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Abstract ‘ : . X

Stress estlmates obta1ned from modelllng varlous ©

reg1ons near the MlddIe Ameslca trench have been comblned
@fy

processes, in such a way that the probable locatlon of
. . N

X
seismic fallure can be est1mated Repetltlve mohelllng of a

jsystem evolving'in time can SUggest the most likely time of
fallure.\' . ,' : !

-

A new measure. of seismic 1nstab111ty has,been developed,‘
Awhlch comb1nes the stress. components 1nto a unlque measure.
of SEISmlC rlsk Thxs functlon depends on the materlal

propertles, and thé geologlcal structures involved in a

o

partlcular pﬂgblem.

. - o
~ .

/,/4/e results obtalned here for the Valley of Mehlco are

<

in agreement w1th the observed selsm1c1ty\and the geodynamlc.
/

knowledge of the area.,%hls seismic act1v1ty seems to be

tr1ggered by the reductlon of water in the aquafer that -

l N
underlles Mex1co C1ty L. %g

The dlstance at wh1ch the stress drop due to the

occurrence of- an earthquake can affect the selsmlc behav1our

of dlstant locatlons is llnked to the thlckness of the

elastlc part of the tectonlc plate at the eplcentral
locatlon. This. varlatlon(on the p0551ble range of seismic

act1v1ty supports the exlstence of long term precursors for

.distances up to '?km.



A : : r
The high risk areas dérived from the models can be

.

“

identified with seismic active areas.'This is done with
simple’ models of the geodynamlc processes 1nvolved The
mater}al propertles used are in general the elastic
"parameters and their var1at1on with temperature. The . !
external forces apgllednto the models are those that have
the potentlal "to change the overall dlStflbUthﬂrOf selsmlc

‘1nstab111ty such as the grav1tatlonal pull of the downgoing

slab, the viscous drag of the mantle and the fr1ct1owjgan

force between plates. Thereforec‘these distributlons a e
. ) ) A oo
regidnal in nature, ~ ‘
d ' i : ) » \ .
In spite of these simplifications, the distributions of

se15m1c~;nstablllty calculated for the Mlddle Amerlca trench
'reglon afe in accordance with the observed seismic behav1ou5
of the?area. Shallow act1v1ty (depth<70 km) along both sides .

of the trench is more frequent than in the North

;Amerlca Carlbbean plate boundary‘ Deep earthquakes .are more
likely to occur in the trench south of the Tehuantepec
rldge. Events in this. southern branch have a smaller range’

tof effects than those to the north of the rldge due to the

dlfference in the cohe51on between the plates and the ‘ & ~
subducting angle.‘ | e o -
* {
A
vi "
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| v]. Introductron.‘ _
| Earthquakes .can be treated as. mechanlcal‘1nstab111t1es;
. They occur when the rock is. unable to support an 1ncrease of
‘stress. Therefore, selsmlc rlsk stud1es are approached here
-nby determ1n1ng how stable the rocks are under var1ous stress
Acond1t10ns ;’1 ’ | o
g Many fallure cr1ter1a ex1st forvrocks and it 1s not
1obv1ous that any of them are representat1Ve for the
geologlcal scales used here Nevertheless, it 1s p0551ble tog
;overcome thlS problem-hy u51ng a- generallzed deflnltlon of
‘selsmi 1nstab111ty 1ndependent of the type of fallure |
envelo:;>used Thls w1ll allow the fallure cr1ter1a tQ bey.
‘ 'changed w1tnout 1051ng any\generallty |
leferent geodynamlc process\s w1ll be treated
throughout this work 1in whlch 1t w1f}\he\necessary to vary
the materlal propertles and the stress st\aln relatlons that

‘ ,descrlbe the behaV1our of the materlals 1nvolve,;'

'dlfferent exerc1ses w1ll prOV1de an 1n51ght 1nto th\\\sﬁ
‘geodynam1cal processes occurrlng in the Mlddle Amerlca
‘trench reglon, as well as 1llustrate what klnd of studles
can be done w1th ‘these k nds of procedures.

The results obtalned can- be generallzed to other areas.
‘Explanatlons of some observed Selsmlc phenomena can be
derlved (eg Why does the . range of long term precursors f"
nvary’) Instablllty d‘strlbutlons w1ll be shown as
predlctors of the p0551ble locatlon of fallure 1n1t1atlon or

as time predlctlng functlons for partlculﬁr locatlons.



: Ind1v1dual studles of d1fferent se1sm1cally act1ve
:_areas related geodynamlcally to the dlﬁferent ‘pgrts of ‘the
":Middle Amer1ca trench glve an overall p1cture of the reglon

Stresses calculated by means of the f1n1te elements- |

technlque w1ll be used 1n some cases, analytlcal methods

.WIll be applled in others. ; ;N” q*

; The determlnatlon of - the stablllty of state of stress
Cin the earth 1s of v;tal 1mportance in understandlng any of - >
’the dxfferent processes Whlch occur in the 1nter10r of the,
 eafth. In thlS chapter the current knowledge of the‘ -

lpropagatlon of stresses ‘in the upper part of the earth is
'~rev1ewed I. br1efly mentlon the dlfferent techalques that.
‘exlst for measurlng these stresses, I explore the p0551ble "

-relatlon between earthquakes and stresse5° between the

tecton1c models of the earth and “the locatlon of the,'
fobserved se1sm1c act1v1ty, and the consequences that the

dlfferent klnds of selsmlc behav1our :bserved mlght have in

. i
our understandlng of the earth '

In chapter 2 aI connect these stress arguments to the
~occurrence of selsmlc fallures by- means of a deflnltlon of
sseasmlc stablllty Once deflned thlS concept can ungergov

several varlatlons .which are dlscussed in: sectlons 2. 3 to

ﬂ2.6.-These,Lnd1V1dual forms are applled throughout chapters

3 to 6.
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1 1 The Problem.‘ g

. Geodynamlcs 1s the quant1tat1ve udy'of the processesf
'that take place 1n the real earth. A m jor problem that it
has to overcome 1s that dlrect observatlons of these

£y

\\processes in the interior ‘of the earth aje rmpOSS1ble,
knowledge relies on the 1nterpretatlon o?'a series of .
Lgeophysxcal observables,‘from whuch reasonable deductlons
may be made This the51s deals with the geodynamlcal
‘mechan1ca1 state of the earth and thlS mech 1ca1 state can
‘be studled through the dlstrlbutlon and propagatlon of
‘,stresses and stralns throughout the.different materlals that
constltute the earth "In partlcular, the way the stress
‘state may be related to selsmlc 1nstab111ty 15xexam1ned

.”/ ! *

here.

1. 2 Stress and Straln in the Earth Sc1ences

.The concepts of stress and strain are fundamental to
"the 1nterpretatlon of earthquake mechanlsms, “and any study
of structural geology needs them for any descrlptlon of rock’
behav;our. The stresses that ex1st in ? glven rock mass br
geological area control the, process€s: ‘that result in the
mechanlcal state of thlS material, and allow us to make
predlctlons of the changes that mlght occur in the future

Stralns -and dlsplacements are frequently measured, and.
from these the stresses can be deduced. The stresses at a'
'p01nt in the 1nter1or of a body are determ1ned by the system

&
of forces that act in the vicinity of that given point. The

5
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deformatlon of the body 1n/the v1c1n1ty of such point is

$dermed strain (Richter, 1958) . The 'analysis of strain is

fundamental for studies of the deformatlon of any materlal
(Jaeger ‘and Cook, 1979) The study of stress is in itself a
pure statlc analy51s, 1ndependent of the propert1es assumed

for the materlal wh1ch may be elastic, plastlc or any other.

Lo

ThlS mears that in order to state the amount of stress on a
h ]

glven point ‘inside a body it is not necessary to spec1fy the

fphy51cal propertxes of the body 1tself

Knowledge of the hlstory of the stress state is also'-
ifundamental to the understandlng of the tectonlc processes
that‘occur_ln,the earth. However stress values are very

difflcult to opmain even for a 51ngle locatlon of the earth"‘

lithosphere; wyss X\1977) mentlons thlS dlfflculty and p01nts:*
out that of the sax c mponents of the stress tensor usually,°;
only a few can be estlmated | | | '
Rock\behav1our under’ stress changes is poorly

understood 51nce it depends on many factofs llke the forces
that have been applled prev1ously,'the duratlon of such
forces, the conflnlng pressure and the temperature In
geqdynam1cal terms the state\of stress 1s linked to causes
(loadlng and unloading, heatlng ‘and coollng plate motlons

.and dr1v1ng,forces, etc.), to consequences (creep
,deformatlon, and se1sm1c fallure) and to rheology (the -
depth over wh1ch stress can be supported and ‘the t1me

dependence of material propertles) None of these 11nks has

been characterlzed in suff1c1ent deta11 to deflne the

- Lo Co @



constltutlve equation for any part of the llthosphere
wlthout making many assumpt1ons (Solomon et al., 1980)
 Due to the lack of understandlng of the earth processes d
and the relatlon between the stralns and stresses at depth
‘the constltutlve relatlon;hlp is poorly understood Several
ways to relate them have been proposed 1t has been found
»from laboratory tests that straln in rocks 1ncreases ina o
l1near way. when they are. subjected to small external |
stresses. ThlS klnd of l1near dependence between stress and
»fstraln 1s named llnear elasticity and 1s characterized by
: the,generalized Hooke s law ‘l}tr"‘ ‘”) .
01 3=Ci ma€mn o . | N SR ,fr EENCIEE
>where'dij are the carte51an components of the stress tensor,
" Cijmn the elastlc modulus components Theé components €man of
the 1nf1n1te51mal stra1n tensor are deflned 1n terms of u byj

¢

€mn=(Un m*Un n)/2 | = ‘ (1.2)

where ul(x) 1s the dlstortlon suffered by a body at poant X
dwhen a set of forces is applled to it, the dlsplacement of a
particle origlnally at x, from the 1n1t1al state to the
‘distorted’ one. The initial state need not be stress free.

| " While this k1nd of constltutlve relatlon seems adequate
for many geophy51cal and englneerlng purposes, there is need'

for a more. soph1st1cated formulatlon to account for the(

I
i



non-= llnear behaviour observed in rocks when the temperature
.and confinlhg pressure 1ncrease. One equat1on that seems to
descrlbe these observatlons is that of a viscous or

vﬁsc0fe1astip~mater1al~(iieger,and Cook,. 1979)

e‘?=E"o.+o/n S : S ' o (1.3)
‘wnere E is. the Young'smmodulus andbnrthe Qiscosity of the'
material. | |

‘fhe dependence of equaticwa1.3 on temperature\and
.conflnlng pressure is 1mp11ed in the v1scos1ty It is .

o
-----

1mportant to note that ‘this equatlon pred1cts that:

1. For high stress rate (o ) the flrst term will dominate
and the material will behave ‘elastically. |

2. . For small o ya;ues_the second term will dominate giving -
the material a viscous hehaviour. |
- 3. -As the conf1n1ng pressure and the temperature 1ncrease;
the materlal becomes gradually less viscous until it
.reaches a "flu1d"°state; B .
savage and prescott (1978) ‘proposed this klnd of
behaviour to model depth dependence of the stresses in the. °
'“earth Rlngwood (1975) also suggested a non-linear kind of
-stress variation with depth for ocean and contlnental rocks )
K1;by (1977) exp1a1ns that in experlments conducted in
cyllnders of rock sub]ect to a un1ax1al stress state~
01,¢ozz-m{3 =P where’ the X1 dlrectlon is parallel to the

-

cylinder axis and P is the confining pressure, the



differential stress,ae}o,q—P| i's related to the.strain rate
. e , temperature T and pressure P for most earth materials by
the non-linear expression

. é, - ‘ . N L) . .
e =A'[sinh(ao]"exp[-(E'+PV')/RT] | ‘ . (1.4)
where A',E',a,n and V' are material properties and R is the
gas constant. Equation 1.4 for large temperature and

pressuré becomes the exponential law

e =A ekp(ﬁo)Aexp{—(E'+PV')/RT] ‘ o : (1.5)
where A-A'/z and B=na. This type’of equatioh (1.55 is taken -
by Klrby (1977) and Savage and Priescott (1978) and others, .
as representatlve of the upper part of the mantle Qn thlS
the51s the elastlc behaviour of the upper part of the crust
and the v1scoelast1c nonllnear behav1our of the stresses in
depth ﬂﬂé temperature w1ll be used exten51vely

It seems probable that earthquakes are mechanlcal
1nstab111t1es .evidenced by a sudden fallure of the rock to
sustaln the shear stress actlng across a surface,.thev»
surface is. usually an already ex1st1ng fault but may be one
newly created by the fallure Due to the large tlme scales
in which geologlc processes take” place it is possible to
plcture the earth in equlllbrlum at any time. This implies

that the rate of accumulation of stress in the earth's upper

layers.is relatively small.a
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.
Secomrarnn.

" Nevertheless, when the accumulated stress oJ;rcomes the
strength of the rocks, failure occurs. Stability values can
measure the’probablllty that failure will occur in a -,
partxcular location withzn a given volume. ThlS volume could
contaln several materials and may contaxn discontinuities.

~ The only constraint is that the stress-strain relationships
iithroughout the nholelbody have to be/knownior\at least
~assumed. ib

Stablllty is then a functlon of tHe state of stress at

~ particular locations, it compares this state of stress with

the overall stress, to obtain a measure of how stable these

fions are with respect to the surrounding areas. The
stabilNty functions that hdve been‘developed will be
‘discussed in chapter 2 of this the51s

The reason why earthquakes occur only at particular
locations of the earth s lithosphere is due to .
concentratxons of stresses at weakened areas- The
comblnatlon results in unstable areas. " These concentrations
.are llkely to occur if forces are applled at partlcular
locations of a body within the nelghhourhood of the
appllcatlon point. They also appear in the vicinity of any
k1nd of dlSCOﬂtlﬂUltY, which can be a sharp boundary or»
other change in phys1cal properties. A simple example can be
‘stated. If a force.is applled at the surface of an elastic
plate, the plate will deform in the v1c1n1ty of the point of

application. At locations away from the force the pIate has

- not suffered any distortion at all. This d1stort1on is



linked to the stresses bywthe relations in section 1.1,
therefore, the stresses due to this fofoe diminish with the
distance to the applied force. The rate of attenuétion is
determined by the stress-strain relationship characteristic
for the material.

" The degree of instability is given by the system of
‘forces act1ng in the area and the geological structures and
type of mater1a1 present in it, -and LtS "strength”. All
these things comblﬁe in such a way that the smaller the
stability of a location is, the greater probab1lty it has to
be the origin of a se1sm1c event. o

It is the purpose of this the51s to demonstrate how
simple notlons of rock mechanlcs can combine with what 1is
. known about earthguakes, to develop a simple stability .
criterion. This criterion may give us insight‘into‘aspects
of earthquake generation, and probabie causes for some of
the earthquake related phenomena observed Applicatlon to
particular problems will be demonstrated throughout the
Afollowing»chapters. In order to attack each of these
problems the stablllty criterion will suffer small changes
that will be explained in the correspondlng parts of this

o

the51s. However, the general features of stapility will
i
rema1n va11d. In chapter 2 these generalltles are presented
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1.3 Stresses and Earthquakes.

An earthquake can be thought of as a sudden release of
energy that takes place at a particylar location, and is
associated with fdulting or other dynamic processes.
Hypocenter is a term u;:dhsince the 1850's when Mallet and
others belieyed that an ea;thquake or&ginate@ in a small

. wh
volume that could be represented by a point for most

. purposes (Richter, 1958), and used to desxgnatc the locatxon

of the origin of the earthquake. The term is now thought of -
as the location of the 1n1t1al rupCure of the rocks, where
the earthquake orzg1nates. )

Richter (1958), also r;cognized that the energy source
for a fectonic earthquake is energy stored within thqugartﬁ
dut{ng a long period of growth of strain. If the associated
stresses accumulate continuously they will reach the peak
strength of the rock and failure will generally occur. He
also concluded that fracture will occur along preexlstlng
weaknesses and that the active faults are weakness planes

»

where fractures occur one after the otheg.

The seismic-.belts on the surface of the earth are where
most éarthquakég are located (figure 1), (Richter,1958). o

0

This observation was'made by Gutenberg (1949), and he

4

suggested that the stress in these belts somehow is

: -

accumulating and as result of this, earthquakes are being
produced.

There '‘are two main types of activity occurring within

“the seismic plate. One type results from stresses due to the
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deformatlon of the plate 1tself these are earthquakes that
take place close to the plate boundarles They are due to'
the bendlng of the plate (I'sacks et al. _'1968) There are
also earthquakes that result from stresses transmltted

through the plate away from its. boundarles (Isacks and

| Molnar~'1§m1) - L R S i

The 1mpl1catlons of sélsmlc observatlons are that the
generatlon of earthquakes in a. subductlon ZOne is governed
by . ‘the d15tr1but1on of stresses within the llthosphere,and
by changes in the phy51cal propertles of the materlal due to

the presence of ‘the subductlng slab (Isacks and

Molnar 1971) . Several hypotheses ex1st to explaln shear

%? fractures observed at 1ntermed1ate depths \Jhe one that

1

suggests a high presSure, high temperature mechanlcal

1nstab111ty (Byerlee and Brace, 1969) seems to be the‘most'
: ‘

- appropriate. It is expected that the cold -slab remalns

' cooler than ‘the surroundlng medlum (whlch was already at

hlgher temperatures, when the process started) down to a-

depth where the slab cannot exist as a solld ThlS model of

" a cold subductlng slab has been,generaly accepted and the.

temperatures in it have been calculated with several models
(i.e. McKenzie, 1969 Minear and Toksoz, 1970* Grlggs,
1972). |

These thermal induced stresses have no 51gn1f1cant

'effect on the mechanisms of shallow earthquakes The

presence of thls k1nd of seismic act1v1ty, may not be

' necessarlly related to the plate boundaries but to local

@
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;geologlcal phenomena. For the study of thlS k1nd of

earthquakes v1scous behav1our of the surroundlng medlum is
not t6 be expected due to the shallow depths at. wthh they[

or1g1nate o y oo SRR

’1‘1’Stress modell1ng Jn geodynam1cs.l; _ -
"The plate tectonics hypotheSIS explalns the tectonlc

and selsmlc act:vzty now occunnlng within the uppen Iayens‘y

_of the eanth as nesultlng from the lntenactlon of a small

.

numben of. Iange nlgld plates whose boundanzes are the .

h selsmlc belts of the wonld The platés outllned by these
'belts are not actlvely defonmed except along theln bondens -
and the motion occunnlng w:thrn them IS mostly Izmrted to

-rbnoad eplnogenlc movements These plates may contaln

~cont1nental as well as oceanlc sunfaces The selsmlc belts

'U‘"ane zones where dszenent;a] movements between plates take _

"place (Le Plchon 1973)

4

_Plate boundarles are zones of concentratlon of stress

’,7,because they represent the d15cont1nu1t1es in the
”llthosphere. ThlS ‘means they are unstable in 'the sense used

.in‘thls-the51s - That phy51cal propertles of the lithosphere .

vary sharply has been inferred from the geophy51cal

- observatlons. If" the plates also coll1de w1th each other,v
"ulnter plate forces generate concthratlons of stress on'

S thelr boundarles

®

Cox (1973) p01nts out- that plate tectonlcs is a

unlfylng hypothe51s whlch prov1des a klnematlc model of the

>
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upper layer of the earth and that it can be used to make
quantltatlve predlctlons about most phenomena studled by the
dlfferent dlsc1p11nes of the earth sc1ences.‘P1ate tectonlcs
: 11nks all these phenomena by postulatlng the exlstencefofw
l mov1ng plates. Where two plates are - mov1ng apart nen'
~xocean1c floor is formed by solldlflcatlon of molten rock-in~
the openlng crack Where two converge, one of them 1s
usually thrust beneath the other, formlng oceanlc trenches,
generatlng earthquakes and as the descendlng plate melts .
“rise to form volcanoes. e e k ‘
~The ba51s of thlS hypothe51s ‘has been developed 51nce"m
'the beglnnlng of the century It 1ntegrates the idea’ of
ontlnental drlft and the 1dea of sea-floor spreadlng (Hess,
1962) ﬁoweverl the hypothe51s 1tself was deflned durlng the
late nlneteen 51xt1es (Le Pichon, 1973) when the«
1mp11cat1ons of the follow1ng 1deas were‘understood‘
1, The prlmary rheologlcal stratlflcatlon of the upper
ﬁ .mantle and the crust 1nto llthosphere and asthenosphere
governs the mechanlcal behav1our of the upper layers of
‘the earth (Isacks et. al. 1968) |
' r2.f Most of the mechan1cal energy of the surface of'the
.earth is spent w1th1n a few narrow selsmlc belts
{Richter, 1958). |
3;‘ There are geometrlcal constralnts 1mposed on the

dlsplacements of rlgld bodles ‘at the surface of the

earth_(erson, 1965 and’ Bullard 1965)



R .

In the development of the plate tectonlcs hypothe31s,

:there are many other 1mportant contrlbutlons, hOWEYBIr—lt 1s

PSSy

not the purpose of thlS work to present a- complete rev1ew of?
“how it has reached 1t5opresent form, nor to go 1nto the
' :detalled descrlptlon of all the phenomena that contrlbute to -
rlt. Nevertheless, the aspects: mentloned above are of v1tal
yt1mportance to what will be treated in- thlS the51s ‘In y
.;‘part1Cular, the rheologlcal stratlflcatlon of the mantle anda,
hllthosphere,:and the dlfferent mechanlcal propertles of the{
dlverse 1ntraplate boundarles are 1mportant
| The follow1ng concepts must be underllned
1. The llthosphere whlch 1ncludes the crust and the.' R
| 'duppermost mantle, has 51gn1f1cant strength and may be up
B to several hundred kllometers 1n thlckness (Isacks et
al. ., 1968). o _: : B i "';,‘ S
'2;‘”The astnenosphere extends from the base of the
.,llthosphere to a depth of a few hundred kllometers and
i%s a layer of effectlvely llttle strength (Isacks et
~al., 1968). L R
3. A transfom fault is- the.1nterplate boundary where the
vrelatlve veloc1ty of one plate w1th respect to another
1s paralleb to the boundary 1tself (Wllson, 1965)
yTurcotte (1974), ‘explalned th1s type of faults as the
result of thermal contractlon of the earth S crust, and’.
suggest that they mlght be assoc1ated w1th the format10n»b
-of a SOlld layer due to the coollng of a nonelastlc

e ’// ’
"flu1d". Another p0551ble explanatlon is that transform

. v‘l



"llghter cont1nental one. ThlS subductlon zone is a

faults are a product of 1ntraplate geometrlcal evolutlon‘k

(McKen21e and Morgan, 1969) .

[

Converg1ng zones are the: 1ntraplate boundarles where two

plates coll1de w1th each other. ‘If two plates of the

“same const1tut1on meet, they deform and~can produce
¢m0unta1n belts, Ilke the Hlmalayas produced by the

ACblllSlOﬂ between Ind1a and A51a.'

If an oceanlc plate coll1des w1th a cont1nenta1 one

',then the heav1er oceanlc plate subducts beneath the

L.

consumlng plate marg;n called a trench (1 e. McKen21e

and Morgan, 1969) or an arc (1 e, Wllson 1965) Wthh

‘are deflned as llnes of relatlve mot1on along wh1ch

surface is destroyed asymmetr1cally The surgkce is
destroyed only on one 51de of the llne

D1verg1ng zones or m1d ocean r1dge crests, are l1nes of

"relatlve motlon along whlch surface is produced

'»-symmetrlcally The actual relat1ve dlrectlon of motlon'

(Le Plchon /1973)

'need not be perpendlcular to thlS llne but it often is

1

;Trlple junctions are p01nts on‘the surface of the earth
fwhere three plates meet The relatlons between the
'relatlve veloc1t1es of the plates determlne the
_evolutlon of . the tr1ple junctlon 1n tlme If the'

evolutlon of the trlple junct1on 1s p0551ble w1thout a

change in geometry, then the vertex is defined as. a

stable junctlon. 1f the jenct1on can ex1st for an

PP
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instant only it is defined as unstable (McKenzie and
-!’ Morgan, 1969) The junct1on of three transform faults is.
_ always unstable whereas the junctlon of - three r1dge5-‘
':_spreadlng perpendlcularly to their axls Hs always
' stable. Junct1ons w1th two boundarles 1n a stra1ght
l1ne, f1xed with resbect to the plate they bound are
also always stable (ﬁe Plchon 1973). An unstable‘trxple
'junctlon evolves to a more stable klnd of triple |
~junct1on ‘ ’ o '>‘ : o 4 E‘ '_" I
It 1s also necessary to dlfferentlate between oceanlc
and cont1nental llthosphere because their materlal
propertles are dlfferent Most 1nvestlgators who have- tr1ed
to def1ne the detalled mechanlcal propert1es of the
llthosphere have converged to a/model of oceanic llthosphere
that is con51stent w1th the thermal models of the upper
mantle, experlmental rock mechanlcs, gravxty and bathymetry
surveys, and patterns of selsm1c1ty and focal mechanlsms In
this model- the lower oceanlc llthosphere is visco- elastlc(
~and will not" support loads for long tlme perlods, but its
:stiffness may be 1mportant.for-tran51ent loads or in: the
1n1t1al response to loadlng a | | |
The upper llthosphere 1s elastlc and is able to support:
loads for 10’ years ‘without apprec1able relaxat1on (Forsyth
1979) At a hlgh state of stress it deforms elast1cally,
yleldln9 br1ttle fracture The tran51t10n from the brittle

‘regime of the upper: llthosphere to the ductlle reglme of the

bvlower layer 1s predomlnantly thermalry controlled - thus. the
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flexural rlgldlty 1ncreases as the‘lithosphereucools. This
means that near a trench brlttle fa1lure may occur at
\V”greater depths than is possible near the\rldges.

This pattern of hlgher rlg1d1ty for the cooler.
llthospheée would 1mply that for contlnental llthosphere,
'whlch is older, we should expect hlgher rlgldlty values than
those for ocean ba51ns prov1ded temperature is the domlnant
'parameter. Nevertheless, the flexural rigidity values
obtalned for samples of contlnental materlals are smaller'
than those from oceanic llthosphere The explanat1on (e.q.
Forsyth 1979; McNutt, 1980) lies in the mlneraloglc
composltlon of the contlnental rocks which in general”are
weaker and subjected to contlnuous isostatic movements.
Therefore, the ductile reglme in continental areas may in
_general be reached at a shallower depth than in the oceanlc
crust R )

Observatlons of the dlsper51on of Rayleigh waves have
shown a signlflcant heterogenelty in the structure of the
upper mantle beneath'the Paclflc Ocean The heterogenelty ls_
"well correlated. with lithospheric age. The 1id to the |
low veloc1ty zone is very thin near the-rldge crest and
becomes thlcker as it moves away from the rldge, reachlng a
'thlckness of about 60 km after 50 mllllon years and about
85 km after 100 mllllon years (Leeds et. al., 1974).
| Hanks and Raylelgh (1980) 1ntroduce the notion. of

dlfferentlatlon between the llthosphere and the "elastic

plate", the upper part of the llthosphere They p01nt out

@
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' that away from the major plate boundaries, the elastic plate
can support-severalvkilobars of deviatoric stress, in.
response to local or regionalfloads. Thatcher'et al. (1980)
by looking at the t1me dependent‘aselsmlc deformation of ‘the
llthosphere resultlng from large earthquakes suggest a

thickness of the elast1c plate of 30 to 60 km, Whlch is done’

by modelllng the llthosphere as an elastlc plate overlylng a

7
“viscoelastic half space. f /

\Mchutt (1980) concluded trom oravity observations that
the upper several tens of kllometers of both oceanlc and
‘continental 1ntraplate regxpns can support a kllobar or so
of dev1ator1c g‘ress for roughly 10° years for 1ntact rock
Tu;cotte et al. (1980) suggest that there is no 51gn1f1cant
. difference in elastlc-strength between“the elastic plates of
both contlnental and oceanic llthosphere,'at least in the
orogenlcally stable areas. Moreover, in'both areawgthe
_elastlc plate has 51gn1f1cant strength and a thxokness of
several tens of kllometers, on a t1me scale of billions of
' years. u

The thickness of'therlithosphere derivedufrom flexural’
rigidity studies is the eqﬁivalént thickness;of'abplate<with;
uniform properties, re;pondihg'tO'a loaa applieé'on it
_(¢azenave‘et al., 1980). Thejvalues derived in this way for
the th1ckness of the oceanic llthosphere are con51derably
less than those determlned through selsmlc wave propagatlon
stud1es (Leeds et al. 1974). A comparison between.elastlc

. and seismic th1ckness values for llthosphere of the same age
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'suggest a ratio of sbout 1/3 (Cazenave et al., 1980).
There are many ‘estimates of llthosphere thickness and
_they need not be’ the same., Seismic lithosphere is defined as
the layer of high veloc1t1es and low attenuation of ‘seismic
'uwaves Another def1n1t1on of lithosphere tplckness is the
'Ehé)mal thlckness, which separates the region where the -
conductlve heat transport dominates from 1ower regions where
convection 1s the pr1nc1pal mechanlsm of heat transport
“(parsons and Sclater, 1977). |

Baeed 6n the existence of the elastic plat®e describedp«
earlier, the determination of stresses in the upper few tens
‘of kilometers-of the earth can be approached by analy51ng |
elastlc models Jif the reglon:under study is away from the
interplate boundar1es (Solomon et al. 11980) = ‘The modelling — .
‘of reg1ons w1th1n these _undarles shoulghbe,done by taking -
into account the thermal pendénce-of the streSses that may

“

be present -in these areas. This approach will be ‘followed

for the dlfferent geodynamlc problems in the next chapters

Klrby (1977) looks into thlS problem and gb}es the following
, .
suggéstions:

¢

-1. A 51gn1f1cant portlon of the lithosphere could be

described using a nonlinear strain-stress relatlon. At

-

greater depths‘e ~g? . \
2. The upper part of the llthosphere shoUld’deform in the
brlttle fallure. He mentlons that in particular, in.a
-subductlon zone‘the upper 25 km of the plate should be

r:under_brittle deformation. *

Fl
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3. The stressed at the base of the lithosphere have a large

21

range of variation due to change in the thickness of the
.platesr “/;,/ »

It is also of prime importance to include the‘presence
of f£luids in the materlals nodelled, since it has been long
recognized that variations invthe~pressure of tnese,xnternal
fluids can, and in fact do, change the state of stresses in
. a given reglon ThlS has been observed primarily in the
1nduced seismic actlvlty that ‘has occurred in some °
art1f1c1al lakes after the 1mpound1ng of thexwater reservoir
had started as shown by Gough (1978), Simpson. (19?6, 1981),
Withers and Nyland (1976, 1978), Bell and Nur (19?8) and’
many others. The 1mportance of this pore pressure 1s
dependent on the porosity and permeablllty of the rocks in
each model. |
1.5 Methqu For Determ1n1ng Tecton1c Stress States.

- The seismic behaV1our of dlfferent geodynamlc systems”
' varles widely from relatively small mlcroearthquakes only
detectable with hlghly sensitive 1nstruments to large
destructlve earthquakes. The klnd of selsmlc manlfestatlons
j,observed in a- partlcular reglon must be representatlve of
the state of stress that prevalls in 1t leferent selsmlc
behav1our should then characterlze 1ocatlons under dlfferent
"stress dlstrlbutlons.. - '_ I -
For thls reason I have started thlS the51s with a

<

descr1pt10n of those aspects of earthquake selsmology that
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will allow the definition of a stability criterion

representative of the\risk of an earthquake. This criterion

chould be such that it can be modified to become

representative of the different stress enviroments which

occur in-the upper pa t of the lithosphere.

The use of materibls with a linear elastic
stress-strain relationghip will prove to beha good first‘
approximation inythe's lected cases. This will help in the
treatment of more complicated situations. Elastic analysis
combined with the hyorological characteristics of the.site
can result in reasonable conclusions about therdistribution
of rxsk in some areas. The modelling of materlals with

thermoelastlc stress straln relatlonshlps will enable us to

get an insight into the_phy51cs behind the observed long:

~

‘range precursors of some large earthquakes The use of a
'porows media will strongly suggest that the geometry of an
~applied water load, its loading history and the presence of

weakness planes are the parameters that very weil determine

.

' the presence of 1nduced seismicity in partlcular areas. This

last exercise will set the background necessary to anal§se
the cla551cal approach to consolldatlon problems in water
reserv01r engineering in ‘order to seek the tlme delays which
are often observed in induced seis icity cases. The usual
analysis does not predict these time delays in a 7
satisfactory way
In order to accomplish any of these goals, it is

L ¥

necessary to estimate the stresses at the location of

e
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interest. A logical way to proceed is to try to make some
gense of the state of stress from observed measurable
phenomena; this is the case of the seismic behaviour which

can be quantxfled

Two admittedly 1mperfect thethods exist for assessing

dome but not all aspects of seismic risk, by microseismicity

studies and by inference of the stress states. The

occurrence bf,mlcroselsm1c1ty reflects stress release on the

L e b

'a

faults on which it occurs. The frequency and size of such
activity must depend ‘to a large ‘extend on avallable energy.
However, the ambient stress level after the occurrence of an
earthquake, which can exist without being reflected in
seismic activity, remains unknown. This level is controlled
by fault strength and can vary with geology, and external
1nf1uences such as dams. | K

The magnltude frequency dlstrlbutlon of most earthquake

sequences follows the emp1r1ca1 rule
Log N=a-bM ‘ - , (1.6)
where N 1s\the number of shocks of magnltude greater than or

equal to M. "a"” and "b" aré constants determlned for each

reglon. The constant a.is uncertain since it depends on the

dsampllng time and is subject to large errors. The value

usually used to represent the state of stress of the reglon
is "b". Values of b have been reported from 0.5 to 1.5, but

usually lie between 0 7 and 1. 0 for tectonlc reglons.
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1f the slope of equation 1.6 is large. (b large) it
;redxcts a smaller ratio of large to small earthquakes. Thxs
suggests the presence of many cracks and a weak material.
Due to the logarithmic nature of equation 1.6 a small b
"value, representative of a zone with fewer small earthguakes
but pgkhaps more large ones will indicate a stronger (more
homogeneous) material, since in\general there are fewer
large seismic events than small ones. The b Valueé for
aftershock sequences at lakes have been observed to be about
3.0, and they are much higher than the normal b values of
the same region. The b values of the foreshocks are even
‘larger'for large induced events. |

The b value of earthquakes has beén extensively studied
(Gupta and Rastogi,f976; Gough, 1978) and has been found to
be characteristic of the seismiciﬁy within a given region. A
regioﬁ of high strenq;h'and variable stress distribution is
often characterized b§ low values of the slope b wberéas a
source regiqh in which there are existing fractures near
‘critical stress has high values of b (Gough, 1978)
‘£Scholz (1968) relates high b-values to zones under
' spatrally heterogeneous stress dlstr1but1ons and lower
"b- values to more homogeneous distributions. He concludes
that the state of stress plays the most important role in
determlnlng the value of b. This means that for an area with
h1gh/£ecton1c act1v1ty we are to expect a high b- value.
Gupta and Rastogl (1976) and Slmpson/(1976) explain that the

N

high b-values observed at lake 51tes are due to the

¥
o
»

[
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f'heterogeneous nature of the! stresses 1nduced by the
”ﬂfeservo1r dependlng on .the geologlcal structures present.
- The. major limitation of emplrlcal se1smolog1cal
relatlons der1ved grom the study of seimic catalogues is
"that these ‘are not by any means c0mplete, that is the

recordlng network 1s only capable of reglsterlng all the

events of magn1tude greater than a glven threshold Even 1in

"the best studled .areas the perlod when records are avallable o

1s a small sample 1n gedloglcal t ime scales Nevertheless,,_
that is all we have to go . on Lamoreaux et al. (1983)
VStudled th15 problem of 1ncomplete data in thelr study of

» the occurrence of selsmlc patterns in the M1ddle Amerlca.w
':trench Discussions about the valldlty of stat1st1cal
iselsmlc studles have been done by many 1ndependent
researchers (1e Lomn1tz, 1966 Lamoreaux, 1982 leltake,,;v
'1977) They all concluded that due to the short hlstory of

recordlng, stat*st1cs may be mlsleadlng, evertheless, that

3v1s all we have to. goion. R1k1take (1977) p01nts out that 1t."

is possible to use statlstlcs in selsmology only 1f a serles
of seismic observations over a perlod of several decades or'
longer is avallable for that partlcular region. ’
Geologlc rnvest1gatlon 1n the late Quaternary mlght:
prov1de valuable data on recurrence perlods of damaglng
earthquakes (Allen, 1975). Suchzlnvest1gat10nsfappear ‘to
’vhelp overcome many of the statistical shortcomlngs of
instrumental and'h1stor1cal records. It may be expected, that
the dangerous large‘eyents (M>;).will leave geologic traces,

@
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from whﬂ&h not only their occurrence, but’also, thedam0unt
of sl1p and thus thelr magnltude can be derlved These°
1nvestlgatlons may prov1de the max1mum credlble earthquake
data requlred for hydroelectrlc pro;ect des1gn for other
’large eng1neerrng prOJects and is de51red in the assesment
of earthquake risk in geodynam1cal modelllng |

A third method of stress analysxs is to attempt a
"direct measurement of stress. Several methods ex1st for
routlne determlnatlon of formatlon stress (Halmson and .
Falrhurst, 1970) .. The most useful appears to be that. used by
uvthe U.S.. Bureau of Mlnes (Obert et al. 1962) ‘This method -
1nvolves plac1ng a dlameter gauge in a borehole of
approx1mately 3 cm d1ameter Thls is usually a -low modulus
1nclu51on wh1ch cons1sts of a plston in a brass barrel Then
piston measures the borehole dlameter ‘by deflectlon of a bar‘
“fltted w1th a straln gauge.. The re51stance of the gauge can‘
Once the borehole gauge is in place a large dlameten
'corlng bit (= 20 cm) can be used to drlll out the rock S
contalnlng the gauge. A falrly 51mple appllcat1on of
f.elast1c1ty theory relates the observed relaxatlon of the
rock to stresses 1n ‘the plane perpendlcular to the borehole'
1Three measurements of thlS type in 3 1ndependent dlrectlons
are used to deduce the complete stress tensor. "All that is
Vrequ1red 15 a\competent rock drllllng crew—wlth equlpmentr

_capable of cuttlng large dlameter cores. It is cruc1al that

the drllllng crew be experlenced for the large Q1ameter core
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'must be retrle«ed in one plece Borehole .gauges can‘be

,dconstructed by any quallfled mach1n1st and straln monltorlng

| ~equipment is a standard 1tem The problem is that these
"Lmeasurements are local and shallow, and not necessarlly
representatlve on a reglonal scale The seismic behav1our an
Tthe other hand is reglonal in character and can be thought
as a way of determlnlng the average behav1our of a glven
zone B , |
Flat jack tests are not 25 rellable for these stress
analysesuhThe results can be severely contamlnated by
pgeometric nfluences due to the excavatlon from whlch they
are made ngh modulus 1nclus1on methods'(Hast 1958) mlght
have a place 1n competent Tock but seem ruled out 1n’
sedlmentary ba51ns or heav1ly fractured materlals
-: Hydrofracturlng (Hubbert and Wlllls, 1957 Halmson and

._\

alrhurst, .1970) is. probably the only way to acqu1re stress

®

data at depth but 1t requ1res the drllllng of Several deep

wells. Such wells would\however serve a useful purpose xnv:‘

0

’monltorlng fluid pressure behav1our du\lng loadlng of a

reserv01r Thls technlque has 11m1tatlons" = e

f; One panCLpal.stressvmust:be vertlcal.

2. hDrill_holelmust be'nearbvertlcal; |

3.f‘Cracks can introduce;consfderable égbertalnty in
results T, S o TR
The orlentatlon of the pr1nc1pal stresses ‘in the upper

w

few: kllometers of . the earth S - crust has also been determlned

by analy51ng the d1rectlon of o11 well breakouts (1 e. Gough .

%y



V.anA‘Bell 1981).‘Thfs;is done with'a 4-arm dipmeter,‘Which L
,records the magnltude and azimuth of . two orthogonal
'dlameters of the hole. A breakout occurs when when one of
f;‘the d1ameters fltS the4§r1g1nal drill and the. other ;s
hfgreater. .The. observed dlrect1on of the breakouts is
"'con51stent w1th1n a 51ngle well and'seems to be 1ndependent'
gof ‘the geologlcal structures through Whlch the hole has been
_drllled The con51stency of breakout orlentatlon throughout
a s1ngle geolog1c prov1nce (Bell and Gpugh 1979), suggests
that the systematlcally orlented a21muths are products of
stress concentratlons near the hole 1n a reglonal stress]
_fleld where the two horlzontally or1ented pr1nc1pal stresses
'L‘are dlfferent | 'lb k : |
S Well breakouts g1ve no- measureeof the magnltude of the
stresses and 1f they are - to be useful An the determlnatlon
‘of the reglonal orlentatlon of the pr1nc1pal stress e‘
requlre the presence of many wells 1n the area. i |
Flnally,'one of the methods for estmmatlng stresses 1n
’ the llthosphere is by modelllng, u51ng the major geophy51cal'
'observables of heat flow,:selsmlc wave propagatlon data,i
'grav1ty, radloact1v1ty, electric conduct1v1ty, magnetometry}
:and the plate veloc1t1es ‘as constraints. The 11nk betweeﬁ?
the geophy31cal observables and the stress in the
;llthosphere is through the dlfferent const1tut1ve eguatlons
» mentloned earller 1n thls chapter. These ase’ equatlons that

: relate the rate of straln to the. applled stress,r

temperature, pressure or any other parameter that mlght
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'flnfluence this stra1n rate. UnfortunatelyfalmdSt“allﬁthesed
~parameters must be estlmated Model calculatlons are |
k-dlscussed later in- th1s the51s

“ﬁ
1 6 Some Earthquake Related Phenomena .
Several aspects of the earth s se1sm1c behav1our, that

,.(l

C‘portance to the understandlng of thls work and are-

4the necessary background to the follow1ng chapters must be
outllned ' | .

Recurnence pat ter*ns

%The study of the SEISmlC catalogs for the dlfferent

'7parts of the earth has resulted in several emp1r1cally

.derlved observatlons/ One of these is that large destructlve
fearthquakes tend to repeat themselves in locatlon and 1n:
‘t1me (i.e. McNally and Mlnster 1981' Slngh et al.,v1981)
.. For 51mple plate boundarles the average recurrence tlme.T

ENN

"_can be calculated from
Teu/av. - S

where u is the average dlsplacement that takes place at’a

'locatlon due to SEISmlc act1v1ty, a 'is the ratio of selsmlc
~slip to the'%otal sllp and v is the .relative plate veIOC1ty
_v(Sykes and Qu1ttmeyer, 1981) | | N )

" Two assumptlons are 1mp11c1t 1n this. k1nd of formulatlon,

one is that the major part of the sllp at the location is

due to large earthquakes and the other 1s that the plate‘

v



velocatles-can be treated as constant over large perlods of

tlme (Sykes and Qulttmeyer 1981) Th1s has ' lead to the

development|of three‘dlfferent type of recurrence patterns’

(Shlmazakl and Nakata, 1980) These patterns (flgure 2) are: -

].’_

‘The t1me recurrence model shown in f1gure 2.a assumes
"that the stress requ1red to fracture a g1ven 1ocatlon 15

‘constant -as- 1nd1cated by the hor1zontal l1ne at T, level

of'stress ‘on this flgure. ThlS is not necessarlly true

since fractures decrease the strength of the materlal
and modlfles its frlctlonal re51stance. The model
'implies that stress is accumulated untll it reaches

,level T‘ Then an. earthquake takes place and the stress

level drops to a smaller level and the cycle starts:

o agaln. This pattern enables us,vln pr1nc1ple, to predlct

when is an earthquake g01ng to occur based on the 51ze

/

of the prev1ous one.

.Flgure 2. b descrlbes the Sle predictable model. Itm

'assumes that the level of stress after the occurrence of

any selsm1c evenx is the same, that if an: earthquake - ‘is

g01ng to occur ‘today, 1ts magnltude can be pred1cted

‘from the t1me lag from the previous one. ThlS klnd of

modelling is not in good agreement with the seismic
catalogUes from Japan (Shlmazakl and- Nakata, 1980)

Cal1forn1a (Bufe,‘1977) and the Mlddle Amerlca Trench

v(Slngh et al., 1983)

The strlctly repetltlve model shown in figure 2.c is the

comb1nat1on of the prev1ous two, the levels T1 and T
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Figure 2.... Earthquake recurrence patterns
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v
are fixed, the'time of.recdrrence rs always the same and
the earthquake is of the _same magnltude every tlme. This
_one has all the defects of the other two comblned and
is con51dered a 11m1t1ng 1deal case.

The common assumptlon of all these models, ‘that the

rate of accumulatlon of stress is constant ‘has been used .

exten51vely in- many other geophy51cal studies (i.e. Newman

and Knopoffh_1982; Singh et al,,1983). This concept of a

“'contfnually increasing stress will permit,the study of the

Qariation of the stability function due to'anuearthquake‘

'(Chapter 3) Therefore, I have assumed that earthguakes

'represent a sharp reductlon in stress and are the only

natural way in whlch stress can change abruptly

Observed recurrence tlmes at a given location are
irregular enodgh that for most reglons the knowledge of this
average time interVal7between succesive earthquakes does not
 greatly constrain future times‘of~occurrence (Rikitake,

1977).

ig
]

Seismicity Patterns.

Another‘obServation from historical seismicity records
is that sometimes large earthquates appear to affect the
seismic beha&iour of zones which are'very_far away, and some
large events seem to be preceded by anomalous’seismic
behavior. All‘these types of peculiar seismicvbehaviour have
‘been grouped'as Seismicity Patterns or Long Range

-

Precursors. o
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Most of the observed selsm1c1ty patterns can be
1nterpreted as a comb1natlon of qu1escence and actlvatlon
(Lamoreaux, 1982) Qu1escence is: understood as a decrease in
~the selsmlc act1v1ty of a reglon in comparlson to normal
Aact1v1ty Activation i$ then an increase in the seismicity
of a region, an increase, in the total energy release rate
.there, or\both |
Many df these patterns have been 1dent1f1ed some of
them involve actlvatlon only, Foreshocks are the most
obvious of thls kind of precursors, they are swarms or small
events-close in time and spaCe‘that occur just beiore a
major earthquake takes place in the reglon Successful
predlctlons have been made by recognlzlng thls pattern i.e.
'the Halcheng magn1tude 7. 3 earthquake of 1975 (Scholz,
1977) . Pattern 'swarms' (K61lls Borok and Rotvaln, 1979)
refers to-a. group of small magn1tude events closly grouped
in space and t1me occurrlng during a time 1nterval when the
overall selsm1c1ty 1s nod ‘below average,. and takes place .
_several years before a major earthquake takes place in the
iarea. McNally (1977) observed this pattern in Callfornla,
Ohtake (1976) reported similar findings in Japan.
Kellls—Borok‘et al, {1980 a,b,c) have proposed three;
related seismicity patterns which deal with‘the activation
of a region. These three patterns have been collectively
termed "Bursts of selsm1c1ty They con51st of abnoéormal

clustering in time, energy and space before a major

earthguake. These are, pattern 'swarms', pattern 'bursts of
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aftershocks whlch consist of an anomalous number of
aftershocks concentrated at the beglnnlng of the aftershock
sequence, and pattern 'S1gma whlch consxsts of an increase
1n the cumulatlve seismic energy released to the 2/3 power
over a sliding t1me w1ndow, pattern sigma is ldentified as
the peak of the summatlon. g oy

Some of the observed seismicity patterns are .
superp051tlon of quiescence and act1vat1on Ev1son (1977),
suggested. a pattern of premonltory swarms followed by ai
guiescent perlod in. the eplcentral reglon. Mogi (1969)
1dent1f1ed a doughnut pattern for some large earthquakes in
' Japan Keilis- Borok and Rotvain (1979), sucgest a 51mllar
algorlthm pattern 'A Q' (activation- qulescence) Pattern
‘A—Q comblnes two actlvatlon areas at opp051te sides of an
earthquake prone site with a du1escent area in the mlddler_“

There is no satlsfactory phy51cal explanation for the
occurrence of these patterns, although some.theories exist.
Two ma]or apppoaches have been developed -
1. They are a result of the actual distribution of physical
| propertles of the earth.
2. They are the result of the processes of crack. populatlon

growth, independent of what material these cracks are

on. .. | .

. d :
The right ansver will probably llnk both of these

 explanations. In chapter 4 this is explored by u51ng the

stability functlons



2. Types of fa1lure*aﬁd stabxlxty stud1es

A major aim of this work is to link together what is
- known about the earth processes from direct in-situ
measurements and experlmental results w1th the varlatlon of
the geophy51cal observables such as selsmologlcal behav1our.

“To accompllsh this it 1is convenlent to rev1ew some
'concepts of .rock mechanlcs which are fundamental to the
further understandlng of what is expected from the earth
This analy51s will set up the rules that must be followed in
any k1nd of descrlptlon of rock failure. ,;
Once the mechanlcal background has been presented the
. chapter proceeds to explore dlfferent ways*to determlne
'selsmlc rlsk. Appllcatlons to-time- dependent phenomena are
'analysed flrst. ThlS is modlfled for ‘the determlnatlon of
seismic risk isolines in actlve“areas. The chapter concludes
with a method in which the seismic risk'is represented‘by

‘probability of seismic failure in particular areas.

2.1 Rock Faxlure. | .

It is 1mportant to recall the dlfferent types of
failure cr1ter1a ‘that are applled in rock mechanlcs. All
these are functions of the internal distribution of stress'
_in the material. However, the internal stress of small
laboratory samples may not be representative of the stress
distribution inwreal geological environments. Nevertheless,

all the criteria assume that the "average” stress is

representative'and can be used to describe this behaviour.
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Von Mises criterion suggests that yielding of dqctile‘ .
material occurs when the limit value of thé octahedral shear’
stress (7o) is achieved (Jaeger and Cook, 1979). 7, as a
.function of the principal stresses 0., 0: and o, is given
‘as: . : E -

70-1/3{(01’02) +(02‘03)’+(03‘01 Y23/ (2.1)

Another yiélding criterion is that due to Tresca, which
states that ductile yielding will occur when the maximum

" shear stress Tmx 1S reached (Jaeger and Cook, 1979), where:

Tmx=(01-03)/2 & . ' ' o (2.2) |

The most widelx}psed‘but not necessarily the most
appropriaté failure. criterion is>the one known +as
Mohr Coulomb This crlterlon 1mp11es that failure occurs
when the critical shear stress r,:glven as 7=So+otany, is
reached. S, and ¢ are material cohstanté. This criterion.
(figure‘j) will be discussed exten51vely in the follow1ng
parts of thls chapter. In this figure are shown ‘the -
classical ways in which this criterion can be represented;
‘a)‘In shegr stress Vs normal stress in éartesiah
coordinates, and b) in a principal stress diagram, whete
m=(1+sin¢)X(1—sin¢) and b=2$ocos¢/(1—sin¢). |

In three dimensions the stress envelope of” figure 3.b

is'given byvthe hexagonal pyrapid shown in 3.c.

o
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Figure 3.... Mohr-Coulomb failure criterion in a shear
stress vs normal stress diagram (a) and in principal
stresses diagrams in two dimensions .(b) and in three
dimensions (c). - :
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The Drucker-Prager criterion is based on the
replacement of the pyramid of figure 3.c from the
Mohr-Coulomb method by a circular cone inside the pyramid.

+This results in the following failufe criterion

F=ad 1 +/J2-k=0 - » (2.3)

N 78
}

\ . . . »
where J, and J; are the first and second stress invariants

a=tan¢/(9+12tan?¢)'’?

and g:%

k=3So/(9+12tan?e)'’/* . >

. L x

The importa%él of this } 

that it takes into account.
402, which is neglected in the Mohr- Coulomb criteria.

All thegz criteria have been<postu1ated on the basis of

theoretical considerations and have'been\k*%en51gely tested.

Except for the Mbhr-Coulomb their application’in‘geophysics

#

is rare since they all imply assumptions about the behaviour

of the materials of interest. A failure qritetion based on
the actual physical pcoceésﬁleadiné to f;ilure was Suggesﬁed
by Griffith in 1924. A material contains é nhmber\of

: randomly orlented zones of potential failure in the form of

weak grain boundaries, fissures, cracks or open flaws. These

flaws can be_approximated‘by 1ong thin elliptical openings .

and one can assume that there is.no interference between

&—/
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“flaws in an 1deallzed)elast1c materlal In thlS case even -

X ,
under h1gh compre551ve states of stress, ten51on stresses
oddur in the houndar1es of these openlngs and fracture mustf'
1n1t1ate at that boundary when the ten51le strength 1s;' ‘

w’exceeded.'- = *;“.T» . 'f LB | | o
,Thehmaximum tangentiallftress'ﬂotw),near‘the’tip@f{ghé«

elliptical openingfisfv‘
o,ﬁ-m=dy:(ay?+fxy?)‘/’_‘. - ‘~fht”, , ' 'f‘;"hv(2;4)

where m~a/b
; ThlS crlterlon 1mp11es several character15t1¢s of the
‘vi'crack (Stagg and. Zlenklew1cz, 1968) | | B
1. It propagates out of the plane of the flaw.
'2r' It propagates to 1nf1n1ty if 1t 1s not conflned (ten51le
_spllttlng rupture) . _‘f d'l ‘f.ﬁ':.-fzﬂ“: il;'ﬂ?

3. 1t propagates towards the major pr1nc1pal axls..

. a0 0No rupture occurs when o1 and CE are. compre551ve (stable

‘Mcrack pnopagat1on) L R
5. The flnal length dﬁ the crao depends on the rat1o aa/a,‘

A?V

and the 1n1t1a1 flaw length o.'

s B Dapendlng on the crack den51ty, cracks may merge and a

“fajlure may occur due to thls crack coalescence
(creatlon of a shear fault).
- Hoek and Brown (1981) have made an emp1r1cal attempt to'

put all the 1nformat1on avallable together (flgure 5) and

~

R

develop an emp1r1ca1 strength crlterlon'

-y,

O
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01/00=05/9¢ +(M05/00%8) "/ ‘ oo(2.8)

PP

where M and S are ¢onsta ts ‘which depend on the rock .For
1ntact rock S= 1 and M-oo/ot, belng the ten51le strength :
3 of the materlal and ao the conf1n1ng pressure. M w1ll
Adecrease rapldly as the degree of prlor fracturlng |

1ncreases.‘7

2 2 The Stab1l1ty of Earth;_‘ﬁj;".

The concept of stablllty has been used in rock
"'englneerlng to predlct fa1lure. In major’ engxneerlng
pr03ects,'1t is- of great 1mportance to determine the
1'stpength of the rocks at.a s1te and av01d the collapse of

i ologlcal structures that may be present there. ThlS is-

4

e, by.maklng several assumptlons about the strength of the
dterlals,’d15cont1nu1t1es, and other local features In.,
general these calculatlons demonstrate the amount of
strengtbenlng requ1red in the area.ylntroduc1ng art1f1c1al

: supports w1ll locally 1ncrease the materlal strength and

| permlt the work to be done w1th a safety factor

" The 51mplest example,'1nvolv1ng this type of reason1ng
is the determlnatlon of the average cohe51on necessary to.
ma1nta1n the equlllbrlum of an open plt (Brown and King,
1966) They determlne the components of stress and make use.
| of the Coloumb fallure envelope to determlne the STABILITY

of a slope modelh by looklng at the toe of the slope, and

calculating‘the plane of*possible'failure by using



6= tan 1204,/ 200..-0,,) *n/4 +o/2 iy (2.6)
for oxxlgreater than o,, as a function of the anglevof .
'ihternal“friction'of the material ¢. Lt

5}

Once the potentlal sllp surface has been glven then the '

average cohes%pn So for each path L can be calculated as-i.
So=[/rdn+/ (o-P)tane¢-dL]/JAL - S (2.7)
r’\ ' N " . ' o ) . ~ \

where T 1s the shear stress, o0 the normal stress"and P the_-

'pore water pressure. The Couloumb fa11ure envelope is glven

- asa:

The calculation asSumes that rocﬁ‘Behaviour is

'extend the analy51s to the study of stab111ty of large

[r[>Se=(0-P)tane ol il "(2.8)

LN

of an angle 6 for Whlch the correspondlng value of So~'

minimum. This englneerlng approach works. In this the51 we &

geologic ‘structures 1n order to connect selsm1c1ty and rock
mechanlcs 1n a QUantltatlve way. . .

w In geodynamlcal studles of the elastic plate,

flnstabllztles represent selsmlc events -and nothing can be

done'to.lncrease the mechanlcal strength of the material.

’Turcotte et al. (1s80), studied instabilities due'to fault

weakening caused by frlctlonal work Stuart (1979) points

g
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out ‘that the subject of earthquake mechanics viewed as a

boundary‘problem in continuum mechanics reduces to the study

N\

of ‘ o . ) -

1. constitutiye properties and geological\structures
+  present in the surroundings,-and'

2. remotely applied ‘boundary cohd1t1ons

| These concepts must lead t§ the dbserved -nature of the
earthquake cycle. The stages of thls cycle are |

1. -slow 1ncrease of stress due to remote loadlng,

2. the. onset, propagatlon and cessatlon of the rupture and

3. post selsmxc adjustment.’
To . thlS, it should be added, -that fast stress changes ‘may .

occur in the upper few kllometers of the earth This .

'1nclu51on w1ll in fact 1ntegrate the englneerlng approach

.

.and the more general geophy51cal ‘studies of the earth S

crust and upper mantle.

Earth instability models requ1re a prec1se statement of

the depenéénce of the stablllty on the materlal propertles

of the models. The 1nstab111ty cr1ter1on depends ‘on the
A

“stlffness of the materlal and the stlffness of

vdlscontlnu1t1es present in the model It 1s glven ‘as the

possibility Jf a fault Sllp due to a remote dlsplacement or

stress release. Stuart (1979) po1nts out that phy51cally,

this condltxon corresponds to a sudden, finite fault sllp

caused by an arbltrarlly small progre551ve change on

‘reglonal stress. The unstable Sllp durlng faultlng is drlven

by the release of elastlc energy stored in the surroundlngs



-

‘of a crack passes through such a barrier'

a

as proposed in the eiastic rebound theory. Then, any

constltqtlve law in which stress can decrease rapidly during

deformatlon can be used to create an 1nstab111ty crlterlon

Fallure represents the actual stress release and

orlglnates at the 1ocatlon in which the ratlo of the

strength of the mater1al to the stress stored in it is

»m1n1mum. The crack will propagate through ‘the rock untii‘it

+

reaches a‘location‘where'the stresses are not enough to
overcome the rock streéngth. Therefore: the size of‘theA
stress concentration will determine the siae of the’crack.
Very locallzed concentratlons then are expected to produce
small cracks, while reg1onal concentratlons are more likely
to produce large cracks. _ e

The stress concentratlon due to the propagatlon of the
seismic waves ahead of the t1p of a crack can cause the
fault sllp The cohe51ve force ot the materlal where the
rupture occurs, determlnes what-happens when theirupture

"

propagates along a fault plane with' obstacles or barriers.

,These barrlers may - ‘be thought ‘of as localized h1gh values of

the cohesive force of the materlal Aki and Richards (1980)
suggest that three'different things may occur when the tip
é depending on how

strong the barrier is with respect to the 1n1t1al stress:

1. 1If the'1n1t1al stress 1is relatlvely high, the barrler is
broken immediately. - | | |

.8 If the barrier strength is relativelgwhigh, the barrier

is. left behind unbroken;
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3, - If they both are similar, the barrier is not broken when
the crack tip passes, but it may eventually break due to
* later stress increases.

v

2.3, General de£1n1t1on of stability.
s The determ1nat1on of zones of seismic risk in

geosciences is a subject in which several‘items must be-

taken 1nto'account'

’

1. Concentration of stresses due to geologlcal structures

in the region of interest, that is, sudden changes in
" . 4

‘material properties occurring inside the model under

study.
, . ‘
2. External forces acting on the mediuﬁ like plate driving

v

e \
forces, volcanlc activity, 1gneou9 intrusions, changes

in water content or 1n pore pressure on the rock mass.
3. Evidence of previous seismic act1v1ty in the area.

4. ULocation of the site.with«gespect ;b the active seismic

belts of the earth. o

.
Once all the above factors have been considered,

54

assumptlons about the constitutive equatlons that regulate
\/-\ / e ép

the stress propagatlon 1n the qodel can be made. The next

step is to calculabe*the\gtpéss tensor components. This can
be done by solving the boundary value problem with

' L _
analytical methods or numerical technigues. The detailed

development examples of both' approaches can be found in
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I1f the variation of the stress tensor throughout' the
model is known, its comporents can be combined in such a way
that a measurement of stab111ty at each point of the model
can be calculated. This is done by applylng the Mohr c1rcle
principle to the resulting principal stresses and relating
it to a fallure crlterlon.

~ The phy51cal 51gn1f1cance of u51ng a Coulomb failure
envelope ' is. that the rock is taken to have a linear
relatlonshlp between the cr1t1cal shear stress 7,53 and the
"critical maximum stress diference o,-03, thatfls requ1red to
reach failure. A solid exhibiting‘this kind of behaviour is
~characterized by a llnear relatlon between the components of
stress and strain as deserlbed in section .T and  implies
'reverSibility of»the stress strain relations. This
assumption for thevupper few kilometers of the earth is
plausible if the cqnstraints mentioned'through chapter 1 are
observed; | |

1f the envelope_bf the Mohr circles at failure has ﬁhe
form of a straight line (figure 6)! it is éiven'by equation

{ A ¢
(2.8), which [can be rewritten as:
"Ar=S,+Ao,tang . (2.9)

where Ar, is the shear strength increment of the ‘rock. &, is
the angle of shear resistance, Ao0,, is the normal effective
stress increment on the plane of fracture, and 6o is the

‘'shear strength increment of the material under zero normal
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- FAILURE ENVBL.OPE

~

8TABILITY

Figure 6.... Shows the general definition of instability as

the minimum distance from the surface of the Mohr circle to
the failure criterion. ' o
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pressures. | ; i

'So'fvaries considerably from zero in fractured
material to = 50 bars for sedimentary rocks and up to
several hundreds of bars for igneous rocks in intact
'materlal (Withers, 1977). In the case of our geofogical
51tuat10n L have the presence of fractures and/ So' 1is

-

expected to be small. The shear angle ¢ lies between 25° and
: “ _

45°, therefore the coefficient of friction is between 0.47

and 1.0. This one is usually around 0.6 (¢=30°).

Since the value of 'So' is unknown,;fixing it to zero,
and determining“the variation of the minimum‘distance
between th1s failure envelope and the Mohr circle will
result in a measurement of the stabilty of the system at a
glven time. This is equivalent‘to the introductlon qf a
'reference frame. That is, at the beg1nn1ng of the |
calculatlon, the model was taken in’ equ1llbr1um, and then by
maklng some phy51cal change, increments on -the pr1nc1pal
Stresses are calculated. These will result in a unique
measurement that w1ll denote if the correspondlng location
in the model has 1ncreased or decreased in stability with
respect to the orlglnal 51tuatlon

ThlS kind of reference frame can only be used if there
is a phy51cal change in the condltlons of the arei from one

»

time to another. The risk.of a seismic event should depend
on the minimum distance between the failure envelope and the
resulting Mohr circle. Some of its applications will be seen

in the succeding chapters of this thesis.

)
o
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i
although the definition of stability functions requires

the_precise definition of a failure criterion, it is not
restridted to the use of a llnear envelope. In order to
.apply thlS kind of stablllty analysis to greater depths than
those for which elastlc behav1our is justified the fa1lure?
JZiterion must be changed. In Chapter 4 a dlfferent type of
envelope has. been used 51nce the stress-strain relatlons
"dealt w1th there are not always linear, and the material is
allowed to become somewhat ductlle. Therefore the envelope
there will describe the yielding of rocks |

The shapes of the reference fallure envelopes used
throughout the followlng chapters are derived from the
phy51cal characteristics that will be descrlbed.for each
model. In-general the materials ‘are assumed to have zero
tensile strength to pehave elastically in the upper few
vkllometers of the earth's lithosphere and the shear stfess

angle ¢ is taken as 30°. As the temperature of the model

reaches 300 C plastic behav1our is assumed

2.4 Instabxl1ty funct1en 1n three d1mens1ons

In the Mohr's c1rcle representatlon in three
dimen51ons, the normal and shear stress across a plane of
weakness whose normal has d1rect1on cosines 1, m, n, are
given by Jaeger and Cook (1979 p27) Fixing two of the
direction cosines (say n and 1) tworequations can be
obtained. Each of them representsxone.familz/of Mohr's

circles in two dimensions and for a fixed value of the
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corresponding direction.cosine each represeﬁ%s a'unique

circle. Therefore, by fixing n and 1, two. circles ean be

drawn such that their, 1ntersect10n will lie at a po1nt on

‘the surface of a three dimensional qohr representatlon, and

will be a unique locationnfor these two circles whose %? o
centers are (o,+0,)/2 and (oz+035/2 and‘whose radii-are AC

and BD respectively (figure.7) | ,

With the prev1ous procedure it is- pb%szble to determine
the values of ¢ and v for every combination of stresses.
That is, the location of the point.P from figyre 9 can be
determxn\g for any time using the simple Mohr-Coulomb
fallure envtlope. This crlterlon suggests that failure
occurs when the minimum shear on a failure plane exceeds the
shear strength of the rock. - L |  ,

N If fraot;res are present in the material S@ is probably

small. Therefore 51nce the value of So'is unknown, I set it o

to zero.- Now the variation of the minipum dlstance between

‘the failure enveldpe and the point 'P‘, defines the changlng#§'

-

stability of the system. :"“”;.?s

By fixing the angles ¥ and ¥, the plane of weakneS& o:

i

the material is determined. The variatlon w1th t';”
¥ X :
distance between the correspondlng p01nt P on the syrﬁace
the Mohr s c1rcles and the fallure envelope will reSU}t 1n AR

an "INSTABILITY" hlstory for a glven location of cooéﬁk”””h

¥
T
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This kind of risk function can be used to study. induced

se1sm1c1ty at water reserv01rs (Urlbe Carvajal and Nyland
1983), in such a way that th1s function will depend only on‘
the loadlng history of the ‘reservoir, the known geologlcal
structures (that w‘ll determlne the angles 6 and V), and the
geometry or the bathymetry of the lake Stablllty has been
deflned as a functlon proportlonal to the minimum dlstance"
between the fa1lure envelope and P'

| The usé of a Coulomb fallure criterion 1s appllcable

s

when rocks behave in an elastlc way and that fracture occurs
.-;n a brlttle way. Although rocks behave in a more |
compllcated way, the assumptlon of - elastlc materlals 1s
often made in geophy51cs Solomon et al. (1980) and many
others have suggested that the upper. few tens of kllometers
of the earth's crust can be treatea as elast1c méterlalS' ‘
‘Turcotte (1974) determlned that the upper bound for thlSr |

pseudo- elastlc behav1our is 300 C This temperature acts as

the llmltltatlon to the appllcablllty of this kind of l1near

"'-(

fallure envelope. E s
Assumlng Mohr Coulomb fallure is con51stent with the
assumptlon that the 1ncremental stresses cause elastlc
__deformatlon partlcularly near fallure, the assumpt1on of
brlttle fa11ure may not- be true for all faults, but it is a
< - .
reasonable, tractable hypothe51s |
| In the case of the appl1catlon to. a water reservolri
(chaptet“S) we acknowledge that the treatement of the earth
~as porous halfspace con51st1ng of an elastic matrix |

’



saturated w1€h water is a 51mpllst1c model However, the s
stability functlons are relatlve, and only serve as
,1nd1cators of how the rlsk of 1nduc1ng selsmlc act1v1ty is

. A
'changlng w1th respect to a reference 1n1t1a

] s ) ‘i)m

2. S Res1dua1 Stab111ty Funct1on. 1."‘;- e

The determlnatlon of the. state of reglonal stress
itself’ can be apprbached ‘by determlnlng the stress fleld 1n
‘a two. dlmen51onal flnlte element model A constralnt on thls
model 1s that observed se15m1c1ty occurs in areas ‘of high-
sﬁgar Stress.‘These areas are referred to'as being unstable
The stability of a glven 10C8t10n ‘has been determined by the
dlstance of a'Mohr Flrcle from a Coulomb type of failure
envelopeu Slnce thJ values obtalned represent the streSS’
elncrement that is /equ1red to reach fallure,‘thls is an
1nstab111ty measu#i (Uribe- Carvajal and Nyland 1983)

X In the previpous sect1on, I 1ntroduced the notlon that a
measure of: the ‘seismic stablllty of a\geologlc structure was .
the mlnrmum dlS ance\between the envelope descrlblng fallure“
1n shear and the ~Mohr c1rcle for the stress state: Th1s | |
" notion is applred here. A large value for thls quantlty
?1mp11es a low rlsk of failure or h1gh stablllty Note that o~
'stablllty behaves 1nversely to rlsk Another geometrlc 'i‘
measure of the relatlve position of the stress w1th respect
to the fallure envelope might be ‘reasonable.

o ,I_1ntroduce 1n thlS part a measure of nlsk of fallure I

LA "

‘call re51dual instablllty (flgure 8) Tth re51dua1
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e and the Coulomb
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1nstab111ty is ‘derived by first estlmatlng some form of
average stress in the area under 1nvestlgat10n and then

determlnlng the stress in an anomalous zone, subtracting

. from _this stress the amblent background stress and

calculatlng the distance of the Mohr circle for the re51dual
stress from the fallure envelope. The normal (l;thostatic)

stress is usually that whlch would result from a grav1tat1ng ;
unlform half- space, the anomalous. stress is derlved from the

grav1tatlonal stresses that would be present when a

, partlcular geodynamlc structure 1s 1ncluded In chapter 3

‘this residual 1nstab111ty is appl1ed to the study of seismic

“behav1our and the determlnatlon of high rlsk areas.

‘The re51dual 1nstab111ty behaves rather dlfferently

fr%m our prev1ous measure. Re51dua1 pr1nc1pal stresses can

be negatrve. This means that the Mohr c1rcle that

‘gcorresponds to,these stresses could cross a fa1lure

,cr1ter1on that 1ntersects the,or1gln as 1n flgure 8 This

l’

"does not. mean that fa1lure w1ll occur, it merely means that'

the dlstance from the. ‘Mohr c1rcle for the total stress to'

vthe fallure envelope has decreased and fallure is more

o3

1ikely Strlctly, failure WIll not occur - unt11 the Mohrv

1c1rcle for the re51dual stress is-as ‘far above the fallure

'whether this res;dual_measure is larger in,one locatlon than..ﬁﬁda

envelope as. that ‘for the normal stress. 1s below the fallure

'H

envelope The re51dual 1nstab111ty ‘can. be negatlve ThLS
will occur when the Mohr c1rcle for<§hehre51dual stress is

completely below the failure envelope.,What is 1mportant is



. stability areas. ‘,:u?

2.6 The Probab;l1ty Funct1on.,

- | ‘ ‘ . _ .

another/for if 1t is, the loca%%on with the larger measure

is more unstable.

Whls relat1ve treatment of the problem is necessary

. Althougﬁ the assumptlon that the strength in tension of

| rocks ig small appears justlfled it cannot be ver1f1ed on

“the scales we con51der here. The sign:of the 1nstab111ty

measure depends on the po1nt where the failure envelope

1ntersects the zero normal stress ax1s on the Mohr dlagram.

Note that the 1nstabh11ty values con51dered here: are

the same unlts as stress. Keep in mind however that an

“\» : f‘q‘};}

amblgulty ex1sts. Th@‘actual 1ntercept of the fallure'

1s an’unknown.‘As a result of thlS re51dual instability

'values for any model are nonunlque to an add1t1ve constant.

The contours of equal re51dual 1nstab111ty show

o

. -‘?‘ f

‘dlstances on a Mohr dlagram. “This means that 1nstab111ty has .

4
'envelope, that is,. the strength in tension of the formatlonl

, N ,
spec1§3c areas: where the . resultlng stresses comblne in such: -

a way that it 1s»p0551b1e to denote them as minimum

2, had

G

The concept of 1nstab111ty has been discussed

: prev1ously as-.a comparatlve measure between two states of

stress and represents a measure of the risk of the
occurrence of a selsmlc event. I't deals essentlally with', the
determlnatlon of the pr1nc1pal stresses and its

1nterpretatlon in form of a Mohr c1rc1e, and the m1n1mum
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distance‘between‘this circle and an envelope determined'by a
failure criterion. In order to'take‘this instadilityl- {»u
functlon one step further and to be able to talk in a clear
language about risk, I introduce here a change to the |
1nstab111ty or rlsk functlon by linking it to the probabllty
of failure at a part1cular 1ocat10n of a model with respect
to the‘rest of the model- when a system of forces is applied
to it.. .

‘This probablllty dlstrlbutlon (flgure 9) 1s also
relatlve. It indicates that some areas will. be closer to
fallure than others but does not mean that at a hlgh

probablllty valued locatlon an earthquake must occur It is

w'u'

dbt a comparatlve measure of. stablllty for a point at two:
different tlmes, but rather a comparatlve measure for all
the dlfferent parts of the model at a partlcular stage
h To calculate the probablllty function, first it 1is
'necessary to ¢calculate: the principal stress distribution at
every point of the model. With these stresses Mohr circle
diagrams can be constructed. In figure 9 circle 1 is the
Mohr dlagram that corresponds to the node of h1ghest
stabllltyxgr m1n1mum rlsk which as seen prev1ously is.
proportional to the minimum dlstance between the Mohr circle
and the fallure envelope. . This dlstance can be negatlve and.
_1n the flgure is 1nd1cated as dm.n. Circle 2 corresponds to
that node for Wthh the resultlng distance d is max1mum
The fallure criterion specified by a 51ng1e envelope onA

' a Mohr-Coulomb dlagram prescrlbes an absolute condltlon for
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‘failure. It is my view that th1s/1s simplistic for~

I3

o earthquakes. I ﬁrefer to think of 'Ibrobablllty of failure

[

concentrated in the. nelghbourhood ‘of the fallure envelope.

In what follows we make ‘an 1ntu1t1ve argument about the way

‘the f1n1te element est1mates of 1nStab111ty could be mapped

L

“into a probablllty functlon descrlblng r1sk of fallure

Stresses can be calculated at every node in a finite
element modelw Thls produces amset of numbers, call them
{di} for the distance between the failure envelope and»the
Mohr_leCle at the ith node in the system. Suppose now that
each value‘d_can be mapped onto-a probability dlstrlbutlon
A(d) in a unique“wey |

This ‘suggests “that an eesociation can be made between
the p051t10n ‘of the Mohr Circle and a prObablllty of |
failure. The idea is 1llustrated in figure 9. The pr?blem to
solve is the determlnatlon of the form of k(d)

The'set of numbers {d; } w1ll contain both small and\

large values. It need not be obv1ously a set of

probabilities, it does however pr0v1de a link to the.

probabilities. I argue flrst that a normal dlstrlbutlon 15 a .

reasonable form for \. All probablllty dlStrlbutIOﬂS tend to.
a normal distribution near their peak (the central limit

theorem; Reichl, 1980). If this is so the parameters of the

‘distribution must be determined. In particular a rule must

‘be devised whereby a probability of the form

f(i)é(Zﬂ)'"’Iisekp(-x’/o’)dx-, _ (2.10)
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can be used to assess'tﬁe risk of failure. The choice of the
1ntegrand is governed by the requirements of a-normal |
distrlbutlon and the integration is present to contain the
notion that the risk of failure is. cumulat1ve from a
threshold zo. Physically one can think of the failure
cr1terlon as being controlled by the density of cracks of
varying 51ze. The creation of a cataStrophlc ca5cade crack
is descrlbed by a probab111t¥ density like y(z)
The identification is complete once x, 0, 2o, and z

~have been.identified._Let dmx be the largest and'dmin the
smallest members. of {d;}. Then define Rm,=65:-dm;n and

R; d,",< d:. Then x =R*¢3m«; Since the‘vafiables X tange from
0 to. 11 choose o=1 and then calculate the y correspondlng

_to d; from the 1ntegral
y(z)=(21)"7’!§:éxp(~x2)dx o ' (2.11)

This integral is easy to do and can be evaluated rapidly.f'
when z, is between 0 and 1. o | |

| Observe that the integration is only over a portion of *
the narmal distribution. Choosing the lower limit of the
integral at z, ensures that the probability of a seismi;
event at the most stable node is zero. This is to some

ﬁ%xtend arbltrary, but seems justified on observatlonal @%

grounds. Earthquakes do after all show strong Cluster1ng i
The ch01ce of a normal distribution is now dictated by

gact that we are 'near' the hlgh probablllty reg1ons.051nce
' 4
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we never 1ntegrate over the entlre normal d1str1but1on no
probablllty will~ become 1. This is also reasonable
'ﬁ A qguestion now: arises about the use of o=1. Slnoe the

interpretation done is‘relatiue, 1 compare probabilities at
different points, the value of o does not really matter. An
improved approach'to this problem could involve both fitting
o to data from models and examine whether other than normal
distributrons'could work better. I have not done so because4

normal distributions give excellent resultsy as will be

4

AN

shown later in thlS thesis.

Knopoff (1971) ‘relates the probability for the
occurrence of earthquakes tobthe,state of strain of the
_ mater1al However, a comparison between his work and the
‘definitions, presented here is not easy. He def1nes a
mathematical algorithm that depends on three dlfferent types
jof probabii?t&es: The probability that the stored energy of
deformatlon is at a certain level P(E,t)dE; the probablllty
that, if this energy\}s at.a given level, an earthquake wlll
occur A(E); and the transition probability that, if the
earthqoake occurs atian energj_state X the final energy.
state will be at a given level»E,:which is given by
T(X|[EYdE. These are used to predict if rupture can take
place at a partlcular tlme at a given location. |

My probablllty funct1on could be seen as a partlcular
case of the X(E) of Knopoff Here I assume that the model 1s
at a glven energy level Then the analys1s of. all parts of

the model is necessary, which is a static exercise highly
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0

dependent on the material properties. To predict changes on
the dlstr1but10n of probability due to the occurrence of
earthquakes 1t 1s necessary to 1ntroduce stress drops at the
~focal locat1ons and recalculate the whole model

It should be noted that due to the nature of this
,,probablllty distribution a zone with a value of 1 1nd1cates'
where the model is most unstable. This does not means that
an earthqnake will take place there, but rather that if an
event should occur in the model at the state of- stresses

/
v

;modelledﬁ fracture would ;n1t1ate there.
2.7 General connents othhe instabilitylfunctions.

Stability functions that compare all the parts of a
model at a partlcular stage (as in the cases of the re51dual
1nstab111ty and the probability functlons) can be used to
pred1ct the probable place of ruptu?e 1n1t1atlon To be able
to do this it is necessary that significant d1fferences |
exist 'in the instability distribution within the 'model. Once
rupture takes place the crack,will propagate until it
reaches a zone of sufficlent stability to stop this
propagation. This will occur where the strength of the
material increases. The final length of the crack could then
be linked to the length of .the high risk areas. It is
p0551b1e that if an earthquake occurs it might propagate to
other high rlsk areas if the stable bridges between these

areas and the one in whlch the event took place are Narrow.

These kinds of predictions are demonstrated in chapters 3
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and 4 of th;s thesas.

H‘In 1nstab111ty functlons dealing with several stages it
WIll be poss ible to predlct 1n wh1ch stage failure mlght

occur. This 1s shown in chapter 5.
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3. Elastic models of seismic failure and its appllcatxon%tﬁ “@'

the Valley of Mexico

The observatlon that near boundarles between cont1nunts'

and oceans there tend to ex1st mountaln belts (Gunn,p1947)

that in general are parallel to subductlon arcs, has)one _
exceptlon (Molnar and Sykes, 1969) The Mexican volcano

chain known as the Neovolcanlc axis (whicH is the mountain

~belt aSSOCiated with the Middle AmerlcaaTrench, north of the

‘Tehuantepec Rldge) is located anomalously far back from the

'trench and is not 51tuated above the focus of intermediate

-depth earthquakes The’ strlke of thlS mountain ‘belt differs

by about 15°. from that of the trench However, it 1s

d1ff1cu1t to belleve that the volcanoes are unrelated to the

subduct1on zone. Molnar and’ Sykes (1969) suggest that

factors that could explaln thlS anomalous dlstrlbutlon of

volcanoes may be:

1. Magmas in this region are not §enerated near:the dipping
selsmlc belt. | | ﬁ

2. Magmas follow an 1nd1rect path to the surface due to the
ex1stence of prev1ous zones of weakness.

3. The sl1p rate of the down901ng s#ab may have changed
dur1ng the last few million years, as Mexlco approached
the East Pacific rise. _'ﬁ . \

Thls thlrd hypothe51s might lead to a decrease in
581smlc activity before the volcanlsm stopped (Molnar and

Sykes 1969) . One problem with this mechanlsm is that shallow

act1v1ty is still frequent near the trench

~
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s@;er factors‘to consider in searah of the probable
mechanlsm that might be responsible for this anomd lous
| _vo}gdhlc d15tr1but1on is Q&e absence of volcanism between
18° and 15° N and the p0551blllty that the Tehuantepec rldge
.may have been active in the past 10 mlllxon years. Thxs will
be dealt thh in chg%ter 6 of this work |

In this chapter "the re51dual 1nstab111ty functlon.
presented in section 2 5 1s applled to a.site whlch‘is
selsmlcally actlve ‘and could be related to the Middle
_ american island arc north of the Tehuantepec ridge. Thus the
behaviour of this kind of 1nstab111ty under dlfferent‘
czrcumstances can be monltozed and the role of the
subduction mechan1sm on the. local se15m1c1ty detected in
this, locatlbn dansbg tested ThlS chapter is an- expanded
ver51on of Elastzc'models of seismic failure in the valley
“ of Mex1co bygUrlbe Carva]al and Nyland publlshed in Pure and
Applled Gecphy51cs, vol 120, 1982 in whlch it was proven
;gthat the reglonal stresses 1n the pdate have little effect

"-t!" LV i

on the dlstrlbutlonéof shallow unstable zones compared to

the eﬁfe;ts of local geologlc structures and locallzed
changes of stress.v“; ¥ .

B . 4
: H
R T
v g e . 3 ~ .

f‘t vt ¢

3 1. Introductlon

a “

Restrlcted parts of the valley of Mexico’ have been
plagned by swarms of ‘small earthquakes during recent years.
The cause of these events is puzzlihg, but they may relate

to mass1ve artificial ‘changes in’ the hydrology of the

e
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giake bed whlch underlles most of Mexico C1ty The valley is
located at approxlmately 250° km 1nland of the Cocos North
Amerlcan plate boundary
If the valley responds elastlcallﬁ, plane strain f1n1te?

seismlc structure to observed selsm1c1ty and overall

tablllty of the valley These calculatlons show that
unstable zones and areas of local selsm1c1ty c01nc1de 1f thel
trlggerlng mechan1sm of the se15m1c1ty 1s related to
varlatlons of pore pressure and water load. '
In order to make such a connedtlon it is necesﬁary to5

ascrlbe the generatlng mechanlsm of the selsm1c1ty to the

den51ty and elastlc modulus anomalles assoc&ated w1th the

'valley structure, and- to suggest that the phenomenon that

’ content of the near surface formatlons Calculatlons of the

I

,system show that the unstable areas are. 1ndeed‘§hncentratedf

- C1ty and 1ts surroundlng areas. The se1sm16\behav1our of the ‘-1’

trlggers thlS selsm1c1ty 1s related/to changes in water

change in pore pressure d*e to the pumplng of water from the‘

LT .

w1th1n the valley and 1n general ‘tend to conflrm the
conclu51ons drawn from the elast;c analy51s

f;'?h The valley of Mex1co is located in the central portlon
of the Neovolcanlc ax1s of Mex1co and it contains Mex1co
Clty. The seismic characterlstlcs of the valley of Meﬁlco
(Flgueroa, 1971) are ‘a" result of the geologlcal cond1t1ons
that prevall 1n the valley, a. partlcularly unfavourable_

geologlc condltlon 1s the dld. lake- bed- that underlles Mex1c2 fh

'I

4 oy -1 - v 2 o R
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valleyfls characterlzed by h1gh shallow mlcroSef;;{c SR
'act1v1ty and frequent local earthquakes of small magnltude
| w1th depth in the 2 to 8 km;range (f1gure 10) -
| . ThlS selsm1c1ty 1s probably a symptom both of - the
geologlcal processes whlch caused thé valley 1tse1f and the
.art1f1c1al changes in the area since the beglnnlng of the
constructlon of the city (Ov1edo, 1967) In the valley there’

has been and st1ll is volcanic act1v1ty and there are also

‘ B
e

great changes in hydrologlcal conditions. These processes 3“;‘

&
have occurred contlnudusly and have created multlple fadfts, s

"

fractures, volqanoes and barrlers that have closed some of‘
the . natural dralnage channels of the valley As a result

'*here has been ‘an accumulatlon of a varlety of materlals

L
“

'w1th dlffepent mechanlcal propert1es in the valley These

heterogeneltres in the thlckness and type of materlal are
responsxble for the var1ety of geologlcal processes that
;have(been ob%erved ﬂ?fﬂce tzg beginnlng of thegipth century,,zq{
‘the expansion of the: c1ty and Ehe lack of dra1nage has made

it necessary to pump water out of the underlylng formatlons
'Thls is a probable cause of the observed changes ‘of ‘the |
gplezometrlc levels 4Cruldkskank et al 979) and Of the.‘

51nk1ng suffered 1n some  areas. of the valley

Many faults have been located from geologlc ev1dence
~and some have’ been 1nferred from selsmlc act1v1ty but many
are\probably covered by, lava flows 1n51de the valley br by
:the layer of sedlments (wthh in some locatlons can exceed 2.

kmvof'thlckneSS)._ 'j‘ f':., e S '“'“‘df1s~
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,'Flgure 10.... Earthquake locatlons 1n51de the Valley of

* Mexico. The rnumbers in this flgure indicate -known locations;
1 Ciudad Un1Ver51tar1a, 2 Chapultepec 3 Alameda and ¢ . o

Texcoco. The broken line outlines the valley and the -
ontlnuous one Mex1co C1ty ' B S CoE e &f
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'South East is probable but £

;trlggerlng by pq;e preSSur-
\é’a

chapter the relatlonshlp

kstructure of . the valley of Me
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- Any 1nvest1gat10n of the geodynamlcs of the valley of

MGXICO must con51der the probable cause of the lotal
selsm1c1ty. I do not bel1eve that it is: d1rect1y '

B LY

attrlbutable to volcanlc act1v1ty The selsm1c1ty is

9

observed in the South Western part of the c1ty and there is

no ev1dence of thermal act1v1ty other than that wh1ch caused

the Chlchlnaut21n lava flow. whlch is of early plelstocene
age, and constltutes the southern 11m1t of the valley. There

‘has been more recent activity in the valley, but the nearest

recent act1v1ty 1s about 70 km East of the area in which the

se15m1c1ty was observed The reglon of Popocatepetl 1s

.act1ve now. A connectlon between ‘the. selsm1c1ty observed S

"canlc manlfestatlons in the
£

'1s suggested here that-

South West Mexzco C1ty ani

changes‘dué'to pumping of water

in the" valley is a more pla 51ble explanatlon. In thlS

’

yet een the geologlc and hydrologlc&
ico andvlts seismic behaviour

is 1nvest1gated.

2

L1ttle is. known about the geodynamlc characterlstlcs of
B

the valley The 1mportance of these data comes from the fact
that the selsmlc activity detected 1n51de the c1ty seems  *
concentrated at a few locatlons, and that the damage

‘
suffered by the structures of the c1ty varles greatly in

‘jlocatlons only a few hundred meters apart. Methods of

s .
bta1n1ng 1nformatlon about the tectonlc state of stress of

I

the valley from the kmowledge of its geologlcal

L]
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‘crustal a8
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. characteristics will be investigated in this chapter. This
. g L p .

stress state obviously will help to delineate the earthquake .

generatlng mechanism.

Solomon et al (1980) p01nted out that the. state of

»

‘ tecton1c stress in a gdgiven locatlon 1s llnked to the

o

rheology of the material andto the history of appllcatlon

‘ of a system of forces. None of th1s 1nformatlon 1s known 1in

suff1c1ent detall to enable the determlnatlon of an unlque
state of stress. Nevertheless, it i's 1mportant to estlmate
this stress state because the’ tectonlc stresiﬁi cause

'atlfn andrpontrol many tectonlc processes

In 8;

-t

Tstudy an‘elastﬂs model’of the ¢rust in a two
. &

d1mens1onal cross sectlon w1ll@be used It is assumed that
R 42& ,
the only force actlng 1n the vértxgel dlrectlon ‘ig the'

: =3
. weight of the materlal 1tself§ ThlS elastlc £ ‘eatment is in

'90

accordance. w1th Lambeck (1980) who p01nt§§ out that th@m,

usual elastlc theory approxlmatlon to determlne stresses ﬁn’

‘ the earth s crust.may not be entlrely adequate, unless the‘

reglon in study 1s suff1c1ently far away from the plate

boundarles and other sources, SO that the llthosphere has

‘cooled and elastlc forces become the domlnant support‘

mechanlsm for the 1sostat1Q§?oad This is the case in’ the

valley of Mexlco.

o

Q-
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~also of importance Thls 1s§u¢

L . »~ I ) o .
»t*’uman factors 1nvolved o

3.2 Previous Se1smo-Geodynam1cal Studxes
The seismic characterlstlcs of the valley have been
recogn1zed 51nce the beg1n1ng of this century. Scientists

have focused thelr efforts on earthquake problems related tob‘

o

seismic englneerlng This perhaps is the maln problem to.

overcome when more general geqphy51cal stud1es are 1ntended
J
Although the area has been mdhltored contlnuously since. at

least 1909, the reports are’more concerned with 1nten51t1es

o A
¥

g @ - 3
buzldlng codes for the dlffe”

recently have geodynamlcal

all thls 1mp11es that although the selsmlc catalog that

is avallable is complete to a magnltude threshold of

‘ approx1mately 1.0, the. magnltude llstlﬁ"’F the catalog 1s»

1ncomplete. However the orlglnal smokegﬁpaper records from

\x
the Tacubaya seismic statlon arquvallable for anyone

‘1nterested in'completing the task and from these at least;

;coda magnltuggadetermlnatlons are p0551b1e. The major-

K
problem 1n thls catalog is that durlng most of its length

the only selsmlc station ava1lable 1s Tacubaya,.whlch makes l

: the eplcentra} locatlonsﬁgnd the depths 1naccurate.

‘Nevertheless, forqspst of the local events the effects of

= e

. the earthquake in the valley were restrlcted to.a zone of .Js

‘-

.
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1

ey c
jﬁ f ‘ 73
W . '

b

+

*small rad1us'(T km) thlS supports the locatlons to + 2 km,
4and the eplcentral depths for these 1ocal events can also be.

‘generallzed they are shallow. - | ‘,d. %Q

The se1sm1c 1nstrumentat1on of the Tacubaya Nat1ona1
Sraly e

Observatory has been recordlng without 1nterrupt10n since

1909 (figure 11), In this period it has reg1stered more than

1900 local events 1ns1de the valley, most of them less than.
25 km from the observatory FxgueroQHS?H calculated that :

'1the total energy released in these local earthquakes 15 of

ot
the order of 0"15 ergs.

F1gueroa (1971) noted that a common fea ure of all

these events is a dominant short period, no@ﬁgreater than .5

o
sec” 1ndé%gndent of the 1nten51ty of the: earﬂﬁquake The o

time of duratlon or Coda length (T) is less than 5 sec¢ for

3

most of these earthguakes. Th1s results in‘a magnltude gf

0.5 at the most, usm&the formula (3. 1) for coda: magnf%:'

)
‘M =A-Blog T o R Jo(3.1)
N - N . . ('
and the constants A and B determlned for California B '?3

,(R1chter, 1958). A magnltude of 0 25 is obtalned from

applylng the constants far Rangely Colq;ado (O'Neill and

‘ Healy, 1973). A magnltude of 0.4 is the result when u51ng

the constants determlned for the central part of Ch1apas in,

R

"southern Mex1co (Urlbe Carva]al 1979) These calculatlons

J

lre1nforce the prev1ous 1nference that the Tacubaya selsmlc

.

. A
¥

-~
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Flgure 1R I Number of .events recorded in the Val.ley of
Mexico vs time (modlfled from Flg\qeroé 1971) :
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»whole valley.

Flgure 11 shows wlthout any doubt that the amount of
local seismicity recorded inside the valley has been slowly
increasing during most of this century. It is reasonable
then to assume ‘that it is directly related to the growth of

Mexico City and to the amount of water pumped out of the
. - 2 " 0
subsoil in the area. ‘

I

The reglon“%as heen monltored for more than 70 gears

]

and the recurrencé tdmes for large earthquakes 1in the Middle

>
America trench zog@aqﬁf of the order of 35 years. If the T

gmoﬁ“of 1nterestlls a“%&ctonlc feature of the subductlon

of the Cocos plate@eneath the North American plate it can

™~
\

be expected that’ ?d%rrecurrence time will be of the same S
order in the vallex However, due to the dlscrepancy between
the strlke of the mountaln belt and the trench the

| assumptlon that no large tectonlc earthquakes occurred in
/—«-

the area after tw0'perlods is weak. Nevertheless, no

ev1dence of a large earthquake is found in the past 200

P

_years ST | N

3.3 Selsmlc 1nstrumentat1on inside the area ,

A mentioned in the prev1ous section, most %f what is
known about,the'selsmlc_characterlstlcs of the valley are
due to the records obtainedxat the Tacubaya seismic - |
observatory. The observatory has three horlzontal

' selsmometers and one Welchert vertical selsmqmeter with a

*
mass of 17 tons, a period ef 1. 5 sec, and a maxrmum
. R . .

-
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amplification.of 2000 times. All this ihtrumentétio& belongs
to the past generation of mechanicﬁl seismoheters, of which
there are few still in operat1on. Records on smoked paper
are stored and any event of interest mlght ‘be located on
them.

In 1967 an electrOmagnetic seismic station began to
opergat‘ln the old i;st1tute of Geophysics of the University
of Mexico (UNAM),and has been in intermittent opergtlon
since theh. A j‘ R

Since 1961 the Institute ofiEngineerihg of the same %
university has set a network of seismic equipment throughout N -
the entire valley..By 1971 it included 8 strong motion
recordlng ‘instruments (accellerographs) and 3 seismoscopes
(flgure 12) - (Figueroa, " 1971) R o o .

" A selsm1c telemetering network was 1nstalled 1n 1976
y w1th the spec1f1c goal of studying the seisgmic behav1our of
the valley' In cooperatlon with the UNESCO the Instltute of
@
'SiSmo-Telemetrlca de Mexico (SISMEX). B / 1978 thlS had ﬁour
seésmic stations in full operation (figure 12), each with a
short period (1 see)'vertieal seismdmeter. The analog signal
from these ststiohs is ser’t to a central location in the
instftute[itself where the signalsﬂare recorded on magnetic
tape at the same time as *ink galvanoheter seismograms of
each statlon are drawn. The events are selected £ rom these
vrecords and then d191t1zed by means of a NOVA 800 o ’

minicomputer. The data are stored in d191t1zed for3 on

rd



Figure 12.... Shows the location of the seismic stations of
the SISMEX network. ' .

L]
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permanent magnetic tapes which allows man1pulatlon for any
kkxnd of seismic study
This network has been,integrated into a nationwide

network151nce 1979, which allows larée earthquakes to be
studled more accurately ‘The local events in the valley are
rarely, if ever, detected by seismic statlons out51de the
.valley
| The SISMEX network has 1mproved enormously the quallty
“of the seismic information recorded w1th1n the valley and
has made apparent the completeness of the prev1ous catalog
obtained from the records from the Tacubaya se1sm1c
_observatory and the potentlal for hlgh accuracy seismic
studies is now available. This network has operated w1thout
1nterrupt10n and information der1ved malnly from its records

is now being analysed to undérstand the selsmlc bghav1our of 2’
the Valley of Mexico. “&,
|

3.4 State of stress

7

~ The determ1nat1on of the state of reg1onal stress

l

itself can be apprOached by determlnlng the stres@ fleld in
a two dlmen51onal f1n1te element model. A constralnt on this
model is that observed selsm1c1ty occurs in areas of high -~
shear stress. These areas have been referred to as unstable
(Chapter 2). The siablllty for this elastlc model at any

be 'determined by’ the dlstance of a Mohr;;/

\

circle from a. Coulomh type of failure envelope as shown rn's@~ _M;

glven locatlon can

f

flgure 8 (Chapter 2) The prec1se 1nstab111ty cr1ter10n used

N . , | L
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in this chapter wllkgbe the Residual Instablllty Function as
descrlbed in sectlon‘z 5 of this thesis.

To be able to calculate the desired 1nstab111ty .
function one must spec1fy a model. For this study a
‘selsmlcalhy determlned model of the valley of Mexico
(Havskov, 1982 b) was initially adopted The regional

structure of the area is modelled as a set of horlzontal o

layers shown in flgure 13. Thls model was obtained from an'

earthquake swarm that occurred in February 1981, and is an

extension of one. based on refraction profTTEE/T/avskov;and '

» —

‘;Singh,_1978).
| : The#structure of the upper 200 meters of sedlments is

vell known 51nce ‘numerous wells have been drilled in the
: X#' . . .
uvalley Unfortqﬂately, only one has gone to a depgh»of 2000
v ¢ .

~meters (Ov1edo, 1967) However since the regional state.ot

S

s

,stress is the main -concern here, the detalf% of thlS

;

» structure arehoftsepondary importance. Theé@eneral
E conclusions‘of deta@led studles (Cruickshahk~et‘a ., 1979)
“\}ill*be taken,to'rin the average behaviour at shallow
depths.. _ o
The models will deal at the most w1th the upper 20 km
-, . of the llthosphere. For the elastlc models -a finite element
pnogram that works w1th llnear elements of - three and four
sides has been developed _The results obtaaned have been ‘;'v 7-i~

reproduced also by applylng the program ADINA (Bathe 1978)ﬁ

r:_

.. o . " . ' ' - A
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‘ as a functlon “of thls ‘angle. |

S - 10

_program ADINAT (Bathe, 1981) wh1ch is a complementary finite

element program to ADINA allowtng tho modelling of
consol1dat1on problems. '..m.:- § ‘ \ M”' ‘ )
§r
The grids of f1n1te elements ua§% in the 1n1t1al models
/ i

have in common“that for*the upper 6, km the elements taken
are cubes of approxlmately 1. km per side vhlle ‘below thls

depth the elements have a dlmensxon of 2 -km in the vertlcal

] direction. Thls-rule was changed for the flnél models due to

the complicatgd geolpgy and the nodé dlstrlbut;bn used can

be seen 1in flgure 16a

The 1n1t1al model (flgure 13) is a mod1f1cat10n of ,'
Hévsk@V s model in’ the sense that the horlzontal layers have,b
been placed 1n51de half of a valley shaped structure. The
dxp of the walls;xn the valley was 1n1t1ally takep as, 45°'

The variation'of the gtablllt# functlon zan theh”be”observed

The boundary cond1t1ons’taken .are as follows- on the N
bottom, no vert1cal displacement can takd place. The valley
is taken to be‘symmetrical that 1s, the model is- restrlcted'

>

to move in the«vertical direct1on only n the r;ght s1de. On
/

vthe left, a horlzontal stress of 0 8 o the gravrtatlonal

-~
‘load is applled The value O 8 1s used because Jhe maxlmum

\—’-\_

shear stress calchlated Wlth\;HTS~C%1terlon g1ves values

similar to those determlned by the/max1mum sheaf stress

- curve for hard rock (McGarr, 1980), and those 4eterm1ned*°

from hydrgfractur1ng experlments by ‘Haimson (1978) Tt‘ts in S

\ -
agreement w1th the few avaylable measureqents, from whlch
) N . . Y ST . ) N
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the resulting irstability ’
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due to the gravitational load. -
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McGarr. (1980) 1nd1cated that the shear stress 1ncreases w1th
4 o

depth 1n the upper 3 to 5 &m and there is no. 51gn of a- . L
reductlon rﬂ\;ts gradlent w1tn depth\\\\ ' i

The elastlc modul1 uSed were calculated by f1x1ng a

»

‘7’901sson*ratlo of .25 for all the layers and g1v1ﬁg the S

N

lfollOw1ng den51t1es for each of the " strata from abovef

'downwards:vz.z, g/%S and 2 8 g/cm’.for the basin’

- Structure o L S : . Lo S
" " Flgure 13c shows\:he\relatlon between the dlfferent ”"°
‘components of the stress tensor and the resultlng resxdual

1nstab111ty dlstrlbutlon'for a model 51m11ar to the previous .
. . )
yone\.mhe same den51t1es are used 1n thlS exerc15e, however,

N )

the boundary condltlons at the vertlcal walls of the model

? d1ffer from the other models used in thls*chapterv'
3 \ - ‘ S
at these boundar1es can not move in thé\horlzontal >

dlrectlon.<That'1s, the only force that 1s actlng in the

"vmodel is grav1ty l e o

The measure deflned as re51dUal 1nstab111ty (chapter 2)

w1ll be explored in thls chapter ‘The re51dual stress will

s -

be der1ved from the change 1n graV1tat10nal stresses that
\.results from the 1ntroduct10n of the structure of the Valley
"lof Mex1co in the homogenous halfspace Detalled observat1ons

of the reglonal stress 1n the Valley of Mex1co are not:

‘avallable but 1t is known that thrust earthquakes have been

o

oRCerved there (Hayskov 1982 b) The present model’ permlts '

su h;events because of the 1nclu51on of horlzontal

compre551on by constralnlng the boundarles of the f1n1te

\_ L : #
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residdal instability

Figure 13¢¢}-« Stfé5§’comp0neﬁts;and.the"correspbndingi- ‘
‘residual instability distribution for a gravitational model
of the.Valley of Mexico;~ : : s
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The nature of faultlng 1n thlS k1nd of model depends on~<
. /'

'the felatlve magnltudes of the pr1nc1pal stresses. Ge@erally

in: tectonlcs one is vertlcal d noted 03. If 03 1s greater }‘.-i'

than both horlzontal stresses a, and oz, the reglme 1s in a;y

»‘normal faultlng cond1t10n. ThlS is the case for the reglon.f-ﬂfh

'valley is. placed in the model the stress varlatlonlxhduced

““usuaYly show greater 1nstab111ty for steeg szded valleyéL

1ncluded 1f], however,va Low. den51ty 1nclu51on such as' @

fleld 1s mod1f1ed by external agenc1es such as reglonal

'on a flnlte element model

,between materlals. These dlsplacements have been 1ncreased L

'located beneath the valley becomes more stable. The

s \ *h

‘rof study if, the anomalous structure of the valley\ls not DAY

- "(; \' s

[

. N L
by grav1tat10n can Lead to thrust faultlng Thls 1s ce oL,

ﬁo L w

’:partlcularly true 1f in - addltlon to ‘the grav1ty the‘stress ;3 e

<8

\,
- . .‘v‘-'&\

X
streSs fields whlch can be modelled as boundary condltlons

f ' L
‘The' contours of equal re51dual 1nstab111ty in flgure .

1}

13a show m1n1mum re51dual stablllty areas. The dlsplacement

f,of each of the nodes of the model 1s glven by the dlstortxon‘

'of the gr1d of flgure 13b ‘A compre551on of the materlal 1n‘>

.

_the zone of low stablllty has occurred due to the .3-" S o

concentratlon of stress resulﬂlng from the dens1ty contrast

-

by a factor of 5 in order to make the change v151ble. L,

7 .y

By»comparlng flgure 13a w1th flgure 14 1t can be ‘seen

bl

that as the slope of the varley wall 1ncreases, the zone

_)

sedlz/pts of the valley behave 1n a more complex fashlo

.3.



A ‘ e el L AL R e
than for shallow slopes on the valley walls (flgure;lel. ‘f_
To 1ncorporate an-external stress in a reglonal sense,
ff;t should be recalled that the dr1v1ng tectonlc stress

'lntroduced by the movement of the plates 1s in’ the rangelof
fl200 £ 300 bars (Solomon et al, ‘1980) Thls can be modelled

7;by }ncrea51ng the stress by 400 bars 1n the horlzontal“ '
'dlrectlon applled”at the left 51de of the models. No'“ffroinw

C551quf1cant change was observed 1n the'locatlon of. the |

\unstable zones. Therefore,,lnstablllty is~ mostly dependent

N

on- the'den51ty contrast, that 1s, on the geometry of the
odel itself. \i‘ | :
‘ It 1s generally fhought that there mlght be One or

several volcanlc cones bur1ed beneath the sedlments. For

_thlS reason ‘a model conta1n1ng a cone 1n the bottom of
,valley was. studled The resultlng 1nstab111ty dlstrlbutlon

shown 1n~f1gure.15a,'resembles that of figure 13a with some .

!

‘.mlnor changes~ the deeper parts of the valley are sllghtly
more stable, the zone *beneath: the slope has stablllzed
TN
somewhat but the zone beneath the valley has become less

,stable In order to approach the problem in a more realfstacq
‘way, the smooth wall of the valley was roughened its-
stablllty dlstrlbutlon is shown in flgure 15b The unstable

»

' zones from flgures'13a,andw15a,are_somewhat enhanced‘(flgure‘

sy, .

'Several thlngs can be learned ﬁrom these 51mple models.f

[

- One is that by 1ntroduc1ng structures it is p0551ble to

'change'the shape ofqthe 1nstab111ty curves 1n such a way
. . ! . . ] . X

L
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Fibure:14...,‘5hbws the residual instability distributions.
in bars, resulting from varying the slope angle., a) For a
" slope of 60° and b) For a‘slope of 30°. '
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Figure -15.. Shaws - the residual 1nstab111ty dlstrlbutlon in
bars for the follow1ng variations: a) a cone has been
introduced in the bottom b) the left 51de of the valley ‘has
roughened. » .o
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_wlth other information.

! o

«

that the maxlmum values correspond to the areas where

earthguakes have been detected “This" brlngs 1n the danger of
[

~qexaggerat1ng thlS procedure in order td force a result in a.

»>

poor 1n1&pal medel. Clearly, to reduce the 1nherent

nonunlqueness it is necessary to support the conclu51on51

)
M.Ih order to 1mprove the model 1n " the upper 3 km of the

-
-

crust,'use was made of the geologic map of the valley
(Instltuto de Geologla, 1968) . Beneath that depth, the
Havskov model was adopted for the final model analysed
(f1gure 16). For this analysis the same boundary condltlons
wvere used as in the p&ev1ous models.

‘ F1gure 16b shows a ‘stable zone bounded by contours of
b,

value .15 at & depth of 3 to 5 km.  This stable zone appears -

to ‘be dlSCOﬂtanOUS in the stippled area whlch is a section
. ?

through the selsmlcally actlve volume The stippled area -

’

covers the depths at whlch events occur and 1i's the part of

;the selsmlc zone 1nd1cated in the plan on flgures 17 and 19

nwhzch.lres under the llne AB Flgure 16b also shows an

' seismic events at depths below the aqulfer

' 1nstab111ty area below & km whlch suggests a potentlal for

The results of ‘the prelimlnary models shown in f1gures

13 to 16 all show that the zone at the bottom of . the
.. sediments -at the flank of the basrn (lower corner of the

'4valley) 1ntroduces a concentratlon of stresses that results

in- low stablllty areas. By con51der1ng the valley as a

7

region inside a circle of mountains a low stabllrty ring

e

o
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- ardund the vaﬁley 15 de;lnEated «the rxng appeartng at

dlffereny/poslt1ons at difﬁerent depths. However , estxmate!)

of depths of sexsmaclty are dafficult to‘obtaln with the

best of séxsm1c netwo;ks,iahd 51nce the data dxscussed here'
.-

were obtained w1th less thanlxdeal obserV1ng networks it is

con51dered that the. data are not accurate enough to reliably

~
-

discriminate’ mechanisms: w1th depth |

Other than the data for the'1981 (Havskov, 1982. bfo
.swarm which is located to +1 km, suppdrtlng data (Flgueroa,'
'1971) rely on h1stor1cal ev1dence and damage reports. These
are sufficient ‘to 1solate the events to the reglon 1nd1cated
on figures 17 and 19 but not sufflclent to- publlsh more
precise locatlons. Nevertheless the qr1gger1ng mechanism
. probably does Vary with depth and some Of the" s
“1ncon51stenc1es between the hvdrologlc ‘hehaviour and\the
'model could be explalned this" way. The r1ng defined by the
Ndepth of the bottom of the valley is c0151dergd to be
representatlve. The area where earthquakes have been

-

observed (fjgure 17) falls éntirely within this ring.

.
N .
M \
.

3.5 Dlscu551on of Elastic Models ' ‘ .

0

In order to llnk seismicity and the 1nstab111ty zones
1nd1cated by the flnlte element model calculations it is
_'necessary to propose a mechanism that mlght trlgger events
J;in'the anOmalous zone of figure 16b onlye*at the location of

the observed se15m1c1ty Why events occurred only in‘a

restrlcted part of the stab111ty low must be explalned Here
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it is suggested“thatthe triggering mechanismjcould be
lrelated to pumping induced subsidence. ' FE .
Cruickshank et al.(:979) develabed a finite element
model 5: the upber crust of the valley and were able to
"determine the thickness of the water eaturated layer, tne
,thickness of the layer over it, the change of piezometric
levels and the rate of sxnklng of the valley They stat€d
“that there is a direct relat] between the obServed

»

' sinking and the pumgang//;—water from the water- saturated
\ layer :and that the only- way of stopping the sub51dence wduld
.be to stop the pumping. Their! model of the valley con51sted
of a water saturated aguifer overlyxng the basement and )
underly1ng ‘a narrow non- saturated layer. This model is an
‘approx1mat10n to the detalled model studled by Matsal and
~Mazari (1969) Here, the upper layef was treated as perched
'agulfers separated by thin 1mpermeable strata. Marsai and
Mazari pointed out that as a conseguence of the exploitation
of ground water; 2a strong alterat1on of the p1ezometr1c"
leuels had occurred. From the nature of equ1 pressure drop
contours in the area (figures X11-10 and XII-11 from Marsal
and Mazari, 1969), they inferred that the effect in the ’
aqu1fers was more pronounced in: the west sectlon of the
city. Here they found that not only the gradlents are
larger, but also maximum pressure drop occurs. U51ng these
'facts ‘they proposed that. the piezometric level drops ‘are

related to the underground recharge and concentratlon of

pumping.
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The results of Cfuickshank et al. (1979) predict the

sinking ahd the piezometric change in the valley accurately.
*herefore for the regional analysxs proposed here and due to .
the reasons explained earlier, the model proposed by |
Cruickshank et al. will be used in the search for a
triggering mechanism. If in*fact several aquifersﬁexist,"
they must be connec;ed by many multiple faults aS'suspected~
‘by Figueroa (1971). The rate of change of the piezomeﬁric
drob in the upper formations was found to have a hioﬂ
between the obsefved values of 20 and 30 (Cruickshank“et
al.,. 1979) (figure 17). This value sepresents the o
piezometric drop, measured as the difference of readings
between a piezometer placed"in the agquifer and one(placeo‘in
__the water table, and is given in meters. The location of the
earthquakes mentioned above coincides witﬁ tﬁe area where
the gradlent of this p1ezometr1c drop is high. In this area
the velocity of flow may be expected Yo increase.

| The zone where the pressure in the pores of the rock
has changed the most is where the effective stress has
. suffered the greafLst change. The effective stress that
describes the behaviour of porous media is ‘the result of the.
dlfference between the normal stress and the pore pressure
It has been shown by several authors e.g. Gough (1978)
S1mpson and Negmatullaev (1981), Withers and Nyland
(1976,1978) and others, that the -introduction of a water
load can change the state ofistress is.a given. area and can ..

Y

‘induce some seismic activity depending on the geological
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Figure 17.... Observed pieiometric drop in the valley given
in meters. The shaded area represents the location of

observed seismicity.
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~‘C6ndlt10ns prevalllng 1n the aLea. In the case of art1f1
lakes, the 1nduced act1v1ty seems to: be concentrated 1n
.upper 10 km of the earth s crust

Although the general bellef is that the 1ncrea51ng

water load w1ll decrease the- effectlve stress 1n such a

9e

c1al

the

way

that 1nduced se15m1c1ty can. occur decrea51ng a. load may

also trlgger events in-an-area close to fallure (flgure

h ThlS 1n1t1al effect can be reduced by dlffu51on of pore

pressure 1f the area is not 1n a thrust faultang

env1ronment. If an 1ncrease in water load w1ll 1ncrease*
rlsk of selsmlc act1v1ty w1th normal faultlng and tends

stab1llze an area prone to thrust faultlng (Gough 978

wlthers and Nyland 1978) the decrease of water load wi

B

'act'opp051tely 1n the dlfferegt stress env1ronments Flg
|

18 demonstrateszthat the reductlon of water load IN the

e aqu1fer w1ll in fact reduce the value of the stablllty

functzon in the zone located BENEATH the aqu1fer Thls 1
because in thlS regiqn the major effect of pumplng water
a reductlon of the normal stress on a less permeable str
below the aqulfer. Slnce ‘the effect 1s due to load chang

D

.1t can be expected to occur rapldly

f

Sueh changes have two effects on the state of stres:

the. reglon- one 1s the 1ncrement of the—stress due to
’ changes 1n the mass of the aqu1fer,,the other 1s the cha
of the effectlve stress due to a delayed change of pore

pressure at depth (Gough 1978) These phenomena can be

to

and'?‘
ll

ure

SSO

atum-n

es

s on

nge

s;udled w1th Mohr dlagrams whlch can be plotted for normal



" Snh.

o

?igﬁre;18$...}5tability changes due to the change in the

gravitatianal load for different stress enviroments. a)
normal faulting, b)vthrust,faulting and ¢c) strike-slip
faulting enviroment. : e

95
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fault{ng reglmes (figure 18a), thru5t faulting regimesg

. ‘ 4
(flgure 18b), and strlke sllp faultlng reglmes (figure~48c).

It should be recognlzed that in each of these reglmes the
s

! | ‘:. Ry
,max1mum and m1n1mum pr1nc1pal stresses are orlented :
} :

S

dlfferently and as. a consequence bhe appllcatlon of a. flu1d

load wlll cause dlfferent 1ncrements 1n the Mohr c1rcle.
-l- 'Circles l‘ln flgure 18 represent the 1n1t1al state of
stress whrle c1rcles 2 represent stresses resultlng from
subtractlng the welght of the water above the stress

“.

d1str1but15h env1ronments It is clear "from these dlagrams
that unloadlng decreases stablllty 1mmed1ately\\Although
pore pressure dlfoSlOﬂ Wlll tend to stablllze the resultq
thevlmpermeable base of the aqu1fer may 1solate the unstable'
zone’ from this. pnenomenon » ’r-_lr': S v\\.r |
It 1s llkely that the actual 51nk1ng is representatlve
of the amount of water removed at the d1 ferent locatlons
1n51de the valley,»so llnes of equal s;nklng have been
'overla1d on the area of occurrence of the earthquakes
(flgure 19) Clearly, sub51dence alone 1s 1nsuff1c1ent.to
o explaln the presence of events only at one part of the low
The fact 1s that pumplng of ‘water has been stronger iﬁ ’
recent years in the low stab111ty area (Cru1ckshank |
personal communlcatlon) which means that the overall
51nk1ng reported is not:. completely con51stent w1th the 5
-amount’ of water retrleved at partlcular locatlons The :

'suggestlon that the amount of water pumped out 1n thlS zone.

may be a tr1gger1ng mechanlsm is supported by the thrust
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Pigure 19.... Shows the observed
- given in meters. The shaded area
observed seismicity. :

subsidence of the valley
:epresents the location of .~
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‘mechanishsAdeteém/;ed for the 1981 earthquake swarm by

Havskovi(r982‘bl ThlS is so because a reductlon in pore

.pressure can actlvate a reglon closé to thrust ﬁallure.
The results obtalned by Crulckshank et al (1979) .

;*suggest that the stabllLty is decreased far more by the

‘change ind the e}kectlve stress 1n the area where the zones o

of low stablllty ‘and the hlgh rate of plezometrlc drop ‘
‘:1ntersect (flgures 17 and 19). The h1gh veloc1ty of. the flow
nd the h1gh rate of change Qf the amount of water in thev
.overlylng formatlons aFfect the. effectlve stresses by L
.tslntroduc;ng lﬁid changes 1n the underlylng formatlons and

pore pressure luctuatlon in the aguifer.’

s ; o

/3 3 Porous medla modell1ng ‘ ': L e

It has been recognlzed for a long t;pe that theﬁﬁg ;
k 1ncrease of water content 1n a geologlca& env1ro ment can

}[ trlgger earthquakes. ThlS is. p0551ble 1@ the area rs\bro\ S

~to normal or st1ke sl1p faultlng mechan1sms ThlS 1ncrease\\\\\k

”:1n water content could be due to the lmpound;ng otvanv
:art1f1c1al lake or - to ‘the dlrect'injectioh'of_fluids‘by]
.boreholes., | . S -

The ev1dence for the second type-of'{nduced 5 ismicity
. comes' mostly from the menver and the Rangely flu1d 1njectlon
»studles. Healy et. al (1968) were. able to detect in the

Denver experlment a close rél\t1onsh1p between th t1mes of

£

1n)ect10n of waste fluids’ and the occurrence of :eismlclée

act1v1ty in the sufroundlng area. They were able/to fnfEr

)3
4

\!‘._

e
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that ‘the act1v1ty 1s de

‘when the 1n3ect10n took

w1th1n an elllptlc zone

' dlsposal well The even

have magni

‘mechanlsm v;7ch 1s COns

the area ‘an

-1‘

‘elsmlc act1v1
‘700 m of - sed1m
fractured precambrlan g
_At the Rangely, Co

) ™
Survey carrled out an e

to verlfy the effects o

effectlve stresses, and

from fleld observatlons

u51ng a Mohr Coulomb fa

_formatlon 1s Weber sand
-depth of 1700 m. ThlS ‘0

_formatlons of Paleozo1c

depth of 3000 m.,The 1n

chanlsm whlch ‘is also

fault pattern of the ar

the prev1ous se

delayed earthquakes w1t

_1ncrea51ng the volume o)

i

_to 1nduce 1nstantaneous

'mechanlsms‘by decreasxn

layed approx1mately one year from
place. The eplcenters determlnid lay
of 10 km by 10 km wh1ch encloses the

ts recorded have ‘a strlke 511p

1stent w1th the faults observed in
tude up to 5 There is no ev1dence of
ty in the area. The well was: drllled
entary rocks and flnlshed in

ran1t1c gnelss.‘#

lorado Ollfleld the U S Geologlcal

xperlment to. control ‘the selsmlc

.act1v1ty of the area (Ralelgh et al 1976) They were able

W

f pore pressure changes on - the
relate these stresses determlned

to the occurrence of selsm1c eventS'

. -

1lure cr1ter1a The 01lbear1ng
stone whlch 1s 350 m thlck and at a.
verlays other sandstone and llmestone
age The basement is found at a,
duced ‘event ad a strlke sllp ‘
in accordance w1th the observed e
ea.
ctlon it has been suggested that 1f
h normal mechanlsms can be 1nduced by
f water 1nvolved 1t is also p0551b1e

se1sm1c events with thrust

g it. ThlS was done by spllttrng the
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responSe of the medla 1nto two parts, a ra id react1on due
to the welght of the flu1d alone ‘and a time delayed effect
“due to pore pressure relaxatlon ‘

o *u"'

S1nce the models presented to this p01n did not

con: 1der pore pressure changes, the 1nstab111uy values could
be overestlmated by these calculatlons. To tes thlS
hypothe51s a model con51st1ng from porous matetzals was
studled (flgure 20): Several assumptlons were made.

1. The dlfferent materials descrlbed in all thegakhér

-

models are now taken to be. porous materlals, con51st1ng

of elastlc matrlces w1th the voids saturated w1th water.
7'2.: Permeabllltles were a551gned to each of these materlals
'and were chosen in such a way that they were
representatlve of the type of materlal ‘and, as:far as‘is :
_known, ;of their geologlc characterlstlcs The material |
ypropertles assumed in our model are in accordance w1th
~the geologlc data of the area, and the vert1cal
sdistribution of selsmlc,veloc1t1es observed there.
,:3.h'In‘order'to allow for a finite element solution-the
| bOundary condltlons were taken in such a@way that no
water can go through the 1ower boundany of the model
ThlS ‘means that all the-water is contalned w1thln the
'kupper part of the earth s crust 1n our model the
1mpermeable stratum is found at 12 km of depth Thls was

‘chosen 51nce the maln area of 1nterest here is the

‘behav1our of the top layers of sedlments ,]?'
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and 0. 9 mlllldarcys for the layers tafen from top to bottom

~

The permeabllltles a551gned are 30 0, 0.5, 4.0, 2.0,

¢

'of flgure 20. The extractlon of water is modelled by plac1ng

‘su1table, des1gned extractors at. the surface nodes. The rate

at whlch these "flu1d pressure 51nks remove, water waS"

'adjusted to reproduce ‘the observed sub51dence i the Valley

,of Mex1co There were two phases of constant rate*of

pump1ng The flrst 60 years accounted -for 90% of the total

- load' in the part located to the right of the h1gh rlsk area

of flgure 18b and no pumplng was done in the. h1gh rlsk ‘area.

‘5_Dur1ng the second phase, lastlng 5 years, the pumplng rate

”~was such that the total load applled during ‘the 65 ye,rs was,

. equivalent in volume to the observed sub51d”/ce at each

/

locatlon

¢

The 1sollnes of pore ‘pressure drop that result from
thlS analy51s should be 1nterpreted as ‘the long term

potentlal for relaxatlon of the- stresses. They 1nd1cate how.

.',much the effectlve ‘stress at a partlcular 10cat10n can

change due to future pore pressure relaxatlon.kGreater

values on flgure 20 suggest that the locatlon w1ll become

- more- stable once- the pore pressure effect is 1ntroduced

To be able to- 1ncorpofate this porous medla analy51s,

to- the overall 1nstab111ty dlstrlbutlons presented in thlS.

chapter, it must be noted that flgures 13 to 16 represent

U'the state of stress after the 1mpound1ng of the water alone

.-,They do not con51der any change of stress due to pore

_ pressure varlatlon. W1th thlS in m1nd the comblnatlon of
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| the results presented in flgures 16 and 20 will represent a
measure of long term 1nstab111ty. The comb1nat1on of a high
are51dual 1nstab111ty value (flgure 16b) *with an area of
”‘large (p051t1ve) change of pore pressure (figure 20)
_And1cates that an unstable a‘Ea will not recover its

2

stablllty until after a certain time perlod unless external

\\

stresses are introduced. This,shows the,potentlal of these
areas to be high risk value zones. One of the possfhle
external sources of ‘stresses are earthquakes.

| Comparlng flgures 16b and 20 it becomes apparent’ that
"the shallow selsm1c1ty will dlmlnlsh vif th dlSappear,.}

ter the effect of pore pressure changes is a551m1lated

‘Thls strongly suggests that the events are d1rectly related

to the extractlon of the water and will dlsapoear some time.
after the pumping stops ' However, the unstable areas below 2
km of depth co1nc1de with' the zones at which the pore
pressure attains greater “valuyes at the same depths Thls can.
‘be 1nterpreted to mean that if an earthquake occurs at these
depths it will be located 1n these areas. .
It s understood that the treatment of the llthosphere

as a porous mater1a1 consisting of an elastic matrix
saturated wlth water is a hlghly 1deallzed model butllt is
used here to-test if in fact ‘the se15mic1ty of the area
could be llnked to the change in hydrologlc condltlons. The
use of more compilcated models w1ll not: affect this result.

It should also be p01nted out that although thlS study

and the Denver pnd Rangely experlments are related to

»

N



o o 104,

1nduced selsm1c1ty several dlfferences between them exist. °
‘At the Valley of Mexlco the earthquakes observed have thrust
faultlng mechanlsms, the act1v1ty seems to have 1ncreased in
_relablon to the higher rate of water EXTRACTION wh11e Denver
and.Rangely had seismic events ‘with strike- sllp mechanlsms
delayed with respect'to the time‘of'fluid INJECTION. In all
three cases‘the earthquake mechanlsms are in accordance with
the faultlnglpatternfobserved in each srea’. |

3,7 Conclusions

1

The models used for the.stabilltyfdeterminations‘are.-u.
restrlcted to elastlc materials and do not take into |
. account, “except 1n a qualltatlve way, dlffu51on of water
through the medla As a result the cugves'in the upper
layer of flgure 16b are only approximate (an alluv1al
formatlon) Beneath thlS depth ‘the results are credlble. &he

general exercise is model dependent however,‘and the model

‘x
-

is far from perfect Nevertheless, the general features of

the stablllty d15tr1but1on should be 1ndependent of small

changes in the model

L 4

These tud1es have shown that from qual1tat1ve geologlc

knowledge, and some knowledge of 1nduced seismicity due to

the change in'pore pressure, sdmethlng can,he_learned about .

~ the nature of the seispicity observed lnrthe valleyfof‘

Mexico.' ' ‘ )
The following,conclusibns have been reached:

1. The concentration of stresses due tolthe;hottom corner

G
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of the valley ireates a low stability zone'whiqh

1ncludes the zone. where se15m1c actlvity.has been 4
observed. -

2. There seems to be avrelation between the observed events
and some parts of the minimum stability zone described

in figure 16b. |

_3; The trlggerlng mechan1sm in -those parts of the minimum

o _where the act1v1ty is. located might very well ‘be related
to the hydrolog1cal cond1t1ons of the valley

'1};' The triggering. mechanism of the deeper events may be
related to the decrease in water content in the aquifer.
.There may also be other tectonic processes at these
depths, or the aquifer may not be confined and the pore

‘pressure ohanges night reach greater depths than those
oredlcted by these 1nvest1gations.,

5. Porous medla modelllng conflrms that the shallow
activity must be hlghly related to the pumplng of. the
water. L ‘

6. ‘The shallow act1V1ty in the Valley of Menito seems toO
habe no relatlon to reglonal stresses. that could derive
from 1ntraplate processes since the loqatlon of unstable
areas was not modified by 1ncrements ln the
’compre551onal regional stress. | /

The results obtained here for the Valley. ofiMexico are
in eXcellent agreement with the hypothe51s that dlm1n15h1ng
the_amonnt of fluids 1n a geologic environment can increase

o

the instability of areéas prone to thrust faultlng,xand may

L
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act‘qs a triggering mechanism for earthquakes.
"Theoretically, this induced activity should appear almost
instantaneously atter the extraction of fluids takes place,

and this seems to be the case in this area.



4. Thermo-elastic Behaviour of the Subducting 1ithonphoro.
and its Ralakion to Long Range Precursors.

The concept of instability is such that high risk areas
will appear along the discontinuities of the models (Chapter
1). A more complex problem i%.stdbility studies is the
distribution of instability at subducting zones, since at
the Middle Amer1ca trench the Cocos plate subducts“beneath
the 6ther two plates in thxs gystem. Subduction at both
's1des of the triple 3unctzon occurs at different angles.

In this chapter d1££erent subductxon models are
analysed using the probabilitnyunctxon de§cr1bed in section
2.6.,Earthquakes in the models are simulated as stress drops
ft the focal locatiop. The agflysis of several different
models allows the %uggestion'of a link between the
charaeteristiés of the model and the range at which a

seismic event can affect the stability of other parts of the
vmodel
| I“Long range precursors pave been observed aloﬁg some
parts of the seismic bélts of the earth. However, the range
at which the anomalous se1sm1c1ty can affect fuoture activity
var;es from region to reglon The state of stress on the
lithosphere also has strong’ varlatlons through the different %
geographibal locations. aere the p0551ble,relat10nsh1ps that
exist between the nature of the material that gonstitutes
the lithosphere and tﬁe.oCCurrence of long range precd;sors

will be exploreé.

" 107
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The probab111ty %unct1on deflned 1n sectlon 2. 6 is
applled to detefmlne the rlsk of SEISmlC fallure in’ " ;
dlfferent models of subduct1on zones,_w1th the 1ntentlon of
determlnlng what consequences the occurrence of a- large
l earthquake has on the overall probablllty of fallure “in the:r
bmodel o -

~1

“The results are 51milar ?o the seiSmicity actually

oh‘erved in thlS kind of system They strongly suggest that
the thermally 1nduced stresses, the coupllng between the two
converglng plates and the angle of subs1dence may play a‘
very 1mportant role in the range at Whlch long‘range
precursors are p0551ble The range of these seismic patterns
:\will vary w1dely for dlfferent trenches._,_-
”p
h4.T Introductxon
| The determlnatlon of the state of stress 1n the earth s
llthosphere 1nvolves a’ number of plau51ble assumptlons, One
} of these is that the deep contlnental crust is less dense
than deep oceanlc crust Another is the notlon that. the
0cean1c llthosphere 1ncreases« ts r1g1d1ty and its thlckness
vas it moves away from the rldge at wh1ch 1t was generated
(Leeds et al.,1974 and Forsyth 1979) It is also generally
assumed that thevupper part of the plate behaves elastlcally
and only when its temperature 1ncreases w1th depth does it

start to act in a v1scoelast1c way (Solomon, 1980 Wyss 1977

:and others). T e
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This viscoelastic behav{our“has been'discussed by .
' Savage and Prescott (1978), who p01nted out that the short -
term response of a v1scoelast1c materlal w1ll satlsfy the
1requ1rements for the upper part of the mantle The short‘;
"‘term response to faultlng WIll be elﬁstlc. He also concluded
~1that apprec1c%le stress changes may be produced at dlstances
- of several tlmes the thlckness of the llthosphere away from
;the-source. These stress alteratlons are relaxed by the
-material‘flow, so that the response of the v1scoelast1c
flmaterlal is an 1nstantaneous pulse followed by a monotone
relaxatlon. o |
}; The regularlty observed 1n earthquake recurrence in ‘
Japan has ‘lead’ Sh1mazak1 and Nakata (1980) to the suggestlon
“that the larger an earthquake is the longer the follow1ng
qulet period. ThlS allowed them to propose several o
recurrence models for large earthquakes To do thlS they ..

assumed a constant accumulatlon rate of tectonlc stress A=

1mllar recurrence pattern has been observed for small

._earthquakes in Callfornla (Bufe, 1977). The constant rate of

fstress accumulatlon scheme has been used also by Newman and

‘Knopoff (1982) ThlS is an example of long range 1nteract10n
in- t1me 1n an earthquake ‘catalog. Long range 1nteract1on in

space may also ex1st | |

1t has been suggested that earthquakes sometlmes affect

» the selsm1c1ty pattern of areas at great dlstances and that

,some large earthquakes seem ‘to have been preceded by dlstant

premonltory seismicity clusters. Several. of these selsm1c1tyi

°
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.patterns for long range precursors have been proposed by
Kellls—Borok et al. (1980 a, b c). These patterns cons1st of
ban abnormal clusterlng of se1sm1c events in t1me, energy and
'space Pattern Bursts of Aftershocks con51st of avmedlum 4

”magnltude earthquake w1th an anomalous sequence of
,aftershocks. Pattern Swarms con51st of a group of. moderate

AN ' N .
. events concentrated 1n space and tlme. Pattern Slgma roughly

con51st of an 1ncrease of enérgy released 1n a Slldlhg time » _

f‘wlndow (Lamoreaux et al.,1983) |

These patterns have been applled 1n algor1thm form - wlthh'

some success 1n the Central A51a, East%fn Medlterranean, |
:‘Pamlr and Assam reglons (Keilis- Borok and Mallnovskaya,

{1964) in Italy (Gasper1n1 et al, .1978) _1n Anatolla and

surroundlng reglons (Ke111s Borok and Rotvaln, 1979) “in the

'_Lake Jocassee, South Carollna reglon (Sauber and Talwani,

1980) in Southern Callfornla (Kellls Borok et al. 1980 b)
in. leet and the Hlmalayas (Kellls Borok et al 1980 c)' and)h
>'“‘ln the North Amerlca Cocos Car1bbean trlple junctlon reglon
(Lamoreaux et al 1983) | |

| Premonltory selsm1c1ty patterns are reglonal in nature

and they do not 1nd1cate the exact locatlon or the t1me of

Vfoccurrence of a. major earthquake ~The results must be

1nterpreted as an 1ncrease 1n the probablllty w1th1n a f /
' region 1n51de a t1me w1ndow Phy51cal explanatlons for 1094/:
range precursors are controver51al Barenblatt et al. (1984)
suggest that the shear stress- in ‘the- whole area is large and
“there exlst local areas w1th hlgher concentratlons. They



cla1m that therevls no reason to expect thatdthese'
“concentratlons ‘are conflned to the V1c1n1ty of the
“]earthquakes. It 1s suggested here>that the actual phy51cal
opropertles of the upper part of th lithosphere may-very
. well cbntrol the range of the long ranqe precursors.k

7

Newman and Knopoﬁf (1982), on'the other hand pay

llttle attentlon to th dlstribution of phys1cal propertles
'nand suggest that the presen e of long 'ange precursors 1s
llnked to a dynamlcal process. They pornt out that ‘the
7fu51on\of small cracks 1nto larger ones.can produce a.
cascade of events whlch may culmlnateiln a massive |
earthquake, due to the nonllnear charapterroﬁgthls process}:

‘.In a later paper they propose that by: assuming that the:‘

stress accumulates locally at a, unlform fate"0“1yito'bet:

released byga large earthquake, the rcte_at which little,

cracks'are produced can be.related ‘to|the tectonic‘related-
stress. N S . 4
. B . 8 ‘ .

The acceptance of these observed selsm1c1ty patterns
runs 1nto two major d1ff1cult1es, 1t 1s not always p0551ble
to\detect them and the range at wh1ch they\mrght.havewsome
1nfluence on the 1ocal selsm1c1ty of other areas var1es |
greatly The hypotheses suggested by Barenblatt et al
(1984) and by Newman and Knopoff (1982) deal w1th ‘the flrst
‘3problem. In thlS chapter a mechanlsm that allows a dlfferent .
range for selsmlc events of the same k1nd dependlng on the

Y

reg;onal materlal propertles 1n the v1c1n1ty ‘Bf their origin

' . i :
wlll'be proposed. ~—
- - - e -
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be a result of fault otﬁon across the rzone of contact

’// e

akes along 1sland arcs are thought‘to

Abetween;the_t'o lith sp:eriqiplates'that form the subductlng

't these Sllp zones vary wldely, a
\ o

tend as much as 1000 km along ‘an arc. Y

zone-mayve

xtraordlnary length tend to occur along

arvs w‘ere the t jo slabs of llthosphere 1nteract across a

rrowfzone of contact the max imum d1mens1on oﬁ rupture 1s
l1m1ted?to 150 km or less (Kelleher et al 1974)

Kalamorl (1977) suggested that it is almost certaln B

‘Kthat thf dLgree of. mechanxcal coupllng between the two

l1thosfher1c slabs varles among dlfferent 1sland arcs An

- 1mport nt feature brought up in thlS study 1s that the

~

.ruptur lengths of great earthquakes of nearly 1dent1cal

‘magni

Along those arCs where there appear to be a A

ude vary greatly for dlfferent reglons. RelatlonshlpsA d»

betw en the type of 1nterface and the extent of the rupture

have also been suggested by Isacks et al (1968)- and for

°

the Clrcum Pac1f1c belt by Kanamorl (1971)

| Kelleher et al (1974) conclude, that the max1mum

selsmlc Sllp that can’ occur in a part1cular trench due to a"’ ‘

large earthquake 1s smrongly 1nfluenced by the geometry of:

the 1nterface zone and in partlcular by the wrdth of the

plate 1nterfaces. They analyse observatlons from several
N\

subductlng zones and from the1r study the follow1ng remarksy

are 1mportant forlthe purposes of thls chapter.,‘

1. Along the Mlddle Amerlca subductlon zone where the

/,

'/-,
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extent of shallow earthquakes (< 70 km) is relat1vely

~km long. : AN

narrow, “the typlcal observed ruptures are Qf 70 to 150

/..

Ruptures of extraordlnary length have occurred along‘arc

segments where there 1s eV1dence of a broad 1nterface

’ubetween both slabs of l1th05phere. For the 957 RN

':Aleutlan, the 1964 Alaskan and the 1960 Chllean

sfearthquakes ruptures fault length extended for more than

fearthquakes ruptures length extended to more than 400 .

o km,

- 800 km. For the 1952 Kamchatka and the 1965 Rat Island

. v
.

Near each of these large rupture zones along island

'arcs, the llne of volcanoes’ approaches the’ surface'

~pr03ectlon of the contour llne for shallow earthquakes -
-~

(< 70 km) By contrast these two llnes are clearly

e‘separated along(arc segments characterlzed by moderatef

: rupture zones.

‘lther
of t

,the

Kana
vresp
'well
slab

coup

The cop51stency of these observatlons suggest that

e should be a: phy51cal relatlonsh1p between the. geometry
he subductlng gone, the locatlon of actlve volcanoes and.*
extent of the ruptures due to large shallow earthquakes
On the bas1s of multlple selsmologlcal observatlons
mor.i (1977) proposed that a parameter that can- be
on51ble for the dlfference 1n rupture lengths mlght wery
be the degree of coupllng between the two 11thospher1c

s 1nvolved 1n the subduct1on. He suggested a plate .

ling and decoupllng,model as aqkattempt to undetstand

L
: L
o
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. the physical mechanisms-in the variousttYpes of subducting

%ones’(figure 21). Thisvmodel ls an extension of the one

7

,proposed by Kanamor1 (1971)

I : : oL
Flgure 21 (Kanamor1 1977 figure 8) shows the

‘*dlfférent kinds of p0551ble subductlng mechanlsms that

Y

E

result from c0up11ng cons1deratlons. Flgure 21a represents a.

‘strong coupllng between the odeanlc and contlnental

llthospheres whlch results in great’ earthquakes and

break off of - the subductlng llthosphere at shallow ‘depths.

.In 21b part1al decoupllng leads to smaller earthquakes and

CﬂntanOUS subductlon whlle in’ 21c further decoupllng might

: lead to aselsmlc events or 1ntraplate ten51ona1 events In

v21d the 51nk1ng of the plate 1ncreases the” angle of

subductlon and results in- retreatlng subductlon and the

‘ rormatlon of a.new th1n layer of llthosphere e

4.2 The Method. - 'a_$~

f The 1n1t1al state of stress is oi great 1mportance in -

,lthe oetermlnatlon of the risk of reachlng fallure, therefore.{r

~the shear stress concentratlons that may be present due to

fauIts or other structures are areas w1th hlgh potential . for

s

fallure. The stress build- up rate as dlscussed by Shlmazak1'

~and Nakata (1980) and. by Newman and Knopoff (1982) jUStlfleS =

/

the process of modelllng a reglon before and after the

‘occurrence of a stress drop due to an earthquake as a statlcv

\/ 3
problem. v
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Figure 21.... Different types of subduc
from plate coupling_considerations (mod
19777. ' LT

ting zones resulting
ified from Kanamori,
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$uch modelling reguires computation, almost inevitably
by finite element methods. The finite element technique is
one of the most closely scrutinized methods in stress

‘calculation, since, as in all quantitative analyses, the

theory on which it is based makes approx1mat1ons and several

_ _different approaches can be taken for a partlculaw problem.

Also the appllcat1on of reallstlc boundary conditions 1s
often a d1f1cult task. Only through experlence can ;he best
'ch01ce be‘made. As a result conclu51ons derived’ from
numerlcal technlques are often viewed w1th reserve, It‘ls
obv1ously desirable to solve the samg,prebfé’ by other
methods to serve aspan 1ndependent check. -

The temperature dlstrlbutlon used for both of the‘
plates 1nvolved 1n the subductlng mechanlsm here is in
accordance w1th that suggested by McKen21e (1969) Where the
.temperatures 1n51de the’ subductlng slab are caldulated from

3:T' BT 3T L ‘ o
e 2R =0 TR (4.1)
Cex'r dx'.ez't T . .

where T=T1T',x=1x' and z=1z'. The solution of this equation

-

is of thefform'

- ) ° - ’ ’ |
T';1+2Zn(-1)?-exp{Rf(R’+n?w2)‘/z}x'sin nrz'/nm - (4.2) .
In this formulation R, the Reynolds number, does not havery
dependence because the slab is assumed a two dimensional

S



structure.
The values taken for the parameters in thlS chapter

v . :

are:
Specific heat Co=0.25 cal" g“°C"
Thermal expan51on coefficient a= 4x10"°C"

~
Temperature‘T1=800 C . oA
" Thermal conductivity k=.001 cal cm‘?°C"Sec‘3

Width of the slab 1=40 km.

The resultlng temperature dlstrlbutlon is sxmllar to that of
" McKenzie (1969, flgure 2). Note that thlS k1nd of
. formulation can be applled if the thermal effécts due to
thermo-elastic stresses are: tncluded in the calculation. The
finite element program used hereln allows thlgheffect in the
calculatlon of the pr1nc1pa1 stress components of- eachhof
the nodes of the model. |

It is 1mportant to start the analy51s with an elastic”

-

model in order to obtaln a general 1dea of how the stablllty
'changes as the model becomes more complicated.<Thls kind of
'modelllng has been proven useful in several geophy51cal
-problems (1.e. Solomon, 1980, Hanks(and Raleigh, 1980) and
in particular in Seism{c stability studies {Uribe—Carvajal
",and Nyland, 1983 a, b) Nevertheless elastib models can oan‘
behrepresentatlve of the upper few tens of kilometers of the
‘earth's crust, where the temperature of the 11thospher1c

‘material is beneath 300 C. Below thxs‘temperature the

2
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thermally induced stress is small and the tectonics is
. . ' . r
describable by elastic stresses (Turcotte, 1974).
The lithosphere can be thought - of as an elastic layer

over a high v1sc051ty layer Beneath/;he l1thosphere there

- exists a 'low strength' zone kngyn as the asthenosphere,

which by def1n1t1on is not capable of re51st1ng great loads
for a very long period of time. ' This means that at a glven
depth, above’the'asthenosphere, the stress due to permanent

vertical loads cannot -produce vertlcal displacements after a

e

.

qcertaln reiaxatlon time. It 'is unllkely that the‘boundary

between ‘the llthosghETe and the asthenosphere is sharp; the
lower part of the llthosphere should have 51m11ar phy51cal
propertles to those of the upper part of the asthenosphere.
The Material 1n the upper layer of the plate should become.
g:adually less viscous as depth decreases_~°

Slnce oceanic llthosphere cools as 1t moves‘awa§'trom
.the ridges (Forsyth, 1979) 1its strength and den51ty |
1ncrea5es Strength and. den51ty are the main dlfference
between contlnental and oceanic plates which®is prlmarly'due

to the phy51cal characteristics of their materlals Strength

415 the max1mum d1fferent1a1 stress (amx amun) that can be

applled to the materlal w1thout reachlng fallure, it.

1ncrease5 w1th 1ncrea51ng conflnlng pressure. It has been_
J
assumed here that the oceanlc 11thosphere has basaltlc

phy51cal propertlesa whlle contlnental plates have

v
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The most important force acting in a boundary zone
between £wo plates with converging‘relative velocities is
the gravitational pull of the downgoihg slab (Chapple and
Tullis, 1977) . This force has been'proposed athhe probable
driving mechanlsm of plate tectonics (e.g. Press, 1972;
McKenzie, 1972} R1chter 1977). The frictional forces actlng
oniplate boundaries are very\small compared with the
gravitational pull, the viscous drag of the mantle, and the
ridge push force (Chapple and Tullis, 1977) . However, it is
of great 1mportance “to, 1nclude these frlctlonal forces .in
stability studles, ‘'since it has been proven in "our previous
studies (Uribe- Carvajal and Nyland, 1982, 1983) that small
shear stress changes can affect the overall stablllty o

dlstrlbutlon “The shear acting. at_ the boundarles of all our

models is in accordance w1th the one. determlned by McKenzie .

’
3

(1969) - P L
‘The other force that must be 1ncluded ih~any subduction
zone model is the viscous drag of the mantle; 1t 1s the only

.'one w1th the capablllty of balanc1ng the action of the\,

htslab pull (R1chardson,~1978) S0 that plate veloc1t1es are "~

restr1cted to few cent1meters per year. Such veloc1t1es are

‘o

1nd1cated by Chase (1972) Mlnster et’ al. (1974), Sacks
(1983) and others, for all the plates. |

, The re51st1ve forces that oppose the movement of the
plates are due to differential movement at the edges of the

plates and v1scous counter flOW of the asthenosphere. ‘The

re51st1ve'ﬁorces at .the interplate boundarles are d1ff1cult_

> - .



' sdlsplacement is possible, and the drag force is then a

Y

to estimate. However,
-forces are not suffxd1ent to stop the movement of the
plates. This has been recognized by -Jacoby (1970),
Rlchardson (1978) and many others. |

The assumptxon that there is an elastlc lithosphere
drlftlng over a viscous asthenosphefe 1mp11es the existence
, of a drag force opp051ng this movement. In order to mode l
thls‘force it is necessary to assume a- veloc1ty d1str1butlon
in the asthenosphere that depends on its flow. If the
elastlc plate is dr1ft1ng over a pa551ve viscous layer it is

dragged over a base‘whlch is at rest.

_ The drag stress per unit length (Richardson, 1978) is
r=qV/h o . _ (4.3)

where V is the velocity of the plate,dn and h the viscocity
] ‘ . i
and the thickness of the asthenosphere. The term

. asthenosphere applies to the viscous layer that underlies

‘the elastic plate, attthe bottom of ‘this plate no

|

function of its thickness (h). Following Rlchardson (1978)

we take a veloclty V= 10cm/year h=3x10"cm and n=10?° poise,

‘to obtain r—1bar. : e

ol

The 1ntegrat10n of th1s force over the bottom surface
of a plate glves values that can equl1brate the stresses due
\
to the slab pull and the rldge push The fr1ct10nal forces

due to the plate boundar1es and transform faults are.much
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smaller and represent a secondary contribution to the
overall, quasz-equxlxbrxum of the plates. All these forces
have been calculated for all the major plates by: Chapple and
Tullis (1977). They demonstrate that only a few forces are
responsible for the observed veloc1t1es of the plates. These
are the ones that have been taken into account in our model
calculatio;s. |
In th1s chapter a geodynamxcal study of a subduction
zone is presented This is done using the ADINA finite
"Q9Qelement program (Bathe, 1978). The use of models is only
justified to the extent that the model is a reasonable
fa£§imile to reality, and in order to be able to model
stresses in a subduction zore several assumptions have to be
made. The stress-straih relationships that accurately
present the stresses at depth are uncertaln. Nevertheless,
for the use of stability functions it is sufficient to have
an approx1mate model since they are affected only locally by
small variations to the model (Uribe-Carvajal and Nyland,
. 1982,1983). m
) In the present case a continuum in which material
Tproperty changes can be modelled by finite elements is dealt
with, and the boupdary conditions can be specified at the
requiredr;ccations. Therefore, the internal propertles of
the model cgh pe varied and the variations of stability
(derived from the stresseSAdetermined by ADINA) that result
can be interpretedt Finite element models of subductiné -

zones have_beép;studied previou;lyfby others. ¢Bird (1278),



"grav1tat1onal deformat1on of the plates

,applles the technlque to calculate the shear stress

,dlstr1but10n within a subduct1on system 1nvolv1ng a slab

2l

:dlpplng at 45° The greatest dlfference between Blrd s model
band the Qne shown . here 1s ‘the boundary condltlon at thef

*_upper part of the model . he con51ders the plates to be flxed

\

at the surface, that 1s, ‘the. model ‘does: not allow for

-

The present model assumes that the system is not

- “hanging from the surface, but supported by a surface at 1ts

bottom. The same klnd of boundary condltlon was used 1n thei_

analy51s of the Valley of Mexlco in chapter 3 of thIS

) The51s. o

The model presented here con51sts of an oceanlc layer

of 40 km of thlckness underthrustlng a 80 km th1ck

;contlnental layer. In the lower part of these plates the

temperatures are- well above the 300 C value (i.e. McKen21e,

”1969 Grlggs, 1972‘ M1near and Toksoz 1970) accepted as the'
.lelmlt for elastlc behav1our. The thermal dependence of the

'stresses plays an 1ncrea51ngly 1mportant role in the overall

state ‘of stress as depth becomes greater This can be

- modelled u51ng the ADINA optlon for thermo-elastic

modelllng In essence, the varlatlon with temperature of thejﬂ.

»

elastlc parameters is spec1f1ed

v

The thermal dependence of the Young's modulus (E) is

taken to be

"E=Emin+Bo€ % R | LT (4.
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fwhere Eo E at the surface of the earth m1nus Em,n, ‘X= T /C T

'1s the temperature and C 600 ThlS equatlon descrlbes the = ?
.exponentlal non llnear temperature versus depth behav1our¢ofv
athe upper mantle suggested by Klrby (1977) and’ others. It .
hshould 'be noted that as depth 1ncreases the temperature of
the materlal is also 1ncreas1ng At small temperatures E
remalns v1rtually unchanged up to a glven temperature T,,‘fé?’hj
where. the materlal starts to 1ncrease 1ts v1scous behav1our
1rap1dly unt1l a temperature Tz is- reached Then, the value of.
E becomes asymptotlcally equal to a lower 11m1t value Em.n.\
:It is our claim that thlS Em.n.ls that one. representatlve of

‘e

. the value of v1sc051ty of the upper asthenosphere.stated~
earller as-<n. ’ v o

| The exponentlal decay of E w1th temperature has been
‘,suggested prev1ously in geophy51cs Venlng Melnesz (1964)
'7'p01nted out that at a certa1n temperature the elastlc 11m1t
blndeed dlmlnlshes and that for some substances llke M9251Ou,]5
’whlch is assumed to be an 1mportant constltuent of the’
hp mantle at a g1ven temperature, thls elastlc limit does ‘not -
»contlnue to: decay.- | |

Theoretlcally, P01sson ratlo v has an upper 11m1t of

Y‘O;E; and for most crustal rocks v-is around 0 25 and it is a
common assumptlon 1n geophy51cal modelllng to use thlS O 25
rvalue. Therefore, I have adopted thlS value for surface
rocks: and have 1nterpolated to v= 0.3 for the rocks at the .

'bbottom of the plate. The value of the thermal conduct1v1ty,

'~a, has been taken to ‘be constant (McKen21e, 1970) thrqughout



124

'pthe whole exerc1se The values of the parameters have been

' varled (table 1) to s1mulate the dependence of temperature:

T

e varlatlons on' the materials modelled

There 1s .an apparent contrad1ct10n between the values
n table 1 and the general not1on that sersmlc veloc1t1es=;

1ncrease as depth 1ncreases (Stacey, 1977 figure 6. 18)*

‘the 1ncrea51ng Young s modulus E w1th depth used by Turcotte

h(1974) Thls work focusses on the behav1our of. the lower

i

part . of the plate from a qua51 statlc or 1sothermal p01nt of

<

'~v1ew We are not deallng w1th the dynamlcal or adlabatlc

'jpropertles of the . materlal Then as depth 1ncreases ‘B should_
~,become»smaller because the materlal is becomlng more ductlle
as temperature 1ncreases, even 1f the modu11 are not
‘2exp11c1tly temperature dependent ‘

| | The dlfference between the adlabatlc (dynamlc) and
.?1sothermal (statlc) parameters comes from allow1ng
vtemperature changes w1th1n the model of the earth The
relatlon between them can be found dlrectly from

# v v ; \

E.=E/(1-ETa?/9Co) o T P RS

ud=(v+ETa?/9co)/(1—ETa2/9c¢); PR . S (4.8)

»

[} . &

where Co is the spec1f1c heat per unit volume at constant
'pressure. Ed and v.’are the dynamlc Young s modulus and

.'901sson s ratlo (Landau and Llfshltz, 1970) Nevertheless,

.>thls klnd of dlfferentlatlon between dynamlc and statlc
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A SUBDUCTING PLATE :
_ DENSITY 3. e T . R o
Cqewes 020 100 200 400 800 80D 1000 1250
CYOUNG - LTE12 .6BE12 .63E12 .4GE12 JE12 LTEMT LSTENT L3ETY
© borssoh L.25°. .25 .26 265 . .21 28 .29 .30
CALPHA . 4.E-5 4.E-5 4.E-5 4S5 A.E5 4.E-5 4.E-5 4.ES
onTe T UPPER PLATE
COBENSITY < 2.7 e . |
JTEMP. 20 100 :200 400 600 800 1000 1250
YOUNG , .BE+12 |SBE12 L54E12 L40E12 .24E12 .12E12 .49ET1 2E11

POISSON .25 .25 .26 265 (21 .28 t.29 .3 . opmgl s
ALPHA  A.E-5 4.ES5 4.E-5 A.E-5 4.E-5 4.E-5 4.E-5 4.E-S ' 5

\ylf
o L
. = e
5
~ ?‘»’3’ P
! 2
.

‘Table 1.... Shows the dependence of the material” properties
" on temperature of the thermo-elastic models studied.
Density is given in g/cm®, Young modulus in dyne/cm?,
Temperature in °C, and « in °C7! ' e
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"parameters only makes their values vary by a small

i, percentage. An addltlonal statement is made however;, by
jattempt1ng to 1nc1ude softehlng duettoglncrea51ng

-temperature /

| All the forces 1nvolved 1n thermodelsbare placed at’the

‘node nearest td the’ actual p01nt ofhappllcatlon, as is done

‘in other geQ@hy51cal f1n1te element modelllng exerc1ses

) (Rlchardson,-1978 Rlchardson Solomon and Sleep, 1979) The
3 k

[N

foccurrence of an. earthquake is modelled by 1ntroduc1ng a
. sudden dlsplacement ‘or stress. drop in. the model at the

locatlog)of the hypocenter ThlS k1nd of earthquake

'»j51mulatlon is usual in f1n1te element analy51s (Rlchardson,

| 1974) “The stress drop duewto an 1ntermed1ate depth
”intraplate earthquake w1th focus 1n 2 subductlon zone is: of
the order of 100 to 200 bars (Chlnnery, 1964) Recently thlS

value is now belleved to be arround 40 bars.,
AN .

F

4.3 The subductloh\zone models

N . .
Several types of 1sland arcs have been dzscussed and

and summarlzed in flgure 21. Geometrlcal changes ‘in the e
model and the-. varlatlon of the. forces 1nvolved in the.model
should generate changes 1n the overall dlstrlbutlon of fff
‘ selsmlc 1nstab111b¥ If the selsmlc behav1our of the

: dlfferent types of SUdeCthn zones depends mostly on these

' parameters, 1t is then necessary to study how these changes

are reflected 1n the probablllty dlstrlbutlon



)
1

This- h1nd of geometrlcal dependence of any risk

functlon must result from the analy51s of several models.

‘ The models con51dered here w1ll 1nclude - u

1. ‘Materlal property changes, from elastlc to

v thermo elastlc stress straln relatlonshlps
2.“Changes in, the angle of subductlon and the value of the
'ffr1ctlonal forces. ThlS will account for the coupllng

‘ and partlal uncoupllng effects (Kanamor1, 1977)

3. _The length of the subductlng slab has also been changed T

in order to model slabs of dlfferent ‘ages, whlch also
1nvolves changes of the grav1tatlonal pull.exerted'by“
'the down901ng slab | o :
The element dlstrlbutlon (flgure 22) used for the modeli
studles shown 1n flgures 23, 24 and 25 is the same. However,‘

the ‘ratio between the hor1zontal and vertlcal total lengths/f

:var1es to model slabs subduct1ng at dlfferent angles.

‘ The 1n1t1al model is one plate underthrustlng a second

plate at an.angle of 45° (flgure 23) A llnear elastlc model

of this klnd of subductqon zone and the boundary condltlons

. "and restrlctlons mentloned produce the probablllty
l dlstrlbutlon g1ven in f1gure 23a. The hlgher rlsk of failure

seems to be concentfated 1n spec1flc locatlons, “at whlch the

analy51s will be focused

The hlgh risk area is located in the 1ntraplate

boundary from a depth of about 50. km; ThlS area has a

’probablllty of failure of more than 0. 75 w1th respect to the

other parts of the model. The, hlghest probablllty of failure
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KM

Figure 23.... Elastic'modelling.of”a subducting zone. a, b
are the probability distributions before and after the
occurrence of an earthquake at *. ' : '
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“occurs at the location’* on this figure.‘lt seems.trom,this'
's1mple model that there tends to be a band +of lnstability at
'depth along the boundary,~wh1ch strongly suggests that the
eband should be- present for models contalnlng longer (older)
subducting slabs :

Flgures 23a and 23b represent'the same model .and the
only difference\ls that in figure 23b a selsmlc event has
been 1ntroducedxjn the locatlon * wh1ch is inside the high
risk valued zone of flgure 23a.’ The selsmlc event has been
51mulated by 1ntroduc1ng a stress drop of 100,bars at the‘
desired point of .the model. This value corresponds 'to that
. calculated for ;ntraplate earthquakes of magnltude 7 ,'vith
[u 3x10"* dynes/cm2 n=.75, D=5 m, and w—100 km, - u51ng the

'Kanamor1 and Anderson (1975) formula for a str1ke sllp

mechanlsm.

po=2uD/wm R o - (4.9)
o ,l(%?i : .::k ) | o Hm. _
.where Ao 1s the stress drop due to the earthquake u'is’the
:rlg1d1ty of the material, D is the average offset and w is
the rupture w1dth —
- | The probablllty dlstrlbutlon throughout the model has
been changed After the simulation of the earthquake the
area of the hypocenter has become more stable since stress
has been released there. The hlgh ;alued zone seems to have

been broken apart and expanded in a radlal dlrectlon. The

two lower h1gh valued zones m1ght correspond to 'a double
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'Benioff zone 51m11ar to that observed in Japan (Uyeda,.
1977) and in the Central Aleutian Arc (Engdahl and Scholz,
1977) The m1n1mum stablllty zone has moved nearer to the
inside of the slab. '‘This result 1mp11es that the occurrence

- of an earthquake in th1s kind of model 1nd1cates, by
changlng the whole probablllty dlst)r1but10n1 where the nextl

Tfallure 1s llkely to take place. It is a compafatlve scheme
and shows that the 1ntroduct10n of stress changes may not
directly affect partlcular stress components in the dlstant
zones 51gn1f1cantly, but it can produce changes in the
'probablllty of failure with respect . to the model as a whole.

The overall stability of a region is changed by the
occurrence oﬁ a large earthguake stress accumulates B

'constantly and earthquakes are required to release/this
stress. Therefore, changes in the probab111ty function .may

1very well represent new states of qua51 egulllbrlum for the
whole system, since 1t is defined as the probablllty Of
fallure of a given locatlon w1th respect to. the whole model

A smaller-streSS'drop was tried to see, how far the
changes due to such a seismic event can be seen. A stress :
drop of 30 bars was then modelled and the general results
were the same - a general reductlon 1n probablllty'
throughout the model and a. small mlgratlon of the high
valued area towards the inside of the slab. |

From the d1scuss1on 1n the 1ntroductory part it can - be
seen that the elastlc model of the whole plate is

unrealistic. An, 1mprovement is the analy51s of a
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thermo elastic model (figure 24) where the same approach as
& i

in the 'elastic case was taken.@Figure i24a shows the

probability function distribution for a 51mple

thermo elastlc model and figure 24b shows the same modeU

including a.stres% drop of 100 bars at the. locatlon shown.
'Figurevé4abshows that.in the plane part of the

underthrusting plate there is a high probability of failure.

_This pattern remalns for the upper part of the plate until

depths at which the material has almost reached its- plastic

" state. High' valued zones also appear 1in the same region as

that in the elastic model and in -a narrow.zone which runs

1n51de the SUdeCtlﬂg slab approx1mately parallel to its

.

dip. In-this-figure again‘the‘double~Benioff zone seems‘to

. be present, and the area with major probability is located

in. the intraplate boundary at approrimately 60 km deep. AS
in the elastlc model after an explosion of 100 bars, the

general features of the probabilistic distribution have been

_altered; the probability in-the elastic part of the slab has:

suffered the greatest change and the stability in the
. ‘ K
viscous parts remains greater than in the elastic layers of .,

the plates. The viscous parts have not been affected at all

except in the 1mmed1ate nelghbourhood where the explosion

took place. Another similarity observed between. this and the

prev1ous model is the presence of some k1nd of ring of high

rlsk areas surrounding the stress drop and that aftershocks

- on both plates are likely to occur. .
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Figure 24.... Thermo-elastic model of a subducting zone at -
45°. a and b the 'same as in figure 23.
S _ .

BEEEN
e N -
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Fromfthis comparison it can be seen that the upper part
of poth plates becomes relatively more unstable in the
- thermal analysis. This indicates that the viscous part has
actually become more staple than in the elastic case, since
the parameters of the eiastic parts remain the same. After |
LWhe occurrence'éf the stress drop the "instability ring" |
seems to have propagated further away from the focus in the
\elastlc ‘case. This implies that in the v1sc&hs materlal
stfess propagation will have a larger attenuation.

This result is\;or a plate model consisting of an
elastic layer'overlying a material which is gradually.
becoming viscous with a thermal dependence for Young's
modulus given by equatlon (4.4). Itrstrongly suggests that
the effect that a given stress change has on the bqghahilﬂéy
dlstrlbutlon is greatly dependent on the materlal properties
assumed. It presents the p0551b111ty that changes in this
function can be observed; at distant locations from the
source if the stress change, can be transmitted to them
through elastic materials, i.e. viscous materials shouId.act
as hlghly attenuate the shear stress and shear energy

transm4551on w1th1n the kind of statlc that are dealt with

<

here.

The next'step is tordeterme the eﬁfects on. the
probabiiity function disttibutiqn cf.the:variation of the
angle of subsidence; hfltn the case of the%Valiex,of Mexico

(chapter 3), this ‘s necessary to create a general idea of

how geometry affects instability, and to investigate why the "
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different kinds of trench-arc systems described in figure 21
have different observed seismic behaviour.

Probabilxty distributions were calculated for two
models using the same klnds ot boundary condltlons used for
figure 24, the temperature dependence of the materxal
properties and the temperature distribution of the models
being maintained the same.

The angle at whi;h the slab subducts was changed to 10°
(figure 25), and the intraplate frictional forces were made

3/2 of that used in the previous model. This is an effort to

"model the high coupl1ng whlcn/ls expected in low angle

SUdeCthn (Kanamori, 1977). Figures 25a and 25b represent
the probablllty d15tr1but1on before and after the modelllng

of a 150 bar stress: op at loca~

zone (valued at 0.6 for illust Beo purposes) shows a more

ontlnuous dlstrlbut1on than thaW figure 24a, and the
highest valued %ﬁea (0 8) seems to be locally concentrated
Again, most of the unstable area ‘coincides with the elastic
mater1al in the upper part of the lithosphere and the
elastic part of the subductlng slab. However, when the
earthquake has been introduced, the 1nstab111ty seems to
have .moved to ‘the viscous parts. The exceptlon to this
4general result is the zone,above the hypocenter,whlch may
correspond to the uppervpart of the instability ring
observed in flgure 24b .

The next model (figure 26) is the result of changlng

the angle of subductlon of the downgoing slab to 60° and the

*, The hlgh 1nstab111ty
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Figure 25.... Probability distributions for a trench with a . .
slab subducting at 10°. a and b as-before. e "g§£, Eﬁ
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x been pushed upwards.f

o -dlscu551on 51nce at these

T

frlctlonal 1ntraplate force to 1/2 of that of flgure 25.,

. This last. mod1f1catlon is made to 51mulate the part1a1

‘f;uncoupl1ng between the two plates, descrlbed earllerofor

»51m11ar characterlstlcs to flgure 24a,_the elastlc layer of

‘.the llthosphere and a reglon in the 1ntraplate boundary

‘ hav1ng the hlghest probabfﬁ1t§ of reachlng fa1lure The -
 51mulat1on of the earthquake (flgure 26b) shows that ?
'although the area surroundlng the focus has become the most

.'stable, thls effect seems to be hlghly locallzed The upperfl'
_part of both plates remalns approxlmately at the same_?"

~probab111ty as 1n flgure 26a The lower hlgh Seems to have

Older slabs can be modelled by applylng the same k1nd

of reasonlng to larger models. "The results of u51ng a model

‘e"w1th a slab dlpplng at 45° (flgure 27) Cand ohe w1th the

slab at 60°. (flgure 28) are presented Agaln a and b

'represent the probablllty dlstdlbutlon before and after tge

»occurrence of a large event at locatlon ¥ wh1ch is the

similar to those of flgureSwQS and 26 but the presence of
thlS kind of hlgh probab111ty at these depths requlres more -

?depths the,earﬁhbuake mechanlsms

~are- not eas%hy v1suallze¢ as sudden fallures due to applled

3

;ﬁ-stpesses but ratheﬁ to volume 1ncreases due to phase changes

[RT S

e

i thlS k1nd of model Flgure 26a (before the earthquake) shows'x’

?

»locatlon w1th max1mum probablllty.,The general results are‘in ;',

' suffered by the subducting maferial. 7/ R S Ay
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Figure 27...
long slab-su

K3

. Probabilify dlStl‘lbUthﬂS for a trench with a
bductlng at 45°. a: and b as before.
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Figure‘28....'Ptobability distributions for a trench with a
‘long slab subducting at 609. a and b as before. h
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4.4 Discussion’ ofxresults.l

A change in the overall d15tr1but1on of the probability
function values does not mean that the~stresses in a
*partlcular location ‘have changed substantlally, but«rather
that its probablllty of reachlng ‘dailure has been mod1f1ed;
The degree to- wh1ch a p01nt is affected depends on the

physical propertles of . the material in which it is located
and the state of stress'rn which 1tvwas preVlously.

If in fact the shear energy is trapped'in the, elastic
part offthe plate then there ekists the possibllity that.thez
thlckness of this-elastic layer (H) will»determine>the range

’at whlch the effects of a stress drop (like the earthquake)
'should affect the probab1laty of failure. Then it is
bp0551ble that the reason for the existence of the'so—called
“long range precursors is llnked dlrectly to H. It is
p0551ble that the stress drop due to an earthquake producesr
changes at greater dlstances than those predlcted by simple
theory. o \ -

To test thlS hypothe51s it is necessary to calculate
ithe solutlon to the Bou551nesq s problem for. the case of an
elastic layer over a v1scoelast1c ‘half- space Solutlons to
this problem have been known since the begining of the

century (Mlchell 1900)

The shear energy is (Landau and LlfShltZ, 1970 pl1)

Feulei;-1/3 81 i) ? B . eao
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Where‘e.j are the components of the straln tensor. This
exercise gives the result that for all H (w1th1n reasonable
llmlts) the total shear energy in- the elastlc plate 1s more -
than 0.9 of the total shear energy of the whole model. This
‘is expected from our finite element models
The result that most of the shear energy tends to
remain within'the elastlc part of the plate can be useful to
test our stablllty results obtained by f1n1te element
_calculatlons. Both problems are 51m11ar ‘arid can be solved by
?maklng the same® assumptlons, u51ng the same boundary -
conditions and same kind of material elements. ‘A f1n1te'
‘element calculatlon of the same Bou551nesq s problem has
.been prepared by assumlng a two layered materlal The
: elastlc constants chosen are E,—7x10‘2; E,=7x10"'°, =,25
and ve=.3. ‘These correspond to temperatures of 20°C and
800°C on our thermo elastlc subductlon model The upper
layer*has a thlckness of 40 km and ‘the bottom one 90 km. The
shear enerdy in the upper layer is agaln more than 90% of
the total shear energy of the model. This result adds
cred1b111ty to the previous - stablllty calculatlons.
The concentrat1on of ‘shear energy in the elastlc ‘layer

is a common feature of both of the solutions to the
’Bou551nesq S problem. It is therefore possf%le WlthOUt
los1ng general1ty to approach this problem using the
contlnuum mechanlcs thin plate theory as descrlbed by“Loye

,(19%$)’ Landau and LlfShltZ (1970) ‘and many dther textbooks.

,‘ \ . " AN
\

e
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The spec1f1c problem to solve is: For a thin plate
determlne the effects of an applled force at a glven~
distance rﬁ then, by cbang1ng H, the distance r, at which‘

,the_same-eﬁfect calculateddprevlously can be determined in
'such a waf that the variation between H and the range at
wh1ch a fixed- observatlon occurs can be stated. .

The deflectlon of a c1rcular plate with clamped edges

due to' the appllcatlon of a force f in its center is given

=

by " . o

g=3£(1-v2)/27ER> [1/2 (RE-r)1n(R/T)] L s

LY

where h= H/2 and R is the radlus of the plate /
It can ea51ly be demonstrated that if § is to remain
constant as H decreases, r must increase. The follow1ng

parameters were given in order to record the varlatlon of r

vith respect to H. R=2000 km, p=.25, E=7x10'%, £=100 bars,
250 F

N
-~ »

{=0.12 E-8 cm, (table 2). et

ThlS table clearly shows the_role'thét;Hiplays in tbe

range at which‘effects due to ; particular stressbdrop can

be observed — e ) | S .

The double Benioff zone whlch seems to be present in
figures 23b, 24a and 27 could be 3ust1f1ed by some’
observatioos in* some island arcs (Engdahl and Scholi\\4977
and Uyeda, 1877). The presence of this kind of weakness

pattern would indicate that in this subduction zone the

3

" downgoing slabﬂhas an /angle of about 45°.-However,é@be lack

/’ :

-



THICKNESS
OF THE

. ELASTIC

- PLATE
(H IN KM)

20
30
10

N ,"’
faied
1

RANGE OF THE

" OBSERVATION

(r IN KM)

1876
1770
1641
1490
1318
1118
888
610
200
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Table 2.... Shows the effect of the thickness of an elastic

plate on the distance from an app

' .displacement z takes place.

lied force at which a
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N

of thlS pattern in figure 24b makes the last remark weak in
“the sense that earthquakes in any of the Benloff zones
should have aftershocks in both of these zones due to the
proxlmlty between them.

- ‘To 1nterpret figure 25 two assumptlons made should be
recalled Flrstp\the shear energy due to the presence of the
‘source stays‘ almost entlrely in the elastic part of the |
model and secondly, that the stablllty distribution does not

\

necessarlly represent a 1arge change in the state of stress

of particular locatlons, but rather a stablllty estimate

with respect to the rest of the model at a given time. With
* this in mind figure 25b shows that after ‘the earthquake the
xstability of the elastic part has decreased to values

smaller than thoae of the inelastic part which_ls,supposed'
to be in the same stress state as in figure 25a. THat is,

the stable part of figure 25a remains the éame but the .
unstable part-haslbecome more stable. |

The long range stabilization of figure 2§)and the very

localized one shown in figure 26b are‘ln accordance with the
observatlons that at shallow angles of subductlon the
effects of earthquakes are felt at longer dlstances than
those at slabs with bigger angleS'(Kanamorl, 1977 and
Kelleher, 1974). Thishmeans that the distribution of
probability fudction changes due to external forces is
greatly dependent on the geometry'of the subduction model

nd on . the magnltude of the frlctlonal forces or coupling

between’the two plates. For a b1gger,coup11ng or a smaller
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"subduction angle there is a larger effect range.

The common feature in all the after earthquake figures
is the presence of an instability ring around the
hypocenter. This represents t he immediate aftershock area

[ B
due to the large event. This ring is somewhat vague in some

. cases, as 1n figure 28b where only an-arc above the fo us

can be seen.»However, since the earthguakes are simulated as
stress drops in a partlculat/locatlon, this stress

\
‘relaxation should Stab111ze its immediate ne1ghbourhood for

: AN
large earthquakeSn

The concentration of seismic activity in  the

»surroundings of the focus of a recent large earthguake is in

~accordance with the secondary stage of the doughnut pattern

(Mogi, 1969), which states that with the occurrence of the
great earthquake the observed seismic pattern of a reglon
dlsappears and the act1v1ty 1s concentrated near the focal
reglon ThlS klnd of nearby aftershock area 1s also |
suggested by other selsmlc activation patterns observed

QKerlls—Borok et al., 1980.a).

The deep high probability areas shown in figures 27 and

28 are "due to the nature of ‘the approach A gquasi- stat1c
approach of the problem has been taken here. Flrst the
model is taken at equ111br1um and at a given time th% forces

~are set free to act in the model, from -that the final

dlstrlbutlons of probablllty presented were calculated. This -

k1nd of analysis shows for a viscous materlal its

probability of yield, It does not assume a particular mode

-
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of yielding. | | | n}
. Although the mechanism of deep and intermediate
earthquakes }is strlcly unknown this kind of analysis will
only be valid if a rapid form of yxeldingfoﬁ_the material is
possible. : _' ) ” 4 ‘,’

several probable-causes have been proposed for
intermediate and deep ear thquakes. Isacks and Molnar (1971),
suggested that if the slab cannot penetratedbeyond 650 km,
vthen this involves an upward transm1551on of compre551ona1
stress thag could cause deep earthquakes. Grlggs (1972), has
shown that thlS kind of re51stance would result.in some kind
of buckllng of the_suhductlng_plate, for which" there is

-

1T tle evidence. ‘

The most widely accepted theory 1s that due to Rlngzogd/
(1975) which suggests that 1ntermed1ate and deep events are
caused by phase transformatlons of the material that 1s |
" being subducted, whlch result in sudden volune changes in
the slab that mlght create 1n5tab111t1es. However,'it is not
very well understood how phase changes could occur fast -
enough to produce earthquakeg ' |

‘spancs (1977), suggested that 1ntermed1ate and deep
earthquakes could be due to a shear heatlng instability in
the flUId layer between the slab and the mantle‘outside the
upper boundary of the subducting. slab. He demonstrated that
if the earthguake occurs W1th1n thls layer it will reproduce

the observed focal mechanism for deep earthquakes; That is,

the principal stresses are developed within the downdipping
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slab and in the direction of motion of the plate(Isacks and

-Molnar, 1971). Sharp changes in material properties have not
been included in this calculatlon. Th;s has resufted in.
: &moath probablllty curves such as those shown in chapter 3.
In this particular case the high probability zones on the
downgoing slabs of the large models appear uithout gaps. It“
is not the purpose here to'find a. mechanism that accounts

for the presenc of deep earthquakes, but rather to see the

£)
‘e i

effects of a gndden stress release .on the dlstrlbutxon of
probability ¢é ‘the models, and how these distributions
change wlth the geometry of the model and the magnltude o;
“the applled forces.

Hoﬁever,/the sudden displacements &t great depths in
the form of earthquakes 1s controlled by the amount of

heatlng\requ1red for meltlng and by how well deflned is the

melting pomnt (Spanos, 1977). 1f the temperature of the slab

is far/érom the melting point the fluid layer will be narrow

ur results to the ductile reglme.
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4.5 Conclusions.

The thickness of the elastic part of the lithosphere
1nfluences the range at which long range precursorg can be
observed. This is because the shear ez:rgy tends to remaln
within this elastic layer, that is the viscous material acts
as a barrier_and rather than'dissipate this energy it just
does not permit its probagation. Rupture size could be
linked to how localized an anomalous high probabilty is.

Longer areas may be broken in more high probability valued

)

areas. ,
'Probabllity Qalues are relative within a model

calculation,,therefore the actual value is just an indicator
of where failure is more likely-to occur for a set ot given
conditions. It is more Jyeasonable to focus this kind of
.analy51s on the study of the distribution of high and low
valued areas rather than on the values t emselves. ngﬁ
proH!blllty values do not mean that an errthquake will
necessarily‘take.place, but just_ that at a particular g

location failure is md&e'likely.thaq;atggther parts of the

‘same model. o '

a

?The decrease of probablllty in the upper tens-of

g kllometers observed in flgures 25b and 26b indicates that

‘“1hﬁthe whole model becomes more stable at these depths after
the occurrence of a. large earthquake and that aftershocks in
the high valued zones of this figure are the most likely

kind of activity to occur in this case.

i
{ -
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Jd,(' The result that after an earthquake has been modelled
n'zones of hlgh risk are created in the contlnental plate'
u:ﬁapresents the p0551b111ty that ;1f thls plate is fractured
and part1al meltlng occurs at depth; thenjth;s molten magma
'can more ea511y reach\the surface. o | o
No dlfference can be seen 1n‘the range of effect of the
deep earthquakes modelled in flgures 27 and 28 ThlS is so
",because they are both orlglnated out51de the elastlc parts
f the platesr | | | ‘ |
The assumptlon that the llthoSphere can bebmodelled as
‘an elastlc layer over an 1nelast1c one seems to ‘be a
_ plau51ble one and the SOlUthﬂ to Bou551nesqos problem a?d
~the- th1n plate approach shown in the dlscu551on of results
add credlblllty to thls klnd of model | /
. é;)
1 belleve that Barenblatt 15 correct by sugge ing thats
"local concentrat1ons of stresses are respon51ble for the .
presence of SEISmlC patterns 1n some areas, and that this
.can be modelled by adoptlng Newman and Knopoff s 1deas of
crack populatlons or - by jUSt con51der1ng the presence of

geologlcal dlscontanu1t1es 1n the llthospbere. However, the'

range of effect ‘that these selsmlc patterns might have is -

4 s

strongly llnked to the reglonal characterlstlcs of the
materral in whlch these concentratlons take place. That 1s,
1t is controlled by the thlckness of the elastlc part of the

‘l1thosphere.

L
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5 Earthquak% rlsk studies for the problem of ihduced
se1sm1c1ty on water reserv01rs applled to ‘the Itzantun 51te.
This chapter 1s an appllcatlon of the 1nstab1 1ty

“function descrlbed in sect1on 2 4 to a 51te lo-N g 'n the

_mountaln belt assoc1ated w1th the Mlddle Amerlc;?u_enChjﬁu
|south of the Tehuantepec rldge, the Cocos Carlbbean
“subductlon zone. It w111 prov1de some 1n51ght 1nto the role '
of: thlS system in the local selsm1c1ty observed in the o |
Itzantun area. This part of the thes1s deals w1th the use’ of
1Jtime dependept 1nstab111ty curves to make estlmates of the

24
J . Ls y’ by
/ time at which a part1cular/locatlon becomes more unstable.

. Here the changes of the s ress‘components are calculated
analytically»by'means of fhe‘formulation-deScribed in.

‘appendlx B. .;;_:O ; \j

“The, Itzantun 51te is located approx1mately 100 km, -

1nland of the boundary etween the North Amerlcan and the

\

Cocos plates It is lo ated a few tens of kllometers'
2N

North West of the port/on .of the Motagua Fault that seryes

Y

. “

as boundary between the North Amer1can and the Carlbbean

Y

,plates ThlS fault is the westward contlnuatlon of the
tectonlc "feature knoWn as the Cayman Trough. AS mentloned
earller, in chapterlﬁ, one of the features of plate

tectonlcs is “the relatlon between ‘the mountaln belts and the

plate 11m1ts. k ; o ! ' B

2

In the portlon of the Mlddle Amerlca Arc near the

4

Itzantun area selsmlc act1v1ty occgrs often. Ib 1s

Gt iienmtine +n caé how the stab111tv dlstflbutlon behaves in
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,thls partlcular case since the area 1s locatedﬂyﬂ'the Slerra

V"

Madre del Sur. Thls 'is the mountaln belt a55001ate%/w1th the

v,

‘,.‘

4

Consolldat1on theory and concepts of rock fallure can

be used to evaluate the probable r1sk of 1nduced se15m1c1ty

as a result of flllln of reserv01rs The eva&uatlon of,

selsmlc 1nstab111ty dlstr1butlon due to the water load"

; -

- fsuperlmposed by the fllllng of a reserV01r is treated in

It is'possible ‘e estlmate the. stresses after a perlod

this chapter. As an example of a partlcular application, the'

, procedure that w1ll be descrlbed is applied to a particular‘

reserv01r Thls evaluatlon has the potentlal to 1nd1cate éhe
safest way to flll a reserv01r,5and depends only on the
geometry of the load the rate of fllllng and the geologlcalk
structures in- the area. The stablllty functlons as discussed
in chapter 2 can actually ke a measure of the risk of hav1ng"

-

fallure, w1th tlme, for atpartlcular loading hlstory in

7respect to a plane of weakness.'

»

o

5.1 Evaluation of the risk ofcaﬂduced se1sm1c1ty§ﬁ§ R

Drawdowns ~ ‘can 1ncrease the risk of trlggerlng
ERCIREURRE

earthquakes in. thls area,. wthh is. prone to thrust faultlng "

< Qe

during which the water level is maintained and a decrease in"’
stresses with he depth of the observatlon p01nt

The estlm tes of the probable 1nduced selsm1c1ty are

'l;mlted as the/ re51dual stress in the area prlor to the

‘1mpound1ng is unknown. Wlth a measure of the re51dua1

N

o



153

Ba

tectonic stress it will be p0551ble to determine an optlmal

filling rate to\tedUCe the probablllty of ‘induced -
seismicity. | » \\‘k' ' 'f o ‘ ‘T‘g

The nelatlonshlp between mountaln ‘belts, continental
11m1ts and earthquakes has- been recognlzed for more than 40
years. Gunnn 51947) suggests that the parallel dlstrybut1ons
of mountains, ocean deeps and volcanoes fpllow naturally
from the propertle% of the llthosphere, if it is assumed to
be strong, elastlc and supported by an underlylng weak

asthenosphere; He proposed that the generatlon of ocean

dgeps were p0551ble if the follow1ng condltlons occur

(flgure 29):

)

1. Down- foldlng produced by horlzontal compre551on

agcompanled by a thlckness of the sedlmentary layers.

2. Down folé&ng\derlved from downward convectlve

“c1rculat10n of the underlylng magma.
3. Overthrust1ng and Underthrustlng at shear faultshin'the
l1thosphere ’ R
Gunn (1947) glves some ideas that have become
fundamental for plate tectonlcs. He shows that in order to -

descrlbe the grav1ty anomalles near mountalns,kdeepSQand'

‘ ;ontlnental boundarles, the 11thosphere cannot be weak even

1if moderate stresses are applled to it for long time. He

suggests ‘that the contlnental llthosphere Qﬁft be at a

hlgher state of stress and at a dlfferéﬁt flexural r1g1d1ty

\ ‘‘‘‘‘
than the oceanlc one. He notes that most earthquakes in

these boundarles represent shear fractures anmd that thelr
‘ ' ' G

3

<]
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,‘:Figufe“29;;.. calculated deformation of a shear fracfured"A
‘ .'1ithosphere.subjected to a horizontal compressive stress of
10°* dynes/cm? (modified from Gunn, 1947). =
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spat1a1 dlstrlbutlon 1n depth suggests a great shear

' fracture extendlng throughout the surface layers.

r572 General concepts on induced seismicity ‘
, Durlng the last twenty years, it has been observed that
'large englneerlng pr03ects may change the characteristics of
the selsmlc events in the surroundlng reg1on. These changes-
are 1nduced by changes in stress that are'a result of man's
'act1v1t1es. Among the act1v1t1es and events that cause
induced selsm1c1ty are fluid 1n3ectlon, fluid extractlon,
.m1n1ng,»underground detonatlons, floodlng, and reservoir
1mpoundment (Packer et al. 1977) Here we will deal only
“'wlﬁh ré%erv01r 1mpoundment. . . —

There are many examples of where the f1111ng of
eserv01rs has changed the characterlstlcs of events in®an

area. Thege changes range from the 1nducement of large

magnitude events to’ changes in micro- earthquake act1v1ty

" The fllllng of large reservoirs, however has not‘always

.

resulted in 1nduced selsm1c1ty Attempts to relate induced
selsm1c1ty to 51ze or depth of a reservoxr have had llttles
success. Thewghanges in seismic activity ‘do not follow a
J51mple pattern (Gough 1978).~Excellent'reviews of the
observed changes have been prepared by Slmpson (1976), and
éupta and Rastog1 (1976) o |
Induced selsm1c1ty is dlfflcult to prqve. An increase
in se1sm1c act1v1ty in areas that were;already act1ve is .

dlfflcult to attrlbute entlrely to the fllllng of the
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reservoir. In other aréas the pattern of seismic events
changes—radically, and there seems to be an obvious .
association with the filling of the reserudir. In some |
areas, there appears to be 'an increase of selsmlc act1v1ty

durlng the 1n1t1al f; . g; whereas in others, ther increase

“occurs some "’ x;ars after fllllng There appears to be a
' correlation between the water depth and .the number of
”earthquakes at some reserv01rs (Wlthers and Nyland 1978).

"And there also appears to be a relat1on to the rate of

fllllng (Slmpson and Negmatullaev, 1981).
The amount of data on reserv01r induced selsm1c1ty is

11m1ted Up to 1977, there had been 55 reported cases of

£l

teservoir 1nduced selsm1c1ty (Packer et al, 1977). Of these,

Packer cla551f1es 16 as clear cases, 35 as questlonable and
four. as probably not reservoir related Packer et al. reach
the followlng conclu51ons regardlng 1nduced se15m1c1ty due

to reservoir loadlng.

1. The initial state of stress in the ground is of prime

rlmportance
/

2. Failure of unfractured material as a result oﬂ'reserv01r
'fllllng 1s unllkely, but fallure 1s llkely to ociur
along pre- exlstlng faults in fractured material.

3. "Instantaneous stresses generated by rap1d reservolr
f1111ng lead to %hear stress along faults w1thout %M“
increasing the effeotxve stress.. ,

4, Instablllty along faults cbulgﬁpccur at great ‘depths as

shown by thé curvature of the ﬁallure envelope. The '

“ S :
. DA G

' _%L_;;
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observatlons do not ex1st for reserv01rs does no

-reservoirs'can not induce selsm1c1ty, it merely means that

| 157
i
shearing resistance of the materi%é is reduced as the

confining pres@Qres increase.

There 1s ‘by no means unanimous agreement about the

Ve

istence of reserv01r induced se1sm1c1ty Other authorities

claim on 3 clebr cases of reserv01r 1nduced selsm1c1ty

exist. The diffil lty is to provide a v1able mechanism for
failure causedaﬁy reser

“
N (‘

irs and to use 3 convincing

1 rock. The evidence from-.  /

Cen aS—

e

other reserv01rs 1nd1cates convxnelngly hat failure can

be
caused«by relatlyely small external influence 1. Gou hf////
1978; Wetmlller, 1981°‘Ralelgh et al., 1976; Pomero

1976 Cook, 1976) . The fact that statlstlcally rigorous

Q?*emgly thaf,

PNri,,

“ea,
A,

P,

seismic evidence by itself, from reservoirs alone, is- not

sufficient to resolve the matter.

A consideration, however, of the existence of faults on \

5

whlch selsm1c1ty is known to occur, the fact that stimulated
selsm1c1ty has -been observed for other kinds of processes,
and the fact that a reasonable physical mechanism for

Q.

reservoir induced selsm1c1ty can be postulated jnstifies

modelling studies of this problem to determine the range of

risk.

Any prediction of selsmicity involves assumptions about
the stress straln relatlons of crustal rock and the
condltlons under which faults w1ll fail. The largest stress

increment due to largeoreserv01rs is of the order of 10 c //

a
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bars. Under incremental loads of 10 bars most crustal rocks
"deform elastically. Of course the- 1ncremental response of a
rock confined under 10° bars at 10 km dept!? may be dlfferent
. from that of a rock at the surface, but its elastic nature
remalns due to the small- size- of the 'stress increment..
Therefore, the assumptlon of elastlc behaviour. is plau51ble.

The varlatlon of elastic behav1our can be deduced from
seismic data. Young s modulus deduced from seismic data for
depths from 0. to 25 km varies from 6x10s to 8x10s kg/cm?.
This variation is small compared with 1ts_magn1tude. Hence,
the assﬁmption that the elastic properties are constant is
" reasonable albeit_not entirel satlsfactory Other |
'authorities~(i.e. Kirby,‘1977; Turcotte, 1974) have
COnsidereé'the upper 25 kilometers of the lithosphere to be
elastlc. t. — |

| Obv1ously water pressure plays ‘a cruc1al role in the
dynamlcs near a reservoir. The 51mplest ext€n51on of |
elast1c1ty theory that: takes into account the presence of
water is the Biot COhSOlldathﬂ theory It is normally
applled to soils and is jUStlfled here only by the fact that
it is a simple tractable.exten51on whlch can deal with the
presence of pore fluids in a plausible way. It may not be
correct but at these relatively low'pressures it 1s a
reasonable f1rst approximation.

The general conclusion from the observation of 1nduced%j
selsm1c1ty is that reservoir volume is not always a rellablg“ﬁ

dlcator of the risk of induced SEISm1C1ty The larger thé
]

de
I
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vOlumefjthe greater the probable risk, but there is always
the potent1a1 for suprises such as was encountered,at

Hydro- Quebec in Canada (Leblanc, 1978). Manicouagan 3 on the
Canadf&n Shield caused se15m1c1ty changes while the nearby
Manlcouagan S, twice as deep ‘and with a considerably larger
volume, has not inducéd any se1sm1c1ty Manlcouagan 3 has a-
height of 108 meters, its volume is 1.04 X 10'° m?.

In only a few cases have the depths of these seismic
events been determined accurately Local observations and
the t6135815mlc data all 1nd1cate that the hypoce&tres are
shallow. Gupta et al. (1972) have determlned the depths and
positions from the events at Koyna from a local array, and
found that | the majorlty of the events occurred at a depth of
less ‘than 10 km, but some occurred as deep -as 30 km.

‘Migration of seismic events has also been observéd in
some reservoirs._Simpson (197¢), Slmpson and_hegmatullaev
(1981) and Soboleva and Mamadaliev (1976) indicate that the
vevents at Nurek are migrating toward the reserv01r

The focal mechanisms (Bufe et al., 1976. Gough and
vGough, 1976 and others), observed at different,reserQOirs
" are consistent with the‘types of préFexisting faults in the
ne1ghbourhood At Rariba, Kremasta and Oroville, dip-slip
faultlng was observed while at Koyna, H51nfengk1ang and.
Hoover, the mechanism was strike-slip faulting. At Nurek the
induced seismioity is occurring along a series of thrust
faults connected by short segments that show strike slip

motion, (Simpson and Negmatullaev; 1981). Simpson (1976),
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Bell and Nur (1978) and Withers and Nyiahd (1975), suggest
that rapid lowerlng and'faisingkof.the water level may be an
1mportant factor 1in 1nducing seismicity in regioﬁs ;f thrust
faulting. |

Thg'magnitudes of the main shocks near reservo1rs héve
been as high as 6;5Vat Koyna (Gupta et al., 1972) 6 3 at
Kremasta (Comninakié eﬁ al;’1968),vé.1_at Hsenfengkiaﬁg
(Wang et al : 1976) It is not possible to give an upper
‘llmlt for the magnltude of 1nduced earthquakes,was the
'fllllng of reserv01rs acts only as a trlgger of thé
Pre—ex1st1ng strGSS. S o Lo Em ‘

’

Y . e . _ . / : v o 4
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5.3 The Itzantun site

The Itzantun site is in the state of Chiapas in the
southern pa;t of Mexico 120 km NE of the city of Tuxtlg
»Gutierrez (figure 30) It is. in a regign'with sévéral fi&eré,
the most important of whkich arevthe Tlacotalpa, the San
Pedro and ‘the Huitupan. The Tlacotalpa flows in the itéantuﬁ
gorge, and at thlS location the flow is 2;10‘ mJ of water
per year. The geologlc formatlons in the area are chlefly
th1ck assemblages of mudstones and massive llmestones

The foundation of the Itzantun dam w1;1 be sandstone,

v

" mudstone, and limestone which appears reasonably

l

-homogeneous, at least at the surface. Many fractures in the
formations near -the dam have been filled with calcite but
some are open and show evidence of recent movement of the

-

order of centimeters.
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, The Itzantun Eault crosses the reservoir just upstrea@'““"1

s ¢
‘vgkjl t 1
. s

from the dam and is clearly the significant structural o
feature in the analysis of thetrisk of induced seismicity
(figure 31). The gorge itself.was not developed along a e
fault ‘zone. The 1rregular directional changes of the river, :

-

and the fact that no fault brecc1a was found in a bore%ole >

L%

slanted to go under the gorge, indicate that the river has

eroded along minor fractures and Jjoints. Nevertheless the

.strlke of the r1ver 1s along a potential failure plane (the

known faults in the area are appr0x1mately at r1ght angles

to the strike of the river).

5.4 Natural se1sm1c1ty levels ' : ’ o

Historically the reglon in Wthh Itzantun is located

‘has been the origin of several earthquakes. Molnar and.Sykes

(1969) studied 21 earthquakes 1n the portion of the Mlddle”

 America Arc that lles north west of the 1ntersectlon of the

arc with ‘the Motagua fault, and in general found that the»
depth of the events 1ncreases as their’ ep1centers move
i

1nland The max1mum depth determlned is of about 133 km;

most of whlch had . thrust mechanlsms. Of these earthquakes

"~ the ma]orlty are located within a 250 km"'alus of Itzantun.

.Although no events are reported by Molnar and Sykes in the

contlnental part of the North American-Cocos. plate boundary
the 1976 Motagua earthquake of magn1tude 7.5 had its focus

there.
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~ . the earthquakes 1ncrea$es w1th the . dlstance from ‘the trench,

164

These tectonlc character1st1cs made 1t necessary that
the project of bulldlng a deep hydroelectrlc reservolr
needed an assesment of ‘the natural selsmlc level of the

area. In order: to accompllsh thlS a nine months

N\
Al

mlcroearthquake survey was carrled out in 19 9 1n the area
by the Instltute of Englneerlng of The Natlonal Unlver51ty
of Mex1co. 51x portable selsmomenters MQ 800 of record in ;
_smoked paper were set in the area (flgure 32) More - than 70
e shallow events w1th a depth 5'30 km were detected 1n the
»Varea, all of them w1th a magnltude < 2. 2 Wlth the L
‘tlnformatlon obtalned in- thlS f1rst perlod of recordlng 1t is o
_not p0551ble to determlne if) any of the faults 1h the area
is actlve. However, the majorlty of the events are located
ihln the north of the 1ntended 51te,_wh1ch is the part where
'“more faults areﬂpresent '.by jd .,ﬂ"'/”i f“ | R

The local network descrlb d was - able to record durlng
the same tlme 120 deep earthqu]kes w1th a magn1tudiyrange

‘_from 3 0 to 5 0 (flgure 33). In the analy51s of these deep' o

s

( events the records from the selsmologlcal stat1ons Comltan

»

(COM) Chlcoasen (CSN) and Oaxaca (VOH) were also used The
‘locatlons of these earthquakes (Novelo, 1978) suggest that
“;the events are allgned in narrow equal depth bands

‘perpendrcular to the Tehuantepec rldge and that the depth of

whrch 1s in accordance w1th Wllson S (1963) proposal that ,;' ; lrtfk

A

the dlrectlon of. subduductlon may be determlned/by the »é

. N e 3
E aselsmlc rldges. The hypocentral locatlons shown 1n frgure v g
| !" ’ = = o b N i
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~matr1x compress1b111ty, a cou

167.

33 can be conflned to a certain d1stance from the»trench
(flgure‘34) Th1s exerc1se enables one to fit by least o
squares an angle of subductlon of 45° at the Cocos o
Cocos -North Amerlcan plate boundary 5 B A_“' .
5. 5 Model stud1es e

"As a f1rst approxlmatton 1t is p0551ble to model the
_problem as consolldatlon of a water logged half space. Our
computer programs for 2 and 3 dlmen51onal analyS1s treat the
’,modell1ng problem by con51der1ng the earth to be -a unlform,
1sotrop1c half space con51st1ng of an*elastlc matrzx e

S

'affected by f1u1d under presg re: Thls materlal 1s

Zcharacterlzed by a single p-w

'i1ty, ‘a %elatlve f1u1d

transm1551b111ty) fb& the botto_ of the reserv01r ‘and two

elastic modull.’The reserVo; oad can be approxxmated as a -

‘\

‘"long 2aé1men51onal load or wi h1n 11m1ts treated as 3

N 5

almen51onal

- SN :
' The major deflclency of thls approach 1s that effects

~ on the strength of faults must be ]udged qualxtatlvely

»Interpretlve examples are g1ven in WIthefS and’ Nyland
(1978) They poxnt out that the 1ncremental stresses due to
’a reserv01r are rarely large’ enough to cause fallure by
themselvesa The potentlal for failure must exlst and may be

”“ltrlggered bxﬁghe reservoxr._'

LA

RO R Ta
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v‘Figuré 34.... Shows theﬁdeép events from figure 33 in a -

- depth vs. their distance to the Middle America trench
- diagram. : : : A T Ll
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5.6 The approach

The deflnltlon of stresses in porous medla‘meets with
certa1n d1ff1cult1es, but some heurlstlc theory has been
developed to deal with these streSses. Terzagh1(1951)
proposed that stress:s in pOrous media are a neutral
stressf, the stress,ln the fluid, and .an 'effectave stress'

' . : . J
the difference‘between the totaﬂ‘stress preva111ng in the

fluid- f1lled media. and the nedtral stress. It is the

effectlve stress that causes deiormation (Scheideg{-
Blot (1941) suggesied that the compactlon
caused by a phenomenom called so;l cOnsolldat1~‘

means that the settlement is ca ) "t e gradual

adaptatlon of the. 5011 to a Los ion. Biot made the

‘following assumptlons. 1) Isotrﬁf ,pf theamateriaf c?)

glin“: ptress stra1n relat1ons,’3l‘the stralns in ‘the media

are'small - 4) the water contalned in ‘the pores is.
1ncomp.e551ble but may contaln air bubbles, and 5) the water
flows through the porous skeleton acordln uDarcy s law._'
Wlth these assumpt1ons,:Blot developegfthe theory for
_the consolldatlon of porous medla,'{me bastc relat1ons that
descrlhe the phenomenom are g1ven by Biot in a ser1es of
b\papersjpug?zs;e s1nce 1941 thtleohas changed in thlS
theory since then (R1ce and Cleary, 1976)
In order to approach “the consolldatlon problem outllned
earller, we. have followed tﬁi technlque descr1bed by Wlthers

S

.
and Nyland 1n the1r1.er1es of°papers (1976 1977 1978) In

-

order to solve the consolldat1on equatlons, use is made- of
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‘g
the displacement functlons of McNamee and, G1bson(1960) This:
implies the development of a procedure to allow us’ to
*determlne the double Fourler and Laplace transforms of the‘xe

‘water load. The Fourler transﬁorms are done by u51ng the .

[S

;Advancod Mathematlcal lerary of the array processor

(AP- 190L) J which allows the whole computat1on to be

J

Voverlapp‘ WIth data access time. ThlS permlts us to deal

-

\_,w1th thq two dlmensmnal transforms of'the load at a glven o

“_7t1me 'as a vector -and determlne thewchange of the stresses up
o .
o .to that tlme

Once the values of the transforms of the itresses at

the de51rQQﬁbocat1on (correspondlng to each ogwthe timesyof
: » FORNY
the known load hlstory) are known, there is a quat%

<

1nformat10n to construct a curve for which 1nverse Laplace

4

-

transform wlll give the behav1our of one of the components

of stress at any t1me is avallable From these components,
)
fallure criterion -and an assumptlbn about the orlentatlon of
£ A

- a plaae of weakness, ‘we calculate est1mates of stablllty of
a point in the formatlon The 1nclu51on of Several segments 8‘
in the loadlng history curve is. done applylng the E 'Qf
‘superp051tlon pr1nc1ple. Thus after the 1nverse Four1er
transform is performed in the AP for a glven component of
.» stress, the.rfsultlng values at some X Y Z, are the
' 7.Laplace traanorm n dlscrete form of the change in t1me of .,

one component of stress. The result is a functlon of tlme,‘

”Whlch deflnes the bay a p01nt 1n the formatlon m0ves toward

»

B .v .

“or away from, fallure v : “i . f [, -j,' ' '&f;
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Instability distributions can then ea51ly be determlned
by using the procedure descrlbed in sectlon 2.4 of this
thesis. The pr1mary assumptlon is that at the time of

_1mpound1ng the reserv01r all the parts’ of the porous

halfspace beneath the reservoir ‘were stable. %Hat a}. the

¥ 1nstab111ty values are der1ved from the- 1ncremental gtresses
‘due to the reservoir and the geology of the area, and tHey
. w1ll represent how 1nstab111ty vglues of- part1cular o
L T

mlocatxons are changlng

o *@“,~z
<& vl .-'
DAL 'v . e

;

”ﬁ ‘
')5 JT DISCHSSLOR of Results

T
e’ ‘.’~

s
1 attempt here to evaluate the rlsk of 1nduced; V-,éyjp
’lse1sm1c1ty in a gualltatlve way'’ In order to do thls I have’
ymade'and jUStlfled as far as p0551ble a number of
assuﬁptions. :

1. ln the upper 25 km of the earth~increme;tal stress ¢
changes cause elastic response and fallure'occurs
accordlng to a Mochr- Coulomb fallure criterion.

2. .The in- s1tu stresses are such that small increments on

3. The effect of water can be modelled. by Biot

thsm can cause failure.

a4

Consolidation: theory. : | | . %

4., A un1ﬁprm halfspace is a.reasonable approxlmatlon to

v

: " -~
reallty o

‘ g »

5. The geologic estimates of fault orientation define *the
, o T
‘location “and direction of expected fallu

\will'not-fail undergreservo;r lnduced loals
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Based on these assumptions the results shown in flgures
35 to 38 were obtained. The stability function for two
loading histories consisting of monotone increasing loads,
to a conStant ‘load were calculated. The total loading times
were 2 years (f1gure 35) and 16 years (flgure 36) Both have
been calculated for 2 po1nt beneath the deepest part of the

resérv01r'at'a depth of 1 km. and show the relatlon of the

hg rate of f1111ng For the curve‘where

+

- resulting stress t8%

the complete load 1§?r6ached 16 years after the beglnnlng of -

i _;,. “

the 1mpoundment tg“ ‘ease in stress is much smaller than

when tﬁemfotal Foad ik reagﬁed after 2 ye&rs.

Flgure 35 also ri}ustrates that when the load is kept
constant for a- cert {tlme perxod the stresses begln to
decrease to a llmlthg value. This means  that the effect of
-the anonalous stress produces changes that lead to an .
equ111br1um state that does not necessarlly have to be the

/‘"
yan
initial state of stress in the area. This can be thought of

as related to the,existence'of residual stresses. 3
-lég riSk'function has a‘nonflinear dependence'on*the
rate of filling (table 3)..This table. shows the value of the
stablllty function 20 years after impounding. began and
max imum ngue attalned durlng that period. This 1is done for
a locatlon at 1 km beneath the deepest part of the Itzantun
reservo1r. The loadlng h1stor1es used to obtain this table
are as follows, -where T is the t1me at which the lake was

flrst completely f1lled and‘D is the maxi

‘reserv01r. After .25 T the reservoir had water up to .
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Figure 35.... The upper graph shows a loading history, where
the total load is reached after 2 years of. loading. The

"bottom graph.shows the instability at 1 km depth.
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Figure 36.... The upper graph shows & loading history, where

the total load ‘is reached after 16 years of loading. The’
bottom graph shows the instability at 1 km-depth.
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Table 3.... Variation o& the stability fpnctlon for -~ -
dlfferent rates of f1111Mg of the reserv01r L
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aﬁ

'STABILITY FUNCTION IN BARS

MAX. VALUE

" ATTAINED /-

TIME

1.54 /. 15

0.95 / 20
0.51 / 20

| 0.15 / 20

0.04 ./ 20

- ‘ \

\.\_

yrs.

Yrs.

Y:5§

yrse

yrs.;

W

VALUE AFTER

20 YEARS ™

e s — . Forn

1.2 /0
0.95
0.51
0.15
1 0.04 _\
| |
|
g

TN



‘\..~ \ ,(?\& - ‘-
SR B o ‘ . 176
Y f%» » < : C |
’9 Y . \ . y
- “After .5 T 1t had .75 D. At .75 T it was .9 D full From the

tlme T the reservoir remains filled. It is obvxous that a
peak in the stability functlon has been reached during this
26 year 1nterval only for the first case in table [, W1th a
- faster rate of filling the risk'of reachiné failure is
higher, for the.first'case‘the risk increases sharply, it |
. reaches its maximum value 2 years from the beginning of the
filling of ‘the reservoir_and‘then it decreases to a value of
ahout .9 bars and remains constant.

»
The rate of filling of the reservoir is/notzthe/only
way in whlch ért1f1c1al lakes could. change the se1sm1c
act1v1ty of an area. Some changes have been observed after

f1111ng and dralnlng the reserv01r, as in the case of

~Orov111e CA whe;E”an event of magnitude 5.9 occurred after
-t ’

‘thms k1nd of 1oading hlstory (wlthers, 1977)

In order to see the effect of dra1n1ng og a reservoir -
S on’ the 1nstah111ty functlon we applled thls klﬂd of loadzng
'hlstory (figure 37). Thlf example shows that the 1nstab111ty

fuzctrgn for unloadlng tends to have a second minimum, in
thls case, a}ter 13 years. The effect of a fast decrease in
the value of the stability function must generate sudden
'uchanges in the stresses that mlght tr1gger seismic events.w
Other hlstorles 1nVOIV1ng\reductlon of loads show that
“olf lowerlng the water level is done rapldly,‘the negatlve

» / ' ‘
siope of the stability, funct1on moves toward a horlzontal )

1 "5199,,w§h15 reduces the rlsk dbed a*thrust fault but
2 WL
’fﬂncneaSes it for a normal fault aasvthe vaers in the latter

-3 N . v_\'

o\
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part of the’stablllty curve, are much blgger. ; ; : _;pn_,’

. Decrease in. loads in’ the loadlng hlstory reshlt n-a .
';;Q' ‘stablllty decrease that attenuates rapldly w1th the depth of
the observatlon p01nt For a depth of & Km the effect 1s not

observed at all (flgure 38). »"';j '" -‘er. f;"

e

5 8 Conclus1ons about 1nstab1l1ty at Itzantunf

’
:;, .

Why the ftlllng of some reserv01rs causes selsmlclh f

N,

”events is- poorly understood We glve\no f1rm predlctlons for S

Itzantun. Stddles indlcate re51dua1 stresses, dlfferences 1n}5

permeablllty, and dlfferences in- phy51cal propertles of thevvp_f;

o

format1ons under the reserv01r may determlne whether there

Al

is 1nduoed selsm1c1ty rlsk or not. None of these factors 1s-7

known wlth prec151on at~Itzantun.' 'h'i_ “-'_ “

o .
Cow

The changes 1n stab111ty around alyater reserv01r due
to- the presence “of. the water can be predlcfed 1n a,
. /"

qual1tat1ve way by assumlng a) a model of a porous"

halfspace con51st1ng of an‘glastlcrmatrlx saturated w1th

water b) that brlttle fallure can occur 1n the upper ten
kllometers of the llthosphere 1f small stress changes are
made, and c) that the effect of water in rocks can be

approx1mated w1th Blot s consolldatlon theory L

To d1m1nlsh the rlsk of 1nduced se1sm1c1ty at Itzantun_'

the fllllng of the reservo1r should be as slow as economlcs

permlts, w1th 1ntervals when the water level 1s held

" constant L
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\ ;d R T is unl1kely that the shallow se1sm1c act1v1ty

’detected 1n the Itzantun area could be somehow artrT1c1ally s

lrlnduced These two areas are also d1fferent because of the j.l

- b ;
. ) S
‘;rpresence of deep se1sm1c1ty near Itzantun, Whlch seems to

:boccur at depth on planes parallel to the Mlddle Amerlca

”trench The dﬁbtr1but1on of the deep selsmlc observed eventse‘»
" . 5 e \_‘;

'.’along the trench is 1n accordance w1th.th1s result..'

- A
South of the Tehuantepec rldge the observed relat1ve

E—
v . Ll

‘aﬁveloc1ty of the: plateszls less than 1n the northern part.,_.'”'

° e

‘The angle of subductlon in- the southern branch of the Mlddle .ﬂfa

.ja,f/Amerlca trench 1s 45°.VTh15 1s less than than the 30° angle Wroﬂa

deduced for the northern part. Therefofb the deep

‘.fselsmlclty observed in the itzantun area must be related to

"the Cocos—G§r1bbean subductlon mechanlsm Thls 45° angle l

!

- e L
”1mp11es that thefshallow act1v1ty observed in. the reg1on is

t related w1th deep stress drops or due to- the lower
l
Y coupllng‘between these two plates. Probable‘gauses for 1t

w

"could be upg01ng magmas and more llkely ‘the shallow events

could be related to the presence of the Motagua fault in the f::

Yo ‘u',

v1c1n1ty of the area._’ ~'H.;*>f




'7_vstab111ty meaSures. The concepts are very general but\dnceﬂ*,o*

'idevelopéJ the suggestlon of treatlng tectonlc probl%@s w1th

N e e T T ‘Vfl.:,
' . . v .. Lol B o b W

‘:6 D15cuss1on of resﬁlts and further studles proposed*

. T ————

- . o . ’ . »

In the. precedlng chapters of th1s thes1s I haVe ‘rﬂ‘»ﬁ\

| vthey are understood they can be explore& by maklng changesid:fo'

lln the parameters 1“V°1Ved Th£Se changes can be"M"‘
f-def1n1tlon of. the: fallure envelope, ‘the value of the sheaqg

Jgangle used, and the 1nterdependence of the materlal\

' reasonable do not usually affect the nature of the “;f:p-;’:“-f

'1nstab111ty. In some cases they mlght enhance the

&

i ‘ . P

: } ¢
,ipropertaes of the models. Changes that are phys1call§

¢

R ‘a‘v .

NPT .v'

’ dlstrlbutlons For thlS reason it is- 1mportant to jUStlfY as’ fg;

”Amuch as. p0551ble the use of a partlcular set of parameters.,‘
fThe ch01ces taken throughout thlS the51s are not necessarlly

",optlmal ones for each case, they are 1n some cases y:_,

"51mpllst1c to 1llustrate the method In general they are

o represeqtatlve of what is known about the materlals 1nvolved

'the reasons outllned 1n the text oﬁ the chapters where they

J11n each model These part1cular ch01ces have been made for

o g

hwere applled

Follow1ng the same procedure many other sfudles are . S
/g RN 45“

' p0551ble One of the most 1nterest1ng ones 1s that of a'/_ o e

‘\\(\.

:~5tr1ple junctlon, for whlch three dlmen51onal analy51s 1s,ug

requ1red Another could be the study of selsmlc actlve.zones /(
‘I .
w1th compl1cated geology 1n order to reflne the 1n1t1al

e ! -.

vmodel 1n the relatlon to the observed setsm1c1ty Geothermal

o

;zones mlght also beneflt from thls klnd of treatment by

S
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;f EBllowing 1n genenal the procedure outaned 1n chapter IV

. | . B
P . .
. : .
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6 1 The Cocos-North Amerxca—Car1bbean trlple ]unct1on.’

‘

e'ﬂhrf*‘ The M;ddle Amer?ca trench is.

J'e arc where the Cocos/; e
'R B : '_ \ R
plate subducts beneath the North Amerlcan and the Carlbbean"

plates. The boundary between these last two near the trench R
1s the Motagua fault, Whlch 1s the contlnuatlon of the |

Cayman trough These three plates meet 1n an unstable tr1ple

o junct1on (flgure 39) The area surroundlng thlS trlple
‘»_'junctlon 1s the object of thlS study ‘;f“}'u:g°bffv‘ : d“ftdgﬂf_gf
- Along the trenchggeveralrsmall selsm1c gaps exlst that’ ﬂ
cor’elate w1th the topographlc HT;;; °§'the ocean floor,1°f57ir_?

whlch are assoc1ated wlth/ﬂhe fracture zones and the:

aselsmlc rldges._The Tehuantepec rldge 1s 1n the area of .

' 1nterest for thlS work It 1s probable that at thlS locatlon *f'
o 511p occurs aselsmlcally or that selsmlc sllp takes place 1n E

A]

large events rare 1n‘t1me or perhaps the subductlon process-ﬁe':
//bas been severely mod1f1ed (McNally\and Mlnster 1981) !

d.%f The selsmlc character1st1cs of the area haVe been' _

summarlzed in flgure 39 The shallow act1v1ty (depth< 70 km,iiﬂ'”

,figure 39a), occurs in bands parallel to the platel" -
":dboundar1es-\\ak1ng the Mlddle Amerlca trench as d1v1ded by*

hf'the trlple junctlon (at approx1mately longltude 95 W) no
) \

';slgnlflcant d1fference can be observed between the
’ifNofth West and the South East parts of the trench However,
-flgure 39b Shows that the dlstrlbutlon of deep earthquakes o

«, <

(depth > 140 km) 1s;completely one~51ded Deep selsmlc

Q .
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o lgcm/year for Mex1co and 2 3. cm/year for Central Amerlca

NPPPET S . ; .

,act1vity is concentrated ma1nly in'a narrow band on the : ;‘;"

cont1nental 51de of the South East branch of the txench
'
peep earthquakes occur where the "Cocos plate subducts

,:beneath.the Carlbbean ‘more frequently than 1j'
V ‘ v .
Cocos North Amerlcan subduct1on system B

Yv In order to mak? a first approach‘. two

dlmen51onal elastlc model 1n the plan of the area was A
{ - .

:prepared (f1gure 40) In thls 51mpl1st1c model the. Coco! 3

vplate pushes the North Amerlcan and the Carlbbean plates in
\ .

"»normak d1rect10hs ‘to the boundarles between them and the
A e :
C0cos plate. The Carlbbean plate is taken as flxed The

-{fvelocftles of subductlon aésumed for ‘the Cocos plate are’4.0

!'\‘ _1»)
Z(after McNa&ly and Mlnstet 1981) Thls model also takes

.

' 1nto account the shear stress developed between the"

. . .
~

Car1bbeam and North Amer1can plates along the Cayman trough
‘Figure 40a shows this. model in wh1ch all the/plates are/

. \ s
taken aS‘iO km thlck Due t0 ﬁhe nature of the model it does

14

not~permi the modelllng of any kind of three dlmensronal

fstructures such as subductlon ‘zones. Although it is h1ghly
_1deallzed the earthquake rlsk dlstrlbutlon (flgure 40b)

vresultlng from the use of the 1nstab111ty functlon as\f
descrlbed in sect1on 2.6 shows the foIlow1ng 1nterest1ng
features | | |

1. It predlcts a- banded zone of hlgh rlsk that runs’

parallel to the boundariss between the Cocos and the R

olved in the system.
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Figure 40.... Shows the two’ ‘
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_~ " ‘the upper diagram, and the resulting
for this model in the bottom one.
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2. This risk band is discontinuous in the triple jgpction.
- . . o

area.

ot

3. The 1nstab111ty varies akong the Caydan trough creatlng
concentrated areas of high rlsk along it. ; v‘ a»
'It is remarkable that this 51mpve model dellneates some

of the hlgh selsm1c1ty areas that have has been observed It

also predlcts the non uniform seismic behav1our of the

5 . -

Motagua fault in whlch events have been rare and locallzed

However, the most 1mportant feature that. thls model pred1cts,'

1s the presence of the Tehuantepeg gap, fhlch is.a’ feature_

‘that has been ‘the object ‘of many 1nvestlgatlons.
The agreement between the results of thlS model w1th .

- the seismic behav1or ‘observed for the region suggests the:

.

use of 1nstabi91ty functlons for more compllcated models

This will aliow a better understandlng of the tectonics of

¢ Y

‘the atea. ° 5 - ; L _ {
The three d1men51onal modelling. exerc1se can be

approached w1th the help of the ADINA program. This f¥nite

!
element model 1s representatlve of the geodynamlcal

«Wprocesses that are thought to occur in the area. For its
1~Understand1ng the dlsqu551on of the results presented
4« L

throughout thls the51s is of prlmary 1mportance, slnce thlS

to

model 1nvolves most of .the 51tuatlong that have been treated

in the different ‘pargs of th1s work.-The charatterlstlcs of

the model shown in flgure 41 are:
The materlals of the upper 25 km . of the lathosphere are

treated as elastlc.

. -
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- 2. V1sco elaa/xcxty is assumed beneath'this depth. The
material properties, thear 1nter dependence and their
distribution as a functlon of depth is taken to be the

'same as if the models of the different slabs ‘on’ chapter

\

1v. B : \

3. 'The coupling force between the plates varles with the

Ay )
angle of subductlon as descrlbed in sectlon 4,

o

4, At the North-Western part of the Middle Amerlca trench,

the Cocos plate subducts beneath the North‘Amerlca plate
at an angl;'e.of?30°l in N37°E direction (McNally and
: e N
Mister," 1981) . \

<

Ay

5; At the South Eastern branch of the’ tr1 le ]unctlon the
Cocos plate moves beneath the Carlbbean plate at a
subductlon angle of 45° in a N26°E dlrectlon {McNally

.;and Mister, 1981). . - *

6. The model consists of 550 nodes and 405 pagallelopiped
'elements (figure 41).

7. Only vertical dlsplacement is allowed for the nodes

o

located in the vertlcal ouﬂ;r walls of the model.

8. The model represent5~an are

-

of 2.75 x}lOs m?, and a
bdepth range “from 0 to 200 km. ) | g |
For the/1nstab111ty study of this model the probabllty
funttlon descrlbed in section 2 6 was used. To do this,
"flrSt the stress components for each of the nodes of ‘the
model were determlned in.the same way as 1n chapter Iv. The

’result1ng distr1but10n of probab111ty’of'selsm1c fallure for

| thls model is shown in flgures 42 ando43 Horlzontal cross
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Figure 41....'Shows the element dlstrlbutlon used for the
~three dlmen51nal model S ’ _



189

. ¢

sections of this dxstrxbution are shown at o depth of 25 ,
‘50, 100, and 150 km (figure 42). The otRer cross sect:og
rapresents the probability of failure along the plane of the
,boundaty bétween‘the plates (figure 43) that is, along the
upper surface of the subductxng slab, ~ . .

Fxgures 42 show the varxatxon of the distrlbutxon of
éhis functzon as a function of depth. In these fxgures the
.brokKen dotted line between poinqs:A and\B‘represgnts the
upper surface‘ofﬂthe subducting slab. The other dotted line
"represents the vertical projection o% the Cayman trough at
‘depth. ’ |

At a depth of 25 km (f gure 42a) ﬁhe‘high brobabiléy '
area is a wide band that seems to follow the boundaries
between the Cocos and the other two plates The interesting.

part is that the band becomes narrower in the area of the

Tehuantepec gap. This‘high probabllxtybband seems to reduce

- its widbh with depth, as 1t appears as'a narrow-band 1n»

’

figuré 42b’ﬁhich cor:esponds to the 50 km crbss séct;on.
.However, it remaan located at the 1ntraplate boundary

Figure 42c shows that at a depth of 100 kllometers\the
high“probability area ha5~van;shed completely. This flgu:g%
also shows two highly localized areas where tﬁe prbpagfiity
fﬁnction attains'values of le§s than 0.2, one of them
iﬁteréects thé Cayman trough projection and the other is by
.- the Northrwestern‘part of.thé*Cocos-Néféh'America p%ate

&boﬁndary.
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Figure 42.... Shows the probébility‘function distributions

for horizdntal‘cross-sections at depths of a) 25, b) 50, c)

100 and d) 150 km. =« - .



P

F1gure 43.... Shows the probablllty dlstrlbutlon at thef
upper surface of the slab w1th depth »
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cThlS low probablllty zone seems to be. expandlng w1th
‘depth as - shown in flgure 42d in whlch the other 1mportant
’feature is the 51gn1f1cantly dlfferent value attalned by the
Aprobablllty functlon at both 51des of the Cayman trough at
‘.depth ‘An. area of probablllty values hlgher than- 6 1s ‘
'present 1nland of the SOUth Eastern branch of the Mlddle
'l;Amerlca trench All these can be 1nterpreted as follow5° {f
”deep events are’ to occur they should be focussed to the |
‘south east of the trlple junctlon. Thls 1s in accordance
:tw1th the deep events descrlbed 1n chapter V |

The other p01nt to be made from fng¢e 42 1s that
;-although the probablllty along the Cayman trough is by no rh;_
means un1form Wlth deoth llttle can be sa1d tnat relates to

“the locallzed act1v1ty observed here. It seems to behave\
':llke the ‘upper part of the North Western branch of the
;trlple junctlon. Its: results seem anomalous mostly because
o'both areas are separated by the Tehuantepec/gap area.
B Flgure 43 shows that the dlstr1butlon of the
probablllty funct1on is dlscont1nuous across the zone
\located just North of the trlple junctlon ThlS is where the,
Tehuantepec gap is located It conflrms the. 1ncrease of
stablllty w1th depths 1nferred from flgure 42 "and also
- shows a blg dlfference in the dlstrlbutlon of probablllty ath
.depth between both 51des of- the Carlbbean North Amerlca |
boundary ‘This flgure 1nd1cates llttle about the behav1our
at shallow depths probably because of the size of the

@

elements of the model



6 2 Stress determlnatlon on se1sm1c act1ve areas
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In reglons in whlch the general structure of the -upper-

o crust/has been determlned o some extent, and 1n wh1ch
’selsmlc events.are present ‘1nstab111ty studles can be used'
”tq determlne the state of stress ot the area and help to |

'/reftne the understandlng of the geologlc processes whlch are-

stlll shaplng 1t - o - : & :

\i For 1nstance, con51der‘a th1ck unlform sed1mentary

Ilayer in whlch an 1gneous body is, 1ntrud1ng (flgure 44)

.ThlS repres:hts the 1nstab111ty dlstplbutloh’from a two

lbdlmen51onal model of thlS problem,:u51ng thg fdhctlon

"~ described 1n sectlon 2 3. Flgure 44a shows the case in. whlch

Qtthe 1ntru51Ve mechanlsm is con51dered no longer actlve. ThatTé

the model 1s in. equlllbrlum Flgure 44b&\on the other

ﬁfhand con51ders that the 1ntru551ve 1gneous body is being r*

'pushed toward the surface by a vertlcal force. | d

‘ From the comparlson ot\both dlstrlbutlons of flgure 44
v1t is. apparent that the 1ntroductlon of buoyancy forces'

changes the distrlbutlon of rlsk in such a way that the L

probablllty for the occurrence of events 1n a depth range of

'»ﬁ12 to 24 km 1ncreases. ThlS is’ useful in two ways Onevls

?that 1f events have been observed at partlcular depths the
actual buoyant force can be determlned and the other is. the f
.opp051te. If,the state of stress can be - determlned from
"other sources then the probable depth of the act1v1ty of the

area can be estlmated._
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S TRM
Figure 44;;;.‘Shows‘thé=instabiiity'bfta:modél of a magmatic

‘intrusion. a) no buoyancy forces are applied. b)Buoyancy ' .
forces are applied at the.bqttom-qf the intruding body.

°
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The same k1nd of approach can be applled to problems .ffp,j'

»31nvolv1ng other klnds of geologlcal structures as faults,
- SRR S N
',folds, horsts or grabens. J,~:,,p‘j ;'a e
1

fks 3 Conclud1ng remar;i SRR ;t"h;f %'1

Instablllty fun tlons are useful 1n the 1nterpretat10n

tof the geodynamlcal processes that take place 1n the"
Illthosphere. The results are hlghly dependent on the’l

~,accuracy of the model used to calculate the stresses ThiS“
' 2

' restrlcts the 1nstab111ty d15tr1but1ons to be representatlve R

L

',only in a reglo al sense. Local hlgh resolutlon studles can _

8

be done if a detalled model 1;\avallabler“ .
The results obtalned here for\\he Mlddle Amerlca reglon .
areﬁln accordance w1th the overall knowled e about the | ‘
j;tectonlcs of‘the area The observed deep sj:smtcgty,atpi

3 e

‘fIbzantun and the probablllty dlstr1butlons for the tf‘

-wdlmen51onal model c01nc1de W1th the observed selsm1c1ty

: Shallow events (< 70 km deep) 'are more llkely to occur and T

b_deep events must occur more often south of the Tehuantepec
“;Tr1dge. On the Motagua fault the probablllty d1str1but10n o
dalndlcates that events should occur rarely.ﬁ,- |
The stress drops due to SEISmlc act1v1ty to the north
:of the Tehuantepec rldge are assoc1ated wlth a. shallower
’»_subductlon angle than those occurr1ng in. the southern branch
" “of the. trench Theréfore, the\\ange at whlch they may have

a

"any effect on local selsm1c1ty of other areas should be
- . N .

® i

greater,

LN
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_ The three dlmen51onal probablllty calcuiation is not
able to predlct the Tehuantepec qap 1n ‘a satlsfactorftway
Thls could be because the 51ze of the elements used to model

the elastlc plates 1s too blg,' or because the model rs/

'1naccurate for thls part.‘The subductzng plate 1s modelled

to 51mulate the Cocqs plate bendlng from 2 angle of 45°

Y

the south to one of 30° 1n ;he northern branch o£ the trench
across the Tehuantepec rldge. One way to decrease the
probablllty and create the gap 1s to assume that the plate e

1s uncoupled between both subductlon mechanlsms, wh1ch 1s

B one of the proposed theorles for the ex1stence of the gap

v

“4
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Appendix'h.‘Introdnctionlto Fin{te E}ements. )
Thls appendlx has been 1nc%uded to enable the reader to
fbllow the mathematxcal procedure followed for the ; ‘
determ1natlon of the components of stress 1n chapters 3 4
hd 6 It shows the developmenq of the f1n1te element |
t'technlque for 1ts most- 51mple appllcatlon to contlnuousi»
?elast1c mater1als (Z?enk1ew1cz, 1971) The exten51on to'
:other klnds of materlals is done by chang1ng the

stress straln relatlonsh1p that descrlbes the behav1our of
.fthe materlal,.as descrlbed in chapters 1 and 4 fof* .
v1sco elastlc materlals.tg o o |
-Elastlc propert1es.

For a three dlmen51onal anlsotropic materlal the 31x

-,stress components and the straln components 1n a Carte51an

fcoordlnate system are relaoed by -,:3 .
) [e-x-‘ : ‘—81 1 aA172; U\a‘,1~3. a| 4 a 15 a’1_5‘l‘ "O’X -‘\ : " v
| eY l I‘az_i' dzz aiz‘a ,‘az:u‘ ‘ai‘s' azgl _'I,Oy |
B “ " ' . B e . ‘ . “
"Jez’l_? réBt aszz as; a}izasg-assl 1oz 4
. K . . et . o A . .
eyl e @ avsta avs asel [Tl

hl7yz1}h/las1'asz~asa ésh*é;s ass|~lf{z{ hﬂ‘v 3 i

L7’*J’ La°‘>a" aes asa @es Bes| |Tex]
. :where\ﬁt is easy to sth'bjithe conseryation of energy’

|
"
i
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pr1nc1ple that the coef1c1ents of the above matrix must be
symmetrlcal and that constants are suff1c1ent to descrlbe
the\behav1our of the materlal

In geodynamlcal appllcatlons generally and in -,

3

%partlcular in r%ck mechan1cs,'we often look at layered or

1strat1f1ed materlals. In such materlals symmetry in
\

3\behav1our is obtalned about any axls perpendlcular to the

plane of stratlflcatlon. The propertles in this plane are

N

1ndependent of - the or1entaﬁ1on of the axis in the plane.

- The elastlc 1ndependent constants remalnlng in the_
- / N ) ‘ . ! o . "
stress—strain relation are: .. . L :

: . o o : ; S SR N
o] Taviamas 0 0= 0olfo.] 7 |

PN

ley | Ll'. az2 azy 0 0 ’vO;I |a; l
bl =1 a0 - 0 0llo.l
el 1 a0 0] ry ]
; |7yzlj"w i.vh . »'Z(a?ifaﬁa) :Q | lTYZI,“
R N R

-

By analogy with the isotropic case this can bewaitten

as

ex‘=(1/E,).cj];r(l{_1/E1)UYT(V.1/E1)‘»02
e, =(v5/E *)0'+(1/Ez)0y'(“’.2/E?)d; | R :
"(V1/E )Ox'(Vz/E )Uy (1/52)52 o | |

| 7xy‘(1/G )Txy
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yiam(1/G2) 1, =12 (1405 ) /B,y
= (1/G ) 1us . | | .
_ ) (A.3)

1f we limit ourselves to the solution of two dlmen51onal

straln problems. Con51der1ng plane stralns parallel to

<

€:5Yyz™= =0
| C(a.0)
Substituting this into the above wefget'
0,=v1(E/Ey)o +ve0y ‘\ ' »
(A.5)

 which- results .in the following stress strain relations in

the #y‘planef

o= (1/B) (1591 2Ba /By o= (v, JE) (1405 )0,
. '(V1/E1’)".('1"'1)2')0,*’(1/512)(1'—}12’)0,, -

y=(1/G1)T;(Y | ,

| . (A.6)

‘In the SOluthﬂ by . stlffness methods it is more

-

conven1ent ‘to express the stresses 1n terms of strains.

Writing E,/E, = n! we have

@ ' N

.

«=E (1+v2)“(T-v§-2nvi’)"{(1-v2‘)e +nv,(1+vz)ey}
a,—E (1+Vz)"(1 Vz‘2nV$’) ‘{nv, 1+vz)e +n (1= nv,’)e 3

v TxY"G177‘Y
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¢

‘(At7)

Or in matrix form o L [
{o}=|o, |=[D], ey |=[D1{e} L
e3d I T I SN
| SR (A.8)
- * . ;‘\ ' B . .,“ . Al
‘For plane stress we shall have by taking
oz=ryz=7,,=0‘
(A.9)

fhe following stress strain relations '

ax=E1(1-nﬁ€’)f’Lf5+nv1ey}
xoy=E1(1-nv12)‘“{nv1e,+ney}_
T%¥=G17XY' ) .
| L T  (A.10)
-The F1n1te Element method .

e
The solutlon of any. stress analy51s problem can be

,‘ approached via the formulation of ‘the governlng dlfferentlal

equatlons or by the use of varlous energy theorems.
Essentially ‘the finite element procedure is based on the
iatter, and uses the well known pr1nc1p1e of m1n1mum total
potential energy< If U denotes the straln energy expressed

as a function of dlsplacements {6} and if {P} is the léad

S , )
system assOc1ated with these dlsplacements then the total

2

7



potential energy is

ce

¢=U”{6},'{P}‘, ) //

El

- (A, 11),

and has to be mlnlmlzed in ‘the” reglcn considered. Matftf

notation w111 be used to allow for any 10ad system applled
If now a dxsplacement system throughout the reglon is

' spec: ified by g1v1ng dlsplacement values. at each of the nodes

) 4
such that a partxcular ‘node affects only the"Eksplacements

in adjacent elements, (flgure 45) then .an approx” ate
’ solution can be obtainedb{;ﬁlfferent1atrng the potent1a1
o

energy w1th respect to the dal Values,uelement by’ element,

©

and addlng the approplate dlfferentlals of all elements to

" minimize the total potentlal energy S

» In any element the dlsplacements {6} at any p01nt ‘can ..

be wr1tten in terms of the nodal dlsplacements’{é }

e

{8}=[NT {87} ST
. J | ot _'_,.(.A‘".I'Z);, '
from whigh-the strains«atfany“poLnt can be found ds ..

1

(e}=[B] .(57) I
' s »-J(A;iBY

" Then by Hooke's 1adfthe stresses are given as

- L

+

.‘ {0}=[D]({e};{eo'}) .‘.‘ " ,:‘ ..'. - |
| | | ' . L (A.14)
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Now the strain change of an element due to a change
A{5¢)} may be expressed as 5

[au!/aG.]

AU*=A(5¢) " |2U¢ /08, | =S fale}* {o}d(vol)

L

[aud/aakj‘ - N (A.15)

with the integration taken over the volume of the element.

Using equations (A.13) and (A.14)

A(U‘l=A{6‘}‘{JI[B]‘[D][B]d(vol)lé‘}all[?]'[D]{eo}d(voll}
| (A.16)
IIn the same way, if the external loads {P} are divided

into concentrated loads {c} assoc1ated w1th nodal

jdispla;ements and dlstrlbuted loads {e}, the vartation of

the loads in an element can be written as

[a{a}?p/aai]

'A(—{S}‘{P}>=—A§6°}'laia}‘P/aa;|'

, La{a}'p/aékJ
S{84}v{-(C}-JS[N]*{c}d(vol)} .

(A 17)

Thus the change in potent1a1 energy in any element can
\

be expressed in terms of the nodal values of dlsplacements

; assoc1ated with the element as N
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[a¢/aé.]a - b
|3¢/28 ,I-[K]{é"}-[C}-JJ[N]‘{c}d(vyl‘)_-hf'[al'[D]{eo}d(vol)'

La¢/66.J , o |
. | . (A.18)

in which

[k]=//(B]*[D}[BJA(vol)
(a.19)
when equating the individual differentials of the total
potentlal energy to zero to obtain its stationery value, the
equations corresponding to a ‘particular node, i, are set up
by adding all the appropriate terms K;;§; and the 'i' terms
' of the last threevterms of equations (A.18) for each
eleﬁent.

© This is the same process as if [K] were considered as a

stiffness matrix cf,a»;tructural element,

{c}, {C€}=II[N]‘{c}d(vol) and‘
{ce}=ss(Bl [D]{:o}d(vol) o . (AL20)
as the loadlng contrlbutlons from. each element to the
equ111br1um of a node, due to concentrated dlstrlbuted and
initial stress forces respectlvely " Thus the resulting
equation at' a point 'i' due to equating the appropiate
differentials to zero will then be’ ,bﬂ s : NN
{F,}=EC,+EC' ;*EC"=(ZK, )8+ (TR 2} ba%- "

£

(A.21)
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The summatlon 1s taken throughout all the elements.
'A As 6- affects only adjacents elements due to the ch01ce

of the dlsplacement functlon many coeff1c1ents ‘in the r1ght

hand SldEszll ‘be zero and,the resultlng system of equatlons

;E?a]‘[r1]d"

. fp.l'h lil'ﬁf*,_ ‘r%A322)‘ h_.
will haue a narrow band form whlch will’ ‘be found of - i
'a551stance 1n the numerlcal solutlon. In order to mlnlmlze
lthlS band WIdth 1t 1s 1mportant to number ‘the nodes across,]f
the narrow 51de of the model 51nce the band determlnes the.

- Q

'stOrageASpaCej(SSX

SS=Nm o
- | (h.23
:"were m is the max1mum nodal dlfference on anykelement and'N
is the total number of nodes in the model. Therefore, the
.vnumber of operatlons (NO) that have to be carrled out to”‘:f"
determlne the stlffness of the model is of the order of>

] : ,.'\' ‘, v;’

RNO =Nm* S fl o ‘-»’._ _.:_ o ...7' - (A.248)
Once all the dlsplacements have been determlned
h‘stresses 1n any element can be calculated by equatlon

“

(A1),
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p to this" p01nt the f1n1te element descr1pt10n has.

e

been taken for a general case. For the problem of a

"contlnuous medlum d1v1ded 1nto trlangular elements (flgure

45); the dlsplacement throughout the element w1th components N

'u and v in the X and y dlrectlons can be deflned as’

‘{VJ

C1f the nodal'displacementsfare»listed as-

o]

-

LékJ‘v;~”

(A ,26)

rand the dlsplacements w1th1n the element are assumed to vary

S as.

i .

‘{a} fé,+azx+a3y1%f1 cyoooli- -

v,*iar%d5n¥cgyj'¢t0 00 1 x;§J|;’J»lv i i

'l_ﬂLQ§J'1'71‘,»1:_‘i he (a. 27)

_then the 51x constants a can ‘be- determlned by equatlng the

l-;-51x nodal dlsplacement components w1th X and y coord1nates

aklng an approplate value as’ o g o _7".y 71‘:’ f"‘

(.28
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}{U;1[1lxa.yi 0';o][a;]'.vv\// "‘.-"

Gyl 10000 1 xy yillasl

-~
o

B .-
>

1%} y; 0 00 [las]=[alia}.
-'_:',l,v; ] 0 01 x; yilled]
|u.<| 1 'Lx; 7 o'o‘q,l'was,‘l‘; R R R
- 0°0 07 1 k. L T R B e e
L J L ”lfijfJLa’Jt vf‘x';, o (n.28)
by equatlon (A 27) AR :
s)= [1 x'y 0 0 o][AT-'{a } [N]{6 }
T e (h.29)

The strains defined as |

, [§f’1 [au/ax':’].{o10.0'o'01

_ ‘ ‘ S _ -
‘~¥v{g};|¢y };{ay/ayj"' |_|o 0000 1|[A]"6‘WJB]{5 1
LTX?J Lau/ay+av/axJ LO 0 T j Q}e | o )
. r‘_v“‘(A.-'3'0f)'
def1ne the [B] ma;rlx of- equatlon (A b);l‘ "' | :
| ‘ For calculatlng the stresses it is necessary to obtaln
':the D. matrlx 1n the x- and Y coordlnate system In the form
aescrlbed by equatlons (A 9) and (A 10) the matrlx is valld‘l

for a system in. Wthh the X 1s perpendlcular to the strata .

”Calllng [D ] the matrlx in whlch a load system of



. = R
‘ |

cQo:dinates_ekisté’definihg'
: o
. !

‘Whefe.r'J'

N

‘[D ] E (1+V2)"(1"V2"2np12)

'rthe [D] matrlx can be obtaln

,the angle between the x' and
J f1gure 2, | (
{cos’e _“sfnzé .. =2s
j{d}elsinib . cos?*é . 25

Lsihec059v~5in9cose cos?

Smie)

: As the transformatlon of . str

,'prlnc1ple, il e.

La'te'=0'e

7,er;fr§¢:equation (A:32) -

{o}t(LT1*) "' {e'}=o{e]

e o Th22

[(1}»;"5 nux.u(‘iﬂz')' &)
‘UV1(1+V2) n(1 v ) -61,

i

ed by an ax1s transformatlon 1f

the X . axls is theta ‘as shown 1n'

i@eeesglu

s

ithosef{a'}" o .'4“v~' 

g-sinte) L

. "): . : .‘ . "’ (A,32)
ainSifollowsuthe"gehStent work

!

(A.33)
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{é'? [T] {e} D
RCRE (13- {0} =[D" ]{T] {e}hl."
{o}= trilo’ el Le) o

K

hherefore,

(pl=TTiD'1[T] e

(A.38)
éhe st1ffness matrlxrg1ven by equatlon (A 19) |
tfdependent on [D] and [B] and ne1ther of these matrlces.ls
“ldependent on the coordlnates of 1ntegratlon, thus 1f an

| element of unK% th1ckness is- con51dered 1n v;,t
Kl=(31tDDIIBIA | _ e
::‘J’. d l;h.vi é~‘dl N l;,ﬁ Jﬁfﬁi : d{f Qlaf e | (5-35),“"
twhere A is the,area of the trlangle glven ‘in terms of the |
“Jnodal coordlnates as the deteﬁm1nant | |

R

'A=‘1/2;|.1 x vl

SN e BT 3ed
The nodal forces and body forces are 51mply computed

;from equat1on (a. 20) w1th all the matr1ces there, nov .
”deflned ‘For the element descrlbed the’ body forces are
‘assumed constant throughout the element and the nodal forces
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'_are Slmply equal to total bddy force actlng on the element
) a551gned in three equal parts to each of the nodes '
. (Zleng;ewlc; and Cheung, 1965), o |



Append1x B Calculat1on of stress 1ncrements in porous

medza.

The descrlptlon of - stresses 1n porous medla as
: ‘mentloned in chapter 5 deals w1th the concept of effectlve

L

.stresses((Terzaghl,.1951) In order to be able to ‘use’ the o
l1nstab111ty functlons it 1s necessary ‘to calculate the |
71ncmements of these stresses when a change in the water
rcontent of the medla 1s 1ntroduced Thls 1nvolves the

assumpt1on that before any varlatlon is 1ntroduced into the"
medlum the model was stable, that 1s, no’ selsmlc movement

H'occurs untll the varlatlon is made. The effectlve stress is

I

tthen‘given byrthe"relatron:_ l:~ : / ;"

Ceemowp e

‘.where
itaos effect1ve stress,k;
';cns,neutral stress, : vv,djfv B T L
HP'# pore pressure.,A B |
'We now recall‘the assumptlons of consolldatlon “theory
:(Biot, 1941), wh1ch were descrlbed in- chapter 5 of thlS
th:sls, N R e P ‘:. ‘L '
1; Isotropy of the materlal. |
,jé. 1L1near stress straln relatlons.

O
k3.' The stra1ns 1n the medla are small

4, The water contalned 1n the pores is 1ncompre551ble but

may contain a1r bubbles.
r T e : ’ :

225
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The water flows through the porous skeleton according tov'
& ‘

*tDarcy s law. (1f a load of water is: applled over a

sponge 1t w1ll produce a gradual settllng, depend1ng on

the rate at Whlch the water 15 squeezed out of the
' - e e : S

. Hooke s equatlon in the absence of fluid can be written

as:

€ i

N

;=(T*V)ijgff"20kk5}sEj' . v;ﬁ « » j . (Blz)

L]

e;j=(aU¢/ax;+éu}/QXp)/2 p

q

.where v is P01sson s modulus and E is Young' s modulus

If Pis the pressure of the water contalned 1n the

jpores of the medla, and H describes the effect of the

l'pressure comblned w1th the pre;Ebus assumptlons, then it ‘is

pp0551ble to wrlte.

)

e

eii:(1+v)oijQ51-vohk6ijE-1+P/3H6ij | ‘ B . A:(B.3)'

}

. From Biot’(1941) we can writes

4

0= (0 x+0yy+0z2) /HI*P/R e (B.4)

3there g is deflned as the 1ncrement of water per un1t volume

of the materlal. ThlS equatlon follow1ng Blot (1941) can be

<

written as:



-fdi;=2G£?¢{%¥n:qig)§F;-4@'

‘ét¢n40/QilA

 wher¢:

eGemetmoah
- S _i_

Q;'%ﬁf‘°a)H . |

L n=(i—y)/k1<2;) ’ "1 L, -

ous/(2v20) -

e=vu .

a%({;ZV)§2Q(1€Q):f{

_ ‘s};a{ZG(ifV)};f:R>i:' _ )

‘Lntroducing‘this‘notétion equation (B.5) gives

knowing that Darcy's law for a non turbulent flow is:

V : "V'i=—K30/ax;‘ .

. Lo

o227

B

(B.6)

“(B.7)



228.

Where K 'is the permeablllty of the mater1al We assumed
that the water is 1ncompre551ble, therefore the 1ncrease of
‘water content in an element of the sol1d matrix equals the

N\

flow: . . \

'Jae/at——av /3x-dv y/9Y" av,/az T C ) o . (B.8)’

With (B.S) (B. 6) and (B. 8) we can now write

KV:o-ade/dt+Q™ ' 90/0t=0 S S (B.9)
In order to solve equations (B.6) and(B.9) we will use
the displacement functlons of McNamee and Glbson (1960)

‘following the method used by Wlthers (1976) and wlthegs and

Nyland(1976 1978) S ' o ‘/

~Taking the divergence of equatlon (B.6)
v (2Gne-a0)=0 . -
Now if e is harmonic (VS=0) it follows N
2Gne-a0-2GaS/az

 We can introduce * the other scalar. function fE' of
,Mcnamee and GlbsQP‘(1950)r that w1ll sat1sfy thlS equatlon
e o L

| U=-2E/dx+235/0x

V=-BE/ay+ZBS/aj

A\



‘We-3E/3z+23S/3z-S . s

[

P=2Ga" ' (35/0z2-7V*E) -

»

CyieRzGal(ndesozenis/az)

i

esVIE S e e T (B0
‘Substituting7(B.{QY in;o_equatioﬁi(ﬁ.aj‘and'timég¢f 
scéling t=tc, we get: 4

e,
a :

\ V*E=d/dt(V:E)-2a,d/dt(dS/dt) CeBa1)

“and - . . S T

. V?8=0 | f: (B.¢2)

where

e

2,26/ (a?Q+267).

[

 "Equ§tions 13{11)'§pd'(3.12) are solved by Fourier
. . T “ o A -
 transform in the x, y-variables and Laplace transforming in

time t. Thehnotation'used“is h

Ex(prq,2;€)=fIé(x,y}z;t)ekﬁ{i(p;iéw)lgdxdy o - '13_13j <
ﬂ Ez(Prq'Zj$)=JE(p;q,z,t)ekp(—st).dt Y “‘@fa‘; | " (B.18)

. .I.
- using -
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dEz/dt E, (p q,z t=0)-rsEzp a,z,s) ~ +(B.15) -’
In order to perform the Laplace transformatlon we will
) now 1ntroduce the followlng procedure.»

The depth at t (t.Stst..1) 1s
Zz(P,§555=Iia(p,qwt)exp(—st)-dt
=z, (p,q it )t ) {z2 (Pt i) .

-z'z(P,‘q,fi,)}(ta.1"t,;-)"' . - . " (B.16)
where zz(p q,t) 1s the Fourler transform of the depth

z(x,y,z). The Laplace transform in t of thls functlon iss

.

fz:(p}q;s)azw-1zn;{fexp(rStnl-exp(—stn;,)} - S

b
7

+(2z,- z...1)(tn tn-,)"{ "-,exp( stn-,) thexp( Stn))s”

-lexp(—stn:exp(-stn-1))s“}+s"exp(*stnh) S (B.IT)
where: s is the Laplace transform patameter, z. ‘is the '
Fourler transform of the: depth at the tlme, t, 1s the nth

"time at which a- depth is known, and m the total number of

loadlng polnts.A\

-

" We now have a formula that w1ll allow us to determlne
T

__zg(p Q,s) once the Four1er transforms of the load at a

f1n1te number of times has been calculated These Fourler'
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transforms are done by using the advanced mathematical
llbrary subroutlnes of the array processor (AP).

The AP—19QL is a hlgh speed perlpheral arithmetic array
processor, whlch works 1n parallel to the ma1n computer.
Computatlon of fast Fourler tranforms can be overfapped w1tho
data memory access txme.

And as indicated in chapter 5, the use of the AP .
permlts us to deal with the 2 d1men51onal transforms of the
load at a g1ven t1me as a vector and determlne the change of
p' stresses up to/that time. The inverse transforms are made
w1thout using compllcated algorlthms and are less
.time—consumlng in the computer than the approach followed by
Withers (1977) and Nyland And Withers (1976, 1978). The AP
is particularlyAWell‘suited-to the large numbers of
multiplications and additions.réquired’for matrix arithmetic
“due to its hlghly parallel structure -

Clearly we need to dlscret1ze the S dependence of the
problem. We evaluate. Laplace transform exp11c1tly at- ﬁg

s;=1/t;. Thus we determlne ‘the parameters A(p, q, s), B(p)q,s)
and c(p,q,s) 1nvolved in the. calculatlon of the dlsplacement
i functions of McNamee and GleOﬂ (1960) From these the
effect1ve stress components can be obtalned o SN

The ‘condition 1mposed by the use of the Laplace
transform, that we start calculatlons at time t 0, 1mplie5‘
that there is no initial compre551on and no. ‘excess pressure,

~ this means that the result w1ll reflect the effects of the

anomalous load alone.
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EL
For t=0 we have
N -
d/dz S, (t=0)=0 | ) (B.18)
Now the equations (B.11) and. (B.12) simplify to
(-p+d?/dz?) (-k?+d?/dz*)E=-2a,5d5./dz
"-K*+d*S,/dz*=0 o ‘ | (B.19)
v )
- where u‘=k‘+Siahd k2=p?*+qg?
The solution must be bounded at infinity so by the
method of varia;ion (Butkdv, 1968{ p126) we?may write
‘L ) ‘
E=A-exp?-kz)+B-exp(—uz)+a,iC~exp(-k‘1'
S=C-exp-k | | : (B.20)
=C-exXxp-kz ‘ q“éﬁ;i - | o .

©

The constants A, B and C can be determined from the boundary
conditions: at 2=0 o,.=0,.=0, and at the surface 0zs i%”the

weight of the water alone, which is represented by the

comﬁressivevload -Tz(p,q;O,s) such that:

_7, /2G=kB (u-k)+Ck{1-a;) , - (B.21)
umk)+Ck(17a.)

Sustituting E and S into equation (B.10) it*gives'fhe

following relations:



: ap/stfcp*+kﬁ)p{2a,nenjkc" BT ST
T B==(aaTy+aP;) (260 (uAA) (ueh) ) R

a
o

S =AL2GA(un) (wHN) )
C=(2a,7-1)" "k~ {aP2/2G+n(u?-k*) B}

- kA=-uB+a,C

.>A=—(3;Tj%aPz)

-

3 )\='f(ﬁn+a..;)-k-nf‘-.‘»‘;‘ P T " EO N

";a;#(Zann—1)(1‘a1){

" The excess presure in the pores of the rock is then:

§¢/2G=¢kfzé,ﬁﬁj5exp(sz7*nB(u?-k?)exp(-uz) o ~ (B.23)

- The effective stress components aré now:, . ‘ ' '

{

| 0yu/26=(3%/0x2-V3)E+208/0x7¥0S/2z N

]

a,,/zc=<a=/ayﬁ—v=)E+zais/ayé+as/ag

S d; 1/2G=(;,a_=/az"‘=—'Vf’ )E‘za 25/3z =+a_s/a_z o e o 4(3.2‘4 )‘ |

-
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Once the stresses have heen determlned for each s ( ‘s

ls. the Laplace transform var1able) by means of the procedure

U
iescr1bed earller 1t/ds necessary now to go back to the t1me,

iomaln, the 1nverse Fourler transforms are done 1n the same»ll
way as the dlIECt ones but 1n order to perform the 1nverse_ e
Laplace transform we used the followang algdrlthm.,»;f kY

| ; 1f the loadlng hlstory can always be represented by a }f;
curve formed by several segments of exponent1a1 form,,theh

the t1me varlatlon Ln any of the components of stress W1ll

also be represented by - another curve con51st1ng of segments

(N
-‘L

of exponentlal form.

Thus once we have the Values of the transforms of the"_f”
streSSes at the de51red locatlon for each s, correspondlngf';u
to each of the tlmes of the known load hlstory We actualypf
have tne necessary 1nformat10n to cqnstruct a curve for

‘,.;,

wh1ch 1nverse Laplace transform w1ll g1ve us the behav1ouri

of one_of‘the compo ts of stress at any tlme.ip/'

Thls procedure applled to. the three pr1nc1pal

d1rectlons of stresgxw1ll allow ps to calculate at any
o gj B '
,moment all the requ1red functlons to develop the 1nstab111ty

cr1ter1a at a partlcular locath? w1th respect to a plane of

I ' - A

Afﬁf /s ’v/
& B

. In order/to‘vllustrate let us con%1der a loadlng

3

hlstory formed by only one. segment. The curve w1ll then be

~ . . . P

,represented hy

' .
*

f(e)=bliexpl-at)} . Lt (.28)



e

P

238
'and 'a?“and b' are determlned by a least squares techhlque

’

4from known values of f Then the transform 1s'

f(s) ! {1 exp( at)}exp( st)dt-

A

-b{s"exp( st)+(s+a)"(exp( st-at)}o ;bf;f'

e

IR SO S B Y R
F= f(s) b{s“*(a+s) ‘} _ . (B.26): o
When (F)(s)(s+a) b(a+s s) ba-we:canfmrlte:-; i | o

“?Jcalllng B--ba | - ‘ ‘

mearsesire0 RN I R Lo 27)

’, G1ven some values of F 1t 15 routlne to determlne B

and hence b o

The 1nclu51on of several segments 1n the loadlng ‘ld ‘*uir
| hlstory curve can be done applylng the superp051tlon,} |
pr*nc1ple (depends on hav1ng l@near constltutlve equatlons)
Thus after the 1nverse Fourler transform is perforged 1n the{gQ

AP for a glven component of stress ‘the resultlng values at

"some X Y Zp are the Laplace transform 1n dlscrete form of.

oy

the change in t1me of one component of stress. We can d1v1de”"
B 4’ I‘ I .
'reach of the resultlng curves 1nto exponentlar segments and Cok

;‘determlne the constants a and b that represent each of theseq

'~segments Taklng the 1nverse Lapla;e transform of each of

Y
o ',.*'.“‘

lthe‘segments 1nvolved in one ‘bhe cu&ves and addlng them
. up, the shape of @ép varlatrona@f a component of stress can
Qbe detedmlned for all. tﬁhes.vt | L
; The proof of: the prev1ous statements is as folloms.,'

. . AP
. . . . N . SN .
. U
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. Ifdfit)is‘giyénnasi’
;(c);hiégp(—a;)+c“[7,~t1<£<t2' AR S (B.28)

iﬁagﬁnowingfthat the translatlon of ‘a Laplace transfdrm,

(Matneﬁs.and'Walkerﬂ 1964) by

L{f(t t,)} exp(—mm (t)} ' T (B.29)
o LT R

Then ', ‘

L(s) {exp t,s) exp tzs)}LLf(t)}

'Le(s.'isf{'e'xl5‘(~t.1é):';e’é'é(—.tz"s')'}’(aﬂs")f'."b ,' ST *‘V(B.3ok) .

_“t al ’ e \ R

‘Genera 't30) ror;t2=tg,and ty=tn-1 .

+ ﬁ-}s)+expc¥t;s>}(an+s)-@bn“ R R (Ba3n)

Gt

-Tnere£0re, the Laplace transform of any of the components of

-stress 1s g1ven by bhe prev1ous equatlon and;the varlatlon

1n tlme of the component of stress is g1ven as x
iyf,,_(t)'--’-b,,exp(-a,.t)+cn gL Stst, | e T (B.32)

" where t. is the nth break p01nt in the load1ng hlstory

To test the prev1ous procedure we calculated the double
;Fourler Laplace transformat1on of several shapes of

: reserv01rs and comblned them w1th dlfferent loadlng

‘&



| | i :
h1stor1%3 then performed the 1nverse trénsforms rn&ipe way
"descrlbed and as fesult ve obta1ned the curve - that we fed’in
as. the loadlng hlstory For example the resultlng curve
;(tlgure 4§) is 1n good agreement w1th the 1nput that
"origihated it (Table 4),. | .

AR ’
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Figure 46.... Resulting curve from an input with several.

~exponential segments.
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. Table 4...@ Input data that originated Figure 46 |
 procedure described by equations (B.25) to (B.32).



