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ABSTRACT ' ,

The apparent randomness in patterns of earthquake
activity are modeled using a quasi-static, truss-fault block
énalogy of earthduake occurrence. The earthquake belt is
modeled utilizing a series of fault blocks which are initially
subject to a set of randomly generated stresses. The model
indicates that fault blocks along a seismic belt can expe-~
rience either enhanced or suppressed seismic activity imme-
diately after andlduring the years that follow a modeled
earthquake. However, the regions that adjoin the block
which has experienced a modeled earthquake, are primarily
.affected by the enhancing or the suppressive effects of a
modeled earthquake.

Seismic gaps are attributed to the complex interaction
bétween fault blocks and the manner in which modeled earth-
quakes redistribute forces to an elastic truss, which repre-
sents the oceanic lithosphere. Due to the enhancing and
suppressive seismic effects, seismic gaps within the model
are filled by earthquakes that occur in a different order
from one modeled earthquake cycle to another. Thus the
truss-fault block model produces a semi-random pattern of
earthquake occurrence, although there are similarities bet-
ween modeled earthquake cycles. Model behavior is not
unlike the space-time distribution patterns observed in

nature.



Owing to the semi-random character of the medel, the
recurrence interval within each fault block is differeat
and the recurrence interval changes from eycle to cyele.
Also the recurrence interval increases I1f a fault block is
interrupted by the suppressive effects of earthquakes in

adjacent areas.
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INTRODUCTION

it has long been recognized that great earthquakes oc-
cur along several active seismic belts, the most obvious
earthquake zoné being the Ring of Fire. One of the most
noticeable characteristics of great earthqnakes is that they
recur in the same areas within time 1ntervals of several tens
to hundreds of vears (Sykes, 1971; Kellieher et al., 1973).
This interesting feature has been employed by a number of
investigators as a primary constraint ?hen mbdeling great
earthquakes (Savage and Prescotf,'1978; Turcotte et al., 1979;
Ito, 1880; Shimazaki and Nakata, 109B0). By utilizing earth-
.gquake models irvestigators try to, understand the mechanisms
- of great earthquakes and to account for earthquake periodicity
and regularity. Xnopoff (1971), however, has criticized this
approach, and he believes that earthquakes are statistically
random evénts. Although this is true for earthquakes of small
to large magnitude, most seismoclogists point to the existerce
of regularities in the return pattern qf great and very large
earthguakes (Sykes, 1971, 1972; Kelleher, 1973; Ito, 1980).

Based on Burridge and Knopoff's (1967) simple dynamic
model of coupled mass or fault blocks, Cohen (1977, 1979)
generated 2 complex and apparently random seguence of modeled
earthquakes, For example, a Tandom space—timé earthquake
sequence can be produced by randomly distributing a friction

parameter applied to each fault block. Cohen concluded that



the periodic reoccurrence of similar type events is observed
in cases where the parameters of the fault and the fault
blocks are nearly homogenéous from location to location withina
an earthquake model. Seismic gaps are more likely to occur
where there are large variations in the elastic or frictional
parameiers of a modeled faunlt =zone, Ito'(1980), however, has
proposed an electric analogue model of éoupled fault bloéks
thathreproduces nonperiodic behavior of seismic events without
igtroducing a heterogenecus friction pgrameter into the model.
He embhasized that interaction between seismic events may
play ap important role in causing the apparent random behavior
of earthquake occurrence. He als? showed that interaction
between fault blocks may contribu;e to the partial release
of seismic energy particularly in blocks adjacent to a block
which has experienced a modeled earthquake. This suggests a
suppressive effect of earthquake occurrences in adjacent blocks,
an effect which should suppress seismic migration (Mogi, 1968a}.
Altbough the mathematics and the logic of Yto's electric ana-
logue model is rather complex, it suggests an alternative
mechani.ém of generating seismic randomness without resorting
to an inhomogeneous fault Iriction parameter.

In this thesis I present a quasi-static, truss-fault
block earthquake model to study the apparent random bebhavior
of earthquake cccurrence. ﬁxpanding on Ito's work, I will

show that a semi-random earthquake sequence can be generated



by a simple deterministic model, without making any use of
variable mechanical factors such aé time-dependent fault
friction. This study will concentrate on modeling the great
earthquakes which occur along subduction zones, as these
earthqu;kes have been shown not to be completely random but
exhibit at least é@me spatial and témporal regularities

' (Sykes, 1971, 1972). 1In addition, gfeat thrust féu;t earth~
quakes fénd to occur.within ce?tﬁin restricted "zones and can,
thexrefore, he modeled in two.dimensions, utilizing a truss-
fault block analogue. Although highly idealized models may
not yield adequate representations of naturally occnrring
‘eévents, more realistic models tend to be so complex in detail
as to obscure the physical significance of the mddei. Thus,
the~modé1 employed in this study may not be the best of all
possible earthquake models, 1t does, howéver, modei fault
block interactions, it employs a rélntively simple"mdthematical
development, and it permits an analysis of the complex coupling
between adjoininé fault blpcks allowing a determination of the
mechaﬁisms which cause strain accumulation within each medel
element. Perhaps the most interesting feature of the model is
that it generates 2 semi~random space-time distribution pattern
of preat earthquakes from a phyéically homogeneous yet deter-

ministic fault model.



SEISMIC GAP THEORY

Fedotov (1965)'was the first seismologist to envision
the concept of a seismic gap. From a plot of the focal zones
of great shallow earthquakes located along the Japan-Kurile-
Xamchatka arc, Fedotov notlced that there were several gaps
in the selsnic activity. These gaps ha& not ruptured for
manyiyears and thus were the most probable sites for future
large eirthquakes. Since the time of Fedotov's initial study
in 1965, great earthquakes occurred within the seismic gaps
on May 16, 1968 (M =8,2), on August 11, 1969 (M =8.2) (Kanamori,
1977), and on Deéember 15, 1871 {(M=7.8) (Kelleher et al., 19873)
(Fig. 1). ' |
Furthermore, Mogi (1968b) realized that the aftershock
zones of great earthquakes filled the circum-Pacific seismic
belt without significant OVeflap. In addition, Mogi found
that great earthquakes migrated along and successively filled
the seismic belt, and that the seismic gaps were filled by
great earthquakes without appreciéble'overlap (Mogi, 1969).
Utilizing seismic gap theory, Hogi (1962) studied the focal
regions of large earthguakes along the coastal areas of south-
eastern Japan and correctly predicted the location of a great
earthguake on Angust 13, 1969 (Mw=8'2)’ Additional work has
beer conducted by Kelleher et al. (1973). They examined the
most active portions of the plate margins and found that these

regions were filled by the rupture zones of large shallow



earthguakes. They also successfully predicted the site for
an earthquake which occurred in the Yakataga gap, a part of
the Alaska@leutian seismic zone.
By examining the spacé-time di;gram shown in Figure 2,
Kellehex et.al {1873) realized that tectonic strain had been
accumnlating iec the gap since the last great earthguake .
occurred in the Yakatags region in 1899. On February 28, 1879,
the eastern part of fhe gap experienced the MS=7.7 Saint Elizs
earthquake (Fig. 3). Only a small part of the gab has been

filled, and thus their results strongly suggest the possibility

‘of another great shock filling the remaining area of the gap

.within the very near future. Although the seismic gap theory

can not predict the exact time of future large or great earth-

. quakes, the theory delineates the future sites of earthquakes,

and énhances our uanderstanding of the mechanisms involved in

earthquake recurrence and seismic migration.



FAULT BLOCKS ' :

In Fedotov's early work (1985), he noticed that the focal
areas of gre;t earthquakes were spatially bounded and empha-—
sized the sharp lateral termination of eacﬁ focal zone, Uti-
lizing seismic gap theory and aralyzing the paiterns of seis-
mic nigration, a_humber of other seismologists concluded that
the seismic belts secem to be composed of a series of fault
segments which terminate laterally (Fig. 4) (Mogi, 1968a,.1968b;
Sykes, 1971{ Kelle#er,et al,, 1973; Apderson, 1975; McCann et
al., 1980; Sykes et al., 1980; Davies et al., 1981)., For exam-‘
ple, fo explain the very sharp limits of obsexrved aftershock
~activity following the 1965 Rat Esland earthguake (Mw=8.2) in
the Aleutian Islands, Jordan et al. (1965) proposed that the
earthqnéke Zone was segménted into a series of block-like
regions, They were also able to correlafe the bounﬁaires of
aitérshock activity to transverse geological structures. Mogi
(1968a, 1968b) was the first to recognize that many focal zones
terminated along transverse features and Kelleher et al. (1973)
have come to the similar conclusions.

By utilizing evidences Irom both seismology and volca-
nology, Carr et al, (19873, 1874) and Carx and Stoiber (1977)
presented a segmented structural model to explainr changes in
seismic and volcanic activity along the central American con-
vergent plate margin. They summarized that this continenfal

margin is broken by transverse structures and that each



structural segment (i.e. fanlt block} is a few hundred

kilometers long (Fig. 5).



TRUSS-FAULT BLOCK ANALOGY

In this study, a convergent plate margin is divided

| into three regions; an oceanic lithospheric region which
loads the plate margin, a zone of stress drop that charac-
terizes the regions of large and great earthquakes, ard a
relatively stable region, the continentél lithospheric plate
(Fig. 6,7). According to this interpretation the seismic

zone experiences relatively large sfrain variations, whereas
the surrouﬁding lithospheric plates are subject to relatively
small internal deformations during the years separate large or
great eérthquakeé.

Due to the strong geologic, seismologic, and volcanologie
evidence suggesting that earthquake zones are partitioned iﬁto
block-like regions, a modeled seismic belt will be studied
using a truss-fault block analogy (Fig. 6). In the truss-
fault block analogue of earthquake occurrence the seismic
- zone is segmented into a series of externally connected blocks
that are independently linked to an elastic truss (Fig, 7).
Thus each block supports a different level of stress and strain
which varies from block to block. Xach individual fault block
(Fig. 8) can be subject to an imposed stress drop in the form
of a modeled earthquake, and the fault block deforms viscoe-
lastically during the period of time which divides modeled
earthquakes.

The oceanic lithosphere is modeled using an elastic



truss which is uniformly loaded by constant forces (FT) ap-
plied to the left edge of the truss (Fig. 7,8). In nature
the oceanic lithosphere should be.Snbject to. elastic defor-
rmations which warp the regions where the oceanic plate loads
the plate margin. This ﬁarping of the ocearic plate is
caused by the release and the recovery éf stress within the
seismic zone. Therefore, ar elastic truss should model the
type of deformation fhat is to be expected in rature.

The seismic zone is composed of individual fanlt block
elements (Fig. 7) that experience large deformations between
earthguakes. This zone is divided into two sections,'an upper
;elastic zone which is subject to stress drops énﬁ a lower
viscoelaétic zone which is continucusly creeping (Kasahara,
-1975; Thatcher, 1975a, 1975b; Scholz and Kato, 1978). Thus,
the.total deformation to be experienced ﬁy the fault blocks
is both elastic and viscous (i.e. viscoelastic), I1f the
upper portion of the fault block behaves accordiqg to Hooke's
Law and the lower portion of the block in both an elastic and
Newtonian viscous manner, then the total deformation 1n the
seismic zone behaves as a standard lipear solid (Ramsay, 1967;
Fliigge, 1975; Findley et al., 1976; Bischke; 1981). The
standard linear solid element which describes that typé of
deformation considered here, is composed of an upper elastic

spring in parallel with a lower elastic spring and viscous
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dashpot in series (Fig., 9). In this study the continental
lithosphere is taken to be perfectly rigid body experiencing
no internal deformations, i.e. the deformations at the plate
margin 6ccur entirely within.viscoelastic blocks and the
elastic truss. .

As the elastic truss represents the converging oceanic
lithospheric plate (Fig. 7), the level of strain within each
fault biock is not totelly independent of the amount of strain
ir the adjoining fault blocks. Thus, the manner in which each
fault block degormé depends primarily upon the amount of
strain within several adjoining fault blocks. ZEach fault

';block is complexly linked to its‘géighbouring bloeks through
the elastic truss, and thus the fault blocks mutually interact
depending upon the level of strain within each block, " For
example, if a modeled earthquake occurs in one fault block, a
stress. drop will be generated within the block due to the
release of elastic strain energy. A portion of the strain
energy lost by the block experiencing a modeled earthguake is
transferred to the elastie truss, causing the truss to deform
(i.e. warp) along its length and the adjoining blocks to
support more of the externally'applied load. The deformation
in the truss due to the earthquake will be 1arger' in those
blocks adjacent to the block whieh bas experienced the modeled
earthguake, and the deformation will diminish along the entire

length of the truss.
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In some models of earthduake occurrence, the effects of
an earthquake are primarily local. (Anderson, 1975; Savage
and Prescott, 1975; Shimazaki and Nakata, 1980)., In Ito's
(1980) electric analogue model and the truss-~fault black
apalogue model, the effects of a modeled local earthquake
are distributed along the entire 1eﬁgth.of the modeled
earthguake belt, although the adjoining fault block eiéments
are more affected. Even though each fault bl&ck is.laterally
discontinuous relative to adjoining fault blocks, the manper
in which the forces are transferred between the truss and each‘
-.iault block element must be somewhat analogous to what existé
;in nature. A precise description.of hqw this loading force

redistribution is accomplished is discussed in Appendix A.
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MODEL FORMULATION AND PROCEDURES

In order to model the repetitive patterns of stress
release and accumulation inherent in the earthquake cycle, it
is necessary to discuss the mechanisms responsible for-plafe
motion, particularly the origin of the driving force or fofcest
According to plate tectonic theor&, the. outermost poptions of
the earth are composed of lithospheric plates whicﬁ exhiﬁit
elastic behavior. At depth, high temperatures cause the fock
to behave in a viscoelastié fashion, and thus the plates move
over a viscous like asthenosphere {Savage and Burford, 1970;
‘Turcotte and Spence, 1874). If has been shown that the -
«largest forces acting upon the plates originate at the tren-

. ches (Forsyth and Uyeda, 1975; Cappel and Tullis, 1977). This
slab-pull force, as defined by Forsyth and Uyeda (1975), ean
be resolved intoc a horizontal force whicﬁ loads the oceanic

" lithosphere in a direction that is perpendicular to the plate

boundaries. In ?igure 7 the force FT acting on the truss is

the horizontal resolution of the slab-pull force or any other

. forece which loads thé litﬁosphere. As shown in Figures 8 and

9 the force Fn, which results from the force FT, acts alpng

the right hand side of the truss. Force Fn is then resolved

into forces FG and Fu which act within each fault block.

Porce PG loads the upper locked section and force Fu loads

the lower creeping section of each fanrlt block (Fig. 2). Thus

the truss which models the elastic¢ oceanic lithosphere loads
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each fault block zlong the entire length of the fault zone.
The length of each truss element is arbitrarily assigned
value of 800 Km as shown in Figure 7. Therefore, the rupture
length.for an earthgquake is 300 Km and the short term elas-
tic thickness of lithosphere is about 100 Km (Fig. 7). In
the model (¥Fig. 8) the total force (FT).ig constant and is
uniform}y applied to each truss joint along tﬁe oceanic side
of the modeled 1itho§phere. The force Fn applied to each
fault block is resolved according to procedures. described in

Appendix A. hs.each fault block behaves in a viscoelastic

manner (Flg 9), the time-depenrdent behavior of- the model is

ﬂdetermined by the methods outlined in Appendix B.
‘ Once the truss is subject to the loading force FT and
randam initial stresses are applied to each fault block using
a r#ndom number generator (Pig. 10), the stress and strain
start to accumulate uqtil the failure stress level is reached.
It is assumed that the failure level within each blﬁck is
uniform and that failure occurs at 1000 bars. Even with this
assumption the cyclic pattern of modeled earthquakes will be
semi-random. When the accumulated stress exceeds the failure
level, the block is subject to an imposed stress drop, here
taken to be approximately 30 bars, and a modeled earthquake

is triggered. By solving eguation (Al2) of _Ependix A the

redistributed forces (Fn) which lcad the fault blocks along
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the length of truss are determined, and the suppressive or
enbancing effect of redistributed forces (Fn) is applied to
every fault block. In the model those fault blocks which
adjdin the fault block which experienced the imposed stresé
drops are primarily affected by the force redistribution.
After a modeled earthguake, the stress and the strain in
each fault block accumulate until the stress reaches 1000
bars, snd the next earthquake is triggered. |

Although a truss maﬁ not be the best possible analogue
of the oceanic lithosphere, it does model the‘elastic charac~
ter inherent in the oceanic lithosphere. Most of all, it
“offers a media in whick to transfer forces from block to block
and simulates the effects that an earthquake should have upon
the oceanic lithosphere. In order to simulate the natural
situation, each fault block is iritially subject to randomly
generated stresses (or stiffnesses) (fig. 10). This procédure
generates a random distribution of earthquake occurrence along
the modeled seismic belt, which is similar to the patteras
observed in nature. The parameters used in the model are

listed in Table 1.
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FORCE REDISTRIBUTION SURROUNDING A MODELED EARTHQUAKE

Initially the earthguake model is subject to randomly
‘generated forces (Fn) which act along the right hénd edge of
the truss. This procedure subjects the fault blocks to &
randoﬁly distributed set of displacements or stresses that
range in value from 952,5 bars in block-24 to 981.5 bars in
block 46 (Fig. 10). After the fault blocks are loaded by
the random stresses, thé'stress'within each block accumulates

incrementally according to eguation (86) of Appendix B. When

~ the accumulating stress within a block exceeds the failure
threshold, here assumed to be 1000 bars, the block is subject
“to an approximate 30 + 1.0 bar stress drop. The failure |
stress and the stress drop within each block are assumed to
be uniform throughout the model.

Yhen = modeled earthquake occurs, the adjacent blocks
are primarily affected, and the resulting force disturbance
dies out along the entire length of the truss. The resultant
force redistribution is computed by equation (A12) of Appendix
P | ‘ |

The following discussion describes how this force re-
distribuvtion occcurs. Figure (11) shows that the stress in
block 26 has reached 1000 bars and, therefore, =z modeled
earthquake is triggered in this element (Fig. 12)., After
impbsing a 30.2 bar stress drop inblock 28, Figure (13) gives

the results of the force redistribution at the end of the
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modeled event. Figure (13) summarizes the efiects of a
modeled earthquake inr block 26 upon the other fanlt blocks,
and illustrétes the overall net effect of the force redistri-
bution. The effect of an earthquake in blbck 26 1s to
increase the stress in blocks 24, 25, 27, 28, 0,068 bar,
3.00 bar, 3.03 ﬂar, and 0.072 bar, rgspéctivély. The force
redistribution diminiéhes very gquickly away from the failed
‘block, increasing the stress in the four elements that adjoin
block 26 and reducing the stress in the remaining or more
distant elements (Fig. 13). . . .

Ito's (1980) electric analogue model produced very
¢éimilar(resu1ts. Ito's states that the short-term effect 0?
a modeled earthquake is to increase the energy in those
elements zdjacent to the element which experienced the
modeléd earthguake, while the- energy in distant element
decreases. Thus a mo&eled carthquake has the immediate
effect of enhancing earthquake activity in adjacent blocks
while suppressing earthquake activity along the remaining
portions of the modeled seismic belt. This effect may cause
the'immediate triggering of large or great earthquakes along

the earth's seismic belts.
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EARTHQUAKE TRIGGERING AND MODEL

After a modeled earthgquake, the force redistribution
(Fig., 13) has the effect of increasing stress levels in
neighbou?ing blocks, enhancing their seismic activity, while
decreasing the stress leféls in the_remainihg blocks, thus
suppressing seismié activity along the remaining portions of
the modeled seismic belt., Evidently the blocks surrounding
the site of a modeled earthguake have a greater potentia}
of experiencing a modeled earthguake, particularly if the
stress in the adjoining blocks is very near the failure
stress, . '

The following discussion details bow a modeled earthguake
either enhances or suppresses modeled seismic activity. In
Figure 14 a modeled earthquake occurs in block 27. Notice ’
that the stress level in blocks 8, 11, 18, and 28 are very
close to thé threshold stress of 1000 bars. Since block
28 ‘is adjacent to the failed block 27, and is within the
| region affected by the enhancing effect, a modeled earthquake
is immediately induvced in block 28 (Fig. 195), even though
the stress levels in blocks 8, 11, and 18 are highexr than the level
in block 28 (Fig., 14). On the other hand, the stress level
in bleck 18 is suppressed by 0.0003 bar (compare Figs. 14 and
"15). As blocks 8 and 11 are too far away from block 27, the
stress qhanges are minor. '

If, after a modeled earthgquake, the stress levels in
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those blocks influenced by the enhancing effect are mot high
enough to immediately exceed the failure level, then a
suppressive effect influences earthquake activity in the

zones which experienced the enhancing effect, %f.e. in the
years following a modeled.earthquake, there is a small stress
drop within the blocks where were enhanced by the earthquake.
For example, the earthquake that occurred in block 26

. (Fig. 11) did not raisé the stress level in the adjacent
blocks to the failure stress (1000 bars) (Fig. 12}. However
in the two year time interval following the modeled earth-
quake in block 26, the stress level in blocks 25 and 27 are
“gsuppressed by 5.42 and 5.49 bars,’ respectively (compare Figs.
12 and 16). The suppressive effect in blocks 25 and 27 in the
two years following a modeled earthquake is illustrated in

. Figure 17, Tkis result is consistant with Xto's (1980} long-
term effect, i.e. the long-term interacfion between fault
segments is to suppress the mext main event in adjacent
blocks.

Therefore, in the years immediately following a modeled
earthquake the regions experiencing the enhancing effect will
experience suppressed seismic activity, provided that the
enhancing effect does not immediately (or very shortly)
trigger a modeled earthquake. Furthermore, those regions
at a distance from the failed region which are slightly

suppressed by the modeled earthquake will be slightly
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enhanced during the years which followed a modeled
earthguake.

Apparently the regions adjacent to an area which
experiences an earthquake will ﬁave a higher probability
of experiencing an earthquzke very shortly, but only if
the elements are very near the failure stress. The compli-
cated interaction of_fault blocks discussed above may very
possibly produce the random seismic activity inherent in the

circum-Pacific seismic belt.
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‘SEISMIC GAP HODEL

According to seismic gap theory {(Mogi, 1968b}, great
earthgquakes tend to fill in seismic belts without significant
overlap. This means that during one earthquake cycle most of
the fault segments along the seismic belt should fail at
least 6nce, and that the reﬁaining unfailed segments are
categorized as seismic gapé. Figure 182 diagrams the failed
and unfailed fault blocks near the end of the initial random
stress distribution pattern. There are eight unfailed blocks
or seismic gaps; blocks 12, 17, 19, 24, 25, 31, 35, and 43;
each gap represents.a poteptial site for a future earthguake.

Irn subsequent years these gips are filled in, one by one
in the following order, blocks 25 & 43, 24,.17 & 35, 19, 31,
and 12,.re3pectively (Fig. 18b-g). Figure 19 illustrates the
stress distribution pattern very near the begirring of the
first modeled earthquake cycle. Near the end of the first
modeled earthquake cycle, seismic gaps exist in blocks 12, 17,
24, 31, 35, 38, 490, ;nd 43 (Fig, 20a), and these gaps fill up
in a different order from that of the initial patiern. Now
the order of modeled earthquakes f£illing the gaps at the end
of the first cycle is 24, 38, 40, 35 & 43, 31, 17, and 12
(Fig. 20b-h). Figure 21 is near ibhe beginning of the seconad
cycle. During the second cycle the earthquake return order
is 25, 38, 31 & 40, 35 & 43, 17, and 12, and the order of the

third cycle is 25 & 31 & 38, 35 & 40 &43, 17, and 12.
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Figures 22 and 23 show the space-time distribution patterns
near the ﬁeginnings of the third and fourth cycles.

By comparing Figure 18a aﬁd 20a, blocks 4, 14, 15, 19,
22, 27, 28, and 39 are enhanced (accelerated), and blocké
11, 13, 17, 30, 32, 34, 385, 36, 42, 43, and 44 are suppressed
(deacdelerated). The tendancy of blocks to be accelerated or
deaccelerated results from the complex interéction between the
truss and fault blocks via the f&rce redistribution Function

{equation (Al12), Appendix A),i.e. the Tandom initial stress

(or stiffness) distribution within each fault block causes

some fault blocks to be enhanced and other to be suppressed

L,
- e

"by the model.
Cohen (1977, 1978) has attiibuted seismic gaps to large
variations in the elastic or_frictional parameters of a
modeled fault zone. However, in the truss-faulti block
analogy model, seismic gaps are attributed to the complex
interaction between fanlt blocks anrd the meanner in which
modeled earthquakes redistribute forces to the elastic truss,
The manner in which fhis stress redistribution occurs, depends
upon the interactive effect of the elastic stiffness of each
fault {(foundation) block., In general, stiffer or unfailed
fault blocks support more strain energy (or stress) relative
to the less stiff or failed blocks, whereas the failed fault
blocks support less strain energy and transfer this strain

energy to neighboring unfailed blecks.
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SEMI-RANDCMNESS IN THE PATTERN OF EARTHQUAKE OCCURRENCE

The truss—-fault block model is initially subject to
a set of randomly generated siresses and Figure 10 shows
the initially random stress distribution pattern. According

to equation (B6) of Appendix B, the stress within each block

accumuiates incrementally.‘ After all ¢ the fault blocks
- have experiénced 2 ﬁodeled earthquake, the néxt complete
earthquake cycle begins (Fig. 19, 21, 22, 23), and the
stress distribution patterns are similar to the initial
pattern shown in Figure 10, However, due to the enhancing
and suppressive effects discussed in the previous sections,.
“the stress distribution patterns are not identical.

If subsequent stress distriﬁution patterns are totally
unrelated to the previous pattern, then there will not be any
regularities between the first and the second complete earth-
quake cycles. On the other hand, if the second pat?ern is
exactly identical to the initial pattefn, ther predicting the
future sites of great earthquakes would be trivial exercise.
However, both of the cases hypothesized above are contra-
dictory to what is observed in nature, The truss-fault block
model of earthguake occurrence lies somewhere between these
two extremes, and generates a semi-random space-~time earthquake
distribution patterﬁ. Figure 24 and 25 represent two earth- |
quake space-time -distribution patterns using two different

sets of randomly distributed initial stresses. - The figures
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illustrate two space-time diagrams for the first four
modeled earthquake cycles. The sequence of earthguake
patterns is similar from cycle to cyéle, although the
amount of stress within each fault block may change, i.e.
the amount of stress either beipg higher than or lower
than the amount of stress in previous or subsegquent earth-
quake cycles.

However, there exists regularities in the semi-randon
patterns of earthquake occurrence (Fig; 24, 25), which are
very similar to the space~time distribution patterns observed
in nature. Although the truss-f£ault block model is very
“idealized, the model simulates the natural patterns of earth-

quake occurrence.
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RECURRENCE INTERVAL OF THE TRUSS-FAULT BLOCK ANALOGY

The recurrence interval of modeled earthquake is
controlled by several factors such as the amount of stress
drop and the effective viscosity of the creeping portion of
the :ault zone. However, in this study the amount of siress
drob is held approximateiy constant and thus the effective
viscosity primarily controls recurrence times, as it controls
the rate of stress transfer from the lowexr creeping section
to the upper locked section of the modeled fault blocks.,

Equation (B6) of Appendix B demonstrates that the larger the

effective viscosity? the smaller the displacement rate, the
"“jower the rate of stress transfer from the lower creeping
section to the upper locked section, and thus the longer the
recurrence interval; i.e., the recurrence interval is propor-
tiona) to the effective viscosity.

Given the conditions listed in Table 1, the recurrence
interval for the first modeled earthquake cycle (Fig. 24)
ranges from 96 years in block 19 to 130 years in blocks 12,
38, and 44. For the secornd, third, and fourth cycles, the
recurrence interval varies from 76 years in blocks 19 and 24
to 130 years in blocks 20, 32, and 34, from 84 years in block
8 to 140 years in block 26, and from 80 years in block 19 to
148 year in block 20, respectively (Fig. 24). This range of
values for the recurrence interval is similar to recurrence

intervels for the Nankaido area of Shikoku, Japan {(Imamura,
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1928), =and suggests that, to the first approximation, model
parametexs were properiy chosen,

Table 2 gives the recurrence intexrval in each block
during the different earthguake qycles. The average
recurrence interval of the first, second, third, and fourth
cycles are 121 years, 116 years, 122 years, and 121 years,
respectively., Obviously, during the same cyéle, the re-
currence interval vﬁries from block to block, and the re-
currence interval also varies within the same block from
cycle té eycle (Table 2). These differences in the recur-
rence intervals.resglt from the enhancing anﬁ snppiessive -
“affects of modeled earthquake activity, ags was descfibed

previoﬁsly.
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THE VARIATIONS COF STRESS AND STRAIN OF THE TRUSS-FAULT
BLOCK ANALOGY

According to eguation (B6) of Appendix B, the stress

and the strain accumulate incrementaily. Initially the

ﬁodel was run at ten year time interval until the first

. earthquake was generated. After the first earthquake was
generated, the time interéal is reduced to two years so that
8 more deta?led earthquake-time seguence was produced by the
model. .

Figure 26 and 27 show the incrementally increasing amounts
of stress and strain in block 18. Notice that there are four
.complete’ cycles of modeled earthquake occurrence. For block
18, the first, second, third, and fourth cycles have a recur-
rence interval of 128 years, 122 years, 134 years, and 122

| years,.respectively (¥ig. 26 and 27; Table 2)., Except the
first c}cle, the stress and strain diagrams are inferrupted
once or,osometimes, twice by the suppressive effect of an
earthgquake in the adjoining blocks. This suppressive effect
causes a small étress drop in block 18, and extends the
recurrence interval between modeled earthquakes. |

Even though block 18 is accelerated relative to the
other blocks, the suppressive effects of the adjoining earth-
quakes delays the fourth model earthquake in block 18. Notice
that the rate of strain accumulation is very small and nniform

(approximately 2,22 x 10"14 per second} (Fig. 27)}. Therefore,

the strain accumulation is nearly constant except where the
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curve is broken by adjacent éarthquakes.

Figure 28 is a summation of the total number of earth-
quakes generated by the model. Model results demonstrate
that the initial stress pattern, and the first, second, and
third complete earthquakes cycles end at 176 years, 308
years, 432 years, and 560 years, regpecxively (Fig. 19, 21;
22, 23, 24). However, on Figure 28, there is no oﬁvious
distinction between fhe diffe;ent earthquake cycles. Thus,
the accumﬁlative earthquake curve (Fig:. 28)} is approximately
a straight line, and the number of great earthquakes generated
each year is roughly constant. However, the curve does not
“repeat the same pattern from cycle to cycle, indicating that

the model generates a semi-random earthguake-time sequence.
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"CONCLUSION

It has been shown that a simple truss-fanit block model
can produce semi-random patterns of earthgquake occurrence
without resorting to a varizble fault friction parameter
(Cohen, 1977, 19279). Thus, the truss-fault block model
suggests an alternative procedure for studyipng the apparent
randomtess inherent in the earthguake cycle. Model results
seem fundamental to the understanding of earthquake mecha-
nisms. ~

It is the contension of this study that following a very

_ large or great earthquake, a force redistribution function
“primarily affects the regions adjoining the source areas of
an earthquake, enhancing seismic activity in these regions.
Therefore, the regions adjacent to an earthgquake have higher
probability of shortly experiencing another earthquake, pro-
| vided that these regions are close to the failure stress,

Due to the complex interaction of fault blocks along =z
seismic belt, seismic gaps exist at the end of each complete
earthquake cycle (e.g. Fig. 18a, 20a), and these gaps are
filled by earthquakes that need not repeat the same pattern
from eycle to cycle (e.g. Fig. 18b-g, 20b-h). It seems
reasonable to believe that seismic zones are influenced by
the mechanical effects which are incorporated within truss-~
fault block earthquake model. ?his earthquake model assumes

that there is a force transfer between fault blocks caused by
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the effects of an earthquake and a complex interaction
between the seismic zone of fault blocks and the oceanie
lithosphere. Thus, individual fault blocks and the entire'
. seismic belt may be enhanced and suppressed by the effects
9£ éarthquakes, some regions being accelerated relative to
adjoining regions, others being deaccelerated. This
causes the recurrence interval to vary from region to region,
and from one earthquake cycle to another cycle within a2 par-
ticular fault block. |

An2lysis of Figure 24 demonstrates that sevgyal fault
blocks tend to be triggered as a pair. This results in a
ﬁiarger earthqﬁgke affecting a Iaféer area. Examples of
earthquake pairs occur in blocks 8 & ¢ & 10, 14 & 15, 21 &
22, 27 & 28, and 32 & 34 (Fig. 24). Figure 24 also shows
several cases of earthquake propagation sequences similar
to the earthquake propagation patterns along the Chilean
coast (Kelleher et al., 1973) and along the Aleutian arcs
(Sykes et al., 1980) (Fig. 4). A number of blocks (38, 40,
43) are triggefed conéecutively in time, at 156 years, 160
years, and 164 years, then at 286 years, 288 years, and 292
years, and then at 410 years, 414 years, and 416 years, respec-
tively. Blocks 41, 37, and 34 & 32 repeat this pattern at
114 vears, 1&6 years, and 118 years, then at 242 years, 244
yeafs, and 246 years, then at 368 years, 370 years, and 372

years, then at 498 years, 500 years, and 302 years, and then
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at 626 years, 628 years, and 630 years, respectively.
Regardless of the enhancing and suppressive effects, séme
modeled eartbquakes tend to propagate along the modeled
earthquake belts, an effect which is consistant with the
seismic migration observed ir nature (lMogi, 1968a).
| The prediction of gfeat‘earthquakes is & complicated

subjéct, and aithough the truss—fault block model has the
. potential- of predicting great earthquakes, further studieé
and possible refinements of the model are required. In par-
ticular, the stiffness of the truss is not precisely known.
As the stiffnesé of the truss influences the manner in which
-the truss deforms, and 2s the truss is meant to model the
oceanic lithosphere, the truss-fault block mcdel may not
properly reprodﬁce the force redistribution function in an
-adequate manner. |

The model does, however,  predict that fault blocks which
bave not experienced a model earthqu#ke for many years, have,
in general, # greater potential to fail than fault blocks that
have recently experienced a model earthquake. Thus, the model
supports seismic gap theory. If the amount of stress and
séiifness within each fault block were known, then the truss-
fault block model may adequately describe future earthquake
activity.

On the basis of physical arguments (Ite, 1280; and this

study), it is very likely that fault blocks may experience
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enhancing or suppressive seismic effects, making the model

prediction of great earthquake a very difficult task to say

the least.. It appears likely that natural seismic belts
contain fault blocks that accelerate ahead of other blocks,
while some.blocks lag their neighbors, Tﬁus, this purely
mechanical factor should be taken into consideration when

modeling great earthguakes,
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APPENDIX A-~STATICALLY INDETERHINATE PLANE TRUSS

A truss is composed of consecutive triangles containing ]
pinned joints and m members. JXf the external regctions and .
internal forces are determined by a unique set of equilibriuvm
equations (i.e. the rules of statics), then the truss is stati-
cally detefminate. If, however, the truss has a greater number
of external reactions and/or internal forces than the number of
independent equilibrium equations, then the truss is statically
indeterminate (Den Hartog, 1949; Parcel & Moorman, 1855; Laur-
sen, 19269). The forces which act on the joinis are 1) the
internal member forces, 2) the external loading forces, and
“3) the external reactions. For each joint in a plane truss
there ére two equations, EFx=O, and EFY=0. Thus, for the en-
tire truss we can write 2j) equilibrium equations. The unknown
forces to be determined are the member forces and components
of the reaction forces. Therefore, we can make the following
general statements concerning the relations between j, the
pumber of joints; and m, the number of members; and r, the
number of reaction components.

If (1) 25<m + r, then the number of unknowns exceeds the
eguilibrium equations, and the structure is statically
indeterminate. ‘

If (2) 25=m + r, then the number of unknowns can be obtained
from the 2j equilibrium egnations, and the structure

is statically determinate.
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IT (3) 2j>m + r, then there are an insufficient number of
constraints, and the structure is unstable.

The truss employed in the truss~faﬁ1t block analogy for
great earthquakes is statically indeterminate, or condition
(1) above. In other words, due to an insufficient number of
equilibrivm equations, the unknowns in the earthguake model
can not be uniquely determined by the equilibrium equations
available. However, by utilizing virtual work method of
structural analysis and the concept of redundant forces, the
problem can be solved according to the procedures described
below.

. In Figure 2%, j=13, m=23, gnd r=8, and according to
condition (1) (i.e. 25<m + r), the truss is statically
indeterminate, i.e. there are not enough equilibrium eguations
to determine the unknown member forces and reaction components.
By subtracting 2j from m + r, we find that five more'equations
are reqﬁired to solve the problem, The problem carn be solved
in the following mannef. First, we remove the roller supports
from joints 3, 5, 7, ¢, and 11, and treat the reactions at
these points as redundant forces, After removing the supports,
the truss (Fig. 29b) becomes statically determinate and its
internal member forces and external reactions can representéd
by 2j equilibrium eguations (i.e. condition (2) above)}. By
utilizing the method of joints (Brown, 1967; Laursen, 1969),

211 the member forces, S', can be determined in terms cof the
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externally applied loads. '

Next, a unit load, D3, is applied at joint 3 to determine
the magnitude of the member forces (ua’s) which result from
the applied unit load, Dy (Fig. 29C). In turs, unit loads
DS' D7, Dg, and Dli are applied at joints 5, 7, 9, and 11
respectively (¥ig. 29d, 29e, 29f, 28g). These unit loads

5'3, u7's, ug's, and ull‘s, in

determine the member'forces, u
terms of unit loads DS' D7, Dg, and Dll’ respectively.
Lastly, the deflection at each joint can be determined
by the virtual work method (Parcel & Moormen, 1955; Laursen,
1969). The deflection at joint 3(A;) due to the externally

‘applied loading forces (IFq) is’

A, = -L (% 503y (a1
3 AE :°, 171 g
i=1
where
A3'= the deflection at joint 3 due to the external
loading forces,
= the length of each truss member,
A = the cross-sectional area of each truss member,
E = the modulus of elasticity of the truss,
Si = the force in the ith memwber due to the external .
loads,
3 .th .
u; = the force in the i~ member due to unit load, D3,

applied.at Joint 3.

i = member number designation,
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m = the total number of’members,
1 = the unit loag applied at joint 3.

- The deflection at joint3 (& ) due to all unit loads applied
3

at 3, 5, 7, 9, and 11 is

_ L,. ™ 33 no8 5
A, = (AE(R31il(uiui) +.Rsi£1(uiui) +

B

m m m
3 7 3.9 3.11
£ (utu.) + R, £ (uiur) + R,. £ (uiu; ))/1 (A2)
j=1 + 1 | QFJ ivi Hyﬂ i1

where
ﬂé = the déflection gt joint 3 due to unit loads DS' D5,
D7, Dg, and Dy, . | |
RS, R5, R7, Rg, R,y = the redﬁndant.forces at joints 3, b,
7, 9, and 11, respectively, and
1 = the uvwnit lozad applied at joint 3.
Since joint 3 does not displace in the vertical direction
(Fig. 28a), the deflection,bs, at joint 3 due to external loa-
dinrg forces must equal the deflection, Ay, resulting from the

unit loads. Thus,

A (A3)

— 1
3”83
and from equation (Al) and (A2), we obtain
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L, o 3 L 5
2r € Elsiui) =45 (Ra iE (u u' ) + 35 Z (u us)
m m
3.7 3 9
+ Rp £ (uiu.) + Rg % (u )
m
+ Rll_zl(uguil)). | (A4)
i= :

Rewriting eguation (A4) in terms of a truss stiffness coef~

ficient, KT, and simplifying the summation symbols, we have

3.3 37 3.7

3
Z8u InTu Zu u In u
=5~ = RBg(—=—) + Bg(Z—5 ) *+ Ryl )
kT 3% T St kT 7 kT
3.9 3.11
+ Ry (3“ LUy 4 Rn(?ﬁxg—), (45)
where

EY = AE/L, the stiffness coefficient,

m
r =1

i=1

Utilizing the same method of analysis as above, we can write
four similar equations for supports: 5, 7, 9, and 11. The

resulting five equations can be written in matrix form as

follows:
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o e THE S el T
Zu3u3 Zustﬁ Zu3u_7 Zusug Eu“?'u11 R 28u3
KT KT K'I‘ KT KT 3 K?
£u5u3 Xusus Eu5u7 £u5u9 £u5u11 R 28u5
KT KT KT K? K? 5 K?
swu®  gelu® T’ zaTu® ot xR, | = |zse? | cas)
KT KT KT KT KT KT
Eugua Eugus Eu9u7 Eugu9 Xugu11 R ZSu9
Zullus Eullus Eullu'? Zu11u9 Eu11u11 B ESu11
KT K? KT KT KT j 11 KT

- = — -

‘The equations are now in the standard matrix form, AX=B.

If we invert symmetryic matrix A (A'l)the unknown column matrix

X can be determined,

X = (A )b, | (A7)
and the redundant forces RS’ R5, R7, Rg, and Rll can be
computed.

Thus the above technique can be used to solve the problem
of a statically indeterminate truss, utilizing the concept of
externally applied redundant forces, However, in the truss-
fault block analogy of earthgquake occurrence, the supports
are replaced by foundation (i.e. fault) blocks (Fig. 30a),

Back foundation block is & three-dimensional body that deforms
s a standard linear solid element (Fig. 30b). Eguation {(A3)

is no longer adequate to solve the indeterminate problem since
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all of the supports are now represented by visco-elastic
foundations which deform in the vertical direction. The net

displacement at each joint is now dependent upon the foundation

stiffness coefficient, KF,

]
b, b, =&,

[
1l

the maximum deflection of the supported joint along
the bottom choxrds of the truss,

the elastic deformation of the foundation block,

Cr - P
n ]

the net displacement of each foundation block,

the number of the supporied joints along the hottom.
chords of the truss which equals the number of foun-
dation blocks.

The net displacement at each joint is actually the displacement
within each foundation block. Therefore, the net elas?ic {i1.e.
time-dependent) deformation of the support can be defined by

the following linear relationship (see Appendix C)

-R
5 _ n, (49)
n—*—*——i‘r
X
n
where
Rn = the redundant force at joint n, and —Rn is the
force stored within foundation block n,
Kﬁ = the linear time-dependent stiffness coefficient

of the foundation block n.
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By using the correspondance principle, viscoelastic defor-

mations are incorporated into this analysis following

procedures described in Appendix B,

Subétituting equation (A9) into (A8) and writing in

matrix form, yields

~

&

11

N

N

gl
Fuu® £u395 Tusu’ Zn3gf gyt
KT _KT KT KT KT
Eusu3 Eusu5 zusu? Ensng }:usu11
gL KT XF Xy KT
Eu?u3 £u7u5 2u7u7 £u7n9 Zu7u11 X
' x* KT KT '
Eugu3 Zugu5 Zu9u7 Eugug Eugull
KT KT KT KT' KT
Eullus Eu11u5 xu11u7 Zuliug Euliyll
KT KT KT K? KT
L\ . -~
and rearranging equation (Al0), we have
’ N\
o 3.3 3.5 3.7 3.9 3. .11 .
(Xu u- , .1y Zuw In 3° Iu'u” Iwu
x* k¥ -x K K
Eusus (Eusu5 . 1.) Eu5u7 Eusug £n5u11
KT KT ;E T T K3
sulu®  pulu® (Zu7u7 . #}‘} fulu® Zulutt
kT  K' K* . xﬁ kT g7
Eugu3 Iu9u5 zugu7 (zugug + J%j Zugu11
KT kT KT k¥ K Xt
2elly3 3o1lu® pulle? putte® pullull 1
T . T .
¥ ¥T KT X3 K 'Kgi

F? wﬁJGF -?%LE“ JQJUF uﬁﬁk?

7
N

=
\

(AlO)

(A11)
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The redundant forces R3, Rs, R?, Rg, and Rll c¢an now be

determined from eguation (A1l),.

The problem of a statically indeterminate plane truss

can be solved for any number of supporis. IEquation (All}

can be generalized for n foundation blocks as follows.

2u3u3 1 £u3d5
(=5 + 5 T
K KS K
Eu5u3 £u5u5 1
O o F
K K K
Zunﬁ3
KT

. N F" N ” ™
. . Zu3un_1 Eusun R }‘.Su3
KT KT 1 K'I'
5
Y » & v = tusun R2 ES;
KT K
- - - - * X = ( Alz )
13
n.n ESu
Fu'n 1 R ]
. . ( ¥ =] It T
& X

P \ -

The model used to study earthquake occurrence contains 51 foun-

dation blocks (n=49).

Due to the size of the matrix (49 x 49},

matrix inversion is accomplished on the Temple University CDC

CYBER 174 computer using the GELS subroutine of mairix inver-

sion which is available in the Temple University Program Library.
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APPENDIX B--TIME-DEPENDENT BEHAVIOR OF TRUSS-FAULT BLOCK ANALOGY

Mogi {1968a) has poticed that the aftershock areas of
great earthquakes cover the circum-Pacifie seismic belt without
significant overlap. This strongly suggests that the seismic
belt is segmented into a series of independently acting fault
-.gegments (Dévies et al., 1981), i.e. "fault blocks.”™ There-
fore, the fault zone'of the modeled seismic belt is partitiongd
into a séries of fault blocks (¥ig. 6), each block beirng a po-
tential site for a large earthguake. The lateral edge of each
fault block is taken to repreéent the marginal region between
the aftershock zones of great earthquake (Mogi, 1968b}, i.e. a
Structural discontinuity separates each adjoining fanlt block.

In this study the fault blocks are linked to am elastic
truss (Fig. 7), and each fault block is modeled as a standard
linear solid element sandwiched between the elastic t}uss and
a rigid foundation (Fig. 8). In Figure 7 the total force
(ZFT) acting on the truss which represents the oceanic litho-
spheré, is apportioned to each fault block depending upon the
properties of each block (i.e. the stiffness of cach block).
The sum of the apportioned forces (Fn) that are applied to each
fault bloeck must be equal to the sum of the loading forces (FT)

(Fig. 7, 8). Therefore, the force balance equation for the

truss-fault block analogue model is

EFp = LF, _ (B1)
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where

FT = the loading force applied along the lelft hand

edge of the truss,

F_ = the nodal force appiied to each bleock alorg the

right hand edge of the truss, ¥From now on Fh will

be written simply F, i.e. ¥ _.= F,

n

. 8ince each fault block is composed of an upper elastic section

and & lower creeping or viscous section, the force balance

equation for each fault block is

F=TF,+F, ,

‘where

F = Fn, the nodal force,
FG= the force acting upon the upper
the fault block, and
FU= the force acting upon the lower
the fault block.
This means that the truss nodal force (¥)
ween the locked and the creeping sections

The differential equation governing

(B2)

locked section of

creeping section of

is apportioned bet—

of each fanlt bloek.

the behavior cf each

fault bloeck (or its analogue, a standard linear solig) is

3 = (pA, + uGzhstl)Y + GoALY,

(B3)

{(For derivation see procedures outlined in Ramsay, 1967

and Bischke, 1981)
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where
¥ = the effective viscosity in the lower creeping
section of the fault'block, .
61,62 = the shear modulns in the (Gl) and creeping
(Gz)'sections of the fault block, Gl=Gz=Gs,

i

the arez of;the creeping éection of the fault block,
= the area of the locked section of.the fault block,
'Y = the strain within the feult block.
(See Figures 8 and 9)
The solutior to eguation (B3) has been derived by Bischke

(1981), and is

Yy = (F /AgG%)(1 - exp(-t/R)) +Yjexp(-t/R), (34)
where
Ft = the time-dependent nodal force,
*t = the time-dependent strain,
R = (p/G°)(A u/ag + 1) (B5)

= the retardation time of the fauwlt block,
Yo = the initial strairn in the fault block at t=0, and
t

the time designition.

Thus in eguation (B4), the total strain (Yt) and the nodal
forece (Ft) are functions of time (t)}. In this study, modeled
earthgquakes are génerated by imposing an initial strain to the
- modeled fault block. As the initial strain or the Xorce drop

varies according to time in each fault bloeck, this problem has
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to be solved incrementally on the computer. For small time

intervals (At), equation (B4) is rewritten as

Yisar = (Fy/AGT)(1 - exp(~At/R)) +y,exp(~At/R),  (B6)

where

Yi+at
provided that ¥

= total sheaf strain at the end of each time increment,
. 2nd *t are constant throughout the time inter-
val {At) and change abruptly at the end of the time interval
{Zienkiewicz, 1968).

Rewriting equation (B6) in terms of displacemernt, X, and.

stiffness, KF, we have

. F . .
xt+bt = (Ft/K (1 -~ exp(-At/R)) f Xtexp(—AtfR), (B7)
or
Final - Incremental Initial : (B8)
Displacement . Displacement Displacement,
where '

K = AGGS/L, the foundation stiffress of the fault block,

G® the shear modulus of the fault block, and

m

L the length of the fauit block (Fig. 7),

with the understanding that Ft is constant during the time
interval and changes abruptly at the end of each time interval
(Zienkiewicz, 1968). In eguation (B7) the first, second, and
third terms represent the final displacement, the incremental

- displacement, and the initial displacement within each fault

block, respectively. Thus the incremental displacement is
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equal to the final displacement minus the initial displace-

ment, i.e.
(F, /K" )(I-expt (-8t/R)) = Xy 0y ~ X exp(-4t/R),  (B9)
_or

(F, /K" ) (1-exp(-At/R)) = 8X_, ' (B10)
where
Axv= the incremental displacement whichk repre-
sents a change in displacements.
Multiplying equation {(B7) by the stiffness, KF, yields

~

KX = Pt(l—exp(—ﬁt}R)) + thexp(—At/R). (B11l)

t+at
As stiffness times displacement is the total nodal force,

equation (B11l)} can be written in terms of forces, or

Ft+ﬁt = AF& + Ft’ ) (B12)
or

Total _ Incremental Ihitial

Force ~  Force * Force, : (B13)
where

Feeat T Bpaat, (B14)

= the total nodal force acting upon the
fault block,
aFt = Ft(l ~ exp{-4t/R)), (B15)
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= the force change within each fault block afterx

2 time interval, At,

F, = KX exp(~At/R), ' (B16)
the initial force acting upon the fault

biock.
Equations (B8) and (B13) indicate the incremental character
of the truss-fault block analogy for great earthguakes, and
owing to this property, the aralysis is most readily solved
on the computer. _
For an elastic block subject to an initial displacement

or an incremental displacement {Padlop et al., 1968), we obtain

F

g = Ke(8X.), (B17)

where
Ke = the time-independent stiffness of the elastic block,

AXé = an initial or incremental displacement within the
elastic block.

By rearranging eguation (B7), we derive
F,=(K /[ (1-exp(-Bt/R)) (K ap - Xg(exp(-5t/R)),  (B18)
or

¥, = (K /(1-exp(-8t/R))(AX_) (B19)
.where

6Xv= X Xtexp(—ﬁt}R), _ {(B20)

t+ALT
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= the incremental displacement change within the
viscoelastic block over a given time interval (see
equation (B10)).

In order-to model viscoelastie behavior within each
tauit block;  the correspondence principle (Biot, 1965), is
‘employed to study the time-dependent deformations in the
modeled fault zone. This principle of continuum mechanics
states that the behavior of any linear viscoelastic substance
is governed by.equations which may be derived from the theory
of elasticity. Once the elastic egnations ére derived, visco-
elastic behavior is introduced intc the elastic equations by
“gimply substituting the proper viscoelastic operator for the
elastic coefficients (Biot, 1965).

The viscoelastic operator which defines the time-depen-
dent deformation of each fault block can be obtaired by com~
paring equation (B17), which represents. the time-independent
{(incremental) elastic-equation, to equation (B19), which
represents the time-dependent (incremental) viscoelastic
equation, since axv=axe for any given iime, and as the corres-
pondence principle regquires that the elastic coefficient be

replaced by the viscoelastic operator, therefore, we have

B = XY /(l-exp{-At/R))} = K (B21)

e

.where

B = the time-~dependent viscoelastic operator.
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Thus, we can introduce viscoelastic behavior into
elastic equatiorn (B17) by. simply replacing K, by the corres-

ponding viscoelastic operator, B, Therefore,

F, = B(gxe) " (B22)

or
Fy= (K[ (1-exp(-At/R))(BX,). | (B23)

Thus, equation (B23) introduces viscoelastic displacements
intc the fToundation blocks that suppoxrt the truss.

exp(—At/R), so equation (B23)

_ But ﬁX . bX xt+bt

becomes

= (K [ (1-exp(~8t/RYI(X, - X,exp(-At/R)). (B24)

Rewriting equation (B24) in terms of strairn, we have

Y esat = (F,/A;G") (I~ exp(-At/R)) + Y exp(-At/R). (B25)

Obviously eguation (B25) is identical to equation
(B6) and thus botk eguations are able to describe the visco-
elastic behavior of each faunlt block. According to equation
(B21), the viscoelastic operator, B, is solved incrementally,
which is consistant ﬁith the incremental approach developed
above,

At the end of each time interval, the time-dependent
viscoelastic operator is recalculated using equation (B21).

Thus, it is the time-dependent property of the viscoelastic
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operator which produces time-~dependent foundation stiffness
changes and the time-dependent deformations in the model.
After the time-dependent stiffness, KF, is determined for
.each fanlt bloék using equation (B21) the loaaing force
acting vpon the fault blocks is rebalculated using eqguation

(A12) of Appendix A. This permits a determination of the

shear strain {(see eguation (B6)) withian each block for the
.next time interval.

In above calculations, Yi+at a,nd'Ft+ﬁt are derived for
each time increment. By substituting the total strain CYt+bt)
and the total lcocading force (Ft+ﬁt) for the last time incre-

‘ment into equation (B6), the total strain (v, ,.) for the

next time increment is determined.
Figure 31 is a flow chart illustrating the steps taken
to determine how the total strain (Yt+&t) is solved incremen-

tally on the computer.
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APPENDIX C ~- HOOKE'S LAW

Consider e spring attached to a wall (Fig.32a ). Let
the origin, X=0, coincide with the endpoint of the spring
in its unstretch state. If we sfretch the spring so that
its endpoint moves to a position X (Fig. 32b), the spfing

will exert an opposing force to its displacement X,

F = -XX, (C1)

where

¥ = the internal force exerted by and stored within
the spring. This internal force is always directed
toward the origin of thé spring (Fig. 32b, 32c¢).
K = the spring stiffness coefficlent.
Equation (Cl) is known as Hooke's Law (Halliday, 1970}. The
direction of the stored force is zlways opposite to that of
the displacement, When the spring is stretched, X>0, and the
internal force is negative; when the spring is compressed,
X<0, and the internal force is positive.
To stretch a spring we must exert 2 force F' egual to

and opposite in direction to the force F exerted by the spring.
¥ = -F', (Cz)

where
F' = the applied external force.

The force determined by subroutine GELS is the applied



51

external force F'. The force stored in the spring is the
internal force F exerted by the standard linear solid upon
the truss structure (Fig. 32c). Force F opposes force ¥F',

therefére, in equation (A9) and (A10) of Appendix A4, ”Rnlxﬁ

is substituted in the right bhand side of the eguwation to

provide consistant deformation.
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Table 1. Parameters used in the truss-fault block anzlogue

model.
Layer Shear
thickness modulus
. (Knm) : (Bars)
Oceanic 5
Lithosphere 100.0 " 4.0 x 10
Locked section 50.0 4,0 x -10°
Creeping section 50.0 4.0 x !I.O5
Length Width Depth
(Km) {Km) (Km)
Truss member 300.0 - 100.0
Fault block 300.0 100.0 100.0
Loading stress (FT) = 950.0 Bars
Fzilure stress _ = 1000.0 Bars

Stress drop 30.0 + 1.0 Bars

* Truss stiffness is defined as KT = AG/L,

Effective
viscosity,u

2.0 x 1022

Stiffness*
(Dyne/cm)

5.0 x 1018
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FIGURE CAPTIONS

Figure 1, Aftershock areas of great earthquakes along the
Japan-Kurile-Kamchatka arc, The 1968 (Mw=8.2) earth-
quake near south-eastern Hokkaido, the 1969 (Mw=8‘2)
earthguake near Xurile Islands,. and the 1971 (M=7.8)
earthquake near northern Kamchatka are included in

this figure. After Kelleher et al. (1973).

Figure 2. Large and great earthguakes in the Aleutians and
the northeast Pacific. Yakataga gap 1s located in the
area near 59°N and 142°S. The last earthquake that
occurred in this area was.iﬂ:1899. Various symbols

* denote individual aftershock sequences as follows.
Corss, 1925, 1849, 1957, and 1964; squares, 1938, 1958,
and 1965; open triasngles, 1946, 1960, 1964, and 1970;
solid triangles, 1940, 1948, and 1957; solid circles,
others. Largest symbols denote most precise locations.
Dgpth éontours in fathoms. In space-time @diagram below,
lengths of aftershock zones, magnitudes of main shocks,
and locations of main shocks are indicated. Aftershock
locations for 1970 Queen Charlotte Islands (QCI) sequence
are those of V.S, Coast and Geodetic Survey. FZ indicates
latitudes of three fracture zones that offset magnetic
anomaly pattern south of Aleutian trench. Taken from

Sykes (1971).
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Figure 3. The Yakataga Seismic gap. The eastern part of
Yakataga seismic gap was filled in by the MS=?.7 Saint
Bl@as eafthquake of 1979. The remaining portions of the
gap have the potential of experiemcing a large or great
earthquake in the very near future, _After Syvkes et'ﬁi.

(1980).

Figure 4. Fault blocks in the Aleutior arc. - The seismic
belt along the Aleutian trench is composed of a series
of fault blocks which are separated by transverse siruc-
-tures. The space-time diagram below shows the length of
each fault segment. For syﬁbols refer to Figure 2.

After Sykes et al. (1980).

Figure 5. Fault blocks in the Central American arc. Stippled
bars indicate transverse structureal features; solid
triangles are historically active volcanoes. After Carr

and Stoibex (1977).

Figure 6. Convergent plate margin. The seismic zone is
modeled as'a series of fault blocks sandwiched between
the elastic oceanic lithosphere (on the right), ard the
continental lithosphere (on the left). A fault block is
composed‘of an upper locked (elastic) section and a lower
creeping (viscous) segtibn, denoted by AG and Au respec—

tively.
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Figure 7. Truss-fault block ;nalogue. The oceanic litho-
sphere is modeled utiliziang z truss which is subject to
elastic deformations, the seismic 2one is modeled by a
series of fault blocks which behavé in both an elastic
and viscous manner, aand the rig%d foundation represents
the undeformed continental lithosphere; The modeled
trench occurs at the contact between oceanic lithosphere
and seismic zone.‘ The geometry of the fault block is
300 Km long, 100 Km wide, and 100 Km deep. The loading
forces (FT) are applied to the left edge of the truss
and distribute to each fault block as nodal force F, .

Figure 8, The truss-fault block and the standard linear
s0liQd elements. Each fault block is modeled utilizing
g standard linear solidurheology! i.e. each element
behaves viscoelastically, The nodal force (Fn) acts

upon each element.

Figure 9. Standard linear solid element. A standard linear
s0lid element is composed of an upper locked section
which is subject to stress drop (i.e. earthquakes), and

a lower viscous section which continucusly creeps,

' Figure 10. The gdistribution pattern of randomly generated

stresses in year 0.0, The first column represents the
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number of each fault block, and the second column i1s

the value of the stress in each block, The X-direc-
tion gives the level of the stress in each block, and
the Y~direction gives the number (location)} of the
corresponding block. The first three and the last three

blocks are omitted as they were subject to end effects,

Figure 11. Stress distribution pattern in year 78. The
stress level in block 26 has reached the failure stress
flOOO bars). The number on the plot is the number of
modeled earthguakes within each block, e.g. block 286
just experienced its first earthquake, while block

30 (*) has not yet experienced any modeled earthquakes.

Figure 12. Stress distribution pattern in year 78 following
a modeled earthquake. An earthquake occurred in block

26 after imposing = 30.2 bar stress drop irn element 26.

Figure 13, The net effect of the stress redistribution after
modeled earthguake in fault block 26. Notice that
adjoining blocks 24, 25, 27, and 28 are primarily

affected.

Figure 14. Stress distribution pattern in year 128. A

modeled earthquake occurred in block 27. Notice that
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the stress levels in blocks 8, 11, 18 and 28 are very

close to failure stress (1000 bars).

Figure 15, Stress distributior pattern in year 128 following
a modeled earthguake. A ﬁodeled earthguake is imme-
diately induced by the earthquake in block 28, whereas

block 18 is suppressed,

Figure 18. Stress distribution pattern in year 80. During
the two years following an earthquake in block 26 (see
Fig. 12), a suppressive effect occurs in klocks 25 and

.

27.

Figure 17. The net effect of stress redistribution in the
two years following a modeled earthquake in block 26.
Blocks 25 and 27 are now suppressed, although they were

enhanced immediately following an earthguake (see Fig. 13).

Figure 18a-18g. Stress distribution patterns in years 162,
164, 164, 166, 166, 168, and 176, respectively.
a. Eight seismic gaps exist in blocks 12, 17, 19, 24,
25, 81, 35, and 43.
b. Blocks 25 and 43 are filied.
¢c. Block 24 is filled.
d. Blocks 17 and 35 are filled.
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e. Block 19 is filled.
f. Block 31 is filled.

g. Block 12 is filled.

Figure 19. Stress distribution patterns in year 176.
This diagram is at the end of the first completie
earthquake cycle {(i.e. all of the fault blocks have

experienced at least one earthguake in this cycle).

Figure 20a-20h. Stress distribution patterns in years

280, 280, 286, 288, 292, 294, 296 and 306, respectively.

a. FEight seismic gaps exist in blocks 12, 17, 24,.31,
35, 38, 40, and 43,

b. Block 24 is filled.

c. Biock 38 is filled.

d. Block 40 is filled.

e. Blocks 35 and 43 are filled.

f. Block 31 is filled.

g. Block 17 is filled.

h. Block 12 is filled.

Figure 21. Stress distribution pattern in year 306. This
figure shows the stresses at the end of the second
complete earthquake cycle. Notice that two blocks
(blocks 22 and 465 have accelerated ahead of the others,

and had experienced their third earthquakes.
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Figure 22. Stress distribution pattern in year 432.
Dizgram shows the end of .the third complete earthquake
cycle. Notice that eight blocks (blocks 4, 8, 9, 14,

15, 22, 29, and 46) have had their fourth earthguakes.

Figure 23, Stress distribution pattern im year 560. It
shows the end of the fourth complete earthquake cycle.
Twelve blocks (4, 8, 9, 14, 15, 19, 21, 22, 24, 28, 29,

and 46) have experienced their fifth earthquakes,

Figure 24. The-space-time diagram qf earthguake occcurrence.
. The X-direction is the numbexy of elements (fault block
numbers), and the Y-direction is the time in years.

The time increment is 2 years., This diagram contains

four complete earthguake cycles.

Figure 25. The space-time diagram of earthquake occurrence.
This diagram is generated by a different set of random

stresses,

Pigure 26. The variations of stress in block 18. X-gdirec-
tion is the amount of stress. Y-direction is the time,
The actuzal amount of stress is given in the last column

(under stress). This diagram has four complete earth-

quake cycles.
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Figure 27. ‘The variations of strain of block i3, The actual

amount of strain is given in the last row (under strain).

This diagram contains four complete earthquake cycles.

‘Figure 28, The cumulative curve of the total number of

earthquakes in the model,

Figure 29. Simple truss model with 13 joints (j), 23 members

{(m), and 6 external lcading forces (FT) applied to the

top of the truss, The number in the cirecle is the joint

number. The number along the bar is the truss member

number, which is arranged in accordance with the compu-

ter progfam.

a.

This truss is fully supported by 1 pinned support
and 6 roller supporfs. A pinned support supplies
horizontal and vertical constraints to fix its
position, while a roller support provides only
vertical constraint and Qllows freedom of movement
in the lateral direction. Therefore, for a pinned
support, r=2, and for a roller support, r=1
(Brown, 1967). Thus, according to condition (1),
2j<m + r, and the example truss is statically in-
determinate. ”

A truss supported by a pinned support at joint 1 and

a roller support at joint 13 (see Fig. 1a). The



68

total numbexr of reaction components becomes three,
According to condition (2}, 2j = m + r, the truss
is statically determinate and, therefore, all
member foices, S', can be determined in terms of
the external loading forces (FT).

c. A unit load Dg is applied at joint 3 (see Fig. 1b).
All of the member forces (us's) can be determined
in terms of the unit.load, D3, applied at Jjoint 3.

d. A urit load Dy is applied at joint 5 (see Fig. 1b).
All member forces (u5's) can be determined in terms
of the unit load, D5, applied at joint 5.

e. A urit load D, is applied at joint 7 (see Fig, 1b),
All member forces (u?'s) can be determined in texrms
of the unit load,'D7, applied at joint 7.

f. A unit laod D9 is applied at joint 9 (see Fig. 1b).
All membexr forces (ug's) can be determined in terms
of the urnit load, Dg, applied at joint 9.

g. A unit laod 011 is applied at joint 11 (see Fig 1b).
All member forces (ull's) can be determined in terms

of the unit load, Dll' applied at joint 11.

Figure 30. The truss applied to the truss-fault block analogue.
2. A truss supported by foundation {(i.e. fault) blocks.
Esch block has a stiffness coefficient, K, and is a

rectangnlar solid boX.
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b. A truss supported by a viscoelastic foundation.
Bach foundation block behaves as a standard linear
solid (see Fig. 9), when subject 1o time-dependent

deformation.

Figure 31, The flow chart demonstraiing the steps taken to
determine how the total strain (rt+bt) is solved incre-
mentally on the computer. At the end of each time interval
the current solution is employed as an initial condition

for the next incremental deformaticn.

:Figure 32, The compression forcé:is considered to be negative,

whereas the extensional force is considered 1o be positive,

F is the internal force stored within the spring. F'.is

the external force applied to the spring.

a. Unstretch state, X=0, ¥=0, F'=0.

b. Extensional state. X>0, F<0, F'>0.

¢. Compressional state. X<0, F>0, F'<0. In the truss-
fault bloeck model the fault blocks are loaded and
compressed by the external forces, i.e. the forces
due to the moving plates (Fig. 6), therefore, Figure

32¢ i1lustrates what is happening in the model.
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Figure 26 (Cont'd)
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Figure 26 (Cont'd)
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Figure 27
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Figure 31 133

|ﬂpnt Tos Fo kF, 6%, R, at tine 1=0.0.

&

Calculate the strain, r,,., for the
1 jnext tine interval, see eguation (B6).
3 . |
Caleulate the viscoklastic operator, B(at), for
- 1the next time interval, see equation (B21).

CalcuZ;ie the foundation stifiness increment,
KF@nt), see equaktion (B21), Caleulate total
foundation stiffness, F*ht; for the next time
[ increment by summing X ... to the previous

totzl foundation stiffness,
& : -
M ¥
Galenlate the shear modulus increment, G (at), |

by equation K'= AG%/L. Calculate the total
S for the next time intexrval

shear modulus, Gt+A£,

ﬂhy sSUNning G:+at to the previous total shear

—

nodulus. K

4 [
Calculate the loading foxce, F, ..., for thei

A " Inext time interval with the input of Ki+at.l

See equation (Al2) in Avoendix_A.

;

lgpd o? time increment.]
X

Bt 2 V'3

t+at
F
t4at
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t+AL
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