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18.1 Introduction

The problem related to crustal fault dynamics consists of identification of
the processes and parameters that are responsible for sliding regimes in the
faults. The concepts according to which the transition from creep to stick-
slip along the crustal fault, in most cases accompanied by a tectonic earth-
quake, is caused by geometrical inhomogeneities of fault surfaces, a de-
crease of friction in some segments of the fault and by anomalies of the
pore pressure, are considered to be conventional (Ben-Zion and Rice
1995). The deformational waves propagating along the faults and excited
by elastic-rebound in the foci of the past earthquakes may also initiate
seismic slips in crustal faults (Ulomov 1993).

The deformational waves detected from changes in the geophysical
fields (Nikolaevskiy 1998) are accompanied by migration of seismic activ-
ity in a number of cases (Ulomov 1993). The existence of these waves is
known to be confirmed in the course of experimental studies of slow de-
formation processes in the crust (Nevskiy 1994). A lot of direct and indi-
rect evidences (Nikolaevskiy 1996) show that slow tectonic deformations
are propagating as solitary waves — solitons. For this reason, theoretical
studies (Garagash 1996, Nikolaevskiy 1996, Nikolaevskiy and Ramazanov
1986) aimed at developing mathematical models that lead to soliton-like
solutions and, at the same time, reflect the main features of wave deforma-
tion process occurring in the crust are of topical interest.

In this chapter it is shown that local deformation effects at the meso-
scopic level related to decrease of friction at the contacts of inhomogene-
ous fault surfaces may cause solitary waves of activation whose evolution
leads to macroscopic processes as seismic slips in crustal faults. The model
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suggested describes the dynamics of relative displacements of fault sur-
faces including retarding and accumulation of energy necessary to provide
a stick-slip process. As it is well known, the stick-slip is a necessary element
to provide seismic events inside the earthquake focus. Analysis is made of
asperity and friction effects in the fault on the evolution of velocity of
waves of activation and also the amplitude and frequency of periodical
load on fault dynamics. A relative role of different processes in the initia-
tion of seismic slip is investigated.

18.2 Observational Evidence

The concept of the deformational (tectonic) waves generated in the Earth is
based on the results of the study of spatio-temporal density distribution and
processes of crustal deformation. The results of observation of the oriented
earthquake migration of direct and indirect in-situ measurements of defor-
mational waves or of their indications are most comprehensively shown
and analyzed by Mogi (1968), Nersesov et al. (1990), Barabanov et al.
(1994), Kasahara (1979), and Nikolaevskiy ( 1998).

Quantitatively, the deformational wave processes are displayed in the
rate of the earthquake foci migration and the presence of geophysical
field anomalies close to the faults. In conventional approach, the most
characteristic rates of these processes and the corresponding waves can be
divided into two groups (two scales of manifestation): global tectonic
waves and deformational waves generated in the faults.

The global tectonic waves with velocities of 10-100 km/year are ob-
served in the following phenomena: the oriented migration of large earth-
quakes (Stein et al. 1997); seismic velocity anomalies (temporal varia-
tions of seismic wave velocities, travel-times and time discrepancies)
(Nevskiy et al. 1987); changes of the underground water table along the
fault zone due to waves (Barabanov et al. 1994); deformographic meas-
urements (Ishii et al. 1979); cyclic migration of aseismic gaps in the
Earth’s mantle (Nikolaevskiy 1998); oscillation motions of seismic reflec-
tors (Bazavluk and Yudakhin 1993, Bormotov and Bykov 1999). Move-
ment of slow tectonic deformations occurs along the deep faults in a nar-
row “corridor” (~100 km) (Nevskiy et al. 1989).

Rapid migration of seismic activity occurring in vast areas prior to or
after large earthquakes testifies indirectly about the existence of the
deformational waves with velocities of 1-10 km/day generated in the
faults (Hill et al. 1995, Barabanov et al. 1994). The seismic activity can be
detected from the observable radon, electrokinetic and hydrogeodynamic
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signals (Nikolaevskiy 1998), and exciting of the stress-and-strain waves
at the explosion and vibration slips in initiation in the fault zone (Ruzhich
et al. 1999). Geophysical signals have a shape of solitary waves and are
propagating along the crustal faults (Nikolaevskiy 1998).

18.3 Mathematical Model of Deformation Process

The model includes two most important mechanisms providing interaction
of the fault surfaces: friction, simulated by introduction of gouge viscosity
in the fault, and geometrical inhomogeneities which are characterized by
ratio of scales of asperity and sinusoidal parts of the internal fault surfaces,

and external load. Thus, we now postulate the following equation:
o’U oU ou
———=sinU+a—+ o(&E—L)sinU +o(7), 18.1

where U =2nu/a, £=nx/ap, t=nwt/p, p’=a’Dl4mgh, o =D|m,
a=au / dApyJgh, y=HJ/L, U is the displacement of blocks located

periodically along the fault length; a is the distance between the block cen-
ters; D is the tangential contact stiffness; m is the mass of the block; # is
the distance between the block centers of the adjacent block layers; g is the
gravity acceleration; u is the viscosity of the layer between the blocks; d is
the diameter of the circular contact of the blocks; 4 is the layer thickness;
p is the density of the block material; & and y are the parameters of friction
and inhomogeneity, respectively; H, L are the height of asperities and the
distance between them normalized to ap/m; & &) is the Dirac delta-function
and o(7) is the function which reflects the external load at the contact of
the fault surfaces. Figure 18.1 shows schematic presentation of the fault
surfaces.

The left-hand side of the generalized sine-Gordon equation (18.1) corre-
sponds to the wave operator applied to the relative displacement of the
fault surfaces. In the right-hand side of Eq. (18.1) the first term characterizes
the “restoring” force, originating due to shear along the sinusoidal-
homogeneous surfaces of the fault; the second one — the friction force,
which is proportional to the velocity relative to displacement; the third
term corresponds to corrections for inhomogeneities which are distributed
at a distance apL/m; the fourth one describes the initiation external load on
the fault.
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Fig. 18.1 Schematic diagram showing a change in contact between fault surfaces (a)

and a change in the geometry of blocks contact (b-d): a = 2r, r is the radius of
blocks

The expression for parameter « is obtained proceeding from the con-
cepts of stick-slip (Dieterich 1987, Sleep 1995) and theory of dimension.
Friction parameter ¢ is mainly dependent on the average sizes of the
blocks on the fault surface and also on the viscosity of the gouge, and as-
sumes the values 0.01-1.0.

Inhomogeneity coefficient yis equal to ratio of height H of the asperity
to length L of the sector of the sinusoidal-inhomogeneous surface and
characterizes regular point asperities of the relief of the fault surfaces. This
element of the model reflects the fractal structure of the fault surfaces in
the first approximation. Variation of the inhomogeneity coefficient y is
possible in the range from 0 to 1.0. The zero value means a complete ab-
sence of “cohesions” distinguished at the sinusoidal surface. The inho-
mogeneity coefficient value equal to 1.0 means coincidence of the height
of the point asperity with the amplitude of the sinusoid.

Note that the effect of block rotation suggests an explanation for the si-
nusoidal character of the “restoring” forces (Nikolaevskiy 1996).

Integration of Eq. (18.1) has been made by the McLaughlin—Scott ap-
proximation method (Solerno et al. 1983), and numerical realization has
been performed by the Runge-Kutta-Felberg scheme (Forsythe et al.
1977). The parameters of the medium were as follows: p= 3x10° kg/m’,
D=10%10°N/m, g=9.8 m/s>, r=0.1-1.0 m, a = h = 2r. Computation
has been carried out with variation of the parameters of friction « and
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inhomogeneity » which characterize the state of the contact at the fault,
and also the value of o(7), that determines the external load.

18.4 Solitary Wave of Fault Activation

Profile of velocity v of the particles (Fig. 18.2) on the fault surfaces has a
shape of the soliton v(x,) = vsech(x—V, ¢), moving along the fault with a
velocity V,. Variation of friction parameter o in the sine-Gordon equation
clears up significantly the reasons for variations of velocity V,, of the soli-
tary wave in the crustal fault, as well as the consequences related to this
variation. Value of velocity v of a particle on the fault surface is dependent
on the state of the contact, that is, the value of the parameter «. It follows
from the computations that in the case of low V,, the value of v is insig-
nificant and the stable sliding (creep) occurs. For the relatively high values
of velocity V,™ (of the order of 1-10 m/s) we obtain the soliton profile
v~ 0.1-1 m/s and the stepwise profile (kink) u(x, #) (see Fig. 18.2). A simi-
lar relationship for dynamic characteristics but without time shift of the
maxima of ¥V, and v can be obtained by analytical solution of the canonic
sine-Gordon equation for a solitary wave in homogeneous fault without
friction.
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Fig. 18.2 Evolution of velocity V,, of wave of activation, displacement « and slip
velocity v in the fault

Time interval between the peak values of ¥, and v depends on the pa-
rameters « and . The moment of time when ¥, attains the maximum value
Ve always occurs earlier as compared to the calculated time of v
Time lags between the transmitting of the solitary wave with the maximum
velocity value and displacement u,,,, are stipulated by friction and inho-
mogeneities in the fault. The possibility of attaining high values of the
relative slip gives grounds for calling the wave v(V,) the solitary wave of
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fault activation. The velocity maximum for the wave of activation, depend-
ing on the values of the chosen contact stiffness D in the faults does not
exceed 10-100 m/s, that differs noticeably from velocities for the seismic
waves, so from those for the deformational ones.

18.5 Evolution of Waves of Fault Activation

Velocity amplitude for the wave of activation increases to the value of
about 0.9-1.8 m/s with subsequent transition to the stationary regime with
the values ¥, ~ 10*-107 m/s (Fig. 18.3), corresponding to the velocities
of the deformational waves at inhomogeneity coefficient y= 0.1-0.3 and a
decrease of friction parameter « to 0.04. The creep regime is observed at
t=11.0-14.0 s. In the case of y > 0.3, stability is acquired far later and V,*
may have the values of the order of 10°-10"° m/s. The value of V,* de-
creases with increase of y, which is a result of the additional friction: the
asperities make impediments at sliding more often, and retarding of the
wave of activation is enhanced (the sliding is damped). Also, a transition
of the system to the “fault is locked” regime is possible when V,— 0.
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Fig. 18.3 Evolution of velocity ¥V, of wave of activation at different values of
inhomogeneity coefficient y and o= 0.04

The greater the value of parameter y (“cohesion” of the fault surfaces
when other parameters are constant), the greater the velocity maximum of
the wave of activation and the quicker the process of acquiring the station-
ary regime of activation. Thus, at the beginning of the stable sliding regime
the inhomogeneities contribute to accumulation of greater elastic energy
which is determined in dimensionless form by the component (1+)sinU in
Eq. (18.1), and, vice versa, then they contribute to the fastest damping of
the sliding. A long period of time is required to obtain V,™ at an increase

of « and decrease of y.
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Computation of fault dynamics shows that instability of sliding may be
caused by a sharp decrease of the friction parameter which leads to an in-
crease in the velocity of the wave of activation, and, consequently, in the
slip velocity for the fault surfaces. Change in the sliding regimes depend-
ent on the fault parameters occurs from 10 s (¢=0.04, y=0.1)to 45 s (=
0.01, y=0.1).

18.6 Effect of Periodical Change of Friction in the Fault

Evolution of velocity V, of the wave of activation in the fault depends on
the friction parameter ¢ . This parameter has a periodically changing com-
ponent ¢, that corresponds to the regime of the cyclic perturbation contri-
bution in some segments of the fault. Then the parameter « in Eq. (18.1) is
transformed in & = o+ sin(z/n), where g, @, 17 are some constants.

Results of computation of Eq. (18.1) at o(7) = 0, 1 = 10°, for varying
a, oy, and 7, show (see Fig. 18.4) that the maximum of velocity V, is at-
tained at # = 2-8 s from the perturbation moment, the time interval within
which ¥V, corresponds to a slip 1-5 s. In fact, in real faults the sliding time
is a value of the order of seconds at large earthquakes (Carlson 1991).

V. [m/s]
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Fig. 18.4 Evolution of velocity V,, of wave of activation for different parameters
of the state of contact for curves: (1) ap = 0.02, oy = 0.09, y=10.9; (2) o = 0.09,
a; =0.09, »=0.9; (3) =0.01, ¢, =0.01, y=0.9;, (4) o =0.01, o = 0.01,
y=0.1;(5) a=0.02, &, =0, y=0.9

If the inhomogeneity parameter is constant, y = 0.9, the maximum value
of V, is registered at the same time moment, but curves 1, 2 and 3 differ in
amplitude: the minimum value of V,, corresponds to the maximum friction
parameter o (Fig. 18.4). Curves 3 and 4, computed at different y and equal
to o, oy, at the time moment # = 30 s are merging and become indiscernible
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further. It also follows from Fig. 18.4 that with increasing y the maximum
value of V, is attained much earlier. At small ay and ; (curves 3 and 4)
the velocity V, is attenuating gradually to zero. At the higher values of
and ¢ (curves 1 and 2), V, acquires the periodical regime with velocities
close to those of quick deformational waves reaching 1-10 km/day
(Nikolaevskiy 1998). Evolution of ¥, is represented by curve 5 without pe-
riodically changing additional friction (¢; = 0). This computation corre-
sponds to a single generation of the solitary wave with transition of the
system in the “fault is locked” regime.

Figure 18.4 shows that periodical generation of waves of activation with
the velocities commensurable with those for the deformational waves is
possible only under a certain state of the contacts of fault surfaces, that is,
a combination of the friction and inhomogeneity parameters.

From this it follows that Eq. (18.1) can be applied for modelling of the
seismic process at the appropriate choice of the corresponding parameters.
Similar cyclic changes in the slip velocity and displacement in the fault
zone were obtained due to periodical variations of stress (Dieterich 1987)
and pore pressure (Sleep 1995) in the models of unstable sliding.

The increase in amplitude ¢ of the periodical friction component leads
to a decrease in the maximum velocity value v of the seismic slip in the
fault if other parameters of the model are constant. On the contrary, the in-
crease of inhomogeneity parameter y, which characterizes “cohesion” of
the fault surfaces, causes the amplitude increase of velocity vy, of the
seismic slip.

18.7 Effect of Periodical Change of External Load

Seismoactive faults undergo permanent external initiation effects of stress
changes due to Earth tides, deformational waves from earthquakes or hy-
drological factors. Being active, these faults can generate oscillations, thus
affecting other faults. Initiation of seismic slip may start because of inho-
mogeneity of physical properties along the faults due to constant external
load.

We will simulate initiation of external load on the fault by including in
Eq. (18.1) another periodical function o(7) = oy sin(£2zr), where o and 2
are the dimensionless amplitude and frequency of the external load, the
friction parameter « being constant. The instable slip being not affected by
the external load, following (Sobolev et al. 1995), will be further called a
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natural slip, while that initiated by the additional periodical external load —
the initiated one.

The profile of velocity V, of a solitary wave (curves 2 and 3) propagat-
ing along the fault differs sharply from the profile of velocity in the case
with the natural slip (curve 1) (Fig. 18.5a). Within the initial part of veloc-
ity curves V, the shape of the curves coincides for all the cases, but it has
significant distinctions after the velocity maximum is attained. At higher
frequencies (curve 3), V, represents a periodical curve simulated by a de-
scending part of the velocity curve V,, which is computed in the absence
of the source of external load (curve 1). The low-frequency (2= 0.1) ex-
ternal load causes smoother changes of V,, and the internal friction in the
fault is not capable of compensating to the full extent the influence of the
external load (Fig. 18.5a).

It follows from Fig. 18.5b that the first initiated slip occurs earlier at any
frequency of the external load as compared to the natural one (curve 1).
For this version of the computation, the time interval A7 between V"
and vy, is larger for the natural slip (curve 1) than for the initiated one
(curves 2 and 3). This time, the interval increases with increasing fre-
quency of the external load. The maximum velocity values of the wave of
activation V,, as well as those of slip velocity vu.x , correspond to the
minimum frequency of the external sinusoidal load (£2 =0.1).

The time delay of the initiated dynamic slip decreases with increasing
amplitude of the external load (Fig. 18.6). This agrees well with laboratory
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Fig. 18.5 Evolution of velocity of wave of activation V, (a), and slip velocity v
(b) at natural (1) and initiated (2, 3) slips. Parameters: o= 0.04, y=0.9; o, =0 and
=0 for curve 1; oy = 0.01 and 2= 0.1 for curve 2, gy = 0.01 and 2= 1.0 for
curve 3
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Fig. 18.6 Change of velocity of initiated slip v at constant frequency of external
load 2= 1.0 and different amplitudes of load oyp. The dot-dash line — natural slip
velocity profile. Parameters: o =0.04, y=0.9

(Sobolev et al. 1991) and field (Ruzhich et al. 1999) experiments. A
number of slips occur instead of one slippage, and the velocity amplitude
of the first slip is the maximum one. The slip velocity amplitudes and the
time intervals between them are not equal. The values of velocity maxima
coincide for almost all these seismic slips. The slip velocities are weakly
dependent on the amplitude oy of the external load (Figs. 18.6 and 18.7).
The number of slips is proportional to the amplitude of the load. The num-
ber of slips increases with an increase in the frequency of the constant
sinusoidal load, while the time interval between the successive slips
decreases (Fig. 18.6). This also coincides with the experiments (Ruzhich
et al. 1999, Sobolev et al. 1995).
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Fig. 18.7 Dependence of slip velocity maximum vy, in the fault on the frequency
0 (op = 0.1) and the amplitude oy (£2 = 10) of the external load. Parameters:
a=0.04, y=0.9
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A decrease in the frequency of the external load (2 leads to a significant
amplitude increase in the slip velocity (Fig. 18.7). This is of particular im-
portance if we take into consideration that the process is starting to be ex-
tremely sensitive to the external load at the final stage of earthquake prepa-
ration. Thus, we can consider the external load on the fault as an
amplification of the wave of activation by the deformational waves with
different frequency, radiated by an impact, explosion or earthquake.

It follows from the computed characteristics of the slips with different
physical and mechanical parameters of the fault that the intensity and am-
plitude of the velocity of the initiated slip depend on the state of contacts
of fault surfaces.

18.8 Conclusions

1. The generalized sine-Gordon equation can be applied for modeling
peculiarities of fault dynamics. In fact, contribution of perturbation in the
sine-Gordon equation in the form of friction and inhomogeneities leads to
the solutions of the solitary-like waves that can be interpreted as the waves
of fault activation.

2. The value of velocity for these waves regulates the sliding regime in
the fault. The value of v, of the wave of activation increases with in-
creasing velocity V, of the wave. The slip velocity increases sharply for
the wave velocity V, of 1 m/s and higher, and the values of displacement u
are compatible with the displacements of the fault surfaces that are ob-
served for earthquakes.

3. At definite values of friction and inhomogeneity parameters, « and ,
the solitary wave “acquires” the stationary regime with the values of
Vo~ 10*-10" m/s or 10 km per day that correspond to the deformational
waves. Earthquakes may be a source for deformational waves. These
waves, migrating along the fault, may trigger the subsequent seismic
events.

4. Periodical changes in the friction parameter in the generalized
sine-Gordon equation (18.1), which models, for example, the weakening of
the fault due to cyclic fluid flow, lead to a periodical generation of waves
with the velocities characteristic of the observed deformational waves.

5. External periodical loading is the effective mechanism of the initia-
tion of unstable dynamic slip. The external high-frequency load is probable
to initiate the fault activation, but it does not provide periodical generation
of the deformational waves and manifestation of seismic slips, as in the
case with the cyclically changing friction inside the fault.
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6. It is just the frequency of external loading that influences mainly the
intensity of fault initiation, that is, the value of vy« and the time interval
between them. The amplitude increase of the sinusoidal external loading
leads to a reduction in the time delay of the initiated stick-slip.
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