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Abstract
- Using the results of seismic refraction and refieetion
// - surveys and gravity measurement in the Vancouver Island
. region a finite element model has been built for‘that
region. étress estimates are obtained from thislmodel and

‘have been combined with rock failure criteria to yield--

v

measures of seismic risk in tefms of'prébability. These
measures allow the study of geodynamlc processes in:such a

way that the observed seismicity can be llnked to a tectonlc

AN
N

driving mechanlsm.

A seismic instability function was constructed using .

the theqry of a Griffith crack. ThiS‘funCtionAdepEnds on the
dlstrlbutlon of cracks within the body and the mechanlcal'

propert1es of the materlals. The measure aof the selsmlcally

’

unstable zone 351ng the 1nstab111ty function is better than ,

. s

measure using the stress directly.
The results obtained from the instability-analysfs~fof.'
i) the Vancouver- Island region are in agreement with theé

observed seiemicity and lead to the 5uggestion‘that the .

4

.- .. F . . -
J driving mechanism of the oceanic plate of the Vancouver
Island subduction region is provided by grav1tat10nal rldge -

, push -and mantle c0nvect10n. The 1nteract10n between the

oceanic plate and continental plate is one of maln/;eésons

I ol

for the selsm1c1ty imthe region beneath Vancouver Island.

-
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}/. Int‘aoduetlon -
An earthquake can be thpught of as’ a‘sddden fallure of
rock when 1t 1s unable to support an’ 1ncreaSe of stress.
-Therefore reglonal stress dlstrlbutlon and mgzhan1cal
propertles of rocks are dlrectlv related to.the earthquake
The plate tectonic hypothe51s glves an'explanatlon of,global
seismic act1v1ty along the world's major seismic belts ‘
.Sersmlc observatlons show that most earthquakes happen .on
the edges of the plates and are governed by the dlstrlbutlon

~of the stress w1th1n the l1thosphere. Stress dlstrlbutlon‘

modell1ng on’ the boundarles of’ plates 1s thus 1mportant in

*

studylng the state of the stress and~1t'pan\grveﬁa oo fjﬁ'

‘qUant1tat1ve vrew of the.geodynamxc processes~of an area.

AuSUbductlon zone is the interplate'boundavy'whene an <.

-

oceanic plate coll1des w1th a. contlnental plate and the

-denser oceanlc plate subducts beneath the. contlnental onev

It is a zone of concentratlon of stress because 1t contalns

.

m

' dlSCOﬂtanItleS in the. lnthosphere. Many geophyszcal C T

-

'phenomena are related closely to the subducted plate, whfth

‘plays an- 1mportant role leadlng to the relatlons between

- ;

‘many dlfferent geophys1cal proeesses occurrlng 1n the Lo

: :." sa R Y
P - N - cn

.1nterlor of ‘the earth

>T1" The margln of Br1t1sh Columbla 1s an act1ve zone w1th
l

@ very céaplex g@olog1ca1 processes The results of seismic™

-~ Jl—.‘

'exper1ments and the 1nterpretat;on of grav;ty data on-'

- K

Vanc0uver Island Strongly suggest that 1& 1s a subductlon

' :

g zoné?area. It 15 the~purpose of thls the51s to analyzé the
wi-. ) 'f_ ‘a.‘ mit'“.-w S RGN e bR . o N . '
! Tel [ . s _,_-/l 2 N h MR A'.', e N

e . . T b L i
i . . ; e .

-‘




distribution of stress in the SUdeCtion zone with a.finite
elenent‘model. This will'sdggest possible reiations between_
Sedsnieity and the distribution of'therinstability~which'
jmeasures the rlsk of se15m1c1ty in the model -and increase
.understandlng of the geodynamlc behav1our of Qancouver

Island:

1.1 GeologiCal Eneironnent of Vancouver Island .
In th1s sectlon the geologlcal‘env1ronment of Vancouver
Island s introduced based on the- papers of J. E. Muller
_f1977 and J W. H. Monger gt al., 1972.; ‘ S ‘ MR ‘g
The Canadlan Cordlllera has been dzv1ded 1nto several

.longltudlnal phy51ograph1c and tectonlc belts (Flgure 1,

v

N Muller~1977, Monger 1972) From west.to east they are (1)

'sedimentary, "mlogeosynclanal" strata 1n the Rocky Mountalns*

3
PR

:Belt (2) metamorphlc and granltic rocks in the Omlneca

~'Cr;ysf;,a].-hne Belt (3) malnly unmetamorphOSed and low grade;”

1vsed1mentary and volcanlc eugeosyncl1nal" ahd r,g{:
kS £

epleugeosyncllnal" Strata in. the Intermontane Belt i4)'
predomlnantly gran1t1c rock ;n the Coast Range Pluton:c 5

Complex (5) largely unmetamorphosed and, loq grade E":A ‘ﬂ"

]
> - ¢ a

sedlmentary and volcanlc eugeosyncllnal" Strata in the BN

‘N ha

Insular Belt (6) Inner Pacaflc‘Belt §hd (7) Outer‘Pac1f1e_'

BEItrWhICh arendef1ned by Muller (1977) J f? L gﬁ"'*L‘

e The dlstrlbutlon 1n time and space of varlous
A ’ e
llthologlcal unlts of\Cordllleran Beltsvare shown 1n Frgure

& > - %

2 (Muller 1977 Monger 1972) The space between vert1cal
i ) _



NTERMONTANE

120

Teoeo shows the outline map of Cordilleran Belts, |,

d from Muller 1977.
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‘& (b) shows geologic history of three structural units of
_\Vancouver_lsland; modified from Muller 1977.
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columns indicates that no linkages are known between the
\
belts. These linkages, which take the form of detritus of

clastics shed from one belt to another;, are stratigraphic

units spanning two contiguous belts. The arrows indicate the
direction of clastic movement.

Vancouver Island is a part of the Insular Belt. It is
made up of PalEOzQic, Mesozoic and Cenozoic volcanic,
plutonic, sedimentary and metamorphic focks. The Island's
oldest rocks are ﬁhe Sicker Group which formed in Pa&eozoic
time, and are dominated by epiciéstic strata with lesser
amounts of volcan;c and pyroclastic rocks. The main
stratigraphic and gtructural unit is the Karmutsen
Formation, a-;hick, 2Qper Triassic shield of relatively
upiform basaltic lava that separates middle and upper
Paleozoic from Jurassic and younger volcanic, sedimentary
and plutonic units (Muller 1977, Yarath et al 1984).

The geologic history of the main part of Vahcouver
Island is summarizea in the ﬁiddle column of Figure.Zb
(Muller 1977). Those éarts'that are considered extensions of
the Cascade and Olympic Mountains are shown in the réght and
‘left-column respec;ively.-On the southeast tip‘of'the
Island; gneisses of diorite and grarodioritic compositioé of
_ eétly,PaleoZoib_form the basement underlying Sicker Groubi
rock which-weré intruded at the Devonian or older;(Left
;oluﬁn in Figure 2b). The Tyee Intrusions at Maple Bay,
whicH are idgated at the south end of the Island, are

schistoSe quartz porphyrys that intrude tuff and uralite

.



porphyry with typical lithology of Paleozoic Sicker Group
volcanics. They are probably Pennsylvanian in age, but
another explanation, thier being Jurassichln age, 1s also
possible. The lower part of the Sicker Group consists of
breccia, tuff, and flows of basaltic to rnydlitic
composition. The Buttle Lake Formation if the uppermost part
of the Sicker Group and consists of limeetonerwﬁth scarce to
abundant interbedded chert, and is.up to fSOOfttlhick (Yolg
1969). On the west side of Qrcae Island a conglomerate wién
argillite, chert, volcanic, and %}meetdne clasts lacks
granitoid clasts. |

The early Mesozoic stratigraphy of the Island. Mountélns
is represented by Middle Triassic to ﬁcwer Jura551c volcanlc
and sed1mentary rocks and lower to Mlddle-Jura551c Island
Intrusions. Tholeiitic basalts of the Karmutsen Format1on
in a general upward succession of pillow lévas, brecc1as
qnd flows up to 6000m th}ck, form the bulk of the rocks
underlying central Vancouver Island.. .

The Pacific Rim Complex, an assemblaée of greywacke,
argillite, chert and greenstone,rand Leech River  sediments,
“which ere schistose greywacke and argillite, islconsidered
to be lcwer.slope, trench, and oceanic depoSits. The Early
Cretaceous shelf sequence of the west coast is succeeded by‘

the Upper Cretaceous Nana1mo Group'of eastern Vancouver

Island. (Muller 1977) .



1.2 Plate Tectonic Regime of the Coast of Western Canada
In this section the plate tectonic regime of the coast
of western Canada is discussed mainly based on the papers of

/ N

R.AP. Riddihough, 1977 and C. E. Keen.and R. D. Hyndman,
1979, .

The tectonic regime of the continental margin of
western Canada is dominated by the relation of-three mater
lithospheric plates: thé Pacific plate, thg America plate
and the Juan de Fuca plate (Keen and Hyndman, 1979). Figure
3 shows the tectonic map of western Canada. The small
northern part of the Juan dei%uca plate has been nahed t he

b4 .

Explorer plate, It is active and moves independently; The -
'bbundary between the Pacific ;ﬁd America plates is defined
by the Queén Charlotte transform fault, which lies along the
edge of the continental shelf from southern edge of the :
Queen Charlotte Islands to southérn_Alaska; the motion on
the fault is right late;al at about 5.5 cm/yr; The boundary
between the Explorer-Pacific plates and the Juan de. )
Fuca-Pacific plates is defined by numerous en-echelon. (\\,

spreading axes, offset by short transform segments. The

&,

’ prcsent‘rate‘of the motion acfoss this ‘boundary ranges from
abqu; 4 to 6 cm/yr (full‘spfeading rate). The boundary
between the Juan de Fuca and Explorer plates is known as the
Nootka fracture édne, which is a_striké slip fault with é..
left lateral métion-oanbout_Z cm/yf, éxténdiné'

‘ northeasterlzwfrom-the'north eﬁd‘o% fhe Juan de Fuca ridge -

to the continental shelf off north central Vancourver Isandf
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-Figure 3.... The tectonic map of western.Canada_showingfthe /
main lithosphere plate boundaries and relative plate motion.



"
The bouhdary between the America plate and the Juan de Fuca
and Explorer plates is a zone of convergence or subductioh,
with underthrusting»probablyQQtarting near the base of the
.continental slope with rates from 1 to 3cm/yr (Keen and
Hyndman, 1979).

| THat subduction has occurred on the boundaries between
the Juah de Fuca, Explorer and American plates in the past
few million years 1is well established. Doubts as to whether
i; i1s conyinuing af présent arise primarily from the lack of
a deep mar|gin trench, from lack of deéb earthquakes in a
Wadati—ﬁenioff zone and of a thrust mechanism beneath_the
continental slope and shelf. Riddihough and Hynémani(1976),
have concluaed frdm a study of geoloQiC;l and geéph}sical
déta that the subductioh‘continués to the present. Sediment
compression, uplift and folding at the base of fhe slope
aléo indicate the subduction is almost certainly taking
place at-present'(Carson‘et al. 1974).

Ridqihough (1977) gave a detailed examination of the
spreading rate and difection'of those plates under the
?assumptioﬁ that the éﬁomalY’lineation azimuths measured from
present magnetié*anomaly maps have not been Subjegted to
subsequent rotation and are thereforé'represehtéﬁive of the
spreading‘direction~whén théy were formed. The spréadingf
'parameters caiculatéé for the Juan - de Fuqa aﬁd Explorer'
ridgés'for,lést 10 Ma_yeafs are shown in Table' 1 (Riddihough
1§77). A plate interaction vector is Qééa to desc;ibe rate-'

"and divection of. relative motion of plates. They were drawn

v
o
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Table 1: Spreading parameters for the Juan de Fuca and
Explorer Ridges averaged over 1 million year intervals,

\
Juan de Fuca Ridge Fxplorer Ridge
West (Jw) East (J&) © West (Ew) East (Fe) -
Fpoch e O e = e e S—
Ma Rate Direction Rate Direction Rate ~  Direcfion Rate Direction
— P - e e
9.5 — — - — — 3.3 91° — —
8.5 3.3 91° o — — , » 2.6 93° - —
7.5 3.5 91° 3.6 ¢ 1° 2.6 93° - -
6.5 3.7 97 3.6 : = 99°" . 3.0 . 100° — .-
5.5 3.4 97° 3.3 - 100° 2.8 990 ¥ B
4.5 3.4 103° 3.4 104° 2.7 101° — -
3.5 3.0 11r° . 3.0 109° 3.2 107° — . . o125°
2.5 3.2 110° 3.1 108° 2.7 121° 3.0 .~ 13
1.5 3.0 108° . " _.2.8 109° — 124° 3.0 %1300
0.5 3.1 ©110° } 3.1 11o° 2.1 126° 21_;{_\ T A29°
*Spreading rates are hilf-rates in em/yr. S‘ﬁrgad{ng directions are orthogonal to m;;;.}'i:a;w‘r{{a_ny‘a:;};uﬁs ’rru;aslnrcd M}Sﬂﬁne N'onh.% .
- ) 4 . v oAy . »
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for the Juan de Fuca and Explorer plates relative to the
American platé, and the relative motidn between thé Sovarnco
Fréctufé Zone (Figure 4). It is shown that the Juaﬁ de Fuce
plate moved in a direction between N35°E and N50°E reldtive
to the American plate for the last 9 million years. At
present it moves 1in the direction éf N35°E with a-
convergence rate of approximatély 3.5cm/year. The r&afe
deduced from sediment compression, uplift and folding at the
base of the slope can give a minimum estimate of convergence
rate. The values derived by Silver (1972) and Von Heune
(19Y3) are lower than those palculatgd|by Riddihough (Carson
et al. 1974) . The direction of motion ofulhe Expléref“plate
relative to the American plate has chénged from N38°E at
9.5Ma to'Nég°E at 3.5Ma, and then changed to N6°E atn
present. The convergence rate of the subduction at the
Vancouver Island continental margin 1is 1.4cm/year during the
last million‘yearé. |
The»Sovaﬁco Fracture Zone was initiated between the’
Juan de ?u;é and Explorer seémenté’of the ridge as a result
of the "break" of the riége approximately 7 million year§ |
ago (Riddihough 1977). As "the SPreadidg'rate of the western
:; plorer Ridge is less than that éf the westen Juan de Fuca
Ridge, the Explorer ridge migratéd westwara relative to the
‘_;;uah‘de Fuca Ridge. The rotaﬁion of the Explofer Ridge
implies compressibnal interaction at the Sbvahco Fracture.
Zone. Such an interaction éohtinuéq éthéast in'the_last 0.5

‘million years (Bar; 1972). The :elative-motiohfb§tween_the ’
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Figure 4.... shows the 1nteract10n vectors foar Juan de’ Fuca,
and Explorer plates relative to. Ameracan plat: ¥ mod1f1ed ’
from dedlhough 1977. ‘ s f »
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Explorer and Suan_de Fucg\plates could have been
accommodated by the occurrence of a left lateral shear zone
trending along the airection of the residual interaction
veetor EJ (see Figure 4). This is known.as the Nootka Fault *
"Zone which is‘clearly evidedt in the compilation of all
earthquakes that are located in the area (Milne et al.
1978). Barr (1974) identified the fault trend from the
northern end of the Juar de Fuca Ridge through 50°N, 125°W.
The fault plane solutions from a number of large earthquakes
are consistent with NE-SW left lateral st{ike slip motion.
1f we assume the fault‘initiated in conformity with EJ (See
Figuré 4) which is a relative mbvement vector, it would by
now run beneath Vaneocuver Island in a NE afreqtion t%rough

~

50°N, 125°W (Riddihough 1977).
1.3 Seismic Structure of Vancouver Island’ ‘

Riddihough first carried out detailed modeling of

Ae- .

- Vancouver Island based on the gravity data. His structure
mod;ls cross the Island. Figure 5 shows Bouguer'grav%ty and
the gravity model crossfsection across southérn Vaﬁcouver
Island. In his models some points at the depth of the Moho .’
discontinhify éré.poorly constrained byAseismic_data (Ellis
et al.-1983) because these seismic pfofiles:were located at

a significant distance from the models and in a‘diffefent

tectonic environment. ,
H U PR o ‘

Recently some seismic surveys have bee&nh .conducted in
the Vancouver Island region.’Figure'6 shows the locations of

i . . t
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the refract;on Aﬁd refléction lines in Vancouver Island
éeismic Project 1980 and fouf'Lithoprobq seismic reflection
profiles. By intepretation of these seisé;c data, the above
gravigy modéls were refined. McMechan and Spence (1983)
analyzed the line IV along the axis of Vancouver Island and
presented’threehlaterally homogeneéus models o£ crust and
upper mantle (Figure 7). The upper éO km of the structure i§
well constrained by the two reversed datarprbfilés NA and
AF. fhe structure of lower crust and dpper mantle 1s only
weakly constrained. Each of the 3 models fiits certain e
travel-time and/or ampl}tude observations better than
others. However, model 2 which contains a low velocity zone
‘and a low upper mantlg\velocffy\pf 155k6}§‘55»37 km, is the
preferred,interpretation'of McMechan and Spence;.The actual
stfuct&re may vary lagefally, beiﬁg nearer model vaeneath
the North half of Vancouver Island and nearer ‘model 2 '
beneath the south.

The seismic brofile.line 1 was interpreted by Ellis et
al (1983). The two dimensional modelnwas determined by
trial;and—error application of _the tay tracing technique;
Thevonshore—offshore line was stu%éed with two shots at'the
-end of the liqe and® 17 shots over the profiléf Figufe‘B
shows.the resulting geismic vélocity structure sectidn. The
two dimensiohal ray trace model, at the ihtersection with
line Iv, is c§nstrained by the model of McMechan and Spence
(1983), which Eontaiﬁs a lower velocity zone in the low

crust. The, Moho west of the central portion of Vancouver

v ‘ . : )
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Figure 8.... shows two dimensional structure determined by
ray tracing technique. Insert (a) shows velocity - depth
models at location A (solid line) and B (dasiied line);
insert (b) 'at location OBS1. Modified from Ellis 1983.
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Islané appears to a dip near 6 degrees towards the
continent, whereas that 1in the east 1s essentially
flat-lying. This dip explains the diffe;ence between the
west-to-east apparent velocity and the reversed east-to-west
apparént velocify.

On the maigland'the apparent velocities are almost the
same in both directions angd little diﬁ is indicated.
Comparing with the gravity models of Riddihough, the models
are generally consistent west of the cehtral portion of
‘Vancouver Island. The position at which the continental
crust suddenly tﬁickens beneath the central parf of
Vancouver. _Island in‘the ray trace model,‘which is required
by'a 1 second travel time offset across Georgia Strait
(Ellis et al. 1983), corresponds fairly closely to the
position in Riddihough's model where the subducting
lithosphere dramaticly increases its dip. The presence of
thevMoho‘in the ray trace model at about 40 km depth
emphasizes the existence of a seismic discontinuity where no

_compérable density discontinuity is present in the gravity
’mcdel. | | 7

The reflection lines also»indicéted the 15.5 km
reflector of McMechan and Spence.. The reflector at depth‘
24km, for which no corresponding bouhdary existé in the
refraction models; indicates the upper bpundar} of the
"subducting océanic lithosphere at this depth. The;poésible.
réfiéctof near 36 km cqrrespounds réasonably.with the base

‘»of -the subducting oceanic 'lithosphere. Further, the dip of 5

s
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degrees corresponds closely to the one of‘about 6 degree
proposed by the Riddihough model and the refraction models.
The preliminary analysis of reflection seismic profiles
" which were conducted in the souhh Vancouver Island as part
‘of the Lithoprobe project shows a strong reflection, whiEh‘“*-
zs about 20 km beneath the west coast of the Island and 31
km beneath the east coast, and is considered to be the top
of the.underthrusting oceanic crust &Yorath et al, 1984;
Gr?ﬁﬁ\ft al, 1985a, 1985b). Figure 9 shows the preliminary
interpretation of the Lithoprobe VISP1. Towards northern end
of VISP1 there is some evidentce for an increase in dip of
the reflector, beyond hefe‘centinuity is lost. The‘apparent
absence of -the deepest refleetions beneath the northernmost
reéion of VISPI yields two possible explanations. One is
probably related in some way to geological and topographic
ﬁcomplekities'because the profile tranverses the nose of
NW-SE trending anticlinal ridge; another is that the dip of
the subducting plate increases suddenly to a value in excess
of 45°. The . relatlvely conventlonal data processing would
have filtered out any reflectlons from that zone. Above this
reflector a region.with high density/hlgh veloc1ty~has led
to the suggestionm that it represents/an'unaerplatea slab of
eceanic lithosphere, perhaps a ;emnant'of an earlier phase
~ « of subduction. This underplated slab correspehds'to thev‘
large block of anomalous materlal in the gravity model
" (Green et al 1985a, 1985b) Flgure 10 shows the ve1001ty

model and tectonlc Cross- sectlon across the é%htlnental
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Vancouver Island
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Figure 9.... shows th’e“p“reliminabry. in.ter.pfet.ation of
‘Lithoprobe VISP1. Modified from Yorath at el 1985;
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margin (Yorath et al, 1985).

1.4 Tectonic Stress related Earthquake Phenomena

Plate tectonics is understood to be new oceanic floor
forming by solidification of molten rock 1n an opening
crack;-the'oceanic ridge, and being consumed by subduction,
forming an oceanic trench and generating earthquakes.'ln the
area_ where two platés collide with each other stress
concentrations appeaf; ané the seismicity Observed in the
region must be represen;ative 6f tﬂe state of stress thaﬁ
-prebails in 1t. , ' B | ¥

Crustal stress can be investigated by means of field
studies of recent movemént on faults, or through overcoring
strain relief techniques and hydraulic_fracture experiments.
The problems of these diregt'meaéurements of stress are that
megsuremenfs are local and shallow,land many measurements
~are needed in a region in’drder to detefmine'the.aVerage.
behaviour which will give thé regional character of the
state of the stress. The.techniéue_of modelli%g’is another
wqy‘to approach the problem of eSfimating stresses in the
lithosphere, if we accept the major‘geothSical observablés
”of heat flow, seismic data, gravity-ahdvplate‘Velqhity as
vconstrafﬁfs._The difficulty in‘modelling‘is that,ﬁost'of the
parameters used, especially thosé.for deep part of the
eartﬁ,vhave to»Be eétimated. The onlchonstraint_op the'
_result is that"fﬁé‘observea seismicity occurs iﬁ the

unstable area, which is a region with high shear stress and

o
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low strength of the material. Therefore we can not expect
more than a general view of the‘state of the stress from the
modelling technique.

The study of the Seism;éity catalogs for different
part§ of the earth shows that large earthquakes repeat at
more or less fixed intervals in a region. The aSSumptidn

that the rate of accumulation of stress is constant has led

to the development of several different types of recurrence

Shimazaki and Nakata, 1980). One assumes the upper
ieyel of s resé at which the earthquake initlates 1is
constant. This m@dél implies that the stress is accumulated
until it répches this level, then.an earthquake takes place
and the étress leyel drops to a smaller level and the cycle
starts again. Another model suggests the lower stress after
'the occurrence of any seismic event i; constant. These
patterns enable us to predict either the time of an event
based on the size lof the previous one or the size based on
the time of the previous one. There will be no regularity 1f
both *upper and low level of stress are time‘dependeﬁt.
Another pattern for large'earthquake pccﬁrrences in
time and space 1is that large events. appear Eo;affect th¢
seismic béhaviour of zone§ thchuérevvery far,akay; and some
'large gvents.;éem to be. preceded by anomalous seismic
behaviours (Kéilis-Borok et al. 1972, 1980). Lamoreaux
(1982) éUmmariSed these patterns-as a'combination of
quiescence_ahd activaﬁion, the’formef refers ﬁo a

spatial-temporal reduction (gap) and the latter to an

4
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increase of seismic activity 1n comparison to the normal
activity. Many of these patterns have been identified with
the seismicity rate, the magnitU?e and the seismic energy
released. several qualitative.theories have been proposed to,
explain these patferns physically} these include
inhomogeneities in physical properties of the materials
along a fault zone and the processes of créck’populétion.
growth, independent of the material in which these c;acks
are formed,, There 1s no satisfactory physical explanation
for the occurrence of these patferns;
1.5 Earthquake Activity in the Vancouver fslandaRegion
Milne (1978) pointed out that most of the seismicity on
" the western ?i>ada margin has been concentrated along the
‘three major plate boundaries, the Queen Charlotte
. -Fairweather fault sfstem (Pa%ific-America plaﬁe); the
of fshore ridgé—fracturé zone system (Pacific-Juan de Fuca
plates), and Vancouver Island-Puget Sound region (Juan de
Fuca—Amerigan plates). The earthquake epicentres of the
///;§§tern Canadian margin are ﬁlotted‘ih Figufe 11,
.Unfortunately the focal depth data a;é not complete, only"
| the earthquakes after 1978 have reasonable records for fbéal
depth, The.eafthquakes_in thgvrectaﬁgle, whiéh is Ehe area
Studied in this thesis, are projected into a érbss sectibn;
" The distributibn.of those foci for whiéh we have reasonéblé
depth are shown in Figure 12, Thé earthquakes with magnitude

‘smaller than 4 are denoted by a small square; and those with

1
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Figure 11.... shows the earthquake epicentres of the western
Canadianm margin. The area in the rectangle is studied in
this“thesis.: N : : ‘
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magnitude larger than 4 are denoted-by a big square. Those
.earthquakes associated with the Queen Charlotte_fault,'the
ocean ridge system and Puget Sound region- may be in
’différént’stress environments from those in Vancouver
Island. The distribution of the foci shows that the Beniggf'
zone does not exist in that region and most of the
earthquakes‘éohcentraté in the region beneath Vancouver
Island; where the oceanic plate interacts wit% the
continental_plate. A fault mechanism solution study (Roger
1979) shows that the predominant type of fault mechanism for

the large events is strike-slip, either dextral slipjoh'é

northwest trend or sinistral slip on a northeast trend.

s
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11. The ﬁodel ot Vancouver Island Subducting Lithosphere
The-state of Stress in a subduction zone depends on
several features, such as the properties of the meterials of
the lithosphere and fhe geometrical,structuqe'of the
subddcting plate and its surrounding zone. The oceanic
'lithosphere increases'its rigidity and its thickness as 1t

moves away from the ridge at which it is generated (Forsyth,

v

-

1979)( It is also generally assumed that the upper part of
the p\ate behaves elastically and it starts to act-an a
viscoelastic way when its temperature increases (Solomon,
.1980) Therefore the lithosphere can be thought an elaswﬁ
layer over a high viscosity layer Nevertheless this can
only be the representifﬁve of the upper a few tens of
kilometers of the eapéﬁés crust, where the temperature of
the lithospheric mate;ial is below>300°C. This temperatpre‘
is éceepted as the limit for elastic behaviour. Belexwthis
temperature the thermally induced stress is small ana_the
»tectonics is”describable by elastlc stress (Turcotte, 1974).
Above th1s temperature the thermal dependence Ejéphe
\ stresses plays an 1ncrea51ngly }mportant role in tél overall.
lstate of stress as the temperatnEe goes h1gher.

Prom a quasi- stat1C(p01nt o{vv1ew, Young's modulus E
,sgéuld become smaller as depth increases because t.he
drmatergal 1s~becommng more ductile as temperature increases.
fﬂklrby (1977) suggested an’ exponential dependence of Young's

i modulus E w1th temperature, which 1s taken to be

29
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] )
E:Em,n+Eoe X

where Eni, 1s the lower limit of Young's modulus, E, eguals
E at the surface. of the earth minus Em,;, x=T2/C, T 1s
temperature and C=600 a consistant determineg by experience.
Wiens (}98;) shows thatithe depth of seismicity 1s
temperature controlled and that tﬁe limiting i1sother® 1is
approximately 700°C-800°C. The limitihg temperature for
seismicity in Shalloh se?smic slabs is about 600°C (Molnar
et al. 1979). Lithosphere thickness is inferred from a
variety of techniques which yield different results. The
elastic thickness is derivéd fromvthe response of the
lithosphere to léng-term loadé thch agrees with the
seismifally active thickness of the litﬁosphere (Watts et
al. 1980), whereas the seismic thickness is téken from its
response to its short-term loads, which is about twice the
elast%c thickness (Leeds et al. 19f4),'Thus earthquakes
occur primarily in areas of l{tﬁosphere which can sustain
long-term 1oads'as identified by studi;s,of flexure. The
elastic thickness is dependent on‘ﬁhe flexural rigidity 5;

which is given by (Watts et al.'1ﬁ80)

(53

D=Eh3/12(1-uq)

where h is elastic thickness, v is Poisson's ratio, and E isfﬁ
Young's modulus. Most of these elastic thicknesses were
‘computed by assuming a 'seismic' Young's modulus E, this
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'
estimate gives the result that the elastic thickness 1s

slightly less (about 10 percent) tha; the seismically active
thickness (Wiens, 1983; Watts et a1,1980). Under long term
'loads,‘the time dependent effecte of the material will be-
signifficant. Besides the elastic deformation the materials
will show a creep effect. It seems that the material will
become "soft". Therefore, Young's modulus should be smaller
than the "seismic" estimate for the response of the
lithosphere to leng-term loads in the elastic approximation;
" To match the elastic thickness with the seismically active
thickness of the.lithosphere, Young's modulus E would
decrease about 20 percent.

The relation between the adiabatic (dynamic) and

isothermal (static) parameters can be found directly ftrom:

E«=E/(1-ETa?/9Co)

v 4=(v+ETa?/9Co)/(1-ETa?/9C, )

¢

where Co, is the speéific heat per, ﬁnit‘volume at constant
pressure. Ed'enq vy are;the dynamitiYoung's modulus and
Poiseon‘S'ratio (Landau and Lifehiti, 1970)..Ne9ertheless,'
this kind of difference between dynamic end;SQatic
parameters oﬁly mékes tﬁe}g values vary‘by a sméil
pq:centage. At 1500°K ;heréifference between Bd‘and E is
less than 5 pefcent.

The temperature distribution. in a sinking slab beneath

islands arcs was calculated by McKenz;ei(1969). The
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temperature inside the subducting slab with a constant

velocity are governed by (McKenzie 1969)

o:*T' o*T'" 1 0°T
= 4+ —
o0x'?* 9z'? R* ox'“?
-4
7 : . . .
"where T', x', z' are dimensionless gquantities, R™1s the

Thermal Reynolds number . ‘ ,

The solution. of this equation is of the form

\
: (_1)n. nnr*x’
T'=1+2L exp(-————)sin(n7nz')
' nmw R S~

\
'Fiqurev13 ého&s the isotherms within ;hé sinking slab with
the parameters' used as f e

v=10 cm/ffy>: p=3 g/cm® | ;//f’

x=1Q'?cal/é@ degC sec, 1=50 km .

Co=0.25 cal)gmdegC‘= |
The result shows qFat 0.6To - 1sotherm w1ll not van1sh untll
k1t reaches a depth down to ?00 km. Therefore it 1s expecte

that the cold slab temalns cooler than surroundlng medium

\

‘\,
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"igure 13.... shows the distribution~of*dihensionless‘ .
:emperature T' in a subducting plate. Modified from McKenzie
1969. : . -
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down to a certain depth beyond which the slab will become -
hot and soft.

Lewis (1985) gives a thermal profile for the Vancouver
Island subduction zone. His results sth that the
temperature of'the upper‘20 km of lithosphere 1is less than
300°C. With reference to the McKenzie calculation (1969),
the 300°C‘isotherm will reach a depth of 50 km in the model
with a thickness 1=30 km and velocity v=4 cm/yr, which is
the case in Vancouver Island. Therefore the elastic model
will give a reaSonable approximation for the upper 20 km of
the lithosphere and down to aboqt 50 km for the sinking
-slab. ' E » ’.7 b

‘ . f

2.1 The Finite Element Model and Boundary Cenditions_

The finite element techniQue is one of the most useful
‘methods in stress calculation. The results from recent
geophysiCal@%tudies on Vancouver Island have given us
vatuable data on the plate teccogic regime and subduction
structnfeiof the'region. These yield comprehensive
constraints on oufbfin;e elen;nt models.

s ‘Thelanalysis of che stress state ‘at the Vancouver
/Psland subductlon zone 1is. reduced to a two dlmen51onal
"problem here The model is taken along a 11ne cr0551ng-
»Vancouver Island aﬁé perpend1cular to the contlnental coast
llne. It represen&s a cross sectlon w1th1n the rectangle 1n

Flggre 11. Since the Juan de Fuca plate has moved about - -

N35°E relatlve-to Amer;can plate-fer last million years,«I'ﬂ
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assumed the driving force on the Juan de Fuca plate takeg
the direction in which it hoves related to American plate.
This forcte therefore can be modeled by adding a load in our
two dimensional model. |
The geometrical stfucture and the velocity structure
are based on the model shown in Figure 10 (Yorath et al;,
1984)1 It is constrained -by the VISP seismic structure and
recent results from Lithoprobe Project (Introduction 1.3).
In the model tﬁe subducting plate dipSAat 10° from base of
the continental sloée, then the dip increases to 18° and it
continues ﬁiunging at this angle down to 200 kqxdepth. The
shallow dip part of the model in the sea is conéfraiged by
the seismic refraction profile (Ellis et al,. 1983); Beneath

Vancouver Island the dip of the sinking slab can be

constrained by the data from onshore and offshore seismic

refréctioé and reflection surveys. The shallow part of the
mpdg% is alsé—consistent'with the gravity daté. The deep‘(
parts‘of the model are weaklx_consﬁrained.becaﬁse~of_the
abgence‘of;deep reflections.
’Aécording‘to recentrin;erpfetatiohs of the s;ismic'

_ survey line VISPI (Introduction,1;3),_thé subducting'pléte
dips'at 9°'Eo~16°,‘probably increasing,to-a.valuébinveXCeés
of 30° at end of VISP1. Thefé is a possibiiity tﬁat the
-subduéting‘blate begihs'to plUnge stéeply into the mahtle at
this.ppin£.1~ . | ‘ B e '.i' [ ”

- The degree of d%gﬂof'the subducting slab is directly

V'related to the degree of mechanical-cquplfng,betweén’the two
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lithospheric slabs. It has a close relationship to the
rupture length of earthQuakes (Kanamori, 197;?
Uribe-Carvajal, 1984). Uribe-Carvajal (1§84) caléulated
several modéls with different angle of subductidn and‘ 3
concluded that the stability distribution depends on the

rd

angle of the subduction or the degree of the mechanic
coupling between the plates. .

The top layer over the ‘oceanic plate, with the

. ' : 4

~compressive velocity about 2 km/sec, cag\be.ﬁeglected in the
geodynamic study because it consists‘of the soft Quaternary
sediments. The remaining layers are simplified as shown in
}Figure.15“. Theoretically, Poisson ratio v‘changeé within
the ,fange fromlO to 0.5. féf méét crustal rocks » 1s around
0.25'aﬁd it is a common assumption in geophysical modelling
to use values between 0.25 and 0.3 for Poiéson'soratio
(Uribe-Carvajal, 1984). In this model 0.25 is uséd for
$Urface‘rocks, and 0.3 is used for the rocks in the lower ™
layer of.the plate.

‘The values for the density of the materiéls in the
model are ihferréd from the gravity model constructed by
‘Sweeney ét_al (1985) based on Lithoprobe'seiém;é'réflection
and gravity mgasufementé. With Poisson ratio ;_and density p
determined as7abo§e,fthe Young's modulus E cqﬁ be calculated-

from the cqmpressive'velbcity by the formula

Cpa (1+0) (1-20)
E= '

vv(1—V°
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where a is the cempressive velocity, p and v are density and
Poisson ratio respectively. This calculation glves the
values for short term load responee. I would take 20 percent
from the E calculated with above fofﬁula‘in this static
problem for the reasons_discussed previously. All the
parameters used for this mode;’are_listed in table 2.

A

Kanamori (1980) summari'ses the various forces that have

£l

been postulated as driVing a plate motion. Among these are
1) gravitational pull of a dense subducted slab at an island
arc, 2)‘gravitational sliding or pushing from ocean ridges,
3) viséogs d;ag due EE the eonvectien‘cusrents'in the
asthenesg%ere; The forces that resist plate motions are i)
f:ictional force acting on the fault.plane of thrust
earthquakes at subduction zones and of‘strike slip
~earthquakes along transform faelts, 2) &iscous-resiétance
due to the asthenosphere. f N ~. : v
It 1is controversial whether the asthenosphere ;esises
or drives the mQtioﬁ of the litﬂosphere. fhe forces from
ridge push and gravitational pull are two major forces- that
drive the plate. and afe the same ipr all trenches and sidges
‘\tegardless'df spreading rate. Therefere,’small plates should
.ﬁeQe faster than large platee under the coﬁstaﬁt passive V
drag fdrce'and.vice:versa‘Undepfaeti§e'drag force. The-
observation of globai plate motion (Kahamori;1983; Le
"Pichon,‘1968) shows no substahfial relatiOn between

veIOC1t1es and plates; Whlch 1mp11es the vistous drag may or

‘may not act as a pa551ve force on. the plates.'
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The viscous drag stress per unit length (Richardson,

-

1978) 1is

r=9V/h

i
-

where V is the velocity of the plate, n and h the viscosity
Q

and the thickness of the asthenosgnere. Uribe-Carvajal
(19847 assumed, in his study ofﬁ%;;rmo-elastic‘behaviour of
subducting lithosphere, that at ‘the bottom of the
asthenosphere no displacement is possiblé, and the drag
force opposes the direction of plate motion and is a
fﬂnction of the thickness of asthenosphere (h).
The value of viscous stress 7 can be estimated by means

“- C e ' .
of a thefﬁ§§§éonvection model. Mantle convection has been
chsidered‘és an important energy source for driving plate
motion and causes other geophysical and geological
- phenomena. Such convection happens in the upper'anﬁ low
mantle énd core, and through this convection mpst heat is
transfered to the surface of the earth. Stacey (1977a) has
simplified Suéh thermal convection tc a heat eﬁgine préblém.
The outqu of the mechanical work of the heat enéine is used
to overéome the‘viscous'fdrce‘in,the mantle and.fyjctional
fohCeretyeén pl@i’s. In his model fhe_engine i$.working
beﬁween high températuré T, and low temperature T, (Figure
'14);‘The:cirgulation of the heat engine is éompbsed of two
adiabatic prbcesses and fﬁo isobariq’proéesses. The

L:efficency and power of ‘the heat engine~ére calculated. Téble

’
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.Flgure 14.... shows St@cey S heat engine for mantle-
convection. The path A~+B and C-D are adiabatic processes,
path B-+C and D»A isobaric processes. Modified from Stauey
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Table 3:
Mantle Convection.

\
:\t‘
\ i
\ N
Zone Assumed Heat El'fi‘ciem:y Power
N\
‘ < ,
Quter core (self-heat) 5xX 10" W \\ 5.5% 0.27,x 10" W
Lower mantle N "
Core heat 5x 10" W 21.1% 12.0,% 10" W
Self heat ' 11x 10" W 10.6% 12X 19" W
Upper mantle )
Core heat Sx 10" W 10.5% 05 ’ﬁ,m" w
Lower mantle heat. 11 ¥ 10" W’ 10.6% Q.Z\QX 10" W
~ Self-heat 6x 10" W 6.0,%Y\ 036Xx10"W
Crust 9.5x10"W — -
A}
N %
',.\*‘
4
. B .
A%
Rl

iy

bl

[

Thermodynamic Efficiency and Power of Core and

N
A=
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3 lists these data for different part of the earth (Stacey
"'yﬁ;,._ . ’ .L Al B »

1977).
The estimate of the drag forggican be‘mede with the

i

following model (Stacey 1977b). CQﬁSidering a plate with
area A and thickness d, deformation of the plate will occur

. o : . . s
if a shear strefs r 1is applied to the surface of the plate. /
. ' £

If the top of the plate moves with velocity»v over the A/ .

bottom, the energy consumed should equal to the work doi7’by

the force 7A: ' ' }

. L C /,jw >
™, dE/dt=rtAv u ‘ - - ‘ \\\ef///

. ~
< ~.

~

/According to fﬁexﬁéta\in\géble 2, we can assume the power of

L —

convection of the upper mantle as 1,0x10'? ‘watts. For the
upper-mantle and crust, the’power of convection per unit

area is 2x10°* w/m*. I1f the oceanic plate moves withe

velocity of 4 cm/yr (v=1,3x10"° .m/sec), the stress .~ \.

-

| correspondlng to the consumedienergy can begcaléffitgg_zlth~'”
above formula,'lt glves = TSXT/ Pa (or~15 bar) Although

thlS method glves a very rough estlmate, 1t\“xg¢9 the

order offmagnltude'of the viscous drag force'on the plbte.74;f'
. p:
.

The mean pressure exerted on the l1thosphere by the

rldge <can be est1mated by (McKen21e 1969)

{ L B o
Ap?;g(po-pg)e e - | Sl

. where e is theeélevatiohﬂoﬁ the-ridée’abpye'theydeep,Sea f'is\\
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-

floor and po and p. are densities of the lithosphére and sea
. N Y

water respectively. Substitution of
‘ 9

e=2 km, pPo~r.=2 g/cm?
gives
Ap=0.2 kbar

The application of reaiistiE boundary cbudﬁtions 1s
often a difficult problem. Here 1n order to simulate the
boundary condition at infinity on the left side of the model
(see figure iS), increased loads with depth are applied

_Atthe left side to balance,the horizontal components of the

v stress due to gravity. The right side:and- bottom of the
model are fixed. As calculated above the force on the
‘oceéﬁic p}ate due to ridge push is‘about 0.2 kbar. It is a
difficult“problem to impose this force on this fihite

7elementﬂﬁodel, because the boundary between the oceanic

" plate andpthe\asthenosphere below 3t is set as a solid
boundary; thet is the-relative mouement is hot allowed at

~ the boundary If we add a force at the left side of the
upper part of the model thlS force will not affect the area

A )whxch 15 far away from the left side of the model This .

i’

-occurs because’the. rce w1ll‘be‘balanced by the shear.
5 .
stress due to shear straln“Qe érated in the area close to

the place where we add the“fér e. Therefore the effects due

.



to the ridge push and the viscous force on the base of
oceanic crust can not be simply modelled by adding the force
on the oceanic plate to the left side of our elastic model.

To overcome this difficulty in our elastic model we
consider that the net force exerted on a part of the plate
from the ridge push should balance the viscous drag on the
base of that part_ of the plate. Therefore we can assume a
body force on the ooeénic plate-which equals the viscous
drag due to aSthenosphere. This forée will balance the
vrscous drag and the friction at plate bounderies and keep
the plate moving'steadily. Therefore, this force will gite
the\egiect of interaction éue to viscous and frictional
force at the plate boundaries on either continental plate or
oceanic subducting plate itself. Neverth;eéé, the effects on
the stress gtate within the oceanic plate'due to the ridge
push can not be modeled in this way. The ridge push will
cause about 200 bars additional stress with large principle
component along the oceanic plate at the place close to the
ridge, and it decreases gradually‘as the plate moves away |
from the riage. This equivalent body force.is determined'by.
the viscous drag'force which can be estimated as above.

At the convergent margin the force gets'larger because
the frictional force appears in addition to viscous force;
and then it reduces to-zero gradually as the slab plunges-
deeper into the upper mantle. In thet case part of the |
viscous drag force is overcome by grav1tat10nal pull on the

slab. The same kind of modelling is used in the case that
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the mantle drag acts as an active force on‘the oceanic
plafe.

The model for this problem. is shown in Figure 15. It
is a useful modelling technique that the initial model of
thé subduction zone is treated as a elastic model, then
refined to show how the results change as the model becgmes

.morg complica‘ed. This approach has pferd useful in seismic

/stability studies (Uribe-Carvajai and Nyland, 1983 a b). In
this thesis I discuss only elastic ﬁbdei. As mentioned above
this model would only give‘a good approximation for upper 50
km. Below that dépthAthe thermo—elastic pfopertigs of ‘the
material becomes more and more important. Neverthless the
elastic model will eneble~us to'get a basic understanding of

the physical behaviour of the deep part of the subducted

plate.
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Figure 15.... shows the nodal distribution and the struCturé‘

of the finite element model. The commands -on top are used
for modifying the model; see Appendix.



I1I. Analysis of Stress State and Instability

An earthgquake can be thought of as a sudden failure of
rocks, which is governed by the distribution of the streés/"
within tﬁe lithosphere. Therefore énalyzing the distribution
of the stress in the subducting zone is important in study
of séismic activity. In ordef té relate the stress
distribution more cloself'to sedsmic risk the concept of
iﬁgtability‘will be introduced in this chapter. Th; risk
probability function will be constructed from the theory for.
a Griffith crack (Jaeger and Cobk\1979). The distribution of
such probabiiity will demontrate seismically dangerous .

. .
locations. By relating seismicity to the instability
distributfbn, we can discuss how the seismicity is affected
by the tectonic sﬁfess, and in tufn understénd what kind of
Stéte of £ectoniC'stress is possible.

Considering the effects-of the drivihg mechanism on the
seismicity of VancouVer island) médels with different -
driving mechanism arevanalyséd in this chapter. The analysis
allows the suggestion of a possible relatigﬂ§pip,ehagmmézf,ﬂ

exist btheen driving forces due po,thé'bseanic ridge and

) v S , .
astheposphere and/;he*geiSmicity at upper part of the

R : .
subduction zone which is located beneath Vancouver Island.

3.1 The Concept of Stability

The failure process of the rocks is related not dnly-td
’ . - . : i . N .
the concentration of stress within rocks, but also to the
strength of the rocks. It is useful to introduce the concept

47
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of stability in analyzing rock-failure risk. This was first
used 1in seismic risk study by Uribe-Carvajal ahq)&yland
(1985).

For a two dimensional problem it is convenient to use
the Mohr circle ;epresentation which gives the relation
between shear‘stress and normal stress. The Mohr-Coulomb
‘failure criterion is an appropriate faillure critérion used
in rock mechanics. The physical significance of using a
Mohr—Cleomb failure envelop is that the rock is taken to
have a linear relationship between the critical shear stress
7 and critical stress difference, o0,-0;, that 1is regui;ed to

reach failure. The Mohr-Coulomb criterion is given by

T=So+ontan¢

7 Ve
wher'e‘So and ¢ are material constants. So,, 'the shear
strength undér'zero'normal préssure; varies‘congiderably
fromjzero in fractured materials to about 50 bars for
Sedihentary rocks up to several hundréd barS'fér igneous and
intact materials. ¢ is the angle of Sheaf resistance, which
lies btween 20° to 45°. fhis criterion sta#és that fgildre

occures when the Mohr circle touches the Mohr-Coulomb

Pl

-

~envelope.
: Uribg-Carvajal defined the'stability at a certaih po?nt'
,id the mbdei as tﬁe‘minimum’distahcé betwgen‘thg.failure'
ehvelope and. the Mohr circle of the strésé state,(Figure

16). The further the Mohr circle is irqmvfhe'failure
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'Flgure 1600e. showq the general def1n1t1on of 1n9tab111ty as
.- the minimum distance from the surface of the Mohr circle to
" the fallgre criterion, ‘ ’
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& ’ ®
envelope the more stable the stress state is;®T£e>stability
depends on thellocation<and the modél with which tﬁe stress
distribufion is calculated. It can be described as a

)

functional

3

S(x)=S[M(x',p.),x]

where p;, are the parameters of the modFl. After the model
khas been chosen, S(x) is onlyvaifunction‘of locatiQ“ If
different models are used in the stabili£y analysis, we can
see how the stability is affected by the different models.

The change of the stability with the models
AS(x)=S[M,,x]1-S[M,,x]

is defined as the gesidual staBility._In the .seismic risk‘
study of the Valley of Mexico,‘Uribe—Carvajél.used a
residual'instability as a measure of risk. This is derived‘
’ by first'estimating some.form of avefage strésses in the
area uhaer.ihvestigagion aﬁd then deterﬁinihg'the étreSses S
in an anomalous zone, SUbtract;;g from these stresses the
normal stresses and qalcul;ting the_distahces'of the Mohr
: circles for residual stresses from the féilure envelope. In
the fbllohing study,'I will use éffective shear stress and
inéorporate the ééhéept of the Griffith crack tb:aSSess'the
, . . , A )

measure of risk. , | o . .

' . . . " .. ~
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Griffith cracks are small flaws in\rock, which 1 assume
to be isotropically di§§ribu%$d in orien;%tion. The failure
of rocks takes place from thése flaws. However, there seems
no reason why it should not be applied to the behaviour of
much larger cracks using a scale at which rock can be
regarded as hoﬁogeneous, thereby proQiding an approacﬁ~¢q
the growth of fractures in rocks. We could aésumf the crust
and hanple a;e.homogeneous and contain a lot of cracks, and
failure will happen when those cracks are in unstable
equilibrium.

With an assumption of external stresses being held
constanf while the cracks extend, the condition for unstable
equilibrium of a crack of length 2¢ in a materialgof

LN

thickness t is (Jaeger and Cook, 1979)

%)
—(W-4act)=0
+ ac

where W is the strain energy of the body,'a is apparent

surface energy denéity of fhe fraégufe. be a rectangular o

plate of length 1,-width b and thickness t, containing a <

flat ;lliptical crack ofiiength 2c e*tending along the

direction of thenthickness,;the-strain energy W in the plate

for condifiéhs of blane st;;in is |
',Wéwo+ﬂc’t(i*v’)(d:+r’)/E
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whére Wo lsethe strain energy of the plate without the
crack, E is the 1ntrinsic Young's modulus, o, 1s the stress
perpendicular to the crack,‘énd 7 1s the shear stress
parallel to the crack. In the dase of a closed crack the
effective stress, (|T|~ontan¢5, 1s the only component of)
stress free to generate additional strain energy around the
cfack. Hence, the strain enerdy of the body can be obtained
by substituting (o2+7?) for the effective stress. If the
cracks are randomly distributed a spherical average may be
taken over all direcfions,'this yield§ a factor 1/3. The

strain energy then wrtten as
W=Wo+mc?t(1-v2)(|7|-0,tang)?/3E

The criterion at which thé crack will begin to grow, that is
the failure will happen, for the case of a closed crack is,

therefore, .given by

(|r]-on.tane¢)*22«E/7c(1-v2)
C
Or in another word, under the effective stress |r|-o,tan¢

"~ the cracks which satisfy the condi;?@n
c22aE/n(1-v?)(|7|-0.tang)?*

will fail. Thus, the strength of rocks is closely linked to
the size‘of‘cracks. Lo » |
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OPhysically, one can think of the failure criterion as

being controlled bf the distribution of cracks of various
size in the body, therefore it ;5 appropriate to use |
probability to describe the possibility of rock failure. F
éénerally it is difficult.to determine what kind of
distribution the cracks in’ a body will'follow, However, a
vaEiable will geneéally distribute no;mally if the value is
influenced by a numbér of.facto§§, and none of Qhése fagtors
have a dominant influence on it. Since we do not know what
will be dominant effects for the crack%distributioh, I would
think a normal distribution might be a reasonabie form for

the crack distribution in a body. Other distributions are

also possible.’For the sake of mathematilal simplicity, I

~.

)

assume the cracks of various size in the body are
N

distributed as

Po(c)=2c/o? -exp(-c?/0?)
. . ) N

Figure 17 shows the values of Po(c) calculated for 0=0.1.
This distribution has a similar form to a normal
'disiribution, but Po(c)=0'whehvc=0, hence the number of
cracks with zero length "is zero. Thfs is more reasonable
than normal distribution.’ . | o

If the rock contains only one cfack, the size of which‘v
is cbht;Ollea by‘PO, thé probabiiity‘tﬁat,the crack in the
rock will begin to grow by stress 1?l-§ntan¢ is given by’the;

probability.that‘the‘crack'will be iongér than critical. The
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;-,—,Ag{};i‘i'gure‘ 17.... shows the assumed distribution of cracks in a
- body. Polc) is calculated for 0=0.1. ’
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critical size 1s
c=2aE/n(1-v*)(|7|-0.tang)?

therefore the probability, 1-P,, that the crack will not

break is ¢

1-Po=1f 2c/0? expl(-c?/0?)dc=1-exp(-c?/0?)

=1-exp(-A*/02S*) ..

where A=2paE/w(1-v?), S=|T|—ontan¢.'However,‘a body usually
has many cracks within it. The.idea that one part of the
body is more stable than another suggests that the
‘probability of failure of the cracks within some volumes of
the body may be smaller than others. If w} assume the body
qontains n cracks per volume{ we willhghink this part of the

-

body fails if at least one of those cracks begin to g;owﬂ
Théreforé the probébility, 1—9; that nd cfacks‘ﬁithin the
’uqit volume will beéinsto grow as'a-resuit of the stressu
jrljanféﬁ¢ is the productfof the é;obability that an |

‘individual crack will not begin to grow, that is
o 17‘.P=( 1“po ) "=b( 1‘-exp(’,-)§"_/l_a»’S“) )'n

This gives

pei-(1-exp(-Ai/o*s))™ ¥
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Figure 18 shows values of P calculated for k;/o‘=7x10°,
n=100.

"Since the value of A and c are unhknown, it is generglly
convenient to Introduce a relative measurement which will
indicate that some-area is'cleser to failure than others;

.But'close does not mean that at a location with hidh
probability'value an earthquake must.occur. This relative
stability only gives'a comparative measure for all diffe;ent‘

parts of'the model (Uribe-Carvajal, 1984). Let o

$=(S-Smin)/(Swx~Smin), where Snx and ém‘n'is largest and

a

smallest of S respectively; In this case the variable § will
range from 0 to 1. | -

The dl‘ferent values of/ﬂ‘ ¢ and n will not change the
basic shape of the curve. of the probablllty function. The
only justlficatlon for phe choice of these constants for

‘this problem is to.make the curve have 'a reasonable shape as
S changes from 0 to 1. Here 0.116 and 1 are chosen for A'/g?

=,and n respectively. The frictional angle ¢ is chosen as 30?
in the calculatlon 1n this the51s. In the follow1ng sectlon,
thyahprobablll*glﬁunct1on w111 be used in representlng

e

/selsm1c risk in part1cular areas. - R ‘
T 3.2 Instab111ty Analy51s for Vancouver Island Reg1on

The state of stress of Vancouver Island was. calculated
K,w1th the two dlmen51onal f1n1te element model dlscussed in

\the prev1ous chapter. The f1rst model 1s calculated for the

/case that the area only suffers grav1tat10nal load The
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boundary conditions taken are as follows: the model ts
restricted to move in the vertical direction only on both
left and right sides, on the bottom no displacement can take

&

place.'In order to explore the distribution®of the anomalous

" stresses due to thé structure of\ﬁhe model, the treaﬁment of
residual stress is useful. Iﬁ 1s derived by subtraéting an
assumed gravitational stress field due to an iPfinite
homogenous half space from the stress field calculated 5
the model (Uribe-Carvajal, 1984,). Fiqgure 19a shows the
avérage stress distribution of the model, which 1s defined
by (o,+0,)/2. Figure 19b shows the maximum shear stress

" distribution defined by (0,-0,)/2. The norfmal stress field
due to an infinite homogenous half space was calculated by
assuming the density p=3.0 g/cm?® énd Poisspn's ratio »=0.3.
In Figure 19b we can see some contours along the lower part
of the subducting pléte.

Since tﬁe density of the upper mantle béneath ﬁhe
oceanic plate and that béneath ;he continental plate are
quite different, %t'is difficult to find an appropriate
density for thé agéumed infinite~hémogenous half épace;
Different dehsitiés were tried, but none gaves a bettef
resultf | ' i “

" The instability is calculated by means of effective
stress. Figure 20 shows the'distgibutioh of the“instability
of the‘Vancouvef I;land region. The éontoufs of* pqual
instaQTlity show that the instability concgdtrates along the

-subducting slab. This'implies that the Sinking'slab is more

A
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unstable compared with its sufrounding regions. Earthquakes
will have a. higher probability.of happening within those
regions. This phenomenon agrees with the concept of a
Benioff zone and the general idea that the earthquakes
occurrinrg alohg the Benioft zone are probably due toh
gra?itational stress. However the area -beneath Vancouver
Island, a region with anomalous structures, lacks such
instability ¢oncentration;

To incorporate an external stress, it shoplavbe
recalled that the driving tectonic stress introduced by the
ridge push'is about 200 bars, and a resistance force in
order of 20 bars will be genereted élohg the plate boundary:
The second moael 1s caleuleted for the case that there is an
exterhal force; ﬁfom ridge.push, exerted on the 6ce;nie
plate.vln this modei 1 assume a 20 bar viscous force acting
:og;the bottom of the oceenic plate opposihg the.motion of

"*theipiatet At,the“conve:gent matéfn en'additional‘ZO bars
frictional force acts en the top of the eceanic plate.‘ln
the calculation these forces are chahged;to body forces
écting'on”the oceahic plate for the reason discussed in
chapter 2. | | |
| Figure 2t shows the 1nstab111ty dlstrlbutlon of the
model and the dlstrlbutlon of the eanthquakes that have'
occurred.1n that reglon.rByigompar1ng Figure 20 yltheFlgu;e
21 it ean'be seen that the zone 1eCated beneethfvencou&et
Islahd_became more unstable. The unstable zone which is-

encioSed by the contours can also be reeognized by the fact



.. ‘@1e|d DIUEBD0 UC PalJAXB 82403 USnd BEPJ I UIIM |BPOW BUY JO3 A3} [1GQRISUL JO UOIINQLIISIP BU} sMous g Oga-w,.“.
) - - . . 1

. . f . . 5

, B - IR Wy 00g 00z o001 0o

- N



C A

63

that the earthquake foci concentrate in that region. The
observed seismicity occuring in the area is one of the
constraints on the model. The coincidence of the.

distribution of the instability contgbrs and observed

earthquake foci suggests that the force from ridge push has

" a direct relation to the seismic activity in the upper part

of the subducting zone at Vancouver Island.

The force from mantle convection rather than resisting

its motlon can be con51dered a‘possible driving force for

]
the motion of the oceanic plate ~For this reason a.deel

~with a viscous force acting on the bottom of the oceanic

plate in the direction of its motion was studied. In this

i

‘model I added some’force on the nodes beneath the oceanic

plate in the model by assuming there are about 10 bars

viscous force on the base of the oceanic plate.
J%igure 22 Shoys the distribution of the instability for

this model. Again in this model the contours are
concentrated on the top of the subducting plate, the
contours of value 0.4, 0.5 and 0.6 are all concent:ated in
the reglon located beneath Vanceuver Island, and they do not‘
show up at the r1ght 51de of the model or 1n the deep part
of the subduct1ng plate. ThlS zesult 1mp11es that under the~

A

applled force from grav1tat1ona1 rldge pushing and mantle

convection the»reg10n~located-beneath Vancouver Island is’

more unstable than the rest of the model

Comparlng the 1nstab111ty analy51s in models 1, -2 and'

3, one’ of thlngs we should notlce is that the unstable 'zone
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at top of the subducting plate i1s probably caused by stress
due tovridge push and mantle convection. The gravitational
pull of the dense‘subducted slab'seems not to affect that
region very much. If this 1is true, the state of tectonicv
stress in that region 1s caused by the interactiog,between
the oceanic plate-and the continental plete under the forces
due to ridge push and mantle convection and should be
predominantly horizontal. This can be checked by}the'focal
| mecuanism or fault-plane solutions of the large events in
the study area.

Rogers f1979) studiedvthe focal mechanism of normal
depth‘eérthquakes in the Vancouver Island region..He

1

concluded that the predominant type of faulting is |
strike*slip, either‘Hextral_striking nort%west or si%istral
"striking northeast, therefore the dominant compressive
tectonic stress is acting with a north~southvorientatiou. He
suggested~that'the earthguakes could be, responding to
'reglonal crustal compre551on caused by the Explorer America
“and/or Juan de Fuca Amerlca plate 1nteract10ns His result

agrees w1thrwhat«we suggest-from the modell1ng study

Although h1s suggested north south compre551ve force can not

be modelled in thls two dimensional model which is on an
' ,about northeast-southwest orientation, we can still combdre»
'the results studied by these-two differei;;méthods.

| It is accepted by most geophy51c1sts and geologlsts
that the Explorer and -Juan de Fuca. plates subduct beneath .

Vencouver Island, but the lack of" a,Benloff zone is still

’
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controversial. As discussed a50ve the concentration of the
instability along the sinkiﬁg slab could be responding to
the erresses caused by the gravitational pull of the cold
dense slab. The ‘lack of a Benioff zone in the Vancouver
Island region would suggest thet no such gravitational pull
acts on the deep part of the subducting plate. This suggests
such a cold dense subducted slab does not exist in the deep

b . .
part of the subduction zone. The heat flow study of the

[§]

southwest British Columbia suggests that one of the possible
reasons for.high heat flow farther inland is the upwelling
of'magma end"convective transport of heat fgyom a sinking
slab. Melt'ing -may commence whep the éiab"reaches a depth of
about 100 km. The area below critical temperathre for
earthquakes.is above 70 km in a sinking slab (Keen andg

Hyndman, 1979). Since the sinking‘slab starts to melt at

such a shallow depth, it will not generate a pulling force’

“.. on the. top Plate

We know generally there are ‘three k1nd of forces which

'prOV1de>a driving mechanlsm for'plate motlon; Two of them,

grav1tatlonal pull of a dense Sinking slab and grav1tat1onal

pushlng from an oceanlc ridge, are the same for dlfferent

trenches. Whether the drag force between the ocean1C"p1ate
and asthenosphere is passive or active depends on dlfferent
regionsriPreQious dlscu5510ns would lead to the suggestlon
thet visebps drag force fr9 he asthenosphere is one‘of*the‘L

L , B ‘
driving forces on.the Juan de Fuca plate as- it subducts

beneath Vancouver Island. This_foégé;(%;/;eiii%s The

k



gravitational pushing from the oceanic ridge, could be
directly related to the seismicity in the Vancouver Island

region.

67



1v. Conclusions

This study has shown that from a knowledge of thel
geological structure and some geophysical data of the
Vancou;er lsland region, a reasonable finite element model
of the plate interactions can Be built. The model used for
the stability determination of the Vancouver Island regioh
is restricted to elastic material anrd does not thke into
account the effect of temperature dlstributidn, Nevertherese
itican tell.}s something about the relation between
dlstribution of seismicity and geodynamic processe$ of that
. region. |

Instead of directly studying the distribution of
stresses, the instability distribution, which is descrihea

, ; ,
by the probability of Tock failure, was studied. One thing I
have to emphasise here 1is that prebahility.values are
N

relative within a model calculation, therefcre the actual
value is just antindicator of where failure is more likely’

. 2 : . _— .
to occur for a set of glven conditions. It 1s more

reasonable to focus this kind analysxs on th=ﬂ\
d1str1but10n of high and low value areas ‘rather than on the
values themselves. |
Analxg’& of the 1nstab111ty d1str1but10n shows that :
such a measure is very useful in studying the r1sk of B
-selsmlc events. Although the distribution of the stress 15.
also related to rock failure at certa1n p01nts of the model
it could not g1Ve a clear plcture of the unstable zone - 3

because of the dominance of the stress due to grav1ty. It is

68 S
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difficult to determine the stress field due to a homogeneous
infinitelhalf spaée, from which we can distinguish the
anomalous stress due to the structure or,plafe driving
mechanism of the model. For this kind of study the effective
stress 1s more capable in de3§ribing'instability. It gives a
better picture of instability distribution.
, .

We can link the instability with the state of stress by

different theories. In this study I use-the concept of

effective stress incorporated with a Mohr-Coulomb failure

> .
-

envelope, which means a linear relationship between critical
shear stress and the d:ffe;encg between maximum and minimuﬁ
principal stresses. The insfability funcgigg/is constfgcted
T by assuming a certain kind of créck dié;ribution within the
body.'This enables us to have a basic physical understanding
of the relations amonéfihe stress state, the crack
" distribution and the strength th; material,

We kno& that moét of earthquakeé'occu; on a preexistiﬁg
fault yhene'the strength is lower, qnd;éome'mechanicai’weak
region‘prqbébly»cofrESponds to a high dénsity of craégs.
Since thoSe‘elements caﬁ not be easiiy'determined, I gséd

the same‘étreﬁgth for different mate;iéls'distribuféd

through whole model, therefore the distribution of the

"~ instability only gives a view of how a seismic dangerous

."Fegion is affected by the tectonic stress. A particular

v. : . e T ) o )
- local event can probably be caused by the weakness of the
 loca1_materia1;'but the regiohaliseismicity should'agreé‘
with the high instability region controled by tectonic :

A
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stress. 1 also neglect the effects of the interaction among
those cracks, which may have an important effect on thel
crack propagation. ! |

The sﬁudy of how the distribution of the instabilﬁty 1s
affected by gravitational pull of a dense sinking‘sléb or o
gravitational pushing from an océanic ridge, was made for the

P .

Vancouver Island region. The results of the anaf&gis suggest
that instability at the upper part of subducting i&ne is
strongly linked to the driving fbrcesvfrom ridge push and
mantle drag, however the force from’grévitagéfnal PUli of

nse slab has iittle'effect_on the upper part of the

subduc ing plate. The instability concentrates.iﬁ the region
" located beneath Vancouver Island when the interactiéﬁ‘:' o
betwéen the Juan de Fuca and contgﬁéntal plates 1is ephénced,
by introducing a frictional force between- two platéé, The

"

observed seismic active area coincide with the instabiliti,
concéﬁtrated'area"{n'themodel.*ﬁ%therefore-bélieve éﬁat‘thgiw
drivingamééhénism of phe Vancdu?eg‘lslaqd suﬁdﬁction zone is .
pfbvided by. fhe gfa&itational pushiﬁé%ﬁfpm:the-fidge andf:
v'iAscbus.dra.-g e to ;;;be coﬁf«"ectidn in the ast“he,nospher-'e. The
gravitatiohai,pu11 of;theJd%hse siﬁkidéfSléb d6és‘nQ£ exis;[
ot makes a'negligéblé contFibution to tﬁé précéés. - |
| Thése simpie/ﬁodels‘ébinOt addressnfhe mofe cohpfex:l
.qUestibﬁs such aélthé mechanism of thé mantlevconVecpiOnw

" and hOw.the,météon‘of tﬁéyoceanic plate hay be géné#ated{ 
théyf@nly pfo§ide_an insight into some importamt aspébts of

the seismicityL the effects df'interaction*between:plates



A

and of gtavitational.streas.ﬁWe may have nqglected.some
other factors which have major influence on the seismicity.
-of 'the study region. ‘

I would repeat here that the elastic model, which does
not consider temperature effects, used‘for this study can \}
only g1ve a good approx1matlon for the upper few kllometere

;sq_,

Since,the heat flow of ‘the study area 1s. very hlgh AN
-\

)

~suggesting the oceanic plate is melting at a shallow depth, }7§;
it,ig important to take into account temperature‘etfects on i
the model. Some geophy51c1sts argue that fluid probably

exists. in a sdbduct1ng plate The exlstence of the fluid may ;

strongly—affect the dlstrlbutlon of the 1nstab111ty in its

\

8urrounﬁ1ng reglon. I% would be an interesting problbm to
- r
1ntroddce a. fluid into the f1n1te element model

l - { a,

A generally aqcepted ldea about’ plate'tectonics is that .

-

.the elastlc oceanic plate lles over a v1scous asthenosphere.

.Y
The plate subducts w1th steady qpeed 1nto the upper mantle

k

at the convergent margln and beglns to melt when ‘it reaches Vo
!‘

B h1gh tempep%ture in the deép part of the mantle. The effects
e e '
'or tie oceanlc plate over the v1scous asthenosphere and of

the me1t1ng part of the slnklng slab on the- motlon of the

-

$1nk1ng plate should be modelled in: order @o get a good
approxrmatlen for the subduvtlon reglon. ThlS requlﬁes.us to

cons1der the t1me dependenc effect of the v1sc051ty of the

Y

asthenosphere and the temperatj;e efﬁect on the deep part of

X the model To 1ntroduce these propertles into a f1n1te
S
element model is not stra1ghtforward A better result Yoo,



probably can be achagved when the model

1s improved.
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Appendix

The -finite element technique is a powerful tool for

‘calculating the stress field for a bedy with irregular

boundaries and complex materials. This technique is used 6;'

the calculation of the stress field in this thesis. One of

‘the difficulties in this technique is the tremendous amount -

of working time needed for preparing the input data file.
¢ .

Once the input data file is ready, it is time conéuming to

do any slight modification of the model. To overcome these

problems an interactive graphics Fortran program was writen.

»%His progrém.cah.add or delete nodes or elementiboh the

P

model, or move a node from one position to another. It can

be used.easily to vary the model and operates on the screen

i

of a graphic termindl. The program is attached.

.,7\7-.:‘ : “ . . o i ) ';...
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1000
‘1001
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7

1002

DIMENSION X(1000),Y(10003},X1(10),X2(10)
. ,Y1(10), Y2(10) U(1000) V(JOOO) TH(1500)
LNTEGER*4 IELMS(B,1500),KNOD(1000),MAT(1500)

CALL READIN(X,Y,NNODES, IELMS,NELMS,U,V,TH,MAT, KNOD)

I11=1 ;

CALL USMNMX(X,NNODES, 1,XMIN, XMAX)

CALL USMNMX(Y,NNODES, 1,YMIN, YMAX)

CALL WINDOW(XMIN XMAX YMIN YMAX) )

X1(I1)=XMIN

X2(I1)=XMAX

Y1(II)=YMIN

Y2(II)=YMAX

CALL IGINIT ‘

CALL IGCTRL('TERM', 'SCREEN', 'SQUARE")

CALL IGBGNS('MODL')

CALL IGCTRL('TERMINAL',6 'ERASE"') )

CALL IGTRAN('MODL','WIND' X1(II),X2(I1),Y1(I1),¥Y2(I1))
CALL IGBGNS('ELMS') ‘ :
CALL DRWLMS(X,Y,NNODES,IELMS,NELMS) -
,CALL'IGENDS('ELMSY) ,

CALL IGBGNS('NODS') .
CALL'DRWNDS(X,Y NNODES)
CALL IGENDS('NODS')
. CALL 'IGENDS ( 'MODL"' )

'CALL IGBGNS('MENU') -~

CALL MENU(' BLOWUP<E>', -0.9,0.9)
CALL MENU('BACK<E>', -.6,0. 9)

CALL MENU('STOP<E>',0.0,0.8)

CALL MENU('ADDNODES<E>',0 3,0.9)
CALL'MENU('SUBNODES<E>“,0.6,0;9)
CALL MENU('ADDELEMS<E>',-0.9,0.8)
CALL MENU('SUBELEMS<E>',-0.6,0.8) »
CALL MENU({'WRITE<E>',-0.25,0.8) .
“CALL MENU('REDRAW<E>"—0 3,0.9) ’ o
CALL MENU('RDWO<E>',-0.0,0.9)- a
CALL MENU('SCREEN DUMP<E>',0.2,0. 8) . :

CALL MENU(' ‘DRWNEWP<E>',0.63,Q.8)

CALL MENU('MVNOD<E>',-0¢9,0Q.7)

CALL IGENDS(' MENU ) A S

LY

5

* CALL IGCTRL(' TERMINAL' "ERASE').

CALL IGCTRL('TERMINAL', "KEEP', 1) ' ' ‘
CALL IGTRAN(' MODL"'WINQ' X1(11), x2(11) Y1(11),v2(; 4))
JUMP=TGPIKS ¢ 'BLOW' , 'BACK",'STOP', 'ADDN','SUBN','ADDE',
&'WRIT',"REDR', "RDWO', "SCRE", 'DRWN', TMVNO") o
GOTO . (1000 2000, 3000, 4000, 5000 6000 7000 8000, 9000 1100,
1200,.1300, 1400) , JUM?y s :

PRINT 1001' - ' S
'FORMAT ' - ENTER LOWER LEFT CORNER' ) e
“CALL "IGXYIN(XLEFT, YLOWER) ' : ST
XLEFT=SCALE (XLEFT,X1(I11), x2(11))

YLOWER= SCALE(YLOWER*Y1(II) Y2(II))

PRINT 1002

FORMAT(' ENTER. UPPER RIGHT CORNER )

CALL IGXYIN(XRIGHT YUPPER)



C

2000 ..

4000

5000-

2.

6000

Q
7000 -
8000

9000
1100

.. 1200

c*

.. 1300

v

1400

3000

iC

100

102

103

‘INTEGER#%4 “IELMS (3, 1500), MAT(1500) KNOD(1000) iy

XRIGHT=SCALE (XRIGHT,X1(11),X2(11)) . 79
YUPPER=SCALE (YUPPER,Y1(II),Y2(11)) ’

CALL; WINDOW(XLEFT, XRIGHT, YLOWER, YUPPER)

X1(I1+1)=XLEFT

X2(II1+1)=XRIGHT

Y1(11+1) YLOWER _ . -
Y2(I1+1)=YUPPER

I1=11+1 :

GOTO 3

IT=1I1-1

"GOTO 3

CALL ADDNOD(X,Y,NNODES,500,I1ELMS,NELMS,X1(II),X2(II),Y1(I1)
,Y2(11),U0,V,KNOD)

"GOTO 4 - .

CALL SUBNOD(X,Y,NNODES,IELMS, NELMS x1(11),x2(11),¥1(11)
,Y2(11),U0,V KNOD) _

"GOTO 4 9

CALL ADDELM(X,Y,NNODES, IELMS ,NELMS, 1000,X1(11),X2(11),Y1(I1},
.Y2(11),TH, MAT) : ,

GOTO 4 _

“CALL SUBELM(X,Y,NNODES, IELMS,6NELMS, x1( I1),X2(11),Y1(11)
,¥2(11),TH MAT)

"GOTO 4, :

CALL WRIT1(X,Y,NNODES,]ELMS,NELMS,U"V,TH,MAT, KNOD)

GOTO 4 . ) ,

oTo 3 o ‘ : ‘ e A
11=1 - i ’ o ..

GOTO 3 .

CALL IGDRON('CALC'")

GO TO 1

GOTO 2 AN

CALL MVNOD(X,Y, NNODES,XI(II) X2(II) Yl(II) ¥2(11))

GOTO

CALL IGCTRL( CALC' 'ENDPLOT )

STOP o

END

SUBROUTI NE READIN(X,Y,NNCDES, IELMS NELMS,U,V,TH,MAT,KNQP) . .

o g

READ(5, 100 )NNODES, (N, KNOD ¥) X(1);¥(1), U(I) v(1)<1~1 NNODES)
FORMAT(IS//(IS 16,2F12.2, 312 2)) ik

DIMENSION X(1000), Y(1000) U(1000) v(1000) TH(1500) : :

. READ (5, 102)NELMS : . R
'READ(5,103) (M, (IELMS(J M) ,Jd= 1 ,3), MAT(M) TH(Mﬁ,M=1,NELMS)

%9

FORMATCIS) ,
FORMAT(16,416,F6. )

. RETURN . “ : ' S B
SUBROUTINE WINDOW(XMIN XMAX, YMIN, YMAX) o ’
IF (YMAX-YMIN . GE . XMAX- RMIN).GOTO-1 . SR

CY1=(YMAX+YMIN) /2~ (XMAR-XMIN)/2° . . -0 .~
‘Y2= (YMAXfYMIN)/2+(XMAx XMIN) /27 ’ “j't .-

 YMIN= Yl“ “.; - _ g.' R -
YMAX=Y2 3-, AT AU
RETURN . . T

:x1-(anx+xMiN)/2 (YMAR=YMIN) /2

X2= (XMAX+XMIN)/2+(YMAK-YMIN)/2 S ‘}lf




100

200
300

R a

v

2

222

1

'-'1

N END

XMIN=X1 , 80
XMAX=X2 ..
RETURN

END

SUBROUTINE WRIT1(X,Y,NNODES, IELMS, NELMS,U,V,TH,MAT,6 KNOD)
DIMENSION X(NNODES),Y{(NNODES) ,h U(NNODES) ,6 V(NNODES), TH(NELMS)
INTEGER*4 IELMS(3,NELMS), MAT(NELMS) , KNOD{(NNODES)

WRITE(7, 100)NNODES, (I ,KNOD(I) ,X(1),¥(1),U(I1),Vv(1),I=1,NNODES)
FORMAT(I5/(216,4G12.2))

WRITE(7,200)NELMS ) ‘ ' _
WRITE(7,300) (M, (IELMS(J,M),J=1,3) ,MAT(M),TH(M) ,M=1 ,NELMS) -
FORMAT(IS5) -

FORMAT(516,F6.0) , .
RETURN A ¢

END . ‘

SUBROUTINE MENU(STRING,X,Y)
DIMENSION -STRING( 1)

'CALL IGBGNS(STRING) :
CALL IGMA(X,Y) ' : : ‘ »
CALL IGTXT(STRING)

CALL IGENDS(STRING)

+ RETURN -

END g

SUBROUTINE DRWLMS(X,Y,NNODES, IELMS,NELMS)

REAL*4 X(NNODES),Y(NNODES),RE(4),YE(4) |

INTEGER*4 I1ELMS(3,NELMS) . oo
DO 1 Is1,NELMS . ’ T
DO 2 J=1,3 u : S
XE(J)= X(IELMS(J 1))
YE(J)=Y(IELMS(J,1)) - ;MJ/}
XE(4)=X(IELMS(1,1)) ' ' )

YE(4)= Y(IELMS(1,1)) . .

CALL IGVEC(4,XE YE) _ )

END . . N .. N | )
FUNCTION SCALE(S,X1,X2) g
SCALE=S* (X2~ x1)/2 +(x2+x1)/2
RETURN ' N

- RETURN

s

INTEGER FUNCTION PIKNOD(X, Y ,NNODES, X1, xz Y1, Y2)
REAL*4 X(NNODES), Y(NNODES)
CALL IGXYIN(XIN, YIN)
'XIN=SCALE(XIN,X1 xa) - ,
"YIN=SCALE(YIN, Y1 Y2) A ‘ < -
DIST=(X(1) XIN)**2+(Y(1) YIN)**2 T
PIKNOD=1
DO 1 1=1,NNODES . : ‘
.DST= (x(I) XIN)**2+(Y(I) YIN)**Z
IF(DST.GE.DIST)GO’ To T
DIST= DST - ’ ' . _ _ ]
IKNOD=I - = L o S : R
CONTINUE = -~ % ' ' ‘ T

~ WRITE(6, 222)PIKN®D S Lo e

4

-«

FORMAT('NODE!,18) ~° .~~~ .. .. e

RETURN.

.

7+



END

SUBROUTINE DRWNDS(X,Y,NNODES) .
REAL*4 X(NNODES), Y(NNODES) '
DO 1 I1=1,NNODES .

CALL IGMA(X(I),¥(I)) o ~ .
1 "~ CALL IGSYM('W") ' '
RETURN )

END = . : S

-SUBROUTINE ADDNOD(X,Y, NNODBS NMAX, IELMS,NELMS, X1,X2,Y1,Y2
,U,V,KNOD)
REAL*4 X (NMAX) , Y(NMAX) U(NMAX) ,V(NMAX)
‘INTEGER*4 IELMS(3 NELMS) RIKNOD KNOD (NMAX )
IF(NNODES.UT.NMAX) GOTO 5 -«
CALL UBRTST(33,'ADDNOD‘)
RETURN ‘ ,
5 PRINT 100 ' "
100° FORMAT(' PICK A NODE AFTER WHICH YOU WILL .ADD A NEW NODE )
' NTEMP=PTKNOD(X, Y,NNODES, X1 x2 ,Y1,Y2) . . _
NT=NNODES-NTEMP
; DO 2 I=1,NT
g Y (NNODES+2-1)=Y(NNODES+1-1)
" X (NNODES+2-1)=X(NNODES+1-1)
U(NNODES+2-1')=U(NNODBES+1-1)
* < V(NNODES+2-1,)=V(NNODES+1-1)
2 ~7 KNOD(NNODES+2-1)= KNOD(NNODES+1-I)
‘. PRINT 101 ' )
101 IFORMAT(' ADD THE NEW NODES') ‘ C, ©
"CALL IGXYIN(XX,YY?) | : ?
X(NTEMP+1) SCALE("XX,X1,X2) ‘ o
 YINTEMP+1) = =SCALE ({° Y1,¥2) :
NNODES=NNODES+1 ' . N
CALL ARRE(IELMS,NELMS,NTEMP+1, 1) .
" PRINT 102
102 FORMAT('DO YOU WANT. TO SPECIFY B.C. ?'/
. ' 1=YES,0=NO')
READ(®6, 103)x
.- 103 FORMAT(11L ' .
‘ IF(K.EQ.1)GOTO 3. SERE
| U(NTEMP+1)=0.0
© V(NTEMP+1)=0.0
KNOD(NTEMP+1) 0
. GOTO 4 B . . .
3 .  PRINT 109~* o
104  FORMAT(' INQE;\QSPE OF B. c (KNOD=?) *1)-
- READ(6, 105) . , A
105 FORMAT(IZ) ‘ -
KNOD(NTEMP+1}=L S - -
: . PRINT 106 , Ty .
106 - FORMAT('INPUT U AND V') o T -
- "READ(6,107)UU,VV SRR : o -
107 FORMAT(2G12 2) M ’ ' : N
. U(NTEMP+1)=U00 . S ,
* : V(NTEMP+1)=VV. o A o e e
4. - CALL IGMA(XX,YY) - . ) R
‘ . CALL. IGTXT('+<E> D I L , - o
" " RETURN S T TR
GEND . N A'. ° B ) - I ’_ vvr

)

w0 _ .

Sy



" .
SUBROUTINE SUBNOD(X, Y, NNODES, IELMS,NELMS,X1 X2,Y1,Yv2,
U V,KNOD)
L*4 X (NNODES) , Y(NNODES) ,U(NNODES), V(NNODES)
IN EGER#*4 IELMS(3 NELMS) , PIKNOD, KNOD(NNODES)
PRINT ,100 .
100 FORMA%(' WHICH NODE YOU WANT.TO SUBTRACT')
"INDEX=PIKNDD(X,Y,NNODES,X1,X2,Y1,Y2)
NLMS=NELMS
DO 1 I$1,NELMS
DQ 2 J=1,3
N IF(IELMS(J 1).NE. INDEX)GO TO ®
NLMS=NLMS- 1 .
DO 3 K=1,NLMS
* DO 3 L=1,3 -

.3 1ELMS(L, K) -IELMS (L, K1)
oL 3=3
"L . | [= I _‘1 . ! -

2+ CONTINUE,
E.NLMS)I=NELMS+ 1

K .- . ’ -
'-‘j e NE%—NI,MS ! | 8l

(IR Y & UE * N
"+ NNODES=NNODES- 1
© DOg4 I1=INDEX,NNODES
CR(I)=X(1+1)
. Y(CI)=Y(1+1)
(
(

YTU(1)=U(1+1) S e
V(I)=V(I+1)- ’ :
4 KNOD(I)=RNOD(I+1) :
© €ALL ARRE(IELMS,NELMS, INDEX - 1)
C4ETURN
’END e -

SUBROUTINE ARRE (1ELMS, NELMS, INDEX, NSIGN) o

INTEGER*4 IELMS(3,NELMS) . ¢ ‘ ‘

DO 4 I=1,NELMS - * Co

DOy 1 J=1,3

IFiIELMS(J 1).LT.INDEX) GOTQO 1 ' :

. LELMS(J,1)=TELMS( JEI)+NSIGN | \ .

1 ,CONTINUE . L :
" "RETURN . o . , N

LS END - I . : -

INTEGER FUNCTION. PIKELM(X Y, NNODES ; IELMS, NELMS, X1, x2 Y1, Y2)
'+ REAL*4 X(NNODES), Y(NNODES) - : ) IECTA N

, INTEGER*4 IELMS(3 NELMS )/, 11(3) PIKNOD : . .

. PRINT 100 - K -a L ‘L

104, © FORMAT(' INPUT THREE NODES OF THE. ELEMENT )
. DO 5 I=1,3 . Y .
“I1(1)= PIKNOD(X Y, NNODES X1, xz Yr,v2), o ' L

5;;* "PRINT 1071 Yo , 5 S L
107 - FORMAT('OK') .- +;s; L ' _— . AR

DO 1. I=t,NELMS . .- Lo TN ' £

ffk ... DO 2 Js1,3, . e ,
+ DO 3 K=1,3- : -

°‘ 1F(rELMERT, 1). EQ 11(K))Go T2 .|
37 . MCONTINUE® = - \ R S
CotGorot . I R
" '2"'  CONTINUE BT 2 [N

Lo

PIKELM=I -~ ' = . e
RETURN .~ ' " R

: ‘ . i . .-‘v. "v : )
. ) F . . L . e . ‘ : . L E T
. -, R P — . R . c T T ' VA ’ e
Y : N . B . o . .o o
s Lo . X . - ? - R U .. . "



1, CONTINUE : ' S 83

"PIKELM=-1
RETURN
END -

C » » .
SUBROUTINE ADDELM(X,Y,NNODES, IELMS,NELMS, NEMAX x1 X2 Y1 Y2,TH,MAT)
REAL%*4 X(NNODES), Y(NNODES) TH(NEMAX)
INTEGER*4 IELMS(3 NEMAX) , PIKNOD, PIKELM; MAT(NEMAX)
IF(NELMS.LT. NBMAX)GOTO 1
CALL UERTST(33,'ADDELM')

_ RETURN o :

1 PRINT 100 o

1000  FORMAT(' PICK A ELEMENT AFTER WHICH YOU WILL ADD A NEW ONE')
;. INDEX=PIKELM(X,Y,NNODES, IELMS,NELMS X 1,X2,Y1,¥2) |
- NT=NELMS-INDEX T
‘DO 2 I=1,NT
-DO 2 J=1,3
2 TELMS (J,NELMS+2-1 ) = IELMS(J NELMS+1-1)
NELMS=NELMS+ |
PRINT 101 _ o :
101. ~ FORMAT(' ADD NEW ELEMENT, INPUT. THREE NODES IN ORDER OF COUNTERCLO
&CKWISE') S : "‘ " :
DO 5 I=1,3
TELMS (I ; INDEX+1)= PIKNOD(X Y ,NNODES,X1,X2, Y1 Y2r=
5 . PRINT 102
102 'FORMAT('OK') . . .
_ PRINT 103 ' e I
103 = FORMAT('INPUT CODE OF MATERIAL AND' THIKNESS {MAT & TH) '/ °
‘ .'INPUT 0.0 FOR UNIT THIKNESS') ‘ L '
. READ(6, 104)MM, TT . '
104 ,;FORMAT(IZ,FG.O) o L , ‘ ) :
‘MAT (INDEX+1)=MM : ~ e,
~ TH(INDEX+1)=TT K ' '
RETURN
~END

,94

* SUBROUTINE SUBELM(X Y,NNODES, IELMS, NELMS X1,X2, Y1 ,Y2,TH,MAT)
: REAL*4 -X{NNODES) , Y(NNODES) TH(NELMS)
. 'INTEGER*4 IELMS(3 NELMS) , PIKELM MAT (NELMS )
~ +PRINT 100 : : :
100 ' 'FORMAT(' PICK A ELEMENT YOU WANT TO SUBTRACT') . s
INDEX=PIKELM{X,Y, NNODES IELMS NELMS,X1,X2,Y1, Y2)
DO 1 I=INDEX, NELMS ‘ .
TH(I)=TH(I+1) X ‘ ' oL
MAT(I)= MAT(I+1) T _ o o
‘ - DO 1 J=1,3 o N R
1 IELMS (J; 1)= IELMS(J,1+1) L N ' :
~ 'NELMS=NELMS:1 c R
RETURN e . o ' et
: END L e &' * S f
Cc ' ‘ 3N ' . SN ; _
SUBROUTINE MVNOD(X Y NNODESgX1 X2, Y] Y2) L o E,
REAL%4 X(NNODES), Y(NNODES) : B AR
INTEGER ‘PIKNOD | . 3 ’ ' . ~
-~ PRINT 100 . '
2100 FORMAT( PICK UP THE NODE') =
v INDEX=PIKNOD(X, Y, NNODES x1 xz Y1, zz) .
, "PRINT 101 , . . . :
101 ° FORMAT( ' INPUT NEW COORDINATE y .- S ~
’ CALL IGXYIN(XIN YIN) L o '

L

SN



X(INDEX)=SCALE(XIN,X1,%2)
Y(INDEX)=SCALE(YIN,Y!,Y2)
RETURN
END
$ENDFILE g ' : -
$IF RC>0 $SOU PREVIOUS : Lo X
$R -LOAD#+*1G+*IMSLLIB 5=m2p1 4=DSTRESS 9=-P. 7=-F
$EXEC *ESPPRUN -P FEET=20 RETURN=PHYS ‘

o
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