TF) 

or, using (36) and (34), 

le _ le {I 4 A M H [(1 - 11) G~V]1/2} 
- "t +-.a.-/-LB-

en . 3n G ~ (TB - TF) C 

(39) 

(40) 

as the stress intensity factor required to drive the spreading region at speed V. Here 

A = ~ [lOg (2e) + /-LF log (8l/ewo) ] (41) 
8 /-LB 

and lecrit> to which the above formula for le reduces when V = 0+, is the same as in (1), 
namely the critical value that would be calculated by neglecting any pore-fluid effects: 

" _ [ 2G ]1/2 _ [2G(TB - TF) ~]1/2 (42) 
leent - --@Crit - • 

1-11 1-11 

Table 4 shows that the factor A which enters (39), (40) is not strongly dependent 
on the cut-off length l. For example, recalling that COo may be of the order 10 m for 
natural faults, the table covers a range from approximately 100 m to 10 km for l. For 
Table 5, which gives some results based on equation (40) for le, A has been taken as 
2 and the following choice of parameters has been made: t5 = 2.5 mm, which seems 
consistent with the COULSON results on natural granite joints reported by BARTON [2]; 
C = 0.1 m2/s, toward the larger end of the range suggested by well-head measurements 
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made near the location of recorded creep events on the San Andreas (KOVACH et a1. 
[14]), but smaller than the ANDERSON and WHITCOMB [1] value of 1 m2/s; /1-B = 0.7; 
MIG = 3; G = 200 kb; T B - TF = 100 b, chosen toward the upper end of the seismic 
stress-drop range; 11 = 1/4; and Hid = 1/5, which represents an average dilation angle 
of about 8 0 within the breakdown zone, and is rather toward the lower end of the ex­
tent of dilatancy reported in various cases by BARTON [2], [3]. These choices, all -of 
which have some degree of arbitrariness, lead to 

k = kcrit[1 + 0 .23(~)1/2], (-L1P)ma~ = 17 (~)1/2 bars; 
km/d kmld 

numerical results based on these expressions are given in Table 5. 

Table 5. Increase with speed V of the maximum induced 
suction and the stress intensity fa.ctor k required to spread" 
the slipping region; parameters chosen as in text 

V [kmjd] 

(-LlP)max [bars] 
kjkcrit 

0+ 

o 
1.0 

1 

17 
1.23 

10 

54 
1.73 

100 

170 
3.30 

(43) 

The increases with Vof the required k for fault spreading as shown in the table sug­
gest that dilatant opening at the onset of slippage can be an important factor in 
stabilizing faults, causing slip to occur by creep rather than seismic motions. The speeds 
in the table cover the entire range of creep events reported by KmG et a1. [13] and 
most of these events fall in the 1 to 10 km/d range. The stress intensity required to 
drive the fault is seen to increase substantially in these ranges. 

Presumably, the increase of k saturates at sufficiently high speed for two reasons. 
First, the induced suction may become sufficiently great that the liquid vaporizes or, 
perhaps more likely, that gases come out of solution, effectively cutting-off any 
further development of suctions. Second, since the suction amounts to an increase in 
effective normal stress, the effect may ultimately be self-arresting because, as BARTON 
[3] shows, the amount of fault dilation decreases with increasing effective normal stress. 

There is at present no reliable means of estimating this maximum possible k-value, 
but its significance for the earthquake mechanism is 0 bvious. If the excess of Too ovel'Tp 
or the size of the slipping region becomes so large that k, e.g. as calculated from (31) or 
(32), exceeds this maximum value, then further quasi-static slippage is impossible and, 
instead, dynamic faulting must occur. 

An upper estimate, although probably quite severely so, to this maximum k can be 
obtained by setting the maximum induced suction equal to the hydrostatic, or 
equilibrium, value of the pore pressure. The latter is 500 bars at a depth of 5 km, and 
equations (43) predicts a suction of this size when V = 865 km/d (which is outside the 
range of the approximation that led to (39), (40)); the corresponding estimate of the 
upper bound to the maximum possible k-value is 7.8 kcrlt. 

4.2. Effects of Biot time-dependent elasticity on shear fault 
motion " 

As remarked in the general discussion of Section 2.3, and seen already for the in­
clusion model in Chapter 3, there are two means by which fluids can stabilize the rup­
ture process and both apply to the spreading slip-region model of this portion of the 

• 



.. 

, 

J. R. RICE, Theory of Precursory Processes etc. 121 

paper. Dilatant strengthening has just been discussed and the complementary effects 
of time-dependent BlOT elasticity, remarked upon in different ways for shear faults by 
NUR and BooKEl!. [21], BOOKER [5], RICE [23], and RICE and CLEARY [26], have been 
studied with the aid of a solution to the BlOT-coupled deformation-diffusion equations 
for a spreading shear fault by RICE and SIMONS [28]. 

2 
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Fig. 10. The nominal stress intensity factor, knom, required to achieve kcrit at the tip of 
a plane-strain shear fault, uniform1y loaded over distance l, that moves at steady speed 
V in a fluid-infiltrated elastic material (RICE and SIMONS [28]). Portion of axis marked 
corresponds to stable creep events (KING et a1. [13J, NASON and WEEBTMAN' [19J), 
assuming c as shown 

Their solution pertains to a semi-infinite fault which is loaded in plane-strain con­
ditions and which advances in a steady state with speed V, so that the deformation 
field seems :fixed relative to an observer moving with the fault tip. The fault surfaces 
are shear-loaded by uniform tractions extending a fixed distance l behind the fault tip 
as indicated in Fig. 10, and these loadings are intended to simulate approximately the 
effect 'of an excess of Too over Tp along a natural fault of lengt,h l, moving at instanta­
neous speed V. 

We let knom be the "nominal" stress intensity factor in an ordinary elastic solid, 
without pore pressure effects, loaded identically to what is shown in Fig. 10. What 
RICE and SIMONS [28] find is that the solution to the coupled BlOT equations for the 
shear fault contains the same kind of characteristic inverse square-root stress singu­
larityat the fault tip as in ordinary elasticity. Further, the pore pressure is found to 
vanish at the fault tip. Hence the near-tip singular field is of the same kind as could 
exist in a faulted solid under fully drained conditions, but it is found that the stress 

'\ intensity factor k of this singular field is not the same as that, namely knom • for an 
identically loaded ordinary elastic solid, but is instead related to it by 

k = knomh(Vl/c) . (44) 

The function h( . .. ) which enters here is found to decrease from unity to (1 - "u)/ 
(1 - v) as its argument increases from 0 to 00. 

RICE and SIMONS [28] observe that since a region sufficiently near the fault tip al­
ways undergoes drained deformation, the simplest criterion for fault spreading, valid 

9 Gerl. Beitr. Geophys. 88/2 
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when that region is large compared to the breakdown zone size, is, to demand that k 
equal the critical value which would pertain under fully drained, ordinary elastic con­
ditions, namely kerit as given by (42). Thus, the criterion of fault motion is 

kcrit = knomh(Vl/e) or knom = kcntfh(Vl/c) . (45) 

Hence knom/kcrlt increases steadily with the spreading speed, from unity when V = 0 
to (1 - v)/(1 - vv) when V becomes large. The term involving the POISSON ratios is 
the same as listed in column (i) of Table 1. The curves in Fig. 10, replotted from RICE 

and SIMONS [28], demonstrate the stabilizing effect. Of course, when the tectonic load­
ing or extent of the slipped area is such that the nominal fault-tip k-value exceeds 
the maximum shown in the figure, quasi-static slippage is no longer possible according 
to the model, and the dynamic rupture must ensue. 

Fig. 10 also shows the portion of the Vl/e-axis that corresponds to typical creep 
events reported by KING et a1. [13] and by NA.SON and WEERTMAN' [19], assuming a 
e-value wHhin the range of the KOVA.CH et al. [14] well-head measurements. The ANDER­

SON and WHITCOMB [1] e-value, 10 times larger, would shiH the data range one power 
of ten to the left. In either case it seems plausible that the observed creep slippage 
events are being stabilized, and hence made possible as quasi-static rather than dy­
namic events, at least in part, by the effects under discussion. 

As remarked, the criterion (45) is sensible only if the effectively drained region at 
the fault tip is large compared to the breakdown zone size roo This will be so only if ro 
is much less than e/V; a more complete analysis, based on a simplification of the 7: vs. 
() relation of Fig. 8 to a simple form. as in Fig. 9, was also carried out by RICE and 
SIMONS [28]. They find that for finite roll the curves of Fig. 10 do not rise monotonically, 
but rather pass through a peak and decrease to an asymptotic value, at large Vl/e, 
which is the square root of the asymptote shown. Considering, for example, the upper­
most curve in Fig. 10, rather than rising monotonically to 1.78, the curve peaks at 
approximately 1.58, 1.69, and 1.74 when roll has the respective values of 10-2, 10-3, and 
10-4 • The values Vl/e at these peaks are, respectively, 180,625, and 2550. It may be 
presumed that the peaks mark instability points, since the knom vs. V relation de­
creases beyond them. That is, if no other stabilizing mechanism is operating simultane­
ously, the peak marks the largest possible knom-values and the largest possible speeds 
of fault creep. The interpretation of ,these results is discussed further by RICE and 
SIMONS [28]. 

It should be noted that there is no stabilizing effect of the kiDd considered in this 
section for a two-dimensional anti-plane strain fault model. In that case every element 
of the material deforms in pure shear, and no BroT-like excess pore pressures are gener­
ated. Of course, the dilatant strengthening effect of the last section remains for anti­
plane shear faults, and the appearance of the POISSON ratio in expressions for slip on 
three-dimensional faults (e.g., equations (11), (12)) suggests that these will show BlOT 
effects all around the fault border, including locations where the local deformation is 
of an anti-plane shear type. 

5. Localization into a shear zone 

Chapter 3, based on the inclusion model, envisioned a more or less homogeneously 
deforming zone up to the moment of dynamic instability, whereas the limiting version 
of that model depicted in Fig. 3d and the considerations of Chapter 4 envision defor-
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mations that are localized from the start in a fault zone. It remains an open question 
as to whether natural, versus laboratory, faulting ever or often involves significant 
inelastic deformation which occurs in a diffusely distributed mode that gradually 
concentrates into a localized shear band. Further, neither a constitutive formulation 
nor the theory as so far developed is suitable to examine localizations in materials 
undergoing rate-dependent inelastic deformation due, e.g., to the long-term surface­
chemical effects discussed earlier. 

",- Indeed, as explained briefly in Section 2.2.1 and in the recent review of the subject 

" 

by the author (RICE [25]), the theory as studied thus far deals with materials having 
rate-insensitive incremental constitutive relations of the type 

(46) 

where u's are stresses, u's displacements, x's cartesian co-ordinates fixed in space, 
where the superposed dots denote rates following material points, and where the in­
cremental moduli Lijkl vary with the history of deformation to the current deformed 
state and, generally, have a dependence on the "direction" of the velocity gradients as 
would distinguish elastic unloading from inelastic loading, or would make more com­
plicated distinctions among inelastic loading directions, e.g. at a "yield vertex". 

The localization bifurcation is addressed by considering a homogeneously deformed 
state and asking when the next increments of deformation need not be unique but, 
rather, can either continue the homogeneous deformation mode or bifurcate in a band­
like mode, with stress rates and velocity gradients varying with position in the direc­
tion of some unit vector n as in Fig. 1 a. When such an n exists, the plane to which it is 
normal is said to be a plane of incipient localization (or "shear band"). The conditions 
which must be met for incipient localization are that velocity gradients anywhere 
within the band satisfy the kinematical condition 

aUk/aX, = (au/c/axz)0 + g/cn, , (47) 

where the g/c can be arbitrary functions of position in the direction of n and where the 
superscript 0 denotes the corresponding homogeneous field outside the band, and that 
for continuing equilibrium 

nJJij = n(ug , (48) 

where again the 0 refers to the uniform outer field. Further, when the same constitutive 
moduli Lw,z apply inside and outside the band at incipient localization, which can be 
shown to be the gravest case for a wide class of models of inelastic solids (RUDNICKI 

[30]), the condition reduces to the requirement that 

(ntLijkln,) gk = 0 

has a non-trivial solution for the g's. That is, 

det(nLLijkln,) = 0 . 

(49) 

(50) 

when the quantity in parentheses is considered as a 3 X 3-matrix with indices j and k, 
and where "det" means "determinant of". 

The theory was applied by RUDNICKI and RICE [32] to the simplest tensorial gener­
alization, based on the first and second stress invariants, of the drained version of the 
pessure-sensitive, dilatant constitutive relation discussed in Section 3.1. This relation 
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is 

1 . I . I 1 ., 1 ~ . 1 (C1;; (J ~ ) ( C1iz p, ~ ). "2 (aUi ax! + aUfaXt) = 2G C1;j + 9K iPkk + h 2:r +"3 ij 2:r +"3 kZ C1lA: • 

(51) 

Here, G, K, h, p" and (J have the same interpretations as in 3.1, 2:r2 = C1;jC1;j, C1;j denotes 
deviatoric stress, and ~ij is the KRONECKER (or unit) tensor. The stress rates are to be 
interpreted as ~'corotational" rather than ordinary material rates here, although the 
distinction is not essential for the results to be presented. 

We note that when the dilational and frictional factors are related by (J = p" the 
stress-strain relations are said to exhibit "plastic normality". Such cannot be expect­
ed to be a good approximation for rock deforming by frictional mechanisms and, in­
deed, experimental results when fitted to the above constitutive relation suggest that 
f3 and p, differ, the former being the smaller. 

Under fairly general conditions on the range of the constitutive parameters, RUD­

NICKI and RICE [32] find that localization can first occur in a program of deformation 
when the inelastic hardening modulus h has decreased to the critical value 

h . = 1 + 'II ( _ (3)2 G _ 1 + 'II (2P + P, - (3)2 G 
cnt 9(1 - 'II) p, 2 3' 

(52) 

where terms of order :rIG are neglected compared to unity, where 11 is the elastic POIS­

SON ratio based on K and G, and where a version of the result given by RICE [26] is 
reported, in which P is the intermediate principal value of the tensor in parentheses 
immediately following I/h in (51). As such, P is some normalized measure of the inter­
mediate principal value of the inelastic portion of the strain rate. 

It is seen from (52) that whenever p, differs from f3, i.e., when "normality" does not 
apply, localization is possible under a positive hardening modulus h for some range of 
deformation states. This range includes always those states for which the inelastic de­
formation rates correspond to "plane strain", in the sense that the intermediate prin­
cipal inelastic strain rate vanishes so that P = O. Then 

h - (1 + '11)2 ( _ (3)2 G 
erlt - 18(1 - 'II) p, . (53) 

This is not, however, the gravest state, which occurs for P = -(p, - (3)/6. 
On the other hand, the hcrit predicted by (52) is almost always large and negative 

(-0.3 to -0.4 G for representative p, and (3) in axi-symmetric compression. 

This review of results may be sufficient to emphasize that large-scale post-peak 
strain-softening behavior, as envisioned in some precursory concepts, can be expected 
to exist without some degree of localization only in very special deformation states, and 
for the most common plane-strain-like tectonic deformations, localization could occur 
before peak conditions are attained. Some additional topics which need more study in 
this connection include localization behavior based on "vertex-like" yield models, 
which RUDNICKI and RICE [32] and RUDNICXI [29] argue to be rather generally im­
plied by concepts of frictional slip on microcracks, the role of small initial non-uni­
formities of material properties in concentrating deformation (e.g., RICE [25]), and, 
of course, the generalization of the theory to a wide class of rate-sensitive constitutive 
relations. 
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6. Conclusion 

A wide variety of models for processes precursory to earthquake rupture have been 
reviewed. The study is organized around failure modes involving localization, defor­
mation to"runaway"instability of an inhomogeneous zone, representing either a "weak­
ened" or a seismic gap zone, and the spread of slipping regions along pre-existing 
faults. One of the least satisfactory elements of current theory is the lack of suitable 
inclusion in constitutive relations, for rock masses or for fault slip, of long-term time­
dependent effects, presumably of a surface-chemical origin, and involving time-depend­
ent crack weakening as well as cementation at contacts. 

It is emphasized that a general precursor for all types of rupture models, and partic­
ularly inclusive of those based on time-independent material models, is the accelera­
tion of local deformations relative to remote tectonic deformations as critical conditions 
for instability are approached. Some constraints suggested by the models on the nature 
and spatial extent of large-scale precursory dilatancy are discussed. 

Further, it is argued on the basis of some mechanically consistent, quantitative 
models of rupture processes that the mechanical interactions between a rock mass and 
infiltrating pore fluids can give rise to distinctive short-time precursors. These effects 
arise from the complementary processes of dilatant hardening in non-elastic defor­
mation, and of time dependence of effective elastic stiffness due to BlOT coupling of 
deformation and diffusion. Both serve to stabilize rock masses and fault zones against 
abrupt failure, giving rise instead to periods of creep that may, sometimes, be accel­
erating precursors to dynamic rupture, and that may sometimes allow the completely 
quasi-static, rather than dynamic, relief of tectonic loading. 

This paper was prepared under support of the NSF Geophysics Program and the USGS Earth· 
quake Hazards Reduction Program. I am grateful to V. I. MYAClIKIN for encouraging its prepa­
ration and to M. P. CLEARY, J. W. RUDNICKI, and D. A. SIMONS for various discussions relating to 
its theme. 
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