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ABSTRACT 

The fo rmat ion o f a graben has been i n v e s t i g a t e d using f i n i t e 

element a n a l y s i s . A new method o f mode l l i ng f a u l t s has been developed 

which i s based on c a l c u l a t i n g the shear s t resses on the f a u l t and , i f 

they exceed the f r i c t i o n a l s t r e n g t h , app ly ing fo rces which cause 

f r i c t i o n a l s l i d i n g . Both Newtonian v i s c o - e l a s t i c and power law creep 

rheo log ies have been used f o r the lower l i t h o s p h e r e . The deformat ion 

pa t te rns seen i n the models are r e l a t i v e l y i n s e n s i t i v e to which one 

i s used. 

Stress a m p l i f i c a t i o n i s shown to r e s u l t i n normal f a u l t i n g i n the 

upper , b r i t t l e l aye r as a r e s u l t o f r e l a t i v e l y small s t resses o f about 

20 MPa being app l i ed throughout the depth o f the l i t h o s p h e r e . When a 

f a u l t i s i n t roduced i n t o the model the s t resses ad jacent to the f a u l t 

are r e - o r i e n t a t e d and secondary f a u l t i n g i s p r e d i c t e d . The bending p r o f i l e 

assoc ia ted w i t h the f a u l t deformat ion r e s u l t s i n a weakness where the 

s t resses are most g r e a t l y m o d i f i e d . A second normal f a u l t may form here . 

I f the f a u l t movement i s conf ined to the upper p a r t o f the b r i t t l e l aye r 

then the p red i c t ed graben w id th is between 5 and 15 km. For deeper f a u l t 

movement and an under l y ing f l u i d the p red i c ted w id th increases t o 

50 - 55 km. A more r e a l i s t i c rheology f o r the unde r l y i ng m a t e r i a l i s 

v i s c o - e l a s t i c i t y . In t h i s case the p r e d i c t e d w id th i s about 25 km. 

The f a u l t throw increases as the v i s c o - e l a s t i c ma te r i a l re laxes but no 

s i g n i f i c a n t change i s seen i n the w i d t h . 

The subsidence o f a 50 km wide graben wedge has been examined. For 

app l i ed s t resses o f about 50 MPa and c o e f f i c i e n t s o f f r i c t i o n o f less 

than about 0 . 1 , subsidence o f about 1 km i s p r e d i c t e d . This does not 

i nc lude sediment i n f i l l i n g . The subs id ing wedge causes la rge compressive 



st resses i n the under l y ing ma te r ia l which may be l o n g - l a s t i n g . The 

subsidence is c o n t r o l l e d by the boundary f a u l t s and causes bending o f 

the block which may r e s u l t i n i n t e r n a l de fo rma t i on . 
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CHAPTER 1 

AN INTRODUCTION TO GRABEN STRUCTURES 

1 I n t r o d u c t i o n 

The basic geometry of a graben i s o f a downthrown block between 

two normal f a u l t s , a l though one f a u l t on ly may be p resent . They are 

t y p i c a l l y much longer (measured along the s t r i k e ) than they are w ide. 

These s t r u c t u r e s can be seen on many d i f f e r e n t scales and t h e i r 

importance to geodynamic s tud ies r e s u l t s not on ly from an i n t e r e s t in 

the mechanics o f t h e i r f o r m a t i o n , but a lso t h e i r s i g n i f i c a n c e i n r i f t 

v a l l e y systems, c o n t i n e n t a l s p l i t t i n g , and as i n i t i a t i n g mechanisms 

f o r sedimentary basin development. 

The occurrence and phys ica l c h a r a c t e r i s t i c s o f graben s t r u c t u r e s 

w i l l be descr ibed b r i e f l y in t h i s chap te r , together w i t h a review o f 

cu r ren t t heo r i es o f t h e i r f o r m a t i o n . 

2 Occurrence and Physical C h a r a c t e r i s t i c s o f Graben 

1.2.1 Occurrence 

Graben occur a t a l l scales w i t h i n c o n t i n e n t a l p l a t e s . The l a r g e -

scale c o n t i n e n t a l graben are very long and have wid ths o f up to 80 km. 

Some o f these u n d e r l i e major sedimentary bas ins , such as the North Sea 

(Kent , 1975; Z i e g l e r , 1975) , the Michigan basin and the Chad bas in 

(Burke, 1976b), and may have acted as depressions f o r e a r l y sediment­

a t i o n which have subsequent ly led to f l e x u r e and major basin fo rmat ion 

(Beaumont and Sweeney, 1978; Beaumont, 1978). Other major graben, i n 

p a r t i c u l a r the Rhinegraben, Lake Baika l and the East A f r i c a n r i f t 
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system, are s i t u a t e d on u p l i f t e d areas and are amenable to geo log i ca l 

and geophysical s tudy. The Basin and Range prov ince o f North America 

i s cha rac te r i sed by many graben o f t y p i c a l w id th between 10 and 20 km 

(Wr ight and T r o x e l , 1973; S tewar t , 1978). I t i s the poss ib le mechanism 

o f fo rmat ion o f these l a r g e , c o n t i n e n t a l graben t h a t w i l l be i n v e s t i g a t e d 

in t h i s t h e s i s . 

On a smal le r s c a l e , graben w i t h widths o f several hundred metres 

and occu r r i ng a t r egu la r i n t e r v a l s are seen in the Canyonlands Nat iona l 

Park, Utah (McGi l l and S t romqu is t , 1979) , and graben o f on ly a few 

metres i n w id th can form as a r e s u l t o f an instantaneous t e c t o n i c even t , 

such as the Alaskan earthquake o f 1964 ( V o i g h t , 1974). 

Graben a lso occur a t passive p l a t e margins. These are o f t e n r e l i c 

graben and ha l f - g raben s t r u c t u r e s assoc ia ted w i t h ocean opening. Examples 

o f these are seen around the margins o f the A t l a n t i c Ocean (Burke , 1976a). 

These may be r e a c t i v a t e d , and new graben formed, as a r e s u l t o f subsidence 

and sed imentat ion on the con t i nen ta l s h e l f ( B o t t , 1971; Sher idan, 1976). 

1.2.2 Surface fea tu res o f major c o n t i n e n t a l graben 

Cont inen ta l r i f t zones are very long and composed o f many graben 

o f d i f f e r e n t d imensions. The Baikal r i f t extends f o r 2,500 km i n a 

SW - NE d i r e c t i o n and the East A f r i c a n r i f t zone covers a d i s tance o f 

4,000 km. The l a r g e s t graben in the Baika l area i s the South Baikal 

depression which i s over 400 km long and up to 60 km wide and was the 

s i t e o f the e a r l i e s t r i f t i n g in t h i s a rea , i n Middle Eocene t imes 

(Logatchev and F lo rensov , 1978). The l a r g e s t graben i n the East A f r i c a n 

system i s the Gregory r i f t w i t h a w id th o f 60 to 70 km, s i t u a t e d i n the 

cen t ra l pa r t of the Kenya r i f t (Baker and wohlenberg, 1971). The 

.Rhinegraben has a leng th of 300 km and a mean w id th o f 36 km and s t a r t e d 
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subs id ing in Middle Eocene t imes ( l i l i e s , 1970). Widths o f between 

30 and 70 km seem to be t y p i c a l f o r major graben s t r uc tu res - the 

North Sea graben have widths in t h i s range and the Oslo graben has 

a w id th of &0 km (Ramberg, 1972). 

The t y p i c a l s t r u c t u r e o f these graben i s of a downthrown b lock , 

heav i l y f a u l t e d w i t h t i l t e d f a u l t b l o c k s , between normal f a u l t s o f 

d i p 55 c to 3 0 ° , most f r e q u e n t l y 60° to 65° . The shoulders form steep 

escarpments towards the graben and d ip gen t l y outwards a t 1° to 3° 

( l i l i e s , 1970). A s t r i k i n g f ea tu re o f graben s t r u c t u r e s i s the 

p a r a l l e l nature o f the boundary f a u l t zones. The maximum shoulder 

u p l i f t f o r a l l th ree major s t r u c t u r e s t ha t have been discussed va r i es 

from 2 to 2.5 km ( l i l i e s , 1970; Kolmogorov and Kolmogorova, 1978; 

Baker and Wohlenberg, 1971). The Rhinegraben has a maximum sedimentary 

f i l l of 3.4 km ( l i l i e s , 1970). The boundary f a u l t s i n the Baikal area 

have throws less than 1 km w i t h the except ion of the Obruchev f a u l t 

which forms the western boundary of the South Baika l depression which 

has a throw o f a t l e a s t 6 km (Sherman, 1978). The throw on the boundary 

f a u l t s o f the Gregory r i f t i s 3 to 4 km (Baker and Wohlenberg, 1971). 

F igure 1.1 i s a block diagram o f the Rhinegraben and i l l u s t r a t e s the 

t y p i c a l graben s t r u c t u r e discussed above. 

The amount of ex tens ion undergone can be est imated by p a l i n s p a s t i c 

r e c o n s t r u c t i o n of the f a u l t b locks . This method g ives 4.8 km extens ion 

in the Rhinegraben ( l i l i e s , 1970). Extension i n the Baikal area i s , i n 

gene ra l , a few k i l o m e t r e s , poss ib ly exceeding 10 km in the South Baika l 

depression (Logatchev and F lorensov, 1978) , and i n the East A f r i c a n 

r i f t zone i s between 5 and 10 km (Baker and Wohlenberg, 1971). 

The major r i f t zones are g e n e r a l l y cha rac te r i sed by domal u p l i f t s 

which preceded the i n i t i a l stages o f r i f t i n g (K ise lev e t a l . , 1978; 
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Davidson and Rex, 1980). They are a lso cha rac te r i sed by a two stage 

e v o l u t i o n p a t t e r n , c o n s i s t i n g o f an e a r l y per iod o f weak, t e c t o n i c 

movements and sha l low, p r o t o - r i f t basin f o r m a t i o n , fo l lowed by a 

l a t e r stage o f rap id a c t i v i t y w i t h f a u l t i n g and f u r t h e r u p l i f t 

(Logatchev e t a l . , 1972; l i l i e s , 1975; Logatchev and F lo rensov , 1978). 

Volcanism i s assoc ia ted w i t h these a reas , a l though the amount v a r i e s . 

The Baika l area has approx imate ly 5,000 km3 o f vo l can ics compared w i t h 

500,000 km3 i n East A f r i c a . B a s a l t i c lavas are the t y p i c a l v o l c a n i c s , 

p a r t i c u l a r l y i n the a l k a l i n e and i n te rmed ia te range of composi t ion 

(Logatchev et a l . , 1972; K ise lev et a l . , 1978). I t has been po in ted 

out t h a t f o r the Rhinegraben, East A f r i c a and the Baika l r i f t volcanism 

occurred e a r l i e r than graben fo rmat ion and was assoc ia ted w i t h the 

doming ra the r than the f u t u r e graben f a u l t zones (Logatchev e t a l . , 

1972; l i l i e s , 1977; Logatchev and F lo rensov , 1978). 

1.2.3 Deep s t r u c t u r e o f major c o n t i n e n t a l graben 

The i n i t i a l development o f r i f t v a l l e y graben was probably 

c o n t r o l l e d by p r e - e x i s t i n g l i n e s of weakness in the basement. The 

Rhinegraben f o l l ows Hercynian and Caledonian basement f a u l t s ( l i l i e s , 

1977) and the South Baikal depression o v e r l i e s a su ture between the 

Precambrian S ibe r i an p l a t f o rm and the Sayan-Baikal f o l d b e l t 

(Logatchev and F lo rensov , 1978). Younger graben developed a f t e r the 

i n i t i a l f a u l t i n g show less dependence and may cu t across the s t r u c t u r a l 

g r a i n o f the a rea ; f o r ins tance the nor thern pa r t o f the Baikal r i f t 

zone d iverges from the anc ient l i n e o f su ture i n t o the Sayan-Baikal 

f o l d b e l t (Zamarayev and Ruzhich, 1978). 

Seismic r e f r a c t i o n experiments over c o n t i n e n t a l r i f t v a l l e y s 

t y p i c a l l y demonstrate an upwarping o f the Mohorovic ic d i s c o n t i n u i t y 
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beneath the graben. G r i f f i t h s et a l . (1971) i n a r e f r a c t i o n survey 

over the nor thern pa r t o f the Gregory R i f t found a 20 km t h i c k l a y e r 

w i t h P-wave v e l o c i t y 6.4 kms ] o v e r l y i n g ma te r ia l w i t h a v e l o c i t y 

o f 7.5 k m s _ i , which was i n t e r p r e t e d as anomalous, low v e l o c i t y mant le . 

Delays from te lese i sm ic P-wave a r r i v a l s suggested a minimum th ickness 

o f 100 km f o r t h i s m a t e r i a l , assuming the v e l o c i t y c o n t r a s t remained 

the same. Long et a l . (1973) po in ted out t h a t t h i s low v e l o c i t y mant le 

i s conf ined to the ax is o f the Gregory r i f t , and Long and.Backhouse 

(1976) concluded t h a t the anomalous mantle t h i n s not on ly westwards, 

away from the r i f t a x i s , but a lso northwards where the r i f t d ies out 

in nor thern Kenya. 

The Moho beneath the Baikal area a lso seems to be upwarped 

beneath the major graben to a depth o f 35 km, compared w i t h 42 to 

46 km away from the r i f t . The morphology o f t h i s boundary i s , however, 

a compl icated sur face which i s i r r e g u l a r along the r i f t zone s t r i k e 

(Puzyrev et a l . , 1978). A low v e l o c i t y l aye r i n the c r u s t , w i t h a 

c o n t r a s t o f 0.2 to 0.3 k m s - 1 , a t approx imate ly 12 km has been detected 

by Puzyrev e t a l . (1978) who a lso suggested t h a t anomalous, low v e l o c i t y 

mantle o f 7.6 to 7.8 k m s " 1 unde r l i e s the Moho w i t h an average th ickness 

o f 17 km. This was thought to be unde r l a i n by normal mantle some tens 

o f k i l omet res t h i c k , a l though they suggested a narrow v e r t i c a l 

connect ion between the anomalous l a y e r and the deeper, low v e l o c i t y 

zone loca ted along the r i f t a x i s . The area o f the anomalous mant le 

was thought to be 2 to 3 t imes wider than the Baikal r i f t zone as 

de f ined from sur face geology. From a study o f the delays assoc ia ted 

w i t h t e l ese i sm ic P-wave a r r i v a l s Zo r in and Rogozhina (1978) found t h a t 

the upper boundary o f the low v e l o c i t y mantle r i s e s up to the base o f 

the c r u s t on l y under the r i f t zone proper and d ips away from t h i s a rea . 
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Assuming a constant v e l o c i t y d i f f e r e n t i a l o f 0.3 k m s " 1 , the lower 

boundary was c a l c u l a t e d as being 400 km deep beneath the g rea te r p a r t 

o f the r i f t zone. This s t r u c t u r e seems more reasonable than the 17 km 

t h i c k l aye r proposed by Puzyrev et a l . (1978) and has obvious s i m i l a r i t i e s 

to the anomalous mant le beneath the Gregory r i f t . 

Re f rac t i on s tud ies by Meissner e t al . (1970) and Ansorge et a l . 

(1970) suggested t h a t a ' cush ion ' o f low v e l o c i t y mantle (7 .5 to 

7.7 k m s " 1 ) w i t h a w id th of about 180 km ex i s t ed a t the base o f the 

c r u s t beneath the Rhinegraben a t a depth o f 25 km. However, t h i s conc lus ion 

was shown to be i n c o r r e c t by l a t e r reversed p r o f i l e s (Rhinegraben Research 

Group f o r Explosion Seismology, 1974) which showed t h i s boundary to be 

an 8.1 k m s " 1 r e f r a c t o r , cons i s t en t w i t h ' no rma l ' mant le . A j o i n t 

i n t e r p r e t a t i o n o f a l l seismic r e f r a c t i o n p r o f i l e s i n the southern 

Rhinegraben a rea , us ing t ime- te rm a n a l y s i s , by Edel e t a l . (1975) 

demonstrated an e l e v a t i o n o f the c rus t -man t l e boundary forming an arch 

w i t h a span o f 150 to 180 km and reaching a depth o f 25 km beneath the 

f l a n k s o f the graben. Beneath the graben p roper , a t r a n s i t i o n zone 

was found to be present w i t h a th ickness o f 4 km and the s t ronges t v e l o c i t y 

g rad ien t a t a depth o f 21 km. This zone was regarded as a reg ion o f c r u s t -

mant le i n t e r a c t i o n . Away from the Rhinegraben the Moho is a t a depth o f 

30 to 35 km. F igure 1.2 shows the Moho topography and i t s r e l a t i o n s h i p 

to the sur face f e a t u r e s . A low v e l o c i t y l a y e r a t a depth o f 10 km below 

the graben proper was found i n the c r u s t , ex tending to about 19 km. 

Between 19 and 25 km a l am ina ted , t r a n s i t i o n s t r u c t u r e was assumed on 

the basis o f the s t r i a t e charac te r o f the observed deep r e f l e c t i o n s 

(Mue l le r and Rybach, 1974) w i t h , p o s s i b l y , a t h i n low v e l o c i t y l a y e r 

a t the base o f the c r u s t . 

The Bouguer g r a v i t y anomaly over the Gregory r i f t in East A f r i c a 
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shows a long wavelength negat ive anomaly, 1000 km w ide , w i t h an 

ampl i tude o f up to -150 mgal , toge ther w i t h a superimposed p o s i t i v e 

anomaly over the r i f t ax i s o f 40 to 30 km w id th w i t h an ampl i tude of 

+30 to +60 mgal (Fairhead and G i r d l e r , 1972). The small g rad ien ts 

assoc ia ted w i t h the negat ive anomaly suggest t h a t the cause i s a t 

cons iderab le depth and the anomaly has been i n t e r p r e t e d as being due 

to low dens i t y asthenosphere rep lac ing the upper mantle par t o f the 

l i t h o s p h e r e . The a x i a l p o s i t i v e anomaly i s considered to be due to the 

presence o f a m a n t l e - d e r i v e d , i n t r u s i v e zone reaching to w i t h i n 2 km 

o f the r i f t su r face . Various models have been proposed to f i t t h i s 

i n t e r p r e t a t i o n and have been summarised by For th (1975) . 

Grav i t y anomalies i n the Baika l reg ion show weak, nega t i ve , 

reg iona l i s o s t a t i c anomalies w i t h an ext remely deep minimum c o i n c i d i n g 

w i t h the Baikal Lake v a l l e y (Artemjev and Ar tyushkov, 1971). Negat ive 

anomalies o f lower i n t e n s i t y correspond to o ther r i f t va l l e ys i n t h i s 

area. A f t e r c o r r e c t i n g f o r the sediments, and exc lud ing the l oca l 

minimum, the Baikal reg ion i s cha rac te r i sed by a wide r e l a t i v e maximum 

in the Bouguer anomal ies. This is cons i s t en t w i t h an upwarping of the 

Mohorovic ic d i s c o n t i n u i t y . The loca l minimum over Lake Baika l cannot 

be complete ly removed by assuming t h a t the i s o s t a t i c ba lanc ing o f the 

sediments and water f i l l i n g the v a l l e y i s t o t a l . This i s i n t e r p r e t e d 

by Artemjev and Artyushkov (1971) as being due to e i t h e r an incomplete 

knowledge o f the shape and sediment f i l l o f the v a l l e y , or a v a r i a t i o n 

in c r u s t a l th ickness under Lake B a i k a l , or a decrease in upper mantle 

dens i t y beneath Lake B a i k a l . The t h i r d a l t e r n a t i v e i s cons i s t en t w i t h 

the general negat ive r e g i o n a l , high heat f l ow d a t a , and seismic v e l o c i t y 

decrease in the upper mantle beneath the r i f t as descr ibed p r e v i o u s l y . 

The Rhinegraben i s cha rac te r i sed by an asymmetric negat ive g r a v i t y 
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anomaly o f about 30 mgal . Most o f the anomaly can be accounted f o r 

by the sedimentary f i l l . However, Muel le r and Rybach (1974) have po in ted 

out t h a t the observed minimum in the g r a v i t y anomaly does not co i nc i de 

w i t h the minimum due to the sediment cover . They have i n t e r p r e t e d t h i s 

as an upward i n d e n t a t i o n o f the s i a l i c low v e l o c i t y (and presumably low 

d e n s i t y ) c r u s t a l l a y e r i n t o the o v e r l y i n g basement. The e f f e c t o f the 

e levated c rus t -man t l e boundary beneath the Rhinegraben i s not seen in 

the Bouguer anomaly. Fuchs (1974) has suggested t h a t t h i s may be due 

to e i t h e r a column o f lower l i t h o s p h e r e heated by conduct ion (and t h e r e ­

f o r e o f lower d e n s i t y ) , or a heat ing e f f e c t as a r e s u l t o f mass t r a n s f e r 

e i t h e r as a d i a p i r i c r i s e from the base o f the l i t h o s p h e r e or as a 

zone o f low v e l o c i t y ma te r ia l i n the lower l i t h o s p h e r e . The smal le r t ime 

constant requ i red f o r mass t r a n s p o r t would make t h i s more l i k e l y than 

heat ing by conduc t ion . 

The Oslo graben has a broad p o s i t i v e g r a v i t y anomaly which has 

been i n t e r p r e t e d by Ramberg (1972) as a sha l low ing o f the Mohorovic ic 

d i s c o n t i n u i t y beneath the graben by 7 to 12 km. This i s sha l lower than 

was i nd i ca ted by seismic r e f r a c t i o n experiments ( S e l l e v o l l and War r i ck , 

1970) , which suggests t h a t the anomaly i s p a r t l y due to a p o s i t i v e 

dens i t y c o n t r a s t i n the c r u s t , poss ib l y an i n t r u s i v e zone. A l a rge 

magnetic anomaly i s present of the same w id th as the exposed graben which 

supports the idea o f i n t r u s i o n o f igneous m a t e r i a l . 

Studies o f the deep s t r u c t u r e beneath these major graben thus support 

the idea o f a s l i g h t l y upwarped Mono. Anomalous mantle i s seen beneath 

Baikal and East A f r i c a and a cons ide ra t i on o f the g r a v i t y anomaly over 

the Rhinegraben (Kahle and Werner, 1980) suggests t h a t low d e n s i t y mantle 

must be present a t depth . The ex is tence o f anomalous thermal cond i t i ons 

beneath these r i f t s i s supported by high heat f l ow ( e . g . Haenel , 1970) 
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and w h i l s t they are not now thought to be present beneath the Permian 

Oslo graben, the poss ib le presence o f i n t r u s i v e bodies i n the c r u s t 

suggests t h a t these c o n d i t i o n s may have ex i s t ed a t the t ime o f a c t i v e 

r i f t i n g . 

1.3 Theor ies o f the fo rma t ion o f graben s t r u c t u r e s 

1.3.1 The s t ress regime assoc ia ted w i t h graben fo rma t ion 

There now seems l i t t l e doubt t h a t graben s t r u c t u r e s o r i g i n a t e as 

a r e s u l t o f t ens iona l s t resses . Ear ly suggest ions ( e . g . B u l l a r d , 1936) 

t h a t they form as a r e s u l t o f compression and are bounded by reverse 

f a u l t s were shown to be i n c o r r e c t by geo log ica l s tud ies which demonstrated 

t h a t graben are bounded by normal f a u l t s . A l s o , c a l c u l a t e d Bouguer 

anomalies f o r the Lake A l b e r t r i f t v a l l e y by G i r d l e r (1964) showed t h a t 

a normal f a u l t bounded graben gave an anomaly much c l ose r to the 

observed g r a v i t y than a reverse f a u l t bounded graben. The s e i s m i c i t y 

o f c o n t i n e n t a l r i f t zones i s impor tant f o r p r o v i d i n g f a u l t plane s o l u t i o n s 

which i n d i c a t e the p r i n c i p a l s t ress o r i e n t a t i o n s . Some graben s t r u c t u r e s 

may not now be sub jec t to the same s t ress regime i n which they f i r s t 

formed and t h i s must be considered when e v a l u a t i n g f a u l t plane s o l u t i o n s . 

The Rhinegraben i s now deforming by a predominant ly l e f t - l a t e r a l , s t r i k e -

s l i p mot ion and probably ceased to be an a c t i v e r i f t v a l l e y sometime i n 

l a t e Miocene to e a r l y Pl iocene t imes ( l i l i e s , 1977) . Hor i zon ta l 

s t y l o l i t e s , which form w i t h t h e i r long axes p a r a l l e l to the d i r e c t i o n o f 

maximum compression, have been observed i n the Mesozoic s t r a t a o f 

Europe and are c o n s i s t e n t w i t h compression p a r a l l e l to the graben s t r i k e 

( l i l i e s , 1977). F igure 1.3 i l l u s t r a t e s the d i f f e r e n c e s in s t ress 

o r i e n t a t i o n s in the reg ion o f the Rhinegraben i n Mesozoic t imes and the 
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present day. The Baika l , r i f t zone i s s e i s m i c a l l y very a c t i v e and 

r i f t i n g i s s t i l l t a k i n g p lace , w i t h graben connected by s t r i k e -

s l i p f a u l t s which are analogous to oceanic t rans fo rm f a u l t s (Sherman, 

1978). The maximum s e i s m i c i t y occurs in narrow b e l t s which are 

unquest ionab ly r e l a t e d to the major f a u l t zones (Golonetsky and 

M isha r i na , 1978; Solonenko, 1978). The Baikal depress ion i s a c t i v e l y 

widening as demonstrated by subsidence o f c r u s t a l b locks assoc ia ted 

w i t h the l a rge earthquakes o f 1862 and 1959 (Solonenko, 1978). Normal 

f a u l t i n g i s observed to be c o n s i s t e n t l y and overwhelmingly predominant 

(Golonetsky and M isha r i na , 1978) w i t h compressional axes n e a r - v e r t i c a l 

and tens iona l axes nea r -ho r i z on ta l and perpend icu la r to the s t r i k e o f 

the sur face s t r u c t u r e s (see F igure 1 .4 ) . The h ighes t ra tes o f recent 

c r u s t a l movement i n the Baikal area are o f 10 to 20 mm y r " 1 and occur 

i n the reg ions o f h ighes t topographic e l e v a t i o n d i f f e r e n c e s (Kolmogorov and 

Kolmogorova, 1978). Fau l t plane s o l u t i o n s f o r earthquakes o c c u r r i n g i n 

the East A f r i c a n r i f t system show e i t h e r s t r i k e - s l i p or normal f a u l t i n g 

w i t h no evidence o f compression (Fai rhead and G i r d l e r , 1972) . 

Studies in a i l areas con f i rm the asymmetry o f graben s t r u c t u r e s , 

t y p i c a l l y w i t h one o f the major f a u l t zones being b e t t e r developed, and 

an asymmetric sedimentary f i l l ( e . g . M u e l l e r , 1970; G i r d l e r e t a l . , 1969). 

A l l evidence po in ts to per iods o f a c t i v i t y separated by q u i e t per iods 

r a t h e r than slow progress ive movements ( e . g . Solonenko, 1978). 

1.3.2 Sources o f s t ress 

The fo rmat ion o f graben s t r u c t u r e s perpend icu la r to tens iona l 

s t ress axes is s t rong evidence f o r a mechanism i n v o l v i n g ex tens ion o f 

the c r u s t or l i t h o s p h e r e by t e n s i l e , l i t h o s p h e r i c s t r e s s e s . These 

s t resses can have a magnitude o f several tens o f MPa and i n some cases 
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may exceed 100 MPa (Tu rco t t e and Oxburgh, 1976; M u r r e l l , 1977). The 

causes o f s t ress in the l i t h o s p h e r e have been summarised by Tu rco t t e 

and Oxburgh (1976) and can be d i v i d e d i n t o f i v e c l asses : 

1) Stresses due to the d r i v i n g mechanism o f p l a t e t e c t o n i c s . These 

inc lude ' s l a b p u l l ' , ' r i d g e push' and t r a c t i o n fo rces o c c u r r i n g as 

a r e s u l t o f convect ion c e l l s w i t h i n the upper mant le . P a r t i c u l a r l y 

l a rge s t resses can accumulate a t zones o f p l a t e i n t e r a c t i o n , such 

as c o n t i n e n t a l c o l l i s i o n zones and t rans fo rm f a u l t s . 

2) Thermal s t resses as a r e s u l t o f temperature changes. 

3) Membrane s t resses caused by the movement o f p l a tes over the E a r t h ' s 

su r f ace , which has the form o f an ob la te sphero id (Tu rco t t e and 

Oxburgh, 1973; T u r c o t t e , 1974). 

4) Overburden s t resses due to e ros ion or sed imen ta t i on . 

5) Stresses due to v a r i a t i o n s i n c r u s t a l t h i c k n e s s . These have been 

c a l c u l a t e d a n a l y t i c a l l y by Artyushkov (1973) and by f i n i t e element 

ana l ys i s f o r c o n t i n e n t a l margins (Bo t t and Dean, 1972) and p la teau 

u p l i f t s (Bo t t and Kuszn i r , 1979). 

P a r t i c u l a r examples o f s t ress sources have been suggested f o r 

some s p e c i f i c graben. Mantle plumes, which r e s u l t i n doming, have been 

c i t e d as causes o f the East A f r i c a n r i f t system (Burke and Whiteman, 

1973) and the t r i l e t e systems o f North Sea graben (Whiteman e t a l . , 

1975). Oxburgh and Tu rco t t e (1974) have speculated t h a t membrane t e c t o n i c s 

have been respons ib le f o r the t e n s i l e s t resses assoc ia ted w i t h the East 

A f r i c a n r i f t system (a l though t h i s i s i n c o n s i s t e n t w i t h the conc lus ion 

reached by Burke and Wilson (1972) t h a t the A f r i c a n p l a t e has been 

s t a t i o n a r y f o r the l a s t 25 M y r s ) . Molnar and Tapponier (1975, 1979) 

have suggested t h a t the fo rmat ion o f the Baika l r i f t zone i s l i n k e d to 

the very l a rge s t r i k e - s l i p f a u l t s r e s u l t i n g from the c o l l i s i o n between 
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Ind ia and As ia . For t h i s to be the pr imary cause o f r i f t i n g requ i res 

graben fo rma t ion to commence in Miocene t imes r a t h e r than Eocene, and 

they suggest t h a t the Eocene depos i t s seen are not r e l a t e d to the present 

s t y l e o f r i f t i n g . Bo t t (1971) has used the s t ress d i f f e r e n c e s due to 

the th i ckness v a r i a t i o n across passive con t i nen ta l margins to account 

f o r hot creep o f lower c r u s t a l ma te r i a l oceanwards and r e s u l t a n t graben 

fo rma t ion in the b r i t t l e , upper c r u s t . Neugebauer (1978) and Neugebauer 

and Braner (1978) have used f i n i t e element ana l ys i s to suppor t t h e i r 

suggest ion t h a t the Rhinegraben formed as a r e s u l t o f r i f t i n g due to 

doming and l a t e r ex tens i on , caused by g r a v i t a t i o n a l p o t e n t i a l r e s u l t i n g 

from the u p ! i f t . 

1.3.3 Mechanisms o f graben fo rma t ion 

l i l i e s (1970) suggested t h a t the fo rmat ion o f f a u l t zones along 

the axes o f u p l i f t e d domes i s a r e s u l t o f t ens ion induced i n the c r u s t 

by the doming e f f e c t o f low d e n s i t y mant le . He suggested t h a t both 

master f a u l t s s t a r t e d from the same t race a t the c rus t -man t l e 

d i s c o n t i n u i t y . Wh i l s t t h i s i s i n agreement w i t h the depth to the Moho 

a t the t ime o f i n i t i a t i o n o f r i f t i n g , which i s c o n s i s t e n t w i t h observed 

depths ou ts ide the graben, i t seems d i f f i c u l t to e x p l a i n the f a u l t i n g 

s t a r t i n g from the c rus t -man t l e boundary. The increase i n c o n f i n i n g 

pressure and temperature ( p a r t i c u l a r l y in the presence o f h o t , r i s i n g 

mant le m a t e r i a l ) w i t h depth suggests t h a t de fo rmat ion a t depths o f 

about 30 km w i l l be by d u c t i l e f l ow r a t h e r than b r i t t l e f r a c t u r e (see 

Chapter 2 ) . A more fundamental o b j e c t i o n to t h i s mechanism, which was 

recognised by l i l i e s (1970) , i s t h a t the observed ex tens ion across 

major graben s t r u c t u r e s i s too g rea t to be exp la ined by the tens ion 

generated along the c r e s t o f the r i s i n g dome. Artemjev and Artyushkov 
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(1971) demonstrated a n a l y t i c a l l y t h a t , f o r a p l a u s i b l e shaped dome, 

the ex tens ion caused w i l l be o f the order o f hundreds o f metres r a t he r 

t h a t the observed values o f 4 t o 10 km. This r e s u l t e d i n the suggest ion 

t h a t g r a v i t y s l i d i n g o f the c r u s t a l b locks down the f l a n k s o f the domed 

u p l i f t ( l i l i e s , 1970) could e x p l a i n the ex t ra ex tens ion . This has been 

cha l lenged by Strobach (1974) who est imated the e f f e c t i v e h o r i z o n t a l 

s t r ess as a r e s u l t o f t h i s mechanism to be about 0.5 MPa o n l y . Vo ight 

(1974) suggested t h a t g r a v i t y s l i d i n g over very weak sedimentary 

hor izons i s a f e a s i b l e mechanism f o r s m a l l , t h i n - s k i n n e d graben such 

as those assoc ia ted w i t h the Alaskan earthquake o f 1964, but r e j e c t e d 

the hypothesis o f g r a v i t y s l i d i n g f o r the Rhinegraben by c o n s i d e r a t i o n 

o f the p o s i t i o n of the ' t o e ' caused by the s l i d i n g b lock . 

Vening Meinesz (1950) proposed a mechanism f o r graben fo rmat ion 

which i s i l l u s t r a t e d i n F igure 1.5. Extension o f the c r u s t r e s u l t s i n 

a normal f a u l t which makes an angle o f 63° w i t h the h o r i z o n t a l (F igure 1 . 5 ( a ) ) . 

I s o s t a t i c cons ide ra t i ons cause upbending o f the block on the upthrown 

s ide (A) and s i n k i n g o f the block on the downthrown s ide (B) (F igure 1 . 5 ( b ) ) . 

Downward bending o f the block B r e s u l t s in s t r e t c h i n g o f the upper p a r t 

o f the c r u s t and the fo rmat ion o f a second normal f a u l t where the 

maximum bending moment occurs . I f t h i s second f a u l t i s i n c l i n e d towards 

the f i r s t f a u l t a wedge-shaped block w i l l be formed and w i l l subside 

i s o s t a t i c a l l y (F igure 1 . 5 ( c ) ) . E l a s t i c beam theory can be used to g ive 

values f o r the p red ic ted w id th o f the graben and the shape o f the u p l i f t 

a t the f l a n k s , assuming t h a t the c r u s t can be represented as an e l a s t i c 

beam o v e r l y i n g a f l u i d . The r e s u l t s on ly are quoted here but the theory 

i s developed i n Appendix 1 . For a c r u s t a l th ickness o f 35 km and 

reasonable dens i t y values the p red ic ted w id th o f the graben i s 65 km 

(Heiskanen and Vening Meinesz, 1958). The subsidence o f the wedge i s 
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860 m and the u p l i f t o f the f l a n k s i s 680 m. Two major o b j e c t i o n s make 

t h i s theory unacceptab le . F i r s t l y , the fo rma t ion o f a graben p r e d i c t s 

a c r u s t a l r o o t as a r e s u l t o f subsidence o f the wedge. This is nowhere 

observed. Indeed, the t y p i c a l s i t u a t i o n beneath a major graben i s o f 

an upwarped Moho and c r u s t a l t h i n n i n g . Secondly, the downfaul ted graben 

block i s observed to be heav i l y f a u l t e d and composed o f many t i l t e d 

f a u l t b l ocks . The mechanism by which t h i s can occur has no exp lana t i on 

i f the b lock i s s imply s i nk i ng i n t o the unde r l y i ng m a t e r i a l . 

The above o b j e c t i o n s have resu l t ed i n a m o d i f i c a t i o n o f Vening 

Meinesz' t heo ry . Mue l le r (1970) used the observed w id th o f 36 km f o r 

the Rhinegraben to c a l c u l a t e a depth o f 20 km f o r the f r a c t u r e d p a r t 

o f the c r u s t . He c o r r e l a t e s t h i s depth w i t h the top o f the l a m e l l a r 

c r u s t a l l a y e r which i s separated from the upper c r u s t by a low v e l o c i t y 

l a y e r . This mechanism was f u r t h e r developed by Artemjev and Artyushkov 

(1971) (F igure 1.6) who suggested t h a t the observed upwarping o f the 

Moho was a r e s u l t o f neck-shaped s t r a i n s i n the lower c r u s t , analogous 

to those formed i n rods and p la tes as a r e s u l t o f app l ied t e n s i o n . 

Once a l o c a l i s e d decrease in c r u s t a l th i ckness i s present the necking 

process increases r a p i d l y due to an increase i n the f l ow v e l o c i t y . In 

order f o r the upper, more v iscous l a y e r o f the c r u s t to s t r e t c h w i t h 

the v e l o c i t y o f the lower l aye r the t ens iona l s t resses must concent ra te 

t h e r e . Stress concen t ra t i on o f t h i s type has been observed by Kusznir 

and Bot t (1977) us ing f i n i t e element models. Once the s t resses i n the 

upper c r u s t exceed the t e n s i l e s t reng th a f a u l t develops and necking 

o f the lower l aye r increases r a p i d l y . Owing to the high v i s c o s i t y o f 

the upper l aye r i t i s not able to go down w i t h the same v e l o c i t y as the 

neck forms and i s f u r t h e r f r a c t u r e d i n t o b l ocks . Fuchs (1974) , app ly ing t h i s 

type o f mechanism to the Rhinegraben, suggested t h a t the necking occurred 
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i n a low v e l o c i t y c r y s t a l l aye r such as t h a t observed beneath the 

Rhinegraben. 

The most recent adap ta t i on o f t h i s type o f mechanism has been by 

Bo t t (1976) , who app l i ed the wedge subsidence theory o f Vening Meinesz 

to the b r i t t l e upper l aye r of the c r u s t and a s t r e t c h i n g mechanism o f 

the type suggested by Artemjev and Artyushkov to the lower c r u s t . His 

proposed mechanism cons i s t s o f a f a u l t i n g s tage , w i t h an incremental 

drop in the t e n s i l e s t ress i n the b r i t t l e l aye r and subsidence o f 

the wedge, toge ther w i t h an immediate complementary increase in tens ion 

i n the d u c t i l e l aye r r e s u l t i n g i n a s t r e t c h i n g s tage. This increases 

the t e n s i l e s t ress in the b r i t t l e l aye r and may lead to the r e - i n i t i a t i o n 

o f f a u l t i n g . For a 10 km t h i c k b r i t t l e l aye r and reasonable e l a s t i c 

modul i and d e n s i t i e s a graben w id th o f between 24 and 48 km i s p red ic ted 

using e l a s t i c beam theory (see Appendix 1 ) , a l though the downward 

convergence o f the normal f a u l t s and the widening due to subsidence may 

increase the sur face w id th by up to 10 km. Bo t t a lso c a l c u l a t e d the amount 

o f subsidence t h a t cou ld occur by cons ide r ing the energy budget a v a i l a b l e . 

This gave a value o f over 5 km f o r a sediment f i l l e d graben o f 30 to 

40 km w i d t h , assuming t h a t f r i c t i o n on the boundary f a u l t s was s m a l l . 

1.3.4 Conclusions 

Stresses ac t on the l i t h o s p h e r e as a r e s u l t o f var ious causes, and, 

i f app l i ed to a c r u s t which cons i s t s o f a b r i t t l e l aye r o v e r l y i n g 

d u c t i l e m a t e r i a l , may r e s u l t i n the fo rmat ion o f graben s t r u c t u r e s 

s i m i l a r to those observed in the f i e l d (Artemjev and Ar tyushkov , 1971; 

B o t t , 1976). The e f f e c t o f the anomalous thermal c o n d i t i o n s , which seem 

to accompany r i f t i n g , i s l i k e l y to be to increase the creep r a t e i n the 

d u c t i l e m a t e r i a l , w i t h consequent concen t ra t i on o f s t ress i n the 
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b r i t t l e l a y e r , and cause graben fo rmat ion i n areas sub jec t t o these 

c o n d i t i o n s . The i n i t i a l stages of weak, t e c t o n i c movements and shal low 

basin fo rmat ion may be a r e s u l t o f s t r e t c h i n g o f the anomalously h o t , 

d u c t i l e , lower c r u s t and the l a t e r stage o f r ap id f a u l t movement and 

subsidence i s probably due to the i n s t a b i l i t y caused by normal f a u l t i n g . 
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CHAPTER 2 

BRITTLE FRACTURE AND DUCTILE FLOW IN THE CONTINENTAL LITHOSPHERE 

2.1 I n t r o d u c t i o n 

In t h i s chapter the ma te r i a l p r o p e r t i e s o f the c o n t i n e n t a l l i t h o -

sphere are d iscussed. The f i r s t pa r t deals w i t h the composi t ion and 

rheo log i ca l s u b d i v i s i o n o f the l i t h o s p h e r e . La ter sec t ions d iscuss 

f a u l t i n g i n the b r i t t l e l a y e r and creep in the under l y ing d u c t i l e m a t e r i a l . 

The phys ica l p r o p e r t i e s and mode o f de format ion presented here form the 

basis o f the f i n i t e element models used in l a t e r chapters to i n v e s t i g a t e 

the response o f the c o n t i n e n t a l l i t h o s p h e r e to app l i ed s t ress systems. 

2.2 Composit ion and e l a s t i c parameters 

The c o n t i n e n t a l l i t h o s p h e r e can be d i v i ded i n t o upper c r u s t , lower 

c r u s t and l i t h o s p h e r i c mant le . The upper c r u s t has a mean composi t ion 

approx imate ly equ i va len t to g r a n o d i o r i t e - d i o r i t e w i t h a mean dens i t y o f 

2,750 kg m~3 t o 2,800 kg m - 3 and a P-wave v e l o c i t y o f 5.9 to 6.3 km s - i 

( B o t t , 1971; W y l l i e , 1971) . The Conrad d i s c o n t i n u i t y , where i t i s p resen t , 

is sometimes cons idered to represent the boundary between the upper and 

lower c r u s t . The lower c r u s t has a mean dens i t y o f about 2,900 kg m" 3 

( B o t t , 1971) and P-wave v e l o c i t i e s between 6.4 and 7.6 km s - 1 w i t h a 

t y p i c a l value being 6.7 km s - 1 . I t used to be thought t h a t the lower 

c r u s t was o f b a s a l t i c compos i t i on , but i n v e s t i g a t i o n s o f the s tab le 

mineral assemblages a t lower c r u s t a l temperatures and pressures (Ringwood 

and Green, 1966; Green and Ringwood, 1967) toge ther w i t h the observed 

P-wave v e l o c i t i e s seemed to r u l e out t h i s i dea . I t now seems l i k e l y 

t h a t the lower c r u s t i s composed o f high pressure forms o f g r a n o d i o r i t e and 
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d i o r i t e o r , i f i t i s ' w e t ' , o f amph ibo l i t e ( B o t t , 1971) . The Mohorovic ic 

d i s c o n t i n u i t y , or Mono, represents the boundary between the lower c r u s t 

and the mant le . A t y p i c a l depth f o r t h i s t r a n s i t i o n f o r c o n t i n e n t a l 

l i t h o s p h e r e i s 40 km, a l though o l de r s h i e l d areas commonly have the 

Mono a t a g rea te r depth and warm regions o f t e n have a sha l lower Mono. 

The P-wave v e l o c i t y j u s t below the Moho is u s u a l l y about 8.1 km s " 1 

which i s i n t e r p r e t e d as being assoc ia ted w i t h upper mantle m a t e r i a l . 

Two common rock types have comparable P v e l o c i t i e s - e c l o g i t e or an 

u l t r a b a s i c rock such as p e r i d o t i t e . Most evidence suggests t h a t the 

Moho i s a chemical d i s c o n t i n u i t y ( f o r summaries see W y l l i e , 1971; B o t t , 

1971) and the mantle i s composed o f an u l t r a b a s i c rock such as p e r i d o t i t e . 

Green and Ringwood (1963) proposed a r a t i o o f 1 p a r t b a s a l t t o 3 pa r t s 

dun i t e which they c a l l e d ' p y r o l i t e ' . This compos i t ion i s s i m i l a r to 

p e r i d o t i t e . The mean dens i t y o f p e r i d o t i t e i s about 3,300 kg m~ 3. 

In order to model e l a s t i c deformat ions in the l i t h o s p h e r e i t i s 

necessary to have values f o r Young's modulus and Poisson 's r a t i o . These 

can be determined from the dens i t y and the P and S-wave v e l o c i t i e s . 

S v e l o c i t i e s are not as we l l known as P v e l o c i t i e s and to avo id having 

to use them a value o f 0.25 i s assigned to Po isson 's r a t i o . This i s a 

g e o l o g i c a l l y acceptab le va lue . S u b s t i t u t i n g f o r Lame's parameters 

(see Jaeger , 1969) i n the equat ion f o r the P-wave v e l o c i t y g ives 

= E ( l - v ) 
P o ( l + v ) ( l - 2 v ) 

where Vp i s the P-wave v e l o c i t y , p i s the d e n s i t y , E i s Young's modulus 

and v is Poisson 's r a t i o . The c a l c u l a t e d values o f Young's modulus f o r 

the upper and lower c r u s t and the l i t h o s p h e r i c mantle are shown i n 
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Table 2 . 1 . I t i s g e n e r a l l y assumed t h a t these va lues , which are c a l c u l a t e d 

from shor t per iod de fo rmat ions , are e x t r a p o l a t a b l e to the much longer 

per iods assoc ia ted w i t h e l a s t i c s t ress systems. 

V p (km s- ' 1 ) P (kg n r 3 ) E (N n r 2 ) 

Upper c r u s t 6.1 2,750 0 .85 x 1 0 1 1 

Lower c r u s t 6.7 2,900 1 .08 x 1 0 1 1 

Mantle 8.1 3,300 1 .80 x 1 0 1 1 

i ab le 2 . 1 : Values o f Young's modulus assuming a Po isson 's r a t i o o f 0.25 

2.3 Temperature regime and r h e o l o g i c a l s u b d i v i s i o n 

Merc ie r and Car te r (1975) compared the mineral assemblages seen 

in x e n o l i t h s and A l p i n e - t y p e p e r i d o t i t e s w i t h r e s u l t s o f h igh temperature 

and pressure s tud ies on mineral systems. On the bas is o f t h i s work they 

proposed hyperbo l i c equat ions rep resen t i ng c o n t i n e n t a l , low temperature 

ocean ic , and high temperature oceanic geotherms. These geotherms 

correspond f a i r l y we l l w i t h the t h e o r e t i c a l geotherms o f Clark and 

Ringwood (1964) and geotherms f o r the Canadian s h i e l d and the Basin and 

Range prov ince proposed by H e r r i n (1972) . In o rder to i n v e s t i g a t e the 

mechanism o f graben f o r m a t i o n , i t i s necessary to have a geotherm t h a t 

represents the temperature regime a t the onset o f f a u l t i n g . The evidence 

c i t e d i n Chapter 1 suggests t h a t doming and volcanism precede major 

graben fo rmat ion i n d i c a t i n g h igher temperatures than f o r a c o o l , s t a b l e , 

c o n t i n e n t a l l i t h o s p h e r e such as i s represented by the c o n t i n e n t a l 

geotherm o f Merc ier and Ca r t e r . On the o the r hand, i t i s u n l i k e l y t h a t 
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the temperature regime at those times was as high as is observed at 

present day continental r i f t s , which sa t i s f y the high temperature 

oceanic geotherm. Consequently, the most reasonable geotherm to use seems 

to be the low temperature oceanic geotherm of Mercier and Carter which 

has the form 

T = 4.34(P + 8.6) - 11840 + 1340 
(P + 3.6) 

where P is the pressure in k i lobars and T is the temperature in degrees 

centigrade. For a l i thosphere thickness of 100 km, a reasonable value 

for a warm cont inent , th is geotherm gives a temperature at the base of 

about 1200°C. 

The t rad i t i ona l treatment of the l i thosphere as a rheolog ica l ly 

homogeneous body is now recognised to be an ove rs imp l i f i ca t i on . A more 

r e a l i s t i c model is of a strong e las t i c layer over ly ing duc t i le material 

and the evidence for th is d iv is ion can be summarised in a number of 

poi nts: 

1) Laboratory experiments of Griggs et a l . (1960) showed that at low 

temperatures and re l a t i ve l y low pressures rocks deform by b r i t t l e 

f racture whereas at 500 MPa conf ining pressure and temperatures of 

500 to 800°C the mode of deformation is a flow mechanism. Results 

of th is type have been confirmed by more recent experiments (see 

sections 2.5 and 2 .8 ) . 

2) In t rap late earthquakes are res t r i c ted to the upper part of the 

l i thosphere. The maximum depth of earthquakes along the Calaveras 

f a u l t zone of the San Andreas f a u l t system is 15 km (Bufe et a l . , 

1977) whereas for o lder , cooler zones, such as shield areas, 



21 

seismic i ty extends to depths of 30 to 40 km and in the Russian 

platform f a u l t zones extend to about 60 km (Sollogub,Guterch c i ted 

in Vetter and Meissner, 1979). Vetter and Meissner (1979) suggested 

a cor re la t ion between the temperature regime and the maximum depth 

of seismici ty with b r i t t l e behaviour extending to 15 to 20 km for 

a warm l i thosphere and 50 to 60 km for a cold l i thosphere. 

3) Studies of l i thospher ic f lexure as a resu l t of surface loading, by 

Walcott (1970), showed that the e f fec t i ve thickness of the e las t i c 

l i thosphere decreases with increasing time scales of loading. He 

calculated a value of 20 km for the thickness of the e las t i c l i t h o ­

sphere in the Basin and Range province. Calculations by Murrel l (1976) 

based on published values of f lexura l r i g i d i t y also suggested a 

thickness of 20 km for the e las t i c l i thosphere for warm continental 

regions. Simi lar calculat ions on the f lexure of the oceanic l i t h o ­

sphere (Watts, 1978) suggested an e las t i c layer thickness of 20 

to 30 km for the Paci f ic oceanic l i thosphere. 

I t therefore seems reasonable to divide the l i thosphere in to a 

20 km th ick e las t i c layer overlying 80 km of duc t i l e mater ia l . I t also 

seems not unreasonable to equate the e las t ic layer wi th the upper c rus t . 

Figure 2.1 i l l u s t r a t e s the l i thosphere model that has been arr ived at 

in th i s and the preceding sect ion. 

2.4 Theories of B r i t t l e Fracture 

2.4.1 The Coulomb c r i t e r i o n 

Coulomb's c r i t e r i o n for shear f a i l u r e in a plane is 

S0 + u a n 
2.1 
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where T is the shear s t ress, a n is the normal s t ress, S 0 is the shear 

strength or cohesion and u is the coe f f i c i en t of internal f r i c t i o n . 

This can also be wr i t ten 

| T ! = S0 + 0 tan<fr 2.2 

where <\> is the angle of in ternal f r i c t i o n . By expressing T and in 

terms of pr incipal stresses and the angle of the f racture plane, e' , 

the fo l lowing expression can be obtained 

e' = i - I4» 2.3 
4 2 

The sign of e'can be changed without a f fec t ing the analysis which leads 

to the important conclusion that there are two possible conjugate planes 

of f racture passing through the d i rec t ion of the intermediate pr inc ipa l 

stress and making angles of less than 45° wi th the d i rec t ion of the 

maximum pr inc ipal s t ress. For a more complete descr ipt ion of the Coulomb 

c r i t e r i o n the reader is referred to Jaeger and Cook (1976). 

2.4.2 Mohr's hypothesis 

Mohr proposed that when shear f a i l u r e takes place across a plane, 

the normal s t ress , o , and the shear s t ress, T , across the plane are 

related by a funct ional re la t ion charac ter is t i c of the mater ia l : 

M = f (o ) 2.4 

Equation 2.4 can be p lot ted in T - o n space and Mohr c i r c les can be p lot ted 

on the diagram for any stress system. I f a Mohr c i r c l e touches the curve 
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given by equation 2.4 then f a i l u r e w i l l occur for that par t i cu la r 

stress system. This hypothesis assumes that the value of the i n te r ­

mediate pr inc ipal s t ress, o2» does not a f fec t f a i l u r e of the mater ia l . 

The funct ional re la t ion 2,4 is normally obtained experimentally 

as the envelope of Mohr c i r c les corresponding to f a i l u re under a 

var ie ty of condi t ions, and is consequently known as the Mohr envelope. 

The Mohr envelope for the Coulomb c r i t e r i o n is a s t ra igh t l i ne and is 

shown in Figure 2.2. This example and other types of envelope are 

discussed by Jaeger and Cook (1976). 

2.4.3 The Modified G r i f f i t h Theory 

G r i f f i t h developed a theory of b r i t t l e f racture which assumed that 

f rac ture is caused by stress concentrations at the t ips of small 

G r i f f i t h cracks which are present throughout the mater ia l . This theory 

has been fur ther modified by Mclintock and Walsh (1962) to include the 

s i tua t ion where the G r i f f i t h cracks close under s u f f i c i e n t l y high 

compressive stresses and f r i c t i o n a l forces become important. G r i f f i t h 

theory was developed by studying the var ia t ion of the tangential stress 

on the surface of a f l a t e l l i p t i c a l crack. Several good treatments 

ex is t in press (e .g . Mu r re l l , 1964a,b; Jaeger and Cook, 1976) and the 

mathematics w i l l not be covered here. 

The or ig ina l theory allowed for two types of f a i l u r e : tensional 

f a i l u r e and open crack shear f a i l u r e . The work of McLintock and Walsh 

introduced a t h i r d regime of closed crack f a i l u r e . In general, however, 

the l im i t s of the open crack and closed crack regimes do not coincide. 

This is apparent when the Mohr envelope is constructed (Figure 2 .3 ) . 

In t h i s thes is , the author has chosen to define a t rans i t i ona l regime 

between open and closed crack shear f a i l u r e , which is shown in Figure 2.3 
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The c r i t e r i a for f a i l u r e are of ten quoted in terms of maximum and 

minimum pr inc ipal stress (with compression pos i t i ve ) . Here they are 

described in terms of maximum shear stress and mean s t ress , representing 

the radius and centre of the Mohr c i r c l e respect ive ly , with tension 

pos i t i ve , in l i ne with t he i r use in the subroutine ELFAIL of the f i n i t e 

element l i b ra r y FELIB (see Appendix 2 ) . The fo l lowing symbols are used: 

T - the tens i le strength 

- the coe f f i c i en t of f r i c t i o n on closed G r i f f i t h cracks UF 

o f - the compressive stress necessary to close the cracks 

9 - the angle between the f racture plane and the maximum stress 

(most tens i le stress) 

°m the mean s t ress , a j + a 2 

2 

T - the maximum shear s t ress, m 

The four f a i l u re c r i t e r i a are 

1) Tensional f a i l u r e : 

I f 2om + x m > 0, 

then f a i l u re occurs i f x m » T - a m 

with e = 90° 

2) Open crack shear f a i l u r e : 

I f 2om + T m < 0 

and o m > a c - 2T 

then f a i l u re occurs i f r m

2 > -4Tam 

wi th e = ^ cos ~ l , i m . 
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3) Transi t ional regime f a i l u r e : 

I f 2 a m + x m < 0 

and c m < ac - 21 

and am > a c ~ 2up T ( l - a c ) ^ 

T 

then fa i l u re occurs i f x m

2 ^ 4 T 2 ( 1 - o c ) + (a - o m ) 2 

T 

with e = j t a n " 1 ( 2T (1 - a c / T ) J ) 

°c " °m 

4) Closed c r a c k shear f a i l u r e : 

I f 2 o m + i m < 0 

and a m < a c - 2 y p T(l - a c ) 2 i 
F ™ " Z_S 

T 

then f a i l u r e occurs i f Tm > 2T . (1 - a c ) 2 + up - ( a c - a , 

( u F

2 + l ) 2 T ( u p ^ l ) 

with e = t a n " 1 (J_ ) 
^F 

The Mohr envelope for open crack f a i l u re is a parabola 

T 2 = 4T(T - o n ) 2 . 5 

and for closed cracks is a s t ra igh t l i ne 

x = 2T(1 + acY - Voc + van 2 . 6 

T 
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The t rans i t i ona l regime represents a l l Mohr c i rc les which touch 

the envelope at the in tersect ion of the two envelopes. The f u l l 

envelope for the Modified G r i f f i t h Theory is i l l u s t r a t e d in Figure 2.3. 

2.4.4 Ef fec t of pore pressure on f a i l u re c r i t e r i a 

A porous so l id w i l l have an in ternal pore pressure i f the pores 

are f i l l e d wi th a f l u i d . The e f fec t of th is pore pressure has been 

incorporated in to rock mechanics studies using the concept of e f fec t i ve 

s t ress, which was o r i g i n a l l y introduced for use with saturated s o i l s . 

I f p is the pore pressure and o 1 5 o 2 , o 3 are the to ta l p r inc ipa l 

stresses, then the e f fec t i ve stresses are 

a? = 0 i - p, i = 1 , 3 2.7 

Studies of rock deformation wi th pore pressures present 

(summarised in Jaeger and Cook, 1976) are in general agreement wi th 

th is e f fec t i ve stress law. 

The Coulomb c r i t e r i o n then becomes 

| T | = S 0 + p ( a n - p) 2.8 

and the e f fec t i ve mean stress in the Modified G r i f f i t h Theory becomes 

o 6 = om - p 2.9 

Consequently, for the Mohr envelope representation of a f a i l u r e 

c r i t e r i o n , the shear s t ress, r, is not a l tered by a pore pressure but 

the normal stress, o n , is reduced. The e f f ec t of th is is to move the 

Mohr c i rc les towards the o r ig in without a f fec t ing t he i r r a d i i . Thus 
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f a i l u r e w i l l be more l i k e l y i f pore pressure is present or i f the pore 
pressure is increased. 

This concept of e f fec t i ve stress has been used by Hubbert and 

Rubey (1959) as a means of explaining how overthrust f au l t i ng can occur, 

2.5 Experimental resul ts on the b r i t t l e f racture of rocks 

Fractures in rocks can be divided into two classes: extension 

f ractures involv ing separation of a body across a surface normal to the 

d i rec t ion of maximum tens i le s t ress, and fau l ts with an o f f se t para l le l 

to the d i rec t ion of the f racture plane and inc l ined at an angle to the p r i n c i ­

pal stress axes (Griggs and Handin, 1960). Extension fractures require 

an absolute tens i le stress and, consequently, are not common in 

geological s i tuat ions because of the compressive horizontal component 

of the overburden pressure. Faults are seen on a l l scales and can be 

divided in to normal, reverse (or th rus t ) and transcurrent fau l t s 

depending on the re la t i ve magnitudes of the pr inc ipa l stresses (Anderson, 

1951), as i l l u s t r a t e d in Figure 2.4. 

Early work on f racture was usually in terpreted using the Coulomb 

c r i t e r i o n . The angle between the shear plane and the d i rec t ion of 

maximum pr inc ipal stress (most compressive) is given by 

e = TT_ - 1 <j> (equation 2.3) 
4 '2 

Measured values of <t> were t y p i c a l l y about 36°, though covering a wide 

span (summarised in Heiskanen and Vening Meinesz, 1958), g iv ing an 

angle of 27° between the shear plane and the d i rec t ion of maximum st ress. 

This is in good agreement with the observation that many normal fau l t s 

dip at angles of about 63°. 



(a) Normal faulting 

/ 

1? 
(b) Reverse or thrust faulting 

3 (c) Transcurrent faulting 

Fig. 2.4: Classif icat ion of faulting 

Oj = maximum principal stress (most compressive) 
a 2 = intermediate principal stress 
a = minimum principal stress 
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More recent work has shown that Mohr envelopes constructed from 

f a i l u r e tests on rocks are generally characterised by s t ra igh t l i ne 

envelopes apart from a low pressure region where the envelope is concave 

(Brace, 1964; Mogi, 1 974). This is in agreement with the envelope 

obtained from the Modified G r i f f i t h Theory (Figure 2 .3) . The two-

dimensional theory used here is a reasonable approximation as the value 

of the intermediate pr inc ipa l stress has only a small e f fec t on the 

f racture (Brace, 1964; Handin, 1969). Further support for the Modified 

G r i f f i t h Theory is that i t is believed to be approximately correct fo r 

other b r i t t l e mate r ia l , such as glass ( G r i f f i t h , 1921). Also, the 

microscopic study of p a r t i a l l y f ractured material suggests that the 

fractures s ta r t at grain boundaries which, in the absence of larger 

scale features, are interpreted as being G r i f f i t h cracks (Brace, 1964). 

Although the G r i f f i t h theory is general ly accepted there are 

cer ta in areas in which considerable problems ex i s t . The predicted and 

observed tens i le strengths of rocks do not agree c lose ly , probably due 

to large uncerta int ies in the theoret ica l parameters and a large range 

of grain diameters (Brace, 1964), and the r a t i o of compressive strength 

to tens i le strength is in poor agreement wi th the theory. The angles of 

the f a i l u r e planes predicted by the theory may be d i f f e ren t from those 

observed. This is because a crack in a f i e l d of compression does not 

propagate in i t s own plane but curves towards the d i rec t ion of the 

compression and dies out (Bombolakis and Brace, 1963; Brace and Byerlee, 

1967). The development of compressional f ractures is probably caused by 

en echelon cracks j o i n i ng up (Brace, 1964) and, consequently, a crack 

array w i l l develop an instant before the f a u l t forms. The e f fec t of 

neighbouring cracks on the stress concentration at crack t i ps is 

obviously an important fac to r , but at the present time l i t t l e is known 
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of th i s e f f e c t . 

Despite these d i f f i c u l t i e s the Modified G r i f f i t h Theory seems to 

be the most reasonable set of f a i l u r e c r i t e r i a avai lable and i t is used 

la te r in th i s thesis. In order to use th is theory i t is necessary to 

select values for the tens i le s t rength, T, the coe f f i c i en t of f r i c t i o n 

between the crack faces, p p , and the stress necessary to close the 

cracks. o c . Table 2 . 2 shows a compilation of tens i le strengths that 

have been determined for igneous rocks. A reasonable value for a hard, 

c r ys ta l l i ne rock would seem to be 12 MPa. McLintock and Walsh (1962) 

compared experimental data with the theory for pp equal to 0, 0.5 and 

i and o c equal to 0, -3T and -15T and found a reasonable f i t for 

P p = 1 , a c = -3T. Brace (1964) found that experimental data coincided 

with the Modified G r i f f i t h theory fo r values of pp between 0.9 and 

1.5 and suggested that a value of 1 was probably not unreasonable. 

Murrel l (1965) suggested, from analy t ica l work, values of up = 1.09 

and o c = -4.19T. A value of 1 fo r U p thus seems to be a reasonable 

choice. This value is larger than has been observed in rock-on-rock 

s l i d i ng experiments (see section 2.6) and i t has been suggested by 

Ashby and Verra l l (1978) that th is may be because the crack faces are 

serrated and key together when under compression. A value of approximately 

-4T for o c , however, seems to be very small since for T = 12MPa the closure 

stress is only 48 MPa. Digby and Murrel l (1976) showed that a value of 

a c = -10T is better and th i s is in agreement with some experimental 

observations (Mur re l l , 1977). Recent work by Wang and Simmons (1978) 

showed that gabbro at a depth of approximately 5.3 km in the Michigan 

basin had few open microcracks. Core samples brought to the surface gave 

a closure pressure of 145 MPa, approximately equal to the in s i t u ve r t i ca l 

s t ress. This value, supposing that the tens i le strength lay between 



Sample Tensile Strength 
(MPa) 

Reference 

Grani te 21.0 Brace 1 , 1964 
12.0 
12.0 

Trachyte 13.7 Jaeger and Cook 2, 
12.0 1976 

24.1 

25.2 

Granite 14.0 Goldsmith, Sackman 
11 .4 and Ewert 3 , 1975 
12.5 

Table 2.2: Tensile strengths of igneous rocks 

1 Range of conf in ing pressure from 30 MPa to 159 MPa 

2 Results refer to d i f f e r e n t types of t e s t ; data from Jaeger and Hoskins 
(1966) 

3 Results for 3 d i f f e r e n t d i rect ions under dynamic tension t es t . Average 
for 3 d i rect ions is 12.6 MPa 
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10 and 20 MPa, is in agreement with o c = -10T, which is the value 

used in th is thes is . 

2.6 F r i c t i on on fau'lts 

The f r i c t i o n a l strength of a rock can be defined as the shear 

stress necessary to cause s l i d ing on a pre-ex is t ing f racture or f a u l t 

under speci f ied condit ions of conf ining pressure (normal s t r ess ) , 

temperature, pore pressure and loading ra te . I t has been found by 

experimental studies that the f r i c t i o n a l strength i s , to w i th in ± 10 

to 15%, independent of mineralogy, temperature and loading rate and the 

dominant parameter is the normal stress (Stesky, 1978). 

The f r i c t i o n a l strength is usually defined as (Byerlee, 1978) 

T = y a n 

or x = A + B a n where v = B + A 
°n~ 

although other, more complex, re lat ionships have been proposed (e .g . 

Mu r re l l , 1965). 

Experiments on rock-on-rock s l i d ing reveal two dominant mechanisms 

of s l i p ; s t ick s l i p and stable s l i d ing (Byerlee, 1967; Johnson, 1975). 

Stick s l i p movement is characterised by in te rmi t ten t rapid displacements 

accompanied by e las t i c rad ia t ion and has been considered to be the 

mechanism of earthquake generation on fau l t s (Brace and Byerlee, 1967), 

whereas stable s l i d ing is a steady, uniform movement and may be analogous 

to aseismic f au l t creep. The conditions that determine the type of 

s l i d i ng are complex, but in general s t ick s l i p is enhanced by high 

normal stresses, low temperatures, the presence of strong b r i t t l e 
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minerals such as quartz and fe ldspar, the absence of f au l t gouge, and 

low surface roughness (Stesky, 1978). 

Figure 2.5 is a graph of shear stress against normal stress at the 

onset of s l i d i ng for a var iety of rock types and is taken from Byerlee 

(1978). The data were best f i t t e d by two equations: 

T = 0.85 a n a n < 2 kb (1 kb = 100 MPa) 

T = 0.5 + 0.6 o n 2 kb < a n < 20 kb 

g iv ing coe f f i c ien ts of f r i c t i o n 

m = 0.85 a n < 2 kb 

and p = 0.6 + 0 ^ 2 kb < a n < 20 kb 
°n 

Clear ly, at high normal stresses 

v = 0.6 

Values of between 0.6 and 0.85 are typ ical fo r rock-on rock s l i d i ng 

experiments. 

A coe f f i c i en t of f r i c t i o n of 0.6 w i l l require very high shear 

stresses at depth for f a u l t movement to occur because of the high 

normal stresses. For movement at 15 km we can consider the normal stress 

to be of the order of 500 MPa (due to the overburden). So fo r s l i p 

to occur 

i - 0.6 x 500 = 300 MPa 

I f th is is the maximum shear stress (the least favourable considerat ion 



MAXIMUM FRICTION 
EXPLANATION 

S Y M B O L R E F E R E N C E 
2 F 
20 
3 
5 

6 F 
6 5 
9 
13 
16 
2 0 
2 5 

26 
27 

R O C K T Y P E 
Granite , fractured 
Granite , ground surface 
Limestone , Gobbro , Dunile 
Granite , ground sur face 
Weber Sandstone , faulted 
Weber Sandstone , sa» cut 
Granodior i te 
G n e i s s and Mylomte 
Piaster in joint of Quortz Monzonite 
Quartz Monzonite joints 
Westerly Granite, C h l o r i t e , Serpenlinile, 
l l l i le , Kaalinitc , Halloysite , 
Monlrrorillonile, Vermiculite 
Granite 
Kooiinite , H o l i o y s i t e , Utile , 
Moritmorillonite, Vermicul i le 

.6* 

• K 
H 

I 
12 13 15 16 

NORMAL STRESS , tra (BARS x I0 J ) 

Fig. 2.5: Shear stress plotted as a function of normal s t ress , 
at the maximum fr ic t ion, for a variety of rock types, 
(after Byerlee, 1978) 
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for th is discussion) then the stress di f ference is 

o D = 2 T = 600 MPa 

and th is is probably an un rea l i s t i ca l l y high value. The absence of a 

clear heat flow anomaly across the San Andreas f a u l t has been in terpreted 

to indicate a shear stress on the fau l t s of no more than 20 MPa (Brune et 

al . , 1969). Considerations of the energy budget avai lable for normal 

fau l t i ng by Bott (1976) also suggested that the e f fec t i ve coe f f i c i en t 

of f r i c t i o n must be considerably lower than 0.6 for f au l t movement to 

occur. 

Consequently, i t is necessary to propose a method of reducing the 

f r i c t i o n coe f f i c i en t for in s i t u f au l t s . There are two mechanisms 

avai lable for t h i s . F i r s t l y , i f a pore pressure is present the f r i c t i o n 

law must be modified to deal with the e f fec t i ve normal st ress, 

T- = y ( o n - p) 

where p is the pore pressure. This w i l l obviously resu l t in a lower 

f r i c t i o n a l s t rength. The second method of reducing the f r i c t i o n 

coe f f i c i en t is the presence, and nature, of f a u l t gouge. The points 

on Figure 2.5 marked M,V and I , re fe r r ing to montmor i l loni te, vermicul i te 

and i l l i t e , are seen to l i e some distance below the b e s t - f i t l i n e . 

Clearly for these clay minerals the e f fec t i ve coe f f i c i en t of f r i c t i o n 

is much less than 0.6. Recent experiments by Wang and Mao (1979) on 

shearing of saturated clays in rock j o i n t s at high confining pressure 

found that the shear stress required to i n i t i a t e s l i d i ng increases 

l i nea r l y with e f fec t i ve normal s t ress, the slope (the coe f f i c ien t of 

f r i c t i o n ) being 0.08 for montmori1lonite, 0.12 for c h l o r i t e , 0.15 for 

kao l in i te and 0.22 for i l l i t e . Thus the coe f f i c i en t of f r i c t i o n for a 
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f a u l t containing a saturated clay gouge is l i k e l y to be of the order 

of 0 . 1 . Evidence that clay gouge can ex is t in f a u l t zones at s i gn i f i can t 

depths has been discussed by Wu (1978) and can be summarised in four points 

1) Pressure / temperature studies suggest that clays are stable at depth 

wi th in the upper c rus t . 

2) Clays of the types invest igated above have been found in deep mines 

and tunnels. 

3) Seismic and grav i ty studies of the San Andreas f au l t zone are 

compatible with laboratory data on clay gouges and suggest that gouge 

may ex is t down to a depth of 10 or 15 km (Wang et a l . , 1978). 

4) Clays have been found to be capable of undergoing sudden earthquake­

l i ke displacements (Summers and Byerlee, 1977). 

.7 Creep mechanisms 

The typical creep behaviour of a material undergoing constant stress 

at a constant pressure and temperature is shown in Figure 2.6. There is 

an instantaneous e las t i c s t ra in (<:0) followed by a period of t ransient 

creep (region I ) during which the s t ra in rate decreases. The change in 

the s t ra in rate is due to changes in one or more of the parameters which 

a f fec t the creep process, such as the d is locat ion density or d is locat ion 

s t ructure. As these parameters become stable a period of steady state 

creep (region I I ) ensues in which the s t ra in rate is constant. F i n a l l y , 

the s t ra in rate may increase again pr io r to f a i l u r e giv ing a period of 

t e r t i a r y creep (region I I I ) . Any of these major regions of the creep 

curve may be suppressed or enhanced depending on the material and physical 

condi t ions. At a given confining pressure an increase in the stress 

di f ference or the temperature enhances the rates of t ransient and steady 

state creep and favours the steady state (Carter and Kirby, 1978). 



i l l 

I I 

St ra in 

V 

Time 

Fig. 2.6: A typical strain-time curve for a creep test . 

e 0 in i t ia l e last ic strain 
I transient creep region 
II steady state creep region 

I I I tert iary creep region 
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Ter t ia ry creep is favoured in a s i tua t ion where one or more of the 

pr inc ipa l stresses is tens i le due to accelerated creep processes 

associated with voids (Misra and Mu r re l l , 1965). This is consistent 

with the observation that an increase in confining pressure i nh ib i t s the 

t e r t i a r y stage (Carter and Kirby, 1978). Consequently, t e r t i a r y creep 

would not be expected to be an important factor in deformation in the 

lower l i thosphere where the stress regime w i l l , in general, be compressive 

due to the overburden. 

Transient creep has been described by two empirical laws (Weertman 

and Weertman, 1975; Mur re l l , 1976). The f i r s t of these is a logari thmic 

law applicable for small s t ra ins and temperatures less than 0.2T m , 

where Tm is the melting temperature, and has the form 

where a 0 and v are constants and other symbols in th is section are 

l i s t e d in Table 2.3. The second empirical law, which applies at higher 

temperatures, is of the form 

where the power index m l i es in the range 1/3 (g iv ing Andrade's law) 

to 1/2 (Murrel l and Chakravarty, 1973). B is a funct ion of stress and 

temperature and has been described by Murrell (1976), based on experimental 

work, as 

e = a 0 log (1 + Vt) 2.10 

e = Bt1 m 2.11 

B = B0 ( ^ . ) n exp ( - j L ) 2.12 

where B 0 is a constant. 

The t rans i t i on to steady state creep occurs when the t ransient 



Symbol Material Property 

o s t ra i n 

r s t ra in rate 

t time 

T temperature in °K 

Tm melting temperature 

k Boltzmann's constant 

c s shear s t ress, ° i - a 3 
2 

° D d i f f e r e n t i a l s t ress , a - a 3 

G shear modulus 

E ac t iva t ion energy for t ransient creep 

Q ac t iva t ion energy for steady state creep 

V ac t iva t ion volume 

P pressure 

Q atomic volume 

d grain diameter 

6 thickness of grain boundary d i f f us ion path 

b Burger's vector 

D d i f f us ion coe f f i c i en t 

Do pre-exponential d i f f us ion constant 

Dv 
volume d i f f us ion coe f f i c i en t 

DB grain boundary d i f f us ion coe f f i c i en t 

Table 2.3: Symbols used in creep laws 
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creep rate f a l l s to the value of the steady state creep ra te . This 

s i tua t ion has been seen to occur a f t e r s t ra ins of about 10~2 (Goetze 

and Brace, 1972; Durham and Goetze, 1977). 

The two most important mechanisms for steady state creep are 

d i f fus ions ! f o w and d is locat ion creep. Di f fus ional flow involves the 

mass transport of atoms by d i f fus iona l processes from one grain boundary 

to another. An account of the mechanics of th i s process, and of others 

mentioned here, is given in Nicolas and Po i r ie r (1976). Di f fusion of 

atoms through grains ( l a t t i c e d i f f us ion ) is known as Nabarro-Herring 

creep a f te r early invest igators of t h i s mechanism. The steady state 

equation is (toee^tman and Weertman, 1975) 

where a is a constant. Temperature and pressure a f fec t the creep rate 

pr imar i l y through the d i f f us ion c o e f f i c i e n t , D, which is given by 

(Weertman and Weertman, 1975) 

where D0 is a constant. Mass transport can also take place along grain 

boundaries, through grain boundary d i f f u s i o n . This is cal led Coble creep 

and i t s e f f ec t can be incorporated in equation 2.13 by replacing the 

d i f f us ion c o e f f i c i e n t , D, by an e f fec t i ve d i f fus ion c o e f f i c i e n t , ®eff 

(Stocker and Ashby, 1973; Ashby and V e r r a l l , 1978), g iv ing 

= ct D Q 
d 2kT 

2.13 

u + PV, 
kT 

= 42 D e f f Q . o s 
2.15 

d2kT 

where 0 e f f = Dv [ 1 + jrr6_(Dg_)] 

V 

2.16 
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Since the s t ra in rate depends l i nea r l y on the stress th is mechanism 

is essent ia l ly Newtonian and can be s imp l i f i ed to 

l ^ s 2,17 

where the v i scos i t y , n, is a function of temperature and pressure: 

n = n(T,P) 2.18 

Dislocat ion creep is contro l led by the movement o f d is locat ions 

and is generally divided into d is locat ion g l ide and d is locat ion climb 

depending on the nature of the movement (Weertman and Weertman, 1975; 

Nicolas and Po i r i e r , 1976). The mechanisms predic t a steady state 

creep equation of the same basic form 

e = A' DGb .(as_)n 2.19 
kT TT 

where A' is a constant. I f the ce l ls between which the dis locat ions move 

are thought of as small gra ins, then d is locat ion creep can be interpreted 

as a kind of d i f fus iona l f low. Since the ce l l size depends on stress 

the creep is no longer Newtonian. Observations on metals show that the 

ce l l s i ze , d , is given by 

d = G_ 2.20 
b o s 

Insert ing th is into equation 2.13 for d i f fus iona l f low, and using the 

re la t ionshi p 

fi - b 3 2.21 

gives equation 2.19 fo r d is locat ion creep (Ashby and V e r r a l l , 1978). 

The power index, n, can be estimated for o l i v i ne by subst i tu t ing for 

the parameters in equation 2.19. n has the value of <5 for cl imb-
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cont ro l led creep and ^5 for g l ide -con t ro l led creep, which occurs at 

higher stresses. The constant A' is also d i f f e r e n t fo r these two mechanisms. 

Since the s t ra in rate fo r these processes depends on some power 

of the applied s t ress , these mechanisms are often referred to as power 

law creep and expressed in a s imp l i f i ed form of equation 2.19 

e = A exp (-Q + PV) a . n 2.22 
kT 

2.8 Experimental resul ts on creep of rocks 

Transient creep parameters fo r c r ys ta l l i ne rocks deformed to 

st ra ins less than 10" ? have been determined by Misra and Murrell (1965), 

Goetze (1971), Goetze and Brace (1972) and Murrell and Chakravarty (1973) 

and a useful summary of t h e i r resul ts is given in Carter and Kirby (1978). 

Transient creep is not used in th is thesis (see section 2.9) and t h e i r 

values are consequently not quoted here. 

High temperature, steady state creep in o l i v i ne and o l i v i n e - r i c h 

rocks has been invest igated by many workers. In general t he i r resul ts 

have supported a power law creep mechanism and have been in terpreted 

in the form 

e = A exp (-Q ) a " 2.23 
FT u 

where OQ i s the d i f f e r e n t i a l s t ress. Their resul ts are summarised in 

Table 2.4. In order to make references to the o r ig ina l papers easier , 

the values are quoted in the t r ad i t i ona l un i t s . Equation 2.23 d i f f e r s 

from the previous equation in that the pressure e f fec t is not included 

in the exponential term. The ac t iva t ion volume, V, is poorly-known and 

experiments are usually performed at a constant conf ining pressure. 
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Weertman (1970) has suggested using the empirical re la t ion 

exp (-Q + PV) - exp -g J m ) 2.24 

where g is a dimensionless constant and Tm is the melt ing temperature 

at pressure P. However the ac t i va t ion energy and volume must s t i l l be 

estimated in order to calculate g. 

Experimental resul ts together with theoret ica l calculat ions of s t ra in 

rates based on the physical propert ies of a wide var ie ty of materials 

enable deformation maps for o l i v i ne to be p lo t ted (Stocker and Ashby, 

1973; Ashby and V e r r a l l , 1978). An example of these is shown in Figure 2 .7 , 

taken from Stocker and Ashby (1973) and also discussed by Goetze (1978). 

Discussion of creep laws for the lower l i thosphere 

The importance of t rans ient creep in the l i thosphere is not well 

known. Surface loads, which usual ly cause small s t r a i ns , may be relaxed 

by t rans ient creep processes (Durham et a l . , 1979). This throws 

considerable doubt on steady state creep resul ts obtained from isos ta t i c 

rebound studies. Cathles (1975) has suggested that the Fennoscandia 

rebound data are inconsistent with a power law with n s i g n i f i c a n t l y 

greater than 1. The same data (with d i f f e ren t assumptions) were used by 

Post and Griggs (1973) to support t h e i r power law with n equal to 3. 

Weertman (1978) has pointed out that the to ta l s t ra ins during rebound 

are of the order of 10~ 3 and consequently should not be considered to 

be produced by steady state creep. Goetze and Brace (1972) have suggested 

that the extrapolat ion of t rans ient creep data to the much lower s t ra in 

rates observed under Fennoscandia is too great to be reasonable. Strains 

resu l t ing from tectonic stresses act ing on l i thospher ic plates may be 

associated with an i n i t i a l t rans ient per iod. The length of th i s t rans ient 
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w i l l depend on factors such as the amount of p re-s t ra in ing (Durham 

et a l . , 1979) and other physical condit ions (Carter and Kirby, 1978). 

Because of th is uncer ta in ty , and because of the long term tectonic 

stresses considered to be acting on the l i thosphere, t rans ient creep 

w i l l not be used in th is thes is . 

Two mechanisms of steady state creep w i l l be considered. The f i r s t 

is Newtonian, and is expressed as 

e - J_ a 2.25 
2 r f s 

where the v i scos i t y , n, is regarded as a constant. The experimental 

evidence and the deformation map (Figure 2.7) both suggest that 

d i f f us iona l flow w i l l not be the dominant mechanism in the lower l i t h o ­

sphere. Nevertheless, considerable numerical work has been done using a 

creep law of th i s form (e .g . Kusznir and Bo t t , 1977) and since i t i s 

the simplest i t is useful for invest iga t ing the e f f ec t of v iscos i ty 

contrasts between the lower crust and the upper mantle, which could be 

concealed by a more complex law. 

The second mechanism that w i l l be used in th is thesis is power law 

creep of the form 

E - A exp(-_Q_) (a ) n 2.26 
kT s 

The deformation map of o l i v i ne (Figure 2.7) suggests that fo r the 

temperature and stress ranges appl icable to the lower l i thosphere, th is is 

the most appropriate law. For use in the analys is , equation 2.26 must 

be wr i t t en in tensor form (as must equation 2.25) and th is is discussed 

in Chapter 3. The e f fec t of leaving out the pressure term, exp(-PV), 
kT 
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in equation 2.26 is not s i gn i f i can t fo r lower l i thosphere pressures 

when compared to the accuracy of the other parameters. The e f f ec t i ve 

v iscos i ty can be defined as 

e f f ~ u s 2.27 

Two power laws w i l l be used: one based on dry o l i v i ne for the 

upper mantle and the other based on quar tz i te fo r the lower c rus t . A 

value of 125 kcal mo l " 1 (523.25 kJ mol " 1 ) fo r the act iva t ion energy 

for o l i v i ne is considered to be a reasonable value (Goetze, 1978). 

A value of 3 for the exponent n is a common choice and agrees f a i r l y 

well with the experimental data and with theoret ica l considerat ions. 

The value of the pre-exponential constant, A, is more d i f f i c u l t to 

se lec t . Experiments can only be performed at s t ra in rates greater than 

about 10~ 7 , so fo r t he i r resul ts to be applied to the mantle ext rapolat ion 

of at least six orders of magnitude is necessary (Goetze, 1978). I t is 

not known how sensi t ive th is extrapolat ion is and, consequently, the 

method used here is simply to assume a value for A which gives r e a l i s t i c 

e f f ec t i ve v iscos i t ies for the lower l i thosphere and, in the case of the 

mantle, the asthenosphere. Taking a value of 10 9 s - 1 kb n fo r A in 

the creep law for the mantle gives 

e = 10 9 exp (-125 kcal mo l " 1 ) o | 2.28 _____ 

which is w i th in the range of values given in Table 2.4. This equation 

is p lot ted in Figure 2.8 fo r a range of stresses between 1 MPa and 

200 MPa (0.01 to 2 kb) and for temperatures appl icable to the upper, 

central and lower parts of the l i thospher ic mantle. The enclosed por t ion 
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of Figure 2.8 indicates the l i k e l i e s t range of e f fec t i ve v iscos i t ies 

fo r the l i thosphere (Walcott, 1970; Sleep and Sne l l , 1976) and the 

e f fec t i ve v iscos i ty calculated from equation 2.28 in l a te r models 

w i l l be constrained to l i e w i th in the l im i t s 1 0 2 2 Pas to 10 2 1 + Pas . 

The value chosen for the pre-exponential constant agrees also wi th 

the range of e f fec t i ve v iscos i t ies thought to be representative of 

the asthenosphere. Taking the asthenosphere temperature to be 1300°C 

and the shear stress to be 1 MPa (0.01 kb) , equation 2.28 gives an 

e f fec t i ve v iscos i ty of 1.2 x 1 0 2 0 Pas and th is is a typ ical value 

for the asthenosphere (Kirby and Raleigh, 1973). 

Assigning values to creep parameters fo r lower crustal material 

is even more d i f f i c u l t . The only data come from Parrish et a l . (1976) 

for qua r t z i t e , and here the wet quar tz i te data give e f fec t i ve 

v iscos i t ies that are much too low and the dry data give v iscos i t ies 

much too high. I t also seems l i k e l y , from the value of the stress 

exponent, that the large stresses used in the experimental work on 

dry quar tz i te (Heard and Carter, 1968) has resulted in a creep mechanism 

of the type where n is equal to 5. A value of 64 kcal mol " 1 (267.90 

kJ mol" 1 ) is taken for the ac t iva t ion energy and 3 for the stress 

exponent. The constant A is assigned a value ly ing between the two 

values given in Table 2.4. I t should be real ised here that extremely 

large error bars are attached to the tabulated values (Parr ish et a l . , 

1976). The creep law is therefore 

e = 10 2 exp (-64 kcal mol - 1 ) a | 2.29 
kT 

This equation is p lot ted in Figure 2.9 fo r a range of sui table temperatures 

and stresses.This law gives values which l i e between the wet and dry 
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quar tz i te laws of Table 2.4. Again, the e f f ec t i ve v iscos i ty 

constrained to Tie between 1 0 2 2 Pas and ] O 2 4 Pas . 
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CHAPTER 3 

FINITE ELEMENT ANALYSIS 

3.1 Introduct ion 

The analysis of stresses and displacements in a continuum involves 

the solut ion of d i f ferent ia" ! equations with prescribed sets of boundary 

condi t ions. I f the model is s u f f i c i e n t l y simple these can be solved 

a n a l y t i c a l l y . For geodynamic and geophysical problems the material 

properties of the continuum and the boundary condit ions are often complex, 

with both ia t o v *a l and ver t i ca l var iat ions» and to solve the equations 

ana ly t i ca l l y usually involves unrea l i s t i c s imp l i f i ca t i ons . For th is 

reason i t is necessary to use numerical so lu t ions. One of the most useful 

techniques, which has been used extensively fo r engineering problems and, 

more recent ly , in the geological sciences, is the f i n i t e element method. 

This involves the construct ion of a set of simultaneous equations based 

on the d i f f e r e n t i a l equations and the boundary condit ions of the problem, 

which are then solved using a d i g i t a l computer. This chapter describes 

the use of f i n i t e element methods for e las t i c and v isco-e las t ic 

analys is. F in i te element programs to perform th i s type of analysis do 

ex is t at Durham Univers i ty (Kusznir, 1976; Woodward, 1976), but the author 

has chosen to wr i te his own program. This was done fo r two reasons. 

F i r s t l y , i t was f e l t desirable to have the program in the form of a 

subroutine l i b ra r y and a master ca l l i ng program, which allows considerable 

f l e x i b i l i t y and makes the addi t ion of new subroutines s t ra ight forward. 

A program of th is type was not ava i lab le . Secondly, the programming of 

a f i n i t e element package resul ts in considerable ins ight in to the method. 

The subroutine l i b r a r y , FELIB, and the ca l l i ng program, FEGEN, are l i s t e d 
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and described in Appendix 2 together wi th a tes t of the program. 

3.2 Elast ic f i n i t e element analysis 

3,2.1 Theory 

The appl icat ion of the f i n i t e element method in t h i s thesis involves 

the study of stress and s t ra in d i s t r i bu t ions in two-dimensional e las t i c 

continue. This is described in deta i l by Zienkiewicz (1977) and his 

formulat ion is followed in th is chapter. The p la in s t ra in approximation 

is used, whereby the s t ra in in the d i rec t ion perpendicular to the plane 

of the model is defined to be zero. This is a reasonable constraint fo r 

use with cross-sectional models through structures which are very long 

in the th i rd dimension. The equations re la t ing s t ress , s t ra in and displace 

ment in an e las t i c continuum are described in many texts (e .g. Housner 

and Vreeland, 1966; Jaeger and Cook, 1976) and w i l l not be derived here. 

I f the displacement vector fo r any point in an e las t i c continuum 

is 

where u,v are the displacements in the two dimensions of the model ( x , y ) , 

then the s t ra in tensor {e} is defined as 

r du ^ 

n 
U i 

r e x 3X 

{e l = e y 
9V 
ay 

3.1 

3 V 3U 
3y 3X 

since for plane s t ra in e z = YXZ = Yyz = 0 
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The stress tensor {a} is re lated to the s t ra in tensor by the equation 

{ol = > = [D]({e} - { e 0 } ) + { a 0 } 3.2 

where {zQ} is the i n i t i a l s t ra in tensor, { a 0 } is the i n i t i a l stress 

tensor, and [D] is the e l a s t i c i t y matrix fo r plane s t ra in given by 

[D] = E(l - v) 

( H v ) ( l - 2 v ) 

1 

1-v 

0 

1-v 
1 

0 

0 l -2v 
2 ( l - v ) 

3.3 

where E is Young's modulus and v is Poisson's r a t i o . The stress necessary 

in the z-d i rec t ion to maintain plane s t ra in is 

az = v ( a x + a y ) 3.4 

At one point in th i s thesis (Chapter 6 ) , the plane stress approximation 

is also used, whereby the z-stress is constrained to be zero. In th is case 

the e l a s t i c i t y matrix becomes 

[D] 

v 0 

1 0 

0 l^v 
2 -
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I f a system of forces is now appl ied to the continuum, consist ing 

of d is t r ibu ted boundary forces, {q } , and d is t r ibu ted internal forces, 

{b } , then the governing equi l ibr ium equations for the continuum can be 

obtained by minimising the to ta l potent ia l energy of the system with 

respect to the displacements caused by the loading. The var ia t ional 

approach to extremum problems of th is type (Lanczos, 1949) is to consider 

the v i r t u a l quant i t ies s { f } and 6 {e} : 

then 

SW = J 6 { f } T {b} dV + j 6 { f } T {q} dA 
v A 

where W is the potent ia l energy of the applied loads, and 

3.5 

6U = 6 { e } T {a} dV 

where U is the s t ra i n energy. 

Subst i tu t ing equation 3.2 in to 3.5" gives 

5U 6 { e } T [D] { E } dV 6 { e } T [D] { E n } dV + 6 { E } { O 0 > dV 3.6 

From equations 3.5 and 3.6 

W = 

U = 1 

{ f } T {b} dV + 

J 

{ f } T {q} dA 

{ E } [D] { E } dV - { e } T [D] { e 0 } dV + J 
{e} { a 0 } dV 

and the to ta l potent ia l energy, T T , i s the sum of these, 



47 

7T 
T T { e } ' D jUldV { e } ' [D]{e0>dV + {e> {.a0)dV + { f } ' { b }dV 

v V V V 

+ { f } (q}dA 

A 

This funct ion must now be minimised with respect to the displacements, 

For an e las t i c continuum th is is not only a stat ionary value but 

is a true minimum. 

In order to solve these equations i t is necessary to constrain 

the displacement vector { f } to consist of a f i n i t e number of parameters. 

In the f i n i t e element method th is is done by subdividing the continuum 

into a discrete number of elements which are interconnected at cer ta in 

points on the i r boundaries, termed nodes. The solut ion of equation 3.8 

in the context of nodal displacements w i l l now be described. This is 

the displacement method and fo r a more complete descr ipt ion the reader 

is referred to Zienkiewicz (1977). 

A typ ica l t r iangu la r element, e, wi th nodes i , j , k at the corners 

is i l l u s t r a t e d in Figure 3 . 1 . Each node has displacement u in the x 

d i rec t ion and v in the y -d i r ec t i on . I f the nodal displacement vector is { d } , 

then 

3TT 
3{ f } 

= 0 3.8 

( f } e = [N] e {d} e where superscr ipt e refers to element e 
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N. 0 
i 

0 H. 

N. 0 
J 

0 N. 
J 

N k 0 

0 N, 

vi 
u j 
v j 

e . where [N] is termed the element shape funct ion and i t s components 

are prescribed functions of posi t ion wi th in the element: 

3.9 

N. = 
i 

(*i + bi X + c 

where a- - X 

bi = yj - yk 

c i = x k - x j 
i 

x i 

2A = i x j 

i x k ^k 

2 x (element area) 

3.10 

and N. and N. are obtained by cyc l ic permutation. 
J K 

The st ra ins at any point w i th in the element are given by 

e ( 

I Y xy J 

3X 
0 

ay 

o 

9X 

U 

V 
[L] { f } e 3.11 

So from 3.9 

[U [N ] e { d } 6 = [ B ] e {d} e r-j.e 3.12 

where [ B ] e is a matrix mapping nodal displacements in to s t ra ins 



Fig . 3 . 1 : Triangular element 

M O , * ) 

/ 

m 
7* 

J(0,y,) 

Fig . 3.2: Triangular element with one side subjected to a 
l i nea r l y varying pressure. 
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Evaluating [L] [N] gives 

c i 

b j 0 
0 C J 

b k 0 
0 c k 

c k 

3.13 

So the s t ra in w i th in the element does not depend on the posi t ion 

of the point cons idered, i .e . the element has a constant s t r a i n . This is 

a consequence of having a l inear shape funct ion (equations 3.10). Elements 

having mid-point nodes w i l l have a quadratic shape funct ion and w i l l give 

r i se to l inear s t ra in elements. These more advanced elements give more 

accurate solut ions but require a considerable increase in computing 

time and numerical in tegra t ion techniques. 

The stresses at any point w i th in the element are given by 

( a } c 

6? 

with [D] as given in equation 3.3. 

Subst i tu t ing fo r { f } and {e} in equation 3.7 and summing over a l l 

elements gives the to ta l potent ia l energy of the system 

Co > 

°y 

, T x y J 

[D] 6 ({ef - U 0 } e ) + { a 0 } e 

1 f d } T [ B ] T [ D ] [B]{d}dV {d } T [B ] T [D ] {e 0 } dV + { d } T [ B ] T { a 0 } d V + 

{d } T [N ] T {b }dV + {d } T [N ] T {q }dA 
J 

3.14 

and performing the d i f f e r e n t i a t i o n of equation 3.8 gives 
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[B] T [D] [B]{d}dV - f [B ] T [D ] {e 0 }dV + [B ] ' {a 0 }dV + [N] T{b}dV + 

[N] T{q}dA = 0 3.15 

This can be s imp l i f i ed to the basic equation of the displacement method 

[K] {d} = {Fl 3.16 

where 

[K] = [B] [D] [B] dV 

{F} [B ] T [D ] {e 0 }dV [B ] T {a 0 }dV - [ [N] T {b}dV [N] T(q}dA 

{F} {F} ( F } q 3.17 

[K] is known as the s t i f f ness matr ix . 

3.2.2 Appl icat ion 

The use of constant s t ra in t r iangu la r elements leads to cer ta in 

s imp l i f i ca t ions in the expressions of equations 3.16 and 3.17. I f [ « ] e 

is the s t i f f ness matrix fo r element e, then 

[K] ( [ B ] e ) T [D ] e [ B ] e dV 

( [ B ] e ) T [D ] e [ B ] e t dx dy 

where t is the thickness of the element and the in tegra t ion is over the 
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element area. I f the model is considered to have uni t th ickness, then 

since [B] and [D] do not depend on pos i t i on , 

where A is the area of the element. 

I t is usual to form the element s t i f fness matrices as given by 

equation 3.18 and then add them in to the global s t i f f ness matr ix , I K ] , 

in t he i r correct posit ions as determined by t h e i r node numbers. 

Simi lar considerations lead to a s imp l i f i ca t i on of the element 

force vectors due to i n i t i a l s t ra ins and stresses, 

and these are added in to the corresponding global force vectors. 

Dis t r ibuted in ternal forces usually take the form of g rav i ta t iona l 

[K] e = ( [ B l 6 ) ! [D ] 6 [ B ] 6 A 3.18 

{F}* = ( [ B ] 6 ) T [D ] e { e 0 } e A 

{ F l = ( f B ] 6 ) T { a 0 } 6 A 
3.19 

o 

hnfU' f n p r a c T n + h 
J. I I V i i I 

1 C CTPU uation 

0 
{b} 

-pg 
where p is the density of the element and g 

is the accelerat ion due to g rav i t y , and 

0 ( [N] ) {F} dV 
pg 

e,T 0 ( LN] ) dx dy 
pg 
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Therefore, for node i 

0 N-j dx dy 3.20 

and from equation 3 .10 

r o 
{ F i } 

pg 
( a i + t^x + c i y ) /2A dx dy 3.21 

A 

Now def in ing the o r i g in of the element co-ordinates at the centroid 

gives 

x dx dy y dx dy = 0 

A A 
So from equation 3 .21 

0 

- P g 

0 

- pg 

o 

• p g J 3 

A 

â  

Zl dx dy 
2A 

since a^ = a j = a k = 2A 3.22 

and s im i l a r l y fo r nodes j and k. 

Therefore to apply forces due to grav i ty i t is s u f f i c i e n t to apply 

one t h i r d of the weight of the element a t each node, 

{F} 

0 
- p g / 3 

o 

- p g / 3 

o 

- p g / 3 

3.23 
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The global body force vector is now formed by adding in a l l the element 

body force vectors, 

The s t i f f ness matrix [K] is symmetric, pos i t ive de f i n i t e and 

banded. Consequently, i t is not necessary to store the ent i re matr ix . 

The f i n i t e element g r id is drawn so that boundaries between d i f f e r e n t 

material propert ies correspond to element boundaries. The band-width 

of the matrix is dependent on the largest d i f ference between any two 

nodes on any element. Careful numbering of the nodes enables the band­

width to be kept as small as possible, which requires less computer 

storage, Various methods ex is t to solve equation 3.16 and can be found 

in most numerical analysis program l i b r a r i e s . The method used here is 

Gaussian e l iminat ion and the basis of th i s procedure is described in 

many texts (e .g . Kreyszig, 1972). The subroutine which performs the 

e l iminat ion is contained in the HARWELL s c i e n t i f i c subroutine l i b r a r y 

(Hopper, 1973) and is very sui table fo r s i tuat ions where many solut ions 

from the same matrix are required. 

3.2.3 Boundary condit ions 

In order to obtain a unique solut ion from equation 3.16 i t is necessary 

to prevent r i g i d body rotat ions and t rans la t ions . This is equivalent to 

ensuring tha t the s t i f f ness matrix is non-singular. Rigid body t rans la t ions 

are prevented by prescribing at least one f ixed x and y displacement. In 

the event that these are both applied at the same node i t is necessary 

to prescribe at least one other f ixed displacement to prevent r o t a t i o n . 

The best method of prescr ibing a f ixed displacement to a nodal point 

is to set the diagonal element of the matrix [K] and the component of 

the force vector, {F } , corresponding to that node to a sui table value. 

The remainder of that row of [K] is set to zero. For instance, i f the 
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x-displacement of the i th node is to be set to a, then the above 

operation replaces the o r ig ina l equation by 

The routine used in th is thesis to solve equation 3.16 requires 

the whole band-width of the matrix to be stored. I f only the semi-

band-width is stored i t is necessary to set the rest of the column to 

zero also and adjust the force vector in order to preserve the symmetry 

of the s t i f f ness matrix (Hinton and Owen, 1977). The other type of 

boundary condit ion is boundary stresses, fo r instance a l i t h o s t a t i c 

pressure acting on the sides of the model. Then, in order to calculate 

the forces that have to be applied at the nodes i t is necessary to 

perform the in tegra t ion 

Suppose a l i nea r l y varying pressure is to be applied along one 

side of an element, e, as shown in Figure 3.2. For th is ca lcu la t ion 

the o r i g in of the x-axis is defined to l i e along the side i j in order 

to s impl i fy the in teg ra t ion . The pressure along the side i j is a l i near 

funct ion of y and can be expressed as 

c d x . = ca where c is a constant. 

(FT [N] {q} dA 
A 

(from equation 3.17) 

q(y) = (g j - g j ) - (y i - y) + qi 
(y i - y j ) 

y i * y » y j 

- ay + 6 3.24 

where a = g- j -g j , 8 = q jYi -QiYj 

y i - y j y i - y j 
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Now t h e x -componen t o f t h e f o r c e v e c t o r t o be a p p l i e d a t node i i s 

N-j q ( y ) dA 3 . 2 5 

Assuming t h e model has u n i t t h i c k n e s s and s u b s t i t u t i n g e q u a t i o n s 

3 . 1 0 and 3 .24 i n t o 3 .25 g i v e s 

[ ( a i + b i x + c i y ) / 2 A ] ( a y + 6 ) dy 

y j 
Now x = 0 e v e r y w h e r e a l o n g s i d e i j so t h e i n t e g r a l can be s i m p l i f i e d t o 

( c ^ y 2 + ( a . a + ciB)y + a^e) dy 3 .26 

y j 

i 2 A 

JL 
2 A c i a ( y i 3 - y j 3 ) + ( a j a + c j B ) ( y j 2 - y j 2 ) + 

a i B ( y i - y j ) 3 .27 

Now 

and 

x j y m 

" x m Y j s i n c e x-

m 

S u b s t i t u t i n g f o r a . , , a and 8 i n e q u a t i o n 3 .27 g i v e s 

F i = - y j ) 2 - ( 2 P i + q j ) 

and x m ( y i - y , - ) = 2 A = 2 x a r e a o f e l e m e n t 

F X 

( y 1 ^ ) . ( 2 q i + q j ) 

6 

3 .28 

and s i m i l a r l y 

F J = ( y j - y j ) - ( q j + z q j ) 
6 
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So t h e s e e q u a t i o n s g i v e t h e f o r c e s n e c e s s a r y t o a p p l y t o nodes i , j 

t o r e p r e s e n t t h e p r e s s u r e q ( y ) . I t can be seen that F x and F x added 
^ 3 

t o g e t h e r a re equa l t o t h e t o t a l p r e s s u r e a p p l i e d on s i d e i j , as i s 

t o be e x p e c t e d . 

An i m p o r t a n t c o n s t r a i n t on some models i s t h e p r e s e n c e o f an 

u n d e r l y i n g f l u i d . I n t h i s s i t u a t i o n i t i s n e c e s s a r y t o have an 

i s o s t a t i c c o m p e n s a t i o n e f f e c t w h i c h dampens t h e d i s p l a c e m e n t s a t t h a t 

b o u n d a r y (Dean , 1 9 7 3 ) . Suppose t h e base o f t h e model i s c h a r a c t e r i s e d 

by m n o d e s , b } b m , where bl i s t h e f i r s t node and b m i s t h e l a s t 

n o d e . T h e n , i f t h e d i s p l a c e m e n t o f t h e i t h base node i n t h e y - d i r e c t i o n 

i s V^ . and t h e d e n s i t y o f t h e u n d e r l y i n g f l u i d i s o m , t h e i s o s t a t i c 

r e s t o r i n g f o r c e on t h a t base node i s 

( F t V 

where A ^ . i s g i v e n by 

D m g ( | x ( b i ) - x ( b i + 1 ) | ) i = 1 

2 

A p m g ( | x ( b i + 1 ) - x ( b i ) | + j x ( b . ) - x C b . ^ ) ! ) 1 < i < 

p g ( | x ( b i ) - x ( b i . 1 ) | ) 

3 .29 

I n m a t r i x f o r m t h i s i s 

( F } T = [A] { d } 3 .30 

where a l l components o f [A] a r e z e r o a p a r t f r o m t h e d i a g o n a l e l e m e n t s 
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w h i c h r e f e r t o y - d i s p l a c e m e n t s o f base nodes whose v a l u e s a r e g i v e n 

by e q u a t i o n 3 . 2 9 . I n c o r p o r a t i n g t h i s f o r c e v e c t o r i n t o t h e t o t a l 

f o r c e v e c t o r i n e q u a t i o n 3 .16 g i v e s 

[ K ] { d } = { F } + { F l j 

= { F } - [A] { d } 

.-. ( [K] + [ A ] ) { d } = { F } 3 .31 

So a d d i n g t h e m a t r i x [ A ] i n t o t h e s t i f f n e s s m a t r i x i n t r o d u c e s t h e 

r e q u i r e d i s o s t a t i c f o r c e s . T h i s a d d i t i o n a l s o removes one s e t o f 

l i n e a r l y dependen t e q u a t i o n s f r o m t h e m a t r i x [K] mak ing i t no l o n g e r 

n e c e s s a r y t o p r e s c r i b e a y - d i s p l a c e m e n t t o p r e v e n t r i g i d body r o t a t i o n s 

and t r a n s l a t i o n s . 

3 . 3 V i s c o - e l a s t i c f i n i t e e l e m e n t a n a l y s i s 

I n C h a p t e r 2 t h e i m p o r t a n c e o f v i s c o - e l a s t i c b e h a v i o u r o f l o w e r 

c r u s t and m a n t l e m a t e r i a l was d i s c u s s e d . A method o f t i m e - d e p e n d e n t 

f i n i t e e l e m e n t a n a l y s i s w i l l be d i s c u s s e d h e r e , f i r s t l y f o r a s i m p l e 

N e w t o n i a n v i s c o s i t y and t h e n f o r a power law c r e e p r h e o l o g y . 

An i n i t i a l e l a s t i c s o l u t i o n e n a b l e s t h e s t r e s s t e n s o r i n each e l e m e n t 

t o be d e t e r m i n e d . I f any d e v i a t o r i c s t r e s s e s e x i s t , a n d t h e m a t e r i a l i s 

v i s c o - e l a s t i c w i t h v i s c o s i t y n , t h e n t h e c r e e p s t r a i n r a t e components 

a r e 

( E ) = 1 a 1 

v x ' c ?r x 2 n 

3 .32 

- y ' c 2 - y 

( y ) = I T ' w x y ' c - xy 
n 

< E z>c - l ° z ' 
2n 
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where { a 1 } i s t h e d e v i a t o r i c s t r e s s t e n s o r 

{ a ' } 

a 
X X 

1 c 
y . = < y 

i 
xy 

T i 
xy xy 

a 
z z 

m 

7m 
> : a - \ (o + a + a ) 
' ' m 3 v x y z ; 

The t o t a l c r e e p s t r a i n o c c u r r i n g a f t e r a t i m e s t e p t i s g i v e n by 

t h e s i m p l e i n t e g r a t i o n 

U c } = { , c } t 

The method used i n t h i s t h e s i s f o r v i s c o - e l a s t i c a n a l y s i s i s 

t h e i n i t i a l s t r a i n method ( Z i e n k i e w i c z e t a l . , 1968 ; Z i e n k i e w i c z , 1977) 

whereby t h e c r e e p s t r a i n s a r e t r e a t e d as i n i t i a l s t r a i n s and t h e f o r c e 

v e c t o r c o r r e s p o n d i n g t o t h e s e s t r a i n s , f F ! , i s added i n t o t h e t o t a l 

f o r c e v e c t o r and t he e q u a t i o n s o l v e d a g a i n t o g i v e t h e new s t r e s s e s . 

{a} = [D] ( { G } - {cQ}) 

F o r t h e p l a n e s t r a i n c o n d i t i o n , t h e t o t a l s t r a i n e z must be z e r o . 

S i n c e t h e p resence o f a d e v i a t o r i c s t r e s s i n t h e z - d i r e c t i o n r e s u l t s 

i n a c r e e p s t r a i n ) i t i s n e c e s s a r y t o make t h e e l a s t i c s t r a i n 

( £

z ) e 1 equa l and o p p o s i t e i n s i g n t o t h e c reep s t r a i n so t h a t 

e z - K > e l + ( £ z > c = 0 

The i n i t i a l s t r a i n method c o n s i s t s o f t h e f o l l o w i n g s t e p s : 
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1) A p p l y t h e l o a d { F } a t t i m e t = 0 and c a l c u l a t e t h e s t r e s s e s { o 0 } 

u s i n g e l a s t i c a n a l y s i s . 

2) Assume t h e s e s t r e s s e s and t h e m a t e r i a l p r o p e r t i e s rema in unchanged 

d u r i n g t h e f i r s t t i m e s t e p t i . Fo r each v i s c o - e l a s t i c e l e m e n t 

c a l c u l a t e t h e c r e e p s t r a i n { e c } a t t h e end o f t h e t i m e s t e p u s i n g 

t h e e q u a t i o n s 3 . 3 2 and 3 . 3 3 . 

e e 

3) Se t { e 0 } = and c a l c u l a t e t h e i n i t i a l s t r a i n f o r c e v e c t o r 

f o r each e l e m e n t 

{ F } e - ( [ B i e ) T [ D ] ' { E O } E A 

where 

[D] E ( l - v ) 

( l + v ) ( l - 2 v ) 

1 V V 0 
1-v 1-v 

V 1 V 0 
1-v 1-v 

0 0 0 1-2 
2 ( l - v ) _ 

Add i n t h e e l e m e n t f o r c e v e c t o r s t o t h e g l o b a l f o r c e v e c t o r 

{ F } = I { F } 6 

£ ° e lems c ° 

and add t h i s i n t o t h e t o t a l f o r c e v e c t o r t o g i v e t h e new v e c t o r 

{ F } j = { F } + { F } 

4 ) Us ing t h i s new f o r c e v e c t o r r e s o l v e t h e e q u a t i o n and c a l c u l a t e t h e 

s t r a i n s a t t h e end o f t h e t i m e s t e p s e t t i n g 

z ' e l •< e z>c 

so t h a t e 
v z ' e l v z ' c 
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C a l c u l a t e t h e s t r e s s e s u s i n g 

{ a h = [ D ] " ( { e } - { e 0 } ) 

where 

( o h 

xy 

and [ D ] " = E ( l - v ) 
( H v ) ( l - 2 v ) 

1 _v v_ 0 
1-v 1-v 

1 0 
1' v 

_ v v_ 1 0 
1-v 1-v 

0 0 0 l - 2 v 
2 ( l - v ) 

5) C a l c u l a t e t h e mean s t r e s s d u r i n g t h e t i m e s t e p by a v e r a g i n g t h e 

s t r e s s a t t h e b e g i n n i n g ( f r o m 2 ) ) and t h e s t r e s s a t t h e end ( f r o m 4 ) ) . 

Use t h i s t o r e c a l c u l a t e t h e c r e e p s t r a i n d u r i n g t h e t i m e s t e p . Repeat 

s t e p s 2 ) , 3 ) , 4 ) and 5) u n t i l t h e mean s t r e s s c o n v e r g e s t o a 

r e a s o n a b l e v a l u e . 

6 ) Assume t h e s e f i n a l s t r e s s e s and t h e m a t e r i a l p r o p e r t i e s r ema in 

unchanged a t t h e s t a r t o f t h e second t i m e s t e p , t 2 , and c o n t i n u e 

as i n s t e p 2 ) . 

7) Repeat f r o m s t e p 2) f o r a l l r e m a i n i n g t i m e s t e p s . 

I f t h e t i m e s t e p , t , i s t o o l a r g e t h e n d e v i a t o r i c s t r e s s e s w i l l 

n o t o n l y be r e l a x e d b u t w i l l ' o v e r f l o w ' g i v i n g i n c o r r e c t a n s w e r s . 

C o n s e q u e n t l y , t h e c r e e p o f a t i m e s t e p must n o t exceed t h e d e v i a t o r i c 

e l a s t i c s t r a i n . T h i s c o n d i t i o n e n a b l e s a maximum l e n g t h o f t i m e s t e p 

t o be c a l c u l a t e d : t h e x -componen t o f t h e d e v i a t o r i c e l a s t i c s t r a i n i s 

( < ) x ' e l vo. va 
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and t h e x -componen t o f t h e c r e e p s t r a i n i s 

v x ' c 2n x 

E q u a t i n g t h e s e g i v e s 

2n - 2 n v . a ^ " ^n\>.a^ 

and s i n c e t he s t r e s s e s a r e d e v i a t o r i c , 

a' = - ( a ' + a ' ) 
z v x y y 

t = 2ri + 2nv 

E E 

t - 2 n ( l + v ) 

S i m i l a r l y t h e maximum t i m e s t e p c a l c u l a t e d f r o m t h e y - and z -componen ts 

w i l l a l s o have t h i s v a l u e . 

For t h e x y - c o m p o n e n t , 

^ e l = W T x y 

(Y ) = 1 T ' t 
v x y ' c — xy 

n 

2 n ( l + v ) , as b e f o r e , 

So a c o n s i d e r a t i o n o f a l l t he s t r a i n components shows t h a t t h e 

maximum t i m e s t e p i s 

t = 2 n ( l + v ) 
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The i n i t i a l s t r a i n method can a l s o be a p p l i e d f o r a power law 

c r e e p r h e o l o g y . The c r e e p e q u a t i o n t h a t w i l l be used has been d i s c u s s e d 

i n C h a p t e r 2 and i s o f t h e f o r m 

° n 
e = A exp ( - Q ) o , 

kT 

For use i n t h e a n a l y s i s t h e e q u a t i o n must be c a s t i n t e n s o r f o r m and 

t h e i n d i v i d u a l components o f s t r a i n r a t e and d e v i a t o r i c s t r e s s must be 

r e l a t e d l i n e a r l y ( e ^ - « CK . n o t e^ - ( o - i j ) ) because s t e a d y s t a t e 

d i s l o c a t i o n c r e e p does n o t a l t e r t h e vo lume o f m a t e r i a l ( S t o c k e r and 

Ashby , 1 9 7 3 ) , T h i s i s e q u i v a l e n t t o s a y i n g t h a t t h e r a t e o f d i l a t a t i o n 

(summat ion c o n v e n t i o n i m p l i e d ) i s z e r o . The e q u a t i o n i s e x p r e s s e d as 

^ \ = A exp ( - Q ) ( T ) n _ 1 a - 3 .34 

where 7 w i l l be te rmed t h e e f f e c t i v e d e v i a t o r i c s t r e s s . I t i s n e c e s s a r y 

f o r 7 t o be i n v a r i a n t so t h a t t h e c h o i c e o f axes does n o t a f f e c t t h e 

e f f e c t i v e v i s c o s i t y o r s t r a i n r a t e . 7 i s chosen t o be t h e squa re r o o t 

o f t h e second i n v a r i a n t o f t h e d e v i a t o r i c s t r e s s t e n s o r 

7 = ( j 2 ) * 

i 
= (1_ a ' o ( summat ion c o n v e n t i o n i m p l i e d ) 

2 i j i j 

= 1 ( a ' 2 + a ' 2 + a ' 2 ) + T 2 + x 2 + x 2 

.2 v x y z ' xy yz xz 

R e f e r r i n g t o p r i n c i p a l a x e s , 

\ ( a [ 2 + a'2

2 + o'^ 

I t can e a s i l y be seen t h a t i n t h e e v e n t o f one o f t h e d e v i a t o r i c 
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s t r e s s e s b e i n g z e r o , e q u a t i o n 3 .34 g i v e s t h e c o r r e c t r e l a t i o n between 

t h e s t r a i n r a t e and t h e d e v i a t o r i c s t r e s s . 

E q u a t i o n 3 . 3 4 g i v e s t h e f o l l o w i n g c r e e p s t r a i n r a t e components 

(e ) = A exp ( - Q J ( x ) n _ 1 o ' x c k T x 

(e ) = A exp ( - Q J ( T ) n _ 1 a ' 
y kT * 

K l 3 . 3 5 

( ; x y ) c = 2 A e x p ( - g _ ) ( T ) H T W 

(e ) = A exp ( -Q_) ( T ) " " 1 ^ 
z c kT 

So by a n a l o g y w i t h e q u a t i o n 3 . 3 2 , t h e e f f e c t i v e v i s c o s i t y i s 

n = J _ exp ( Q ) ( T ) 1 _ n 3 . 3 6 
e T T 2A kT 

The method p roceeds as d e s c r i b e d e a r l i e r , e x c e p t t h a t f o r each 

i t e r a t i o n o f each t i m e i n c r e m e n t t h e t e m p e r a t u r e o f t h e e l e m e n t and 

t h e d e v i a t o r i c s t r e s s t e n s o r a r e used t o c a l c u l a t e t h e e f f e c t i v e 

v i s c o s i t y o f t h a t e l e m e n t . As d i s c u s s e d i n t h e p r e v i o u s c h a p t e r , t h i s 

i s c o n s t r a i n e d t o l i e w i t h i n t h e l i m i t s 1 0 2 2 P a s ( 1 0 2 3 P) and ~\02k P a s 

( 1 0 2 5 P) a n d , c o n s e q u e n t l y , t h e maximum l e n g t h o f t i m e i n c r e m e n t t h a t 

can be u s e d , as c a l c u l a t e d e a r l i e r , must c o r r e s p o n d t o a v i s c o s i t y o f 

1 0 2 2 P a s . 

3 .4 S t r e s s sys tem r e - c r e a t i o n 

I t i s o f t e n u s e f u l i n f i n i t e e l emen t a n a l y s i s t o be a b l e t o r e - c r e a t e 

a s t r e s s sys tem t h a t has been a r r i v e d a t by v i s c o - e l a s t i c a n a l y s i s o v e r 

a l o n g p e r i o d o f t i m e , by an i n s t a n t a n e o u s e l a s t i c s o l u t i o n . T h i s i s 
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p a r t i c u l a r l y t r u e i n t h i s t h e s i s where t h e d e v e l o p m e n t o f a g raben 

i s f o l l o w e d t h r o u g h a number o f s t a g e s i n v o l v i n g changes i n t h e 

bounda ry c o n d i t i o n s and a l s o i n t h e f i n i t e e l e m e n t g r i d (see C h a p t e r 6 ) . 

Suppose a v i s c o - e l a s t i c model has been r u n f o r some l e n g t h o f 

t i m e , t , u s i n g t h e i n t i a l s t r a i n method as d e s c r i b e d i n t h e l a s t s e c t i o n . 

Then t h e t o t a l noda l f o r c e v e c t o r a t t h e end o f t h i s t i m e p e r i o d i s 

equa l t o t he a p p l i e d f o r c e v e c t o r p lus the s u m of the initial s t r a i n 

fo rce v e c t o r s fo r all the t he t i m e i n c r e m e n t s , 

{ F } t o t a l = { F } a p p + 1 { F } , o 
t i m e 
i n c s 

T h i s can be s t o r e d a f t e r t h e l a s t t i m e i n c r e m e n t . S i m i l a r l y , t h e t o t a l 

i n i t i a l s t r a i n ( o r c r e e p s t r a i n ) t e n s o r can be s t o r e d . 

I f an e l a s t i c a n a l y s i s i s now p e r f o r m e d on t h e same model u s i n g 

t h e t o t a l f o r c e v e c t o r as t h e a p p l i e d f o r c e s and s u b t r a c t i n g t h e t o t a l 

i n i t i a l s t r a i n t e n s o r f r o m t h e c a l c u l a t e d s t r a i n t e n s o r , t h e n t h e sys tem 

o f s t r e s s e s and e l a s t i c s t r a i n s t h a t e x i s t e d a f t e r t i m e t o f t h e v i s c o -

e l a s t i c a n a l y s i s w i l l be r e - c r e a t e d . The s t r e s s sys tem w i l l n o t be 

i d e n t i c a l because o f s u c c e s s i v e v e r y sma l l d i f f e r e n c e s a r i s i n g f r o m t h e 

i n c r e m e n t a l n a t u r e o f t h e o r i g i n a l s o l u t i o n . However , i t i s v e r y c l o s e 

t o i t , as i s d e m o n s t r a t e d i n C h a p t e r 6 . 

T h i s method i s d i s c u s s e d and i l l u s t r a t e d , w i t h r e f e r e n c e t o s m a l l 

a l t e r a t i o n s t o t h e f i n i t e e l e m e n t g r i d , i n C h a p t e r 6 . 
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CHAPTER 4 

STRESS A M P L I F I C A T I O N AND THE DEVELOPMENT OF NORMAL F A U L T I N G 

4 . 1 I n t r o d u c t i o n 

I n t h i s c h a p t e r f i n i t e e l e m e n t a n a l y s i s i s used w i t h a model 

d e r i v e d f r o m C h a p t e r 2 t o i n v e s t i g a t e t h e response o f t h e l i t h o s p h e r e 

t o t e n s i o n a l s t r e s s e s . The f i r s t p a r t o f t h e c h a p t e r d i s c u s s e s t h e 

a p p l i c a t i o n o f body f o r c e s and t h e t y p e s o f boundary c o n d i t i o n s t h a t 

can be u s e d . The r e m a i n d e r o f t h e c h a p t e r d e a l s w i t h t h e l o n g t e r m 

response o f t h e l i t h o s p h e r e , u s i n g b o t h Newton ian v i s c o - e l a s t i c and 

p o w e r - l a w c r e e p r h e o l o g i e s , t o a p p l i e d t e n s i o n a l s t r e s s e s . The f a i l u r e 

c r i t e r i o n d i s c u s s e d e a r l i e r i s used t o p r e d i c t t h e o n s e t o f f a u l t i n g , 

and t h e s t r e s s sys tem p r e s e n t a t t h e t i m e o f f a u l t i n g w i l l be c a r r i e d 

t h r o u g h t h e t h e s i s t o C h a p t e r 6 where i t w i l l be r e - a p p l i e d t o a model 

c o n t a i n i n g a f a u l t . 

4 . 2 The f i n i t e e l e m e n t model 

The f i n i t e e l e m e n t g r i d used i n t h i s c h a p t e r i s i l l u s t r a t e d i n 

F i g u r e 4 . 1 . The model i s d i v i d e d i n t o upper c r u s t , l o w e r c r u s t and 

l i t h o s p h e r i c m a n t l e as d i s c u s s e d i n C h a p t e r 2 . The p h y s i c a l p r o p e r t i e s 

o f t h e model a r e summar ised i n T a b l e 4 . 1 . 

The g r i d used i s 4 , 0 0 0 km l o n g , b u t most o f t h e g r a p h i c a l o u t p u t 

w i l l r e f e r t o t h e c e n t r a l 400 km. I n t h i s t h e s i s g raben f o r m a t i o n w i t h i n 

p l a t e s r a t h e r t h a n a t t h e i r edges i s b e i n g i n v e s t i g a t e d and c o n s e q u e n t l y 

i t i s n e c e s s a r y t o have a v e r y l o n g g r i d so t h a t t h e b e n d i n g s t r e s s e s and 

v e r t i c a l d i s p l a c e m e n t s t h a t o c c u r a t t h e edges o f t h e p l a t e i n r esponse 

t o a p p l i e d h o r i z o n t a l s t r e s s e s ( K u s z n i r and B o t t , 1977) do n o t a f f e c t t h e 



CM 
CM 

/ 

\ 
/ 4 -

\ 
CD / 

TO 

\ 
CD 

/ CD 

(U 
CD 

\ CD 

\ / H 

1 

O \ 

CO o 



66 

Depth Range 
(km) 

P 
( k g m " 3 ) 

E 
(Nr rT 2 ) 

Rheo logy 

Upper c r u s t 0 - 20 2 , 7 5 0 0 . 2 5 0 .85 x 1 0 1 1 E l a s t i c 

Lower c r u s t 20 - 35 2 ,900 0 . 2 5 1 .08 x 1 0 1 1 V i s c o - e l a s t i c j 

M a n t l e 35 -100 3 ,300 0 . 2 5 1.80 x 1 0 1 1 V i s c o - e l a s t i c 

Tab le 4 . 1 : P h y s i c a l p r o p e r t i e s o f t h e f i n i t e e l e m e n t m o d e l . 

c e n t r e o f t h e m o d e l . The c e n t r a l s e c t i o n o f t h e g r i d i s f a i r l y c o m p l e x . 

T h i s i s so t h a t a f a u l t can be i n t r o d u c e d i n t o t he g r i d , as w i l l be seen 

i n l a t e r c h a p t e r s . The base o f t h e model i s assumed t o be u n d e r l a i n by 

a f l u i d o f d e n s i t y 3 ,300 kg m " 3 and t h e b o u n d a r y c o n d i t i o n a t t h e base 

i s t h e i s o s t a t i c c o m p e n s a t i o n p r o c e d u r e d i s c u s s e d i n Chap te r 3 . To p r e v e n t 

h o r i z o n t a l t r a n s l a t i o n o f t h e m o d e l , t h e c e n t r a l node on t h e base i s f i x e d 

i n t h e x - d i r e c t i o n . S i n c e t h i s l i e s on an a x i s o f s ymmet r y , t h i s p r e s c r i b e d 

d i s p l a c e m e n t w i l l n o t d i s t o r t t h e r e s u l t s . The p l a n e s t r a i n a p p r o x i m a t i o n 

i s used i n l i n e w i t h l a t e r c h a p t e r s where t h e model w i l l r e p r e s e n t a 

s e c t i o n t h r o u g h a f a u l t o r g raben w h i c h i s l o n g i n t h e d i r e c t i o n 

p e r p e n d i c u l a r t o t h e p l a n e o f t h e m o d e l . 

4 . 3 Body f o r c e s and t h e l i t h o s t a t i c s t r e s s a s s u m p t i o n 

The s t r e s s e s p r e s e n t i n t h e l i t h o s p h e r e can be d i v i d e d i n t o two 

t y p e s : s t r e s s e s due t o g r a v i t y and t e c t o n i c s t r e s s e s . R e s i d u a l s t r e s s e s , 

caused by e a r l i e r t e c t o n i c e v e n t s , w i l l n o t be c o n s i d e r e d h e r e . I n t h i s 

s e c t i o n t h e s t r e s s e s p r e s e n t as a r e s u l t o f t h e body f o r c e s ( i . e . g r a v i t y ) 

w i l l be d i s c u s s e d . For a h o r i z o n t a l l y l a y e r e d model w i t h a f l a t s u r f a c e 

t h e s t a t e o f s t r e s s a t a g i v e n d e p t h w i l l be c o n s t a n t a c r o s s t h e m o d e l . 
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I t seems r e a s o n a b l e t h a t one o f t h e p r i n c i p a l s t r e s s e s w i l l be v e r t i c a l 

and be due t o t h e o v e r b u r d e n o f m a t e r i a l , 

h 

p g d h ( y a x i s i s v e r t i c a l ) 

where p i s t h e d e n s i t y o f t h e o v e r l y i n g m a t e r i a l and g i s t h e a c c e l e r a t i o n 

due t o g r a v i t y . The l i t h o s t a t i c s t r e s s a s s u m p t i o n i s t h a t t h e two 

h o r i z o n t a l p r i n c i p a l s t r e s s e s a r e a l s o equa l t o t h i s v a l u e . 

h 

° x - ° z " CTy p g dh 

o 

S i n c e t h i s s t r e s s sys tem i s h y d r o s t a t i c ( a x = o y = a z ) t h e r e a r e no 

d e v i a t o r i c s t r e s s e s . T h i s a s s u m p t i o n has been used by many w o r k e r s on 

rock mechan ics ( J a e g e r and Cook, 1976) and has been d i s c u s s e d by 

C o l l e t t e ( 1 9 7 6 ) . I t can be a rgued t h a t o v e r l o n g p e r i o d s o f g e o l o g i c a l 

t i m e , c r e e p i n t h e l i t h o s p h e r e w i l l t e n d t o r e s u l t i n t h i s s t r e s s 

d i s t r i b u t i o n as t h e d e v i a t o r i c s t r e s s e s r e l a x . I n s i t u s t r e s s measurements 

( R a n a l l i and C h a n d l e r , 1975) a re o f l i t t l e use when d i s c u s s i n g s t r e s s e s 

due t o g r a v i t y a t d e p t h because t h e y can o n l y be d e t e r m i n e d f o r d e p t h s 

t o a b o u t 1 km and i n c l u d e s t r e s s e s due t o t o p o g r a p h y and r e s i d u a l s t r e s s e s , 

S u r f a c e r e l i e f and l a t e r a l v a r i a t i o n s i n d e n s i t y r e s u l t i n d e v i a t o r i c 

s t r e s s e s ( B o t t and Dean, 1 9 7 2 ; A r t y u s h k o v , 1 9 7 3 ; B o t t and K u s z n i r , 1979) 

and i n t h e s e s i t u a t i o n s t h e s t a t e o f s t r e s s due t o g r a v i t y w i l l n o t be 

l i t h o s t a t i c . Fo r t h e p l a n e l a y e r e d model o f t h e l i t h o s p h e r e shown i n 

F i g u r e 2 .1 and i n v e s t i g a t e d by f i n i t e e l e m e n t a n a l y s i s i n t h i s c h a p t e r , 

howeve r , t h e l i t h o s t a t i c s t r e s s a s s u m p t i o n i s c o n s i d e r e d t o be v a l i d . 

C l e a r l y , w h i l s t u s i n g a h o r i z o n t a l l y l a y e r e d model i t i s n o t n e c e s s a r y 

t o i n c o r p o r a t e t h e l i t h o s t a t i c s t r e s s e s i n t o t h e a n a l y s i s s i n c e t h e y can 
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be e a s i l y c a l c u l a t e d and added i n t o any s t r e s s s y s t e m r e s u l t i n g f r o m 

t h e a p p l i e d t e c t o n i c f o r c e s . I t i s , h o w e v e r , i n t e r e s t i n g a t t h i s p o i n t 

t o examine how a l i t h o s t a t i c s t r e s s d i s t r i b u t i o n can be b r o u g h t a b o u t 

by t h e a p p l i c a t i o n o f body f o r c e s . 

F i g u r e 4 . 2 ( a ) shows t h e p r i n c i p a l s t r e s s e s , p l o t t e d t o s c a l e 

and a t t h e i r p r i n c i p a l o r i e n t a t i o n s , r e s u l t i n g f r o m t h e body f o r c e s w i t h 

t h e s i d e s f i x e d i n t h e h o r i z o n t a l ( x ) d i r e c t i o n . For t h i s p l o t , and 

a l l s i m i l a r p l o t s t h r o u g h o u t t h i s t h e s i s , b r o k e n l i n e s r e p r e s e n t t e n s i l e 

s t r e s s e s and f u l l l i n e s r e p r e s e n t c o m p r e s s i v e s t r e s s e s . The p r i n c i p a l 

s t r e s s e s a r e a l i g n e d a p p r o x i m a t e l y v e r t i c a l l y and h o r i z o n t a l l y . S i n c e 

t h e e l e m e n t s used a r e c o n s t a n t s t r a i n e l e m e n t s (and t h e r e f o r e a l s o c o n s t a n t 

s t r e s s ) t he s t r e s s e s shown a r e t h o s e a c t i n g t h r o u g h o u t t h e e l e m e n t s . The 

v e r t i c a l s t r e s s e s a re l i t h o s t a t i c f o r a p o i n t c l o s e t o t h e c e n t r e o f t h e 

e l e m e n t . The h o r i z o n t a l s t r e s s e s , h o w e v e r , a r e o n l y a p p r o x i m a t e l y o n e -

t h i r d o f t h e l i t h o s t a t i c s t r e s s . T h i s s i t u a t i o n i s a r e s u l t o f t h e 

boundary c o n d i t i o n s a p p l i e d t o t h e edges o f t h e m o d e l . By f i x i n g t h e s e 

i n t h e x - d i r e c t i o n t h e s t r a i n i n t h a t d i r e c t i o n i s c o n s t r a i n e d t o be 

z e r o . 

T h e r e f o r e E = 0 = a v - v a w - v a , 
x ^-2L — X — i -

E E E 

Now, f o r t h e p l a n e s t r a i n c o n d i t i o n 

° z = v ( ° x + ° y ) 

.-. (1 - v 2 ) a x = v ( l + v ) O y 

and s i n c e v = 0 . 2 5 



CM CM -+-CM CM 

=4= 
in 

in 
0) 

in -4-
in 

in >> a> +-> 
in in 

- 4 - in 

in 

0) 

(T3 X I 

in 
=4- CO 

01 

- 4 -
<4-

-4-
a> o 
in 
s- o> 

-4- in 
T3 

=4= 

=4-

=4= 
=3-

=4= 

• 4 -

o 
CO o CO o 

i 
CO 



69 

T C T y 
as o b s e r v e d . 

T h i s s t r e s s sys tem i s u n r e a s o n a b l e because o f t h e v e r y l a r g e d e v i a t o r i c 

s t r e s s e s p r e s e n t nea r t h e base o f t h e l i t h o s p h e r e ( F i g u r e 4 . 2 ( b ) ) . 

F i g u r e 4 . 3 ( a ) i l l u s t r a t e s t h e s t r e s s s y s t e m r e s u l t i n g f r o m t h e 

body f o r c e s w i t h h o r i z o n t a l l i t h o s t a t i c s t r e s s e s a p p l i e d a t t h e e d g e s . 

As can be s e e n , t h e i n - p l a n e p r i n c i p a l s t r e s s e s a r e more n e a r l y e q u a l , 

a l t h o u g h c o n s i d e r a b l e d e v i a t o r i c s t r e s s e s s t i l l e x i s t n e a r t h e base ( F i g u r e 

4 . 3 ( b ) ) . There i s , h o w e v e r , a more s e r i o u s o b j e c t i o n t o t h i s a p p r o a c h . 

Suppose edge s t r e s s e s were a p p l i e d such t h a t t h e i n - p l a n e s t r e s s e s were 

equa l , 

Then 

° x = ° y 

h 

p g dh 

)(ax + a y ) 

h 

pg dh 

( p l a n e s t r a i n c o n d i t i o n ) 

So , f o r v = 0 . 2 5 

p g dh 

C o n s e q u e n t l y , even i f t h e i n - p l a n e s t r e s s e s were e q u a l , c o n s i d e r a b l e 

d e v i a t o r i c s t r e s s e s w o u l d s t i l l e x i s t because o f t h e v a l u e o f t h e 

z - s t r e s s n e c e s s a r y t o m a i n t a i n p l a n e s t r a i n . C l e a r l y , i n t h i s s i t u a t i o n , 

t h e p l a n e s t r a i n a p p r o x i m a t i o n i s i n a d e q u a t e f o r an e l a s t i c model h e l d 

by s t r e s s e s a t t h e e d g e . T h i s i s n o t s u r p r i s i n g - t h e e f f e c t on a p l a t e 

o f u n i f o r m s t r e s s e s a r o u n d i t s p e r i m e t e r w o u l d be e x p e c t e d t o a p p r o x i m a t e 
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more c l o s e l y t o an a x i - s y m m e t r i c s i t u a t i o n . Thus i t i s n o t a p p a r e n t how 

an e l a s t i c s o l u t i o n t h a t g i v e s a l i t h o s t a t i c s t r e s s d i s t r i b u t i o n can be 

o b t a i n e d . 

I t s h o u l d be p o i n t e d o u t , a t t h i s s t a g e , t h a t i t i s p o s s i b l e t o 

g e t a l i t h o s t a t i c s t r e s s f i e l d by c o n s i d e r i n g t h e who le model t o be 

v i s c o - e l a s t i c . T h i s i s done by u s i n g t h e f i r s t t y p e o f b o u n d a r y c o n d i t i o n 

( s i d e s h e l d ) and a l l o w i n g t h e model t o r e l a x so t h a t t h e d e v i a t o r i c 

s t r e s s e s a r e d i s s i p a t e d by c r e e p . F i g u r e 4 . 4 ( a ) shows t h e s t r e s s s y s t e m 

r e s u l t i n g a f t e r 10 M y r s f o r a v i s c o - e l a s t i c model w i t h v i s c o s i t y 1 0 2 3 P a s 

and body f o r c e s a p p l i e d . The s i d e s were f i x e d i n t h e x - d i r e c t i o n . The 

p r i n c i p a l s t r e s s e s a r e a l m o s t e x a c t l y l i t h o s t a t i c w i t h v a l u e s c o r r e s p o n d i n g 

t o t h e c e n t r e s o f t h e e l e m e n t s . As can be seen f r o m F i g u r e 4 . 4 ( b ) , t h e 

d e v i a t o r i c s t r e s s e s a r e v e r y s m a l l , h a v i n g l a r g e s t m a g n i t u d e o f 0 . 6 MPa. 

For t h e r e m a i n d e r o f t h i s t h e s i s , body f o r c e s a r e n o t i n c l u d e d i n 

t h e m o d e l s . Any e r r o r s t h a t t h i s may i n t r o d u c e w i l l be d i s c u s s e d i n t h e 

f i n a l c h a p t e r . The l i t h o s t a t i c s t r e s s e s a r e e x p l i c i t l y added i n t o t h e 

c a l c u l a t e d s t r e s s e s f o r t h e pu rpose o f d e t e r m i n i n g w h e t h e r an e l e m e n t 

w i l l f a i l , s i n c e f o r f a i l u r e mechan ics t h e t o t a l s t r e s s sys tem must be 

u s e d . 

4 . 4 S t r e s s v s . d i s p l a c e m e n t bounda ry c o n d i t i o n s 

H o r i z o n t a l t e n s i l e s t r e s s e s can be i n t r o d u c e d i n t o a f i n i t e e l e m e n t 

model o f t h e l i t h o s p h e r e by two d i f f e r e n t t y p e s o f edge c o n s t r a i n t . The 

f i r s t o f t h e s e i s t o p r e s c r i b e d i s p l a c e m e n t s t o t h e edges such t h a t t h e 

model i s s t r a i n e d i n t h e h o r i z o n t a l d i r e c t i o n . T h i s i s e q u i v a l e n t t o an 

i n s t a n t a n e o u s d e f o r m a t i o n . The second t y p e o f boundary c o n d i t i o n i s t o 

a p p l y t e n s i l e s t r e s s e s a t t h e e d g e s . The method o f d e t e r m i n i n g t h e noda l 

f o r c e s t o be a p p l i e d on t h e edge nodes has been d e s c r i b e d i n C h a p t e r 3 . 

T h i s t y p e o f c o n s t r a i n t i s e q u i v a l e n t t o a c o n s t a n t s t r e s s o v e r t i m e . 
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These two t y p e s o f bounda ry c o n d i t i o n have a f u n d a m e n t a l l y d i f f e r e n t 

e f f e c t f o r t h e s i t u a t i o n where t h e l i t h o s p h e r e c o n s i s t s o f an e l a s t i c 

l a y e r o v e r l y i n g d u c t i l e m a t e r i a l , as has been p o i n t e d o u t by K u s z n i r 

and B o t t ( 1 9 7 7 ) . I f a t e n s i l e s t r e s s i s i n t r o d u c e d i n t o t h e model by 

d i s p l a c e m e n t boundary c o n d i t i o n s ( i . e . c o n s t a n t s t r a i n ) and t h e v i s c o -

e l a s t i c m a t e r i a l i s a l l o w e d t o r e l a x o v e r t i m e , t h e n no a m p l i f i c a t i o n 

o f s t r e s s e s i n t h e e l a s t i c l a y e r o c c u r s . T h i s i s i l l u s t r a t e d i n F i g u r e 

4 . 5 f o r an a p p l i e d s t r a i n o f 0 . 5 m i l l i s t r a i n s and a v i s c o s i t y f o r t h e 

l o w e r c r u s t and m a n t l e o f 1 0 2 3 P a s . However , i f c o n s t a n t s t r e s s bounda ry 

c o n d i t i o n s a r e used t h e n r e l a x a t i o n o f t h e s t r e s s e s i n t h e v i s c o - e l a s t i c 

m a t e r i a l r e s u l t s i n a m p l i f i c a t i o n o f t h e s t r e s s e s i n t h e e l a s t i c l a y e r , 

as has been d e m o n s t r a t e d by K u s z n i r and B o t t ( 1 9 7 7 ) . I t i s t h i s phenomenon 

w h i c h w i l l be i n v e s t i g a t e d i n t h e r e m a i n i n g s e c t i o n s o f t h i s c h a p t e r . 

C o n s e q u e n t l y , i t i s i m p o r t a n t t o a p p l y t h e t y p e o f bounda ry 

c o n d i t i o n w h i c h i s most s u i t e d t o t h e s i t u a t i o n b e i n g m o d e l l e d . The 

s o u r c e s o f s t r e s s w h i c h may a c t on l i t h o s p h e r i c p l a t e s have been d i s c u s s e d 

by T u r c o t t e and Oxburgh (1976 ) and b r i e f l y d e s c r i b e d i n C h a p t e r 1 . Of 

t h e s e , t h e most r e l e v a n t i n a p p l y i n g t e c t o n i c t e n s i l e s t r e s s a r e s t r e s s e s 

due t o t h e d r i v i n g mechan ism, s t r e s s e s due t o v a r i a t i o n s i n c r u s t a l 

t h i c k n e s s and membrane s t r e s s e s . Thermal s t r e s s e s a r e i m p o r t a n t i n t h e 

c o o l i n g o f t h e o c e a n i c l i t h o s p h e r e b u t a r e p r o b a b l y o n l y a m i n o r c o n s t i t u e n t 

o f t h e s t r e s s f i e l d i n t h e c o n t i n e n t a l l i t h o s p h e r e , a l t h o u g h t h e y may be 

s i g n i f i c a n t i n t h e r e g i o n o f r i f t v a l l e y s where a n o m a l o u s l y h i g h t h e r m a l 

g r a d i e n t s a r e p r e s e n t . 

S t r e s s e s due t o t h e d r i v i n g mechanism w i l l r e s u l t f r o m some 

c o m b i n a t i o n o f ' s l a b p u l l ' a t s u b d u c t i o n z o n e s , ' r i d g e p u s h ' a t m i d - o c e a n 

r i d g e s , and t r a c t i o n f o r c e s f r o m c o n v e c t i o n c e l l s i n t h e a s t h e n o s p h e r e 

( T u r c o t t e and O x b u r g h , 1 9 7 6 ) . C l e a r l y t h e s e s t r e s s e s a r e b e s t m o d e l l e d as 
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a c o n s t a n t s t r e s s o v e r t i m e , i . e . by s t r e s s b o u n d a r y c o n d i t i o n s . I t a l s o 

seems l i k e l y t h a t t h e s e s t r e s s e s a r e a p p l i e d o v e r t h e who le d e p t h o f t h e 

1 i t h o s p h e r e . 

S t r e s s e s due t o v a r i a t i o n s i n c r u s t a l t h i c k n e s s have been shown 

t o e x i s t a n a l y t i c a l l y by A r t y u s h k o v (1973) and by f i n i t e e l e m e n t a n a l y s i s 

( B o t t and Dean, 1972 ; B o t t and K u s z n i r , 1 9 7 9 ) . C r u s t a l t h i c k n e s s v a r i a t i o n s 

e x i s t o v e r l o n g p e r i o d s o f t i m e (as can be seen by t h e p r e s e n c e o f v e r y 

o l d m o u n t a i n b e l t s ) and a r e t h u s a l s o b e s t r e p r e s e n t e d by t h e s t r e s s 

bounda ry c o n d i t i o n . These t y p e s o f s t r e s s e s a r e c l e a r l y n o t p roduced i n 

t h e mode ls used h e r e s i n c e t h e r e a r e no l a t e r a l d e n s i t y v a r i a t i o n s . The 

d e p t h o f t h e l i t h o s p h e r e o v e r w h i c h t h e s e s t r e s s e s a c t depends on t h e 

i s o s t a t i c c o m p e n s a t i o n mechan ism. I f s u r f a c e r e l i e f i s compensated f o r 

by a c r u s t a l r o o t , t h e n t h e s t r e s s e s w i l l e x i s t m a i n l y i n t h e c r u s t . 

Compensa t ion by low d e n s i t y m a n t l e a t some g r e a t e r d e p t h , h o w e v e r , w i l l 

r e s u l t i n t h e s t r e s s e s e x t e n d i n g t h r o u g h a g r e a t e r d e p t h o f t h e l i t h o s p h e r e . 

The i m p o r t a n c e o f membrane s t r e s s e s t o r i f t i n g i s n o t c l e a r . Oxburgh 

and T u r c o t t e (1974 ) s u g g e s t t h a t t h i s s o u r c e may be r e s p o n s i b l e f o r t h e 

E a s t A f r i c a n r i f t s y s t e m . T h e i r c a l c u l a t i o n s show a t e n s i l e s t r e s s o f 

up t o 60 MPa b e i n g p roduced as a r e s u l t o f n o r t h w a r d movement o f t h e 

A f r i c a n p l a t e o v e r t h e l a s t 100 M y r s . Thus i f t h e s e s t r e s s e s a r e 

i m p o r t a n t , t h e y a l s o a r e b e s t m o d e l l e d as a c o n s t a n t s t r e s s o v e r t i m e 

r a t h e r t h a n an i n s t a n t a n e o u s d e f o r m a t i o n . 

C o n s e q u e n t l y , a l t h o u g h t h e r e l a t i v e c o n t r i b u t i o n s o f d i f f e r e n t 

s t r e s s s o u r c e s t o t h e t e c t o n i c s t r e s s sys tem i s n o t known, t h e boundary 

c o n d i t i o n b e s t s u i t e d t o t h e s e s o u r c e s i s t h e s t r e s s b o u n d a r y c o n d i t i o n . 
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4 . 5 S t r e s s a m p l i f i c a t i o n : N e w t o n i a n v i s c o - e l a s t i c T h e o l o g y 

The c o n c e n t r a t i o n o f s t r e s s e s i n an e l a s t i c l a y e r as a r e s u l t 

o f p l a s t i c f l o w i n u n d e r l y i n g m a t e r i a l has been commented on by 

A r t e m j e v and A r t y u s h k o v (1971 ) i n t h e i r d i s c u s s i o n o f t h e f o r m a t i o n o f 

t h e B a i k a l r i f t . More r e c e n t l y , K u s z n i r and B o t t ( 1977 ) have used f i n i t e 

e l e m e n t a n a l y s i s t o d e m o n s t r a t e t h i s phenomenon f o r a two l a y e r model 

w i t h u n i f o r m Young ' s m o d u l u s . I n t h i s s e c t i o n t h e i r work w i l l be 

e x t e n d e d t o a t h r e e l a y e r model w i t h d i f f e r e n t Young ' s m o d u l i w h i c h i s 

more r e a l i s t i c . The e f f e c t o f a v i s c o s i t y c o n t r a s t be tween t h e l o w e r 

c r u s t and t h e upper m a n t l e w i l l be i n v e s t i g a t e d . I n a l l cases t h e 

p r e d i c t i o n o f f a u l t i n g i n t h e uppe r c r u s t as a r e s u l t o f s t r e s s a m p l i f i c a t i o n 

w i l l be s t u d i e d s i n c e t h i s can be c o n s i d e r e d t o r e p r e s e n t t h e f i r s t s t a g e 

o f g raben f o r m a t i o n . 

Many m a j o r f a u l t s and g raben a r e s i t u a t e d on p r e v i o u s zones o f 

weakness . I n C h a p t e r 2 i t was shown t h a t t h e t e n s i l e s t r e n g t h o f 

c r y s t a l l i n e r o c k s p r o b a b l y l i e s w i t h t h e range o f 10 t o 20 MPa. I n t h i s 

c h a p t e r t h e l o w e r l i m i t o f 10 MPa w i l l be used i n o r d e r t o s i m u l a t e a 

weak zone i n t h e c e n t r e o f t h e m o d e l . 

Fo r a m u l t i - l a y e r m o d e l , t h e s t r e s s e s i n t h e l a y e r s , a t s u f f i c i e n t 

d i s t a n c e f r o m t h e e d g e s , a r e r e l a t e d t o t h e a p p l i e d s t r e s s by t h e 

e x p r e s s i o n 

n 

APP .1 = I a.I. 
i = l 

4 . 1 

n 
where i = Y u 

and o 
APP i s t h e a p p l i e d s t r e s s , a\ i s t h e s t r e s s i n t h e i t h l a y e r and 

£-j i s t h e t h i c k n e s s o f t h e i t h l a y e r . The s t r e s s e s i n t h e l o w e r c r u s t 
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and m a n t l e , w h i c h a r e v i s c o - e l a s t i c , w i l l decay e x p o n e n t i a l l y t o z e r o 

and t h e s t r e s s i n t h e e l a s t i c upper c r u s t w i l l t h e r e f o r e i n c r e a s e 

t o w a r d s t h e l i m i t 

— • A p p 4 - 2 
uc 

where o^r i s t h e s t r e s s i n t h e upper c r u s t and i s t h e t h i c k n e s s o f 

t h e upper c r u s t . I f t h i s v a l u e i s g r e a t e r t h a n t h e s t r e s s n e c e s s a r y t o 

cause f a i l u r e , t h e a m p l i f i c a t i o n o f s t r e s s e s i n t h e e l a s t i c l a y e r w i l l 

r e s u l t i n f a u l t i n g a f t e r some p e r i o d o f t i m e . 

F i g u r e 4 . 6 shows t h e t i m e p e r i o d f o r f a u l t i n g t o o c c u r f o r a range 

o f a p p l i e d s t r e s s e s f r o m 20 t o 150 MPa and a v i s c o s i t y o f 1 0 2 3 P a s f o r 

t h e l o w e r c r u s t and l i t h o s p h e r i c m a n t l e . I f t h e v i s c o s i t y i s r e d u c e d by 

an o r d e r o f m a g n i t u d e , t h e n t h e f a i l u r e t i m e s a re a l s o r e d u c e d by an o r d e r 

o f m a g n i t u d e . The r e v e r s e i s t r u e f o r an i n c r e a s e i n v i s c o s i t y . Fo r a l l 

v a l u e s o f t h e a p p l i e d s t r e s s , o p e n - c r a c k s h e a r f a i l u r e i s p r e d i c t e d t o 

o c c u r i n t h e s h a l l o w e s t e l e m e n t s , by t h e M o d i f i e d G r i f f i t h c r i t e r i a , w i t h 

a f a u l t hade o f a p p r o x i m a t e l y 3 0 ° . The c e n t r e s o f t h e s e s h a l l o w e s t e l e m e n t s 

i s a t 3 . 3 3 km, and t h e v a l u e o f t h e h o r i z o n t a l s t r e s s i n t h e upper c r u s t 

when f a i l u r e i s p r e d i c t e d i s a b o u t 8 6 . 5 MPa. T h i s i s i n e x c e l l e n t agreement 

w i t h a d i r e c t c a l c u l a t i o n made f r o m t h e t h e o r y . For t h e o p e n - c r a c k r e g i m e , 

f a i 1 u r e w i11 o c c u r i f 

x 2 >. - 4 T o m 

where x i s t h e maximum s h e a r s t r e s s , a - a . , a m i s t h e mean s t r e s s , 
max m m m 

°max + a m i n 9 a n d T i s t h e t e n s ' l l e s t r e n g t h . Note t h a t t h e mean s t r e s s 

must i n c l u d e t h e l i t h o s t a t i c s t r e s s , w h i c h can be e x p l i c i t l y added i n , 
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F i g . 4 . 7 : V a r i a t i o n o f s t r e s s w i t h t i m e f o r t h e u p p e r c r u s t ( U ) , t h e 
l o w e r c r u s t ( L ) and t h e m a n t l e (M) a t t h e c e n t r e o f t h e model 
f o r an a p p l i e d s t r e s s o f 20 MPa and a v i s c o s i t y o f 1 0 2 3 P a s 
f o r t h e l o w e r c r u s t and m a n t l e . 
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A p p l y i n g a t e n s i l e s t r e s s i n t h e x - d i r e c t i o n r e s u l t s i n t h e x - s t r e s s 

b e i n g t h e l a r g e s t . The y - s t r e s s can be c o n s i d e r e d t o be n e g l i g i b l y 

s m a l l and t h e z - s t r e s s i s t h e i n t e r m e d i a t e s t r e s s , w h i c h has no e f f e c t . 

T h e r e f o r e , 

°x 

CTm = ° x + P g dh 

For t h e s h a l l o w e s t e l e m e n t s , t h e l i t h o s t a t i c s t r e s s a t t h e c e n t r e 

( 3 . 3 3 km d e p t h ) i s - 8 9 . 9 MPa, so f o r a t e n s i l e s t r e n g t h o f 10 MPa 

J X

2 = 4 0 ( 8 9 . 9 - a x ) 

7 ~ T 

••• ° x ? + 8 0 a x " 1 4 3 8 4 = 0 

w h i c h g i v e s 

a x = 8 6 . 4 MPa 

For a t h i c k n e s s o f t h e upper c r u s t o f 20 km and o f t h e l i t h o s p h e r e o f 

100 km, as used i n t h e f i n i t e e l emen t model , t h e minimum v a l u e o f t h e 

a p p l i e d s t r e s s f o r f a u l t i n g t o o c c u r can be c a l c u l a t e d f r o m e q u a t i o n 4 . 2 , 

o A p p = 8 6 . 5 = 1 7 . 3 MPa 
5 

I t i s o b v i o u s f r o m e q u a t i o n 4 . 2 t h a t f o r a t h i n n e r e l a s t i c l a y e r t h i s 

minimum v a l u e f o r f a u l t i n g w i l l be l e s s and t h e t i m e f o r f a u l t i n g t o 

o c c u r w i l l a l s o be l e s s f o r a l l v a l u e s o f a p p l i e d s t r e s s . The r e v e r s e 

i s t r u e f o r a t h i c k e r e l a s t i c l a y e r . C o n s e q u e n t l y , f a u l t i n g w i l l be 
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more l i k e l y i n a r e a s o f l o c a l i s e d e l a s t i c l a y e r t h i n n i n g , such 

as t h e B a s i n and Range p r o v i n c e , t h a n i n o l d s h i e l d a reas w i t h t h i c k 

e l a s t i c l a y e r s . T h i s was a l s o n o t e d by K u s z n i r and B o t t ( 1 9 7 7 ) . 

Fo r t h e r e m a i n d e r o f t h i s c h a p t e r an a p p l i e d t e n s i l e s t r e s s o f 

20 MPa w i l l be u s e d . T h i s i s w i t h i n t h e s t r e s s l e v e l s t h o u g h t t o be 

caused by t h e s t r e s s sou rces d i s c u s s e d e a r l i e r ( B o t t and Dean , 1 9 7 2 ; 

A r t y u s h k o v , 1973 ; T u r c o t t e and O x b u r g h , 1976 ; B o t t and K u s z n i r , 1 9 7 9 ) . 

F i g u r e 4 . 7 shows t h e v a r i a t i o n o f s t r e s s w i t h t i m e i n t h e t h r e e 

l a y e r s , a t t h e c e n t r e o f t h e m o d e l , f o r a v i s c o s i t y o f 1 0 2 3 P a s f o r t h e 

l o w e r c r u s t and m a n t l e and an a p p l i e d s t r e s s o f 20 MPa. The i n s t a n t a n e o u s 

e l a s t i c s t r e s s e s g e n e r a t e d i n t h e t h r e e l a y e r s a r e n o t e q u a l . T h i s i s 

because t he l a y e r s have d i f f e r e n t Young ' s m o d u l i . The r e l a t i o n s h i p 

between t h e s t r e s s i n any l a y e r and t h e a p p l i e d s t r e s s , nea r t h e c e n t r e , 

i s g i v e n by 

a i ~ ! i • CTAPP ^ 
E 

where a i and E-j a r e t h e h o r i z o n t a l s t r e s s and t h e Young ' s modu lus f o r 

l a y e r i r e s p e c t i v e l y , and E i s a w e i g h t e d mean Young ' s modulus g i v e n by 

_ n 

E = Y E-£ . 4 . 4 

i = l 

where i s t h e t h i c k n e s s o f t h e i t h l a y e r . T h i s r e l a t i o n s h i p c l e a r l y 

s a t i s f i e s e q u a t i o n 4 . 1 . For t h e p h y s i c a l p a r a m e t e r s used i n t h e f i n i t e 

e l e m e n t model ( l i s t e d i n Tab le 4 . 1 ) , 
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E = 1 .502 x T O 1 1 Nm-2 

and t h e s t r e s s e s nea r t h e c e n t r e a r e 

° U C = 1 1 . 3 MPa 

a L C = 1 4 . 4 MPa 

a M 
= 2 4 . 0 MPa 

w h i c h a r e i n e x a c t ag reemen t w i t h t h e v a l u e s c a l c u l a t e d f r o m t h e f i n i t e 

e l e m e n t a n a l y s i s f o r t h e c e n t r e o f t h e model and shown i n F i g u r e s 4 . 7 

and 4 . 8 ( a ) . T h i s i s t h e e x p l a n a t i o n o f t h e f a c t t h a t a l t h o u g h a s t r e s s 

o f 8 6 . 5 MPa i n t h e e l a s t i c l a y e r i s s u f f i c i e n t t o cause f a i l u r e , an 

a p p l i e d s t r e s s o f 8 6 . 5 MPa wou ld n o t cause i n s t a n t a n e o u s f a i l u r e . 

The s m a l l e s t v a l u e o f t h e a p p l i e d s t r e s s t h a t w o u l d r e s u l t i n i m m e d i a t e 

f a i l u r e can be c a l c u l a t e d f r o m e q u a t i o n 4 . 3 , 

T h i s i s i n good agreement w i t h F i g u r e 4 . 6 where an a p p l i e d s t r e s s o f 

150 MPa r e q u i r e s o n l y 2 , 0 0 0 y r s f o r f a i l u r e t o o c c u r . 

The s t r e s s e s i n t h e c e n t r a l s e c t i o n o f t h e model f o r an e l a s t i c 

s o l u t i o n a r e shown i n F i g u r e 4 . 8 ( a ) . F i g u r e 4 . 8 ( b ) shows t h e s u r f a c e 

d i s p l a c e m e n t o f t h e who le m o d e l . The reason f o r u s i n g a l o n g g r i d now 

becomes a p p a r e n t . Because t h e upper l a y e r s have s m a l l e r Young ' s m o d u l i 

t h a n t h e l o w e r l a y e r , t h e y a r e a b l e t o s t r e t c h more i n response t o t h e 

a p p l i e d t e n s i o n . T h i s r e s u l t s i n a downward b e n d i n g o f t h e model nea r 

CTAPP 
= I x 8 6 . 5 MPa 

UC 

= 153 MPa 
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t h e e d g e s , w h i c h m o d i f i e s t h e s t r e s s e s s l i g h t l y f r o m t h e v a l u e s g i v e n 

above f o r t h e c e n t r e o f t h e m o d e l . T h i s b e n d i n g e f f e c t e x t e n d s i n t o 

t he model f o r a d i s t a n c e o f a b o u t 1700 km. The d i s p l a c e m e n t s have a 

maximum v a l u e o f 6 . 4 m a t t h e edges o f t h e m o d e l . The c e n t r a l s e c t i o n , 

w h i c h i s u n a f f e c t e d by t h e edge e f f e c t s , s u b s i d e s by 4 . 2 m. 

F i g u r e 4 . 7 shows t h a t as t h e v i s c o - e l a s t i c m a t e r i a l r e l a x e s , 

t h e s t r e s s i n t h e upper c r u s t i n c r e a s e s u n t i l f a i l u r e o c c u r s a f t e r 

1.19 M y r s . The s t r e s s e s i n t h e l o w e r c r u s t a r e i n i t i a l l y s l i g h t l y 

i n c r e a s e d and t h e n d e c r e a s e a t t h e same r a t e as t h e s t r e s s e s i n t h e 

m a n t l e . The i n i t i a l s l i g h t i n c r e a s e i s because t h e i n s t a n t a n e o u s s t r e s s e s 

i n t h e m a n t l e a r e g r e a t e r t h a n i n t h e l o w e r c r u s t , a n d , c o n s e q u e n t l y , 

t h e m a n t l e i n i t i a l l y r e l a x e s more r a p i d l y and causes a s m a l l amount 

o f a m p l i f i c a t i o n i n t h e l o w e r c r u s t u n t i l t h e s t r e s s e s a r e a p p r o x i m a t e l y 

equa l when t h e y b o t h r e l a x a t t h e same r a t e , as w o u l d be e x p e c t e d s i n c e 

t h e y have t h e same v i s c o s i t y . 

The s t r e s s e s a t t h e t i m e o f f a i l u r e , a f t e r 1.19 M y r s , a r e i l l u s t r a t e d 

i n F i g u r e 4 . 9 ( a ) where t h e r e s u l t o f t h e s t r e s s a m p l i f i c a t i o n can be 

c l e a r l y s e e n . The s t r e s s e s i n t h e upper c r u s t have reached a v a l u e o f 

8 6 . 5 MPa whereas t h e s t r e s s e s i n t h e l o w e r c r u s t and m a n t l e have v a l u e s 

o f 3 .6 MPa and 3 . 3 MPa r e s p e c t i v e l y . F i g u r e 4 . 9 ( b ) shows t h e s u r f a c e 

f l e x u r e f o r t h e who le model a f t e r 1.19 M y r s . The edges o f t h e model 

a r e now b e n t upwards . T h i s i s because t h e l o w e r p a r t o f t h e model has 

been a l l o w e d t o f l o w o u t w a r d s , i n response t o t h e a p p l i e d t e n s i o n , and 

can de fo rm more t h a n t h e upper p a r t w h i c h i s e l a s t i c . The e f f e c t has been 

commented on by K u s z n i r and B o t t ( 1 9 7 7 ) , who p o i n t o u t t h a t i t c o u l d 

be a s i g n i f i c a n t s o u r c e o f v e r t i c a l movement nea r p l a t e b o u n d a r i e s . The 

edges have s u b s i d e d by 68 m and t h e c e n t r e o f t h e m o d e l , away f r o m t h e 

edge e f f e c t s , has s u b s i d e d by 81 m. The maximum amount o f s u b s i d e n c e 
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has occurred about 500 km in from the edges wi th value 90 m. The 

stress system i l l u s t r a t e d in Figure 4.9(a) w i l l be reappl ied, in 

Chapter 6, to a model containing a f a u l t . 

I t is in te res t ing at th is point to examine the e f f e c t of a v iscos i ty 

contrast between the lower crust and the mantle. Figure 4.10 shows the 

var ia t ion of stress with time in the three layers , at the centre of the 

model, for an applied stress of 20 MPa and v iscos i t ies of 1 0 2 3 Pas for 

the mantle and 1 0 2 2 Pas for the lower crust . The i n i t i a l e l as t i c stresses 

are, of course, the same as those in Figures 4.7 and 4 .8 (a ) . The stresses 

in the lower crust relax very rap id l y , because of i t s lower v i scos i t y , 

and a f t e r only 50,000 yrs have fa l l en from 14.4 MPa to 4.5 MPa. The 

e f fec t of th is is to cause the stresses in the upper crust to increase 

more rap id ly than in Figure 4.7 and also to amplify s l i g h t l y the mantle 

stresses from an i n i t i a l value of 24.0MPa to a maximum of 25.0 MPa. This 

e f f ec t i s small because the thickness of the lower crust is considerably 

less than the thickness of the l i thospher ic mantle. Following th i s s l i g h t 

amp l i f i ca t i on , the stresses in the mantle relax at a s im i la r rate to 

the constant v iscos i ty case, as can be seen in Figure 4.12. Because of 

the more rapid ampl i f ica t ion rate of stresses in the upper c rus t , 

f a i l u r e occurs a f te r a shorter time period. Fai lure is predicted a f t e r 

0.99 M y r s , when the stress in the upper crust has a value of 86.5 MPa 

and the stresses in the lower crust and mantle have f a l l e n to 0.4 MPa 

and 4.1 MPa respect ively. 

Figure 4.11 shows the var ia t ion of stress wi th t ime, at the centre 

of the model, fo r an applied stress of 20 MPa and v iscos i t ies of 

1 0 2 3 Pas for the mantle and 1 0 2 4 Pas for the lower c rus t . The stresses 

in the mantle relax more rap id ly than in the two previous cases, as can 

be seen in Figure 4.12, and in the process amplify both the lower crustal 
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Fig. 4.10: Var iat ion of stress with time for the upper crust (U), the 
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Fig. 4 .11 : Var iat ion of stress with time for the upper crust (U) , the 
lower crust (L) and the mantle (M) fo r an applied stress of 
20 MPa and v iscos i t ies o f 1 0 2 3 Pas for the mantle and 
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and upper crustal stresses. I n i t i a l l y the stresses in the lower crust 

are ampl i f ied s l i g h t l y more rap id ly than in the upper c rus t . Af ter about 

0.57 M y r s , when the stresses in the mantle have f a l l e n to 5.3 MPa, the 

lower crustal stresses reach t h e i r maximum of 43.6 MPa and s ta r t to 

decrease. The rate of decrease of the lower crustal stresses, and the 

corresponding rate of increase of the upper crustal st resses, is f a i r l y 

small and even a f t e r 2Myrs f a i l u r e has not occurred. The stress in the 

upper crust a f te r th is time has a value of 74.6 MPa and is increasing 

only at the rate of 0.1 MPa in every 10,000 y r s . Thus to reach the 

f a i l u r e value of 86.4 MPa w i l l take at least another 1.18 M y r s . In fac t 

i t w i l l probably take considerably longer than th is because the 

ampl i f i ca t ion rate decreases wi th time. 

In order to compare the stress - time curves for the three s i tuat ions 

described above, Figures 4 .7 , 4.10 and 4.11 are p lo t ted on the same 

diagram in Figure 4.12. I t can be concluded from these diagrams that 

a lower v iscos i ty lower crust resul ts in a s l i g h t l y shorter time for 

f a i l u r e to occur than fo r the constant v iscos i ty case, whereas a higher 

v iscos i ty lower crust resul ts in a much greater time for f a i l u r e . 

4.6 Stress amp l i f i ca t ion : power law creep rheology 

In Chapter 3 the power law creep equation was defined as 

^ = A exp(-S T ) ( t f-'o^. 

and fo r each element the creep s t ra in vector is calculated from the 

temperature and the stress tensor for the element. An important point 

here is the calcu lat ion of the temperature. I f the temperature of each 

element is ca lcu la ted, a t i t s centre, from the pressure and the geotherm 
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given in Chapter 2 and the analysis is run through t ime, then pecul iar 

f lexures occur throughout the model. These are i l l u s t r a t e d in Figure 4.13. 

A long, regular g r id has been used (Figure 4.13(a)) to show the simple 

nature of these displacements. This f lexure is an a r t i f a c t of the method 

and is caused by ca lcu la t ing the temperature of each element at i t s 

centre. Consider the section of g r i d i l l u s t r a t e d in Figure 4.14. The 

e f fec t i ve v iscos i ty on the ve r t i ca l l i ne a-a can be considered to be 

the same as that of the elements A and A' to which i t belongs. 

S im i l a r l y , the e f fec t i ve v iscos i ty on b-b is that of elements B and B 1 . 

Now the elements A,A1 have the i r centres at d i f f e ren t depth from B and 

B' and so the i r temperatures, calculated from the geotherm, w i l l be 

d i f f e r e n t . Consequently, t he i r v iscos i t ies w i l l be d i f f e r e n t and so 

the e f f ec t i ve v iscos i ty of the l ine a-a w i l l be d i f f e r e n t to that o f 

b-b. The e f f ec t of th is is to make some sections of the g r id more 

res is tant to creep than others. This causes the f lexure seen in Figure 

4.13(c) . The 'h ighs' correspond to the ve r t i ca l sections label led a-a 

in Figure 4.14 and the ' lows' to sections 8-8. This resu l t i s obviously 

physical ly incor rec t . Since the stresses and temperatures, in the model 

used here, are constant at a given depth, the v iscos i t ies should also 

be constant at that depth. So the e f fec t i ve v iscos i t ies along l ines a-a 

and b-b should be equal. 

This a r t i f i c i a l e f f ec t can be avoided by assigning a temperature to 

each horizontal layer . Then elements A,A',B and B' w i l l a l l have the 

same v iscos i ty (providing t h e i r stresses are equal) and the e f f ec t i ve 

v iscos i t ies on the l ines a-a and b-b w i l l be equal. Returning to the 

g r id that has been used for the chapter so f a r , and w i l l continue to 

be used (Figure 4 . 1 ) , there are three horizontal layers, in the duc t i l e 

ma te r ia l , that extend across the model. I t w i l l be assumed that the 
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temperature of a l l elements in any one layer is constant. This temperature 

is calculated at the centre of the layer using the geotherm given in 

Chapter 2 (Mercier and Carter, 1975). Table 4.2 l i s t s the temperatures 

and depth ranges of these layers together with t he i r creep parameters 

which have been discussed in Chapter 2. 

Figure 4.15 shows the time period fo r f au l t i ng to occur fo r 

a range of applied stresses and a power law creep rheology f o r the 

lower crust and mantle. Comparing th i s p lo t with Figure 4.6 shows that 

Depth Range 
(km) 

Temp 
(°C) 

Q 
(kJ mol" 1 ) 

A 
(MPa- 3 s _ 1 ) 

n 

Lower crust 20 - 35 676 267.904 3 

Upper l i thospher ic 
mantle 

35 - 60 906 523.250 103 3 

Lower l i thospher ic 
mantle 

60 - 100 1122 523.250 103 3 

Table 4.2: Creep parameters for the lower l i thosphere 

at stresses above about 25 MPa the time period before f a i l u r e occurs 

is great ly reduced. For an applied stress of 150 MPa i t is only 200 y r s . 

For stresses below about 25 MPa i t is great ly increased, and for 20 MPa 

i t is 3.608 M y r s . This is to be expected with a stress-dependent 

v iscos i ty where high stresses resu l t in low v iscos i t ies and vice-versa. 

Figure 4.16 shows the var ia t ion of stress with time for an applied 

stress of 20 MPa. There are now four d i s t i n c t layers in the model 

corresponding to the e las t i c upper c rus t , the lower c rus t , the upper 

l i thospher ic mantle (35 to 60 km) and the lower l i thospher ic mantle 
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(60 to 100 km). The stresses for the i n i t i a l 200,000 yrs are p lo t ted on 

a larger time scale in Figure 4.16(b) so that t h e i r ear ly var ia t ions 

can be bet ter seen. The stresses in the upper crust increase in a 

s imi la r manner to the previously discussed constant v iscos i ty models 

up to a value of 86.5 MPa when fau l t i ng is predicted. The lower crustal 

stresses increase i n i t i a l l y to a value of 18.3 MPa a f te r 14,000 yrs and 

then decrease. The stresses in the upper part of the l i thospher ic 

mantle increase s i g n i f i c a n t l y to a maximum of 43.3 MPa a f te r 40,000 y rs . 

The lower l i thospher ic mantle stresses decrease very rap id ly at f i r s t , 

and then more s lowly. Comparing these e f fec ts with those seen in ea r l i e r 

models suggests that the lower l i thospher ic mantle has the lowest 

v i scos i t y , fol lowed by the lower crust and then the upper l i thospher ic 

mantle. This is confirmed by Figure 4.17 which shows the var ia t ion of 

e f fec t i ve v iscos i ty with time in these three layers. I t must be remembered 

that the e f f ec t i ve v iscos i ty has been constrained to l i e between 1 0 2 2 Pas 

and 1 0 2 4 Pas . A f ter 3.608 M y r s , when f a i l u r e is predicted in the upper 

c rus t , the stresses in the lower c rus t , upper l i thospher ic mantle and 

lower l i thospher ic mantle have fa l l en to 4 . 1 , 7.5 and 0.8 MPa respect ive ly . 

I t is in te res t ing at th is point to invest igate the e f f ec t on stress 

ampl i f ica t ion in the upper crust of a thermal anomaly in the lower l i t h o -

sphere. Figure 4.18(a) shows the central section of the f i n i t e element 

g r id with the region of anomalous temperature shaded. A l l the elements 

in th i s shaded region have the i r temperatures raised by 50°C. With th is 

model f au l t i ng is predicted a f t e r only 828,000 y rs . This large decrease 

in f a i l u r e time is due to the decreased v iscos i ty in the central reg ion, 

where the temperature is higher. Figure 4.18(b) shows the surface 

displacement o f the central 400 km of the model at the time of f a u l t i n g . 

For the constant temperature s i tua t ion the subsidence was uniform (dashed 
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l ine in Figure 4.18(b)), whereas in th is case there is a marked area 

of increased subsidence d i r e c t l y overly ing the higher temperature 

mater ia l . This is a resu l t of the decreased v iscos i ty in that region. 

This f lexure af fects the stresses in the upper crust to a small degree. 

On the f lanks of the subsided area the near-surface tensional stresses 

have been s l i g h t l y increased because of the nature of the bending, 

whereas in the centre they have been s l i g h t l y reduced. Consequently, 

f au l t i ng is predicted to occur on the f l anks , at the posi t ions marked 

'F ' in Figure 4.18(b) . 

I t should be real ised here that only the e f f ec t on the v iscos i ty 

of the thermal anomaly has been considered. Other more important e f f e c t s , 

pa r t i cu la r l y with regard to the f lexure , w i l l be due to thermal expansion 

and to density var iat ions and the probable e f f e c t , i f a l l the parameters 

are considered, w i l l be for doming and plateau u p l i f t to occur. The 

stress d i s t r i bu t i on tha t would be associated wi th u p l i f t of t h i s type 

has been invest igated by Bott and Kusznir (1979). Nevertheless, the 

s i gn i f i can t change in the time for f a i l u r e to occur does suggest that 

f au l t i ng w i l l happen p re fe ren t i a l l y in areas where anomalously high 

temperatures e x i s t . This is in agreement wi th the observations noted 

in Chapter 1 that major graben development is often preceded by doming 

and volcanism. 

4.7 Summary 

The main conclusions of the work described in th is chapter w i l l 

now be summarised in point form: 

1) Stress boundary condi t ions, which are the most r e a l i s t i c , resu l t in 

ampl i f i ca t ion of upper crustal stresses as the lower crust and 
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l i thospher ic mantle re lax . This was pointed out by Kusznir and Bott 

(1977). Provided the applied stresses are s u f f i c i e n t l y large, which 

depends on the re la t i ve thicknesses of the layers , f a i l u r e w i l l 

eventual ly occur in the upper c rus t . For a tensional stress system 

the f a i l u r e w i l l take the form of normal f au l t i ng wi th a f a u l t dip 

of about 60°. 

2) I f Young's modulus varies with depth, then d i f f e r e n t magnitude 

stresses are developed in the d i f f e r e n t layers by a uniform applied 

st ress. A Young's modulus that increases with depth, which is 

supported by the increase in P-wave ve loc i ty wi th depth, resul ts 

in lower stresses near the top of the l i thosphere and higher stresses 

near the base. Consequently, an applied stress greater than the value 

necessary fo r f au l t i ng may not resu l t in instantaneous f a i l u r e . 

3) The time period fo r f a u l t i n g to occur depends on the v iscos i ty of 

the duc t i l e material and the magnitude of the applied s t ress. 

4) I f the e las t i c upper crust is l oca l l y th inned, then stress ampl i f i ca t ion 

w i l l occur more rap id ly in that region and f a i l u r e can occur for a 

smaller value of applied s t ress. Consequently, f a u l t i n g is more l i k e l y 

in areas of crustal t h inn ing , such as the Basin and Range province, 

than in stable shie ld areas with th ick c rus t . 

5) I f the v iscos i ty of the lower crust is decreased by an order of 

magnitude, then the time to f a i l u r e is s l i g h t l y decreased. I f i t s 

v iscos i ty is increased by an order of magnitude then a large increase 

in the time to f a i l u r e occurs. Some stress ampl i f i ca t ion in high 

v iscos i ty material w i l l occur i n i t i a l l y as a resu l t of the rapid 

re laxat ion of the low v iscos i ty mater ia l . 

6) A power law creep rheology fo r the lower l i thosphere resul ts in a 

s im i la r pattern of stress ampl i f i ca t ion to that of a Newtonian 
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v isco-e las t ic rheology. The time to f a i l u r e depends great ly on the 

value of applied st ress. High stresses, which resu l t in low 

e f fec t i ve v i s c o s i t i e s , lead to rapid f a i l u r e . Low stresses give 

high v iscos i t ies and very long periods of time are necessary before 

f au l t i ng wi11 occur. 

7) The var ia t ion of stress wi th time in any layer is dependent on the 

e f fec t i ve v iscos i ty of the layers. Layers wi th high v iscos i t i es have 

the i r stresses i n i t i a l l y ampl i f ied as the low v iscos i ty layer relaxes. 

This is consistent wi th the resul ts obtained using a Newtonian visco-

e las t i c rheology. 

8) A thermal anomaly g iv ing local ised higher temperatures resul ts in 

more rapid stress ampl i f i ca t ion in that region, because of the 

decreased e f fec t i ve v i scos i t y , and hence a shorter time to f a i l u r e . 

The la te ra l var ia t ion in v iscos i ty leads to d i f f e r e n t i a l subsidence 

of the surface, and stresses associated with th is f lexure w i l l 

lead to preferred posit ions for f au l t i ng to occur. Although there 

are other important e f fects due to the thermal anomaly, i t seems 

l i k e l y that f au l t i ng w i l l occur p re fe ren t ia l l y in areas where the 

geothermal gradient is anomalously high. This is supported by the 

observations that major graben formation is often preceded by doming 

and volcanism, fo r example in the Rhinegraben, the Baikal r i f t and 

East Af r ica ( l i l i e s , 1977; Logatchev and Florensov, 1978; Davidson 

and Rex, 1980). 
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CHAPTER 5 

FAULT M O D E L L I N G U S I N G F I N I T E ELEMENTS 

•^ I n t r o d u c t i o n 

I n o r d e r t o c o n t i n u e i n v e s t i g a t i n g t h e d e v e l o p m e n t o f g raben 

s t r u c t u r e s i t i s n e c e s s a r y t o have a method o f m o d e l l i n g f a u l t s i n 

t h e c o n t e x t o f t h e f i n i t e e l e m e n t a n a l y s i s used h e r e . D e f o r m a t i o n a s s o c i a t e d 

w i t h f a u l t i n g a r i s e s f r o m two s o u r c e s . The f i r s t o f t h e s e i s t h e d i f f e r e n c e 

i n e l a s t i c p r o p e r t i e s between t h e f a u l t zone and t h e s u r r o u n d i n g m a t e r i a l . 

T h i s e f f e c t i s i n c o r p o r a t e d i n t o t h e s t i f f n e s s m a t r i x . The method o f 

Goodman e t a l . ( 1 9 6 8 ) , w i t h c e r t a i n m i n o r m o d i f i c a t i o n s , i s used f o r 

d e v e l o p i n g t h e f a u l t s t i f f n e s s m a t r i x . The s e c o n d , and mos t i m p o r t a n t , 

s o u r c e o f f a u l t movement i s t h e r e s u l t o f f r i c t i o n a l s l i d i n g on t h e f a u l t 

caused by s h e a r s t r e s s e s e x c e e d i n g t h e f r i c t i o n a l s t r e n g t h . I n t h i s 

c h a p t e r a new method o f m o d e l l i n g f r i c t i o n a l s l i d i n g i s d e s c r i b e d . The 

method a l l o w s t h e use o f a v a r i e t y o f f r i c t i o n laws t o d e t e r m i n e t h e 

f r i c t i o n a l s t r e n g t h . I n t h e p resence o f d e v i a t o r i c s t r e s s e s , and 

p a r t i c u l a r l y a f t e r l o n g p e r i o d s o f t i m e , f a u l t movement as a r e s u l t o f 

s h e a r s t r e s s e s dom ina tes t h e e l a s t i c e f f e c t o f a weak f a u l t zone . 

The f i r s t s e c t i o n o f t h i s c h a p t e r i s d e v o t e d t o a b r i e f d i s c u s s i o n 

o f p r e v i o u s methods o f f a u l t m o d e l l i n g u s i n g f i n i t e e l e m e n t s . The 

r e m a i n i n g s e c t i o n s d e s c r i b e i n d e t a i l t h e p r o p o s e d m e t h o d , w h i c h w i l l be 

used i n C h a p t e r s 6 , 7 and 8 . The p rogramming i s p e r f o r m e d i n two s u b ­

r o u t i n e s , FORMKF and FSHEAR, o f t h e f i n i t e e l e m e n t s u b r o u t i n e l i b r a r y 

FELIB and i s l i s t e d i n Append ix 2 . 
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5 .2 P r e v i o u s methods o f f a u l t m o d e l l i n g 

The r e p r e s e n t a t i o n o f a f a u l t as a d i s c o n t i n u i t y w i t h t h e nodes 

a c r o s s t h e f a u l t j o i n e d by p i n - e n d e d s t r a i g h t members was s u g g e s t e d by 

Anderson and Dodd ( 1 9 6 6 ) . Normal c o m p r e s s i v e s t r e s s was t r a n s m i t t e d 

a c r o s s t h e f a u l t i n a s a t i s f a c t o r y manner , b u t i n t h e e v e n t o f t e n s i l e 

s t r e s s t h e s t r a i g h t members had t o be removed and t h e a n a l y s i s 

p e r f o r m e d a g a i n . A p a r t f r o m t h e d i s a d v a n t a g e o f h a v i n g t o a d j u s t t h e 

g r i d , p o s s i b l y i n t h e m i d d l e o f a t i m e - d e p e n d e n t s o l u t i o n , t h e i r method 

o f m o d e l l i n g t h e f a u l t o f f e r e d no r e s i s t a n c e t o movement p a r a l l e l t o 

t h e f a u l t . S e r v i c e and Doug las (1973 ) s u g g e s t e d m o d e l l i n g a f a u l t as a 

band o f a n i s o t r o p i c e l a s t i c e l e m e n t s h a v i n g weak e l a s t i c p a r a m e t e r s 

i n t h e d i r e c t i o n o f t h e f a u l t p l a n e . The m a j o r d i s a d v a n t a g e i n t h i s 

method i s t h a t o f d e c i d i n g by how much t o r educe t h e e l a s t i c p a r a m e t e r s . 

W h i l s t t h e mechanism o f f a u l t movement i s n o t w e l l u n d e r s t o o d , t h e r e 

seems t o be no j u s t i f i c a t i o n f o r assuming t h a t i t can be s i m u l a t e d by 

mak ing t h e f a u l t behave as a weak e l a s t i c body . A s e c o n d a r y d i s a d v a n t a g e 

i s t h a t t h e weak e l e m e n t s w i l l d e f o r m r a p i d l y , w h i c h may r e s u l t i n 

h a v i n g t o r e c a l c u l a t e t h e s t i f f n e s s m a t r i x d u r i n g t i m e - d e p e n d e n t s o l u t i o n s . 

Th i s o p e r a t i o n r e s u l t s i n a l a r g e i n c r e a s e i n c o m p u t i n g t i m e and expense 

and s h o u l d be a v o i d e d i f p o s s i b l e . D e s p i t e t h e s e d i s a d v a n t a g e s t h i s 

method has been used f o r s t u d y i n g l i t h o s p h e r i c d e f o r m a t i o n (Neugebauer 

and Spohn , 1 9 7 8 ) . A s i m i l a r app roach has been used i n t i m e - d e p e n d e n t 

a n a l y s i s whereby t h e f a u l t i s r e p r e s e n t e d by e l e m e n t s h a v i n g l o w e r 

e f f e c t i v e v i s c o s i t i e s t h a n t h e s u r r o u n d i n g m a t e r i a l ( B i r d , 1 9 7 8 ; 

Neugebauer and Spohn , 1 9 7 8 ) . 

A more s o p h i s t i c a t e d method f o r m o d e l l i n g a d i s c o n t i n u i t y was 

d e s c r i b e d by Goodman e t a l . ( 1 9 6 8 ) . They d e v e l o p e d a s t i f f n e s s m a t r i x 

f o r a j o i n t o f z e r o w i d t h w h i c h i n v o l v e d o n l y t h e l e n g t h o f t h e j o i n t 
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and t h e u n i t normal and shea r s t i f f n e s s e s . The s t i f f n e s s m a t r i x 

d e r i v a t i o n o f Goodman e t a l . w i l l be d i s c u s s e d i n t h e n e x t s e c t i o n . 

T h e i r method has been used by B i s c h k e (1974 ) t o model a t h r u s t f a u l t 

a t a c o n v e r g e n t p l a t e m a r g i n . I n h i s w o r k , the amount o f f a u l t 

movement was c o n t r o l l e d by a d j u s t i n g t h e normal and s h e a r s t i f f n e s s e s . 

T h i s i s e q u i v a l e n t t o a l t e r i n g t h e e l a s t i c i t y o f t h e f a u l t z o n e . 

C o n s e q u e n t l y , t h i s method s t i l l does n o t a l l o w f o r t h e most i m p o r t a n t 

e f f e c t o f f a u l t s l i p due t o h i g h s h e a r s t r e s s e s w h i c h exceed t h e 

f r i c t i o n a l s t r e n g t h . The m o d e l l i n g o f j o i n t s has been f u r t h e r d e v e l o p e d 

by Goodman (1976 ) t o i n c l u d e i t e r a t i v e p r o c e d u r e s f o r a l l o w i n g o p e n i n g , 

c l o s i n g and s l i d i n g o f t h e j o i n t s . A c o n s i d e r a b l e amount o f d e t a i l e d 

i n p u t da ta i s r e q u i r e d w h i c h makes t h i s method s u i t a b l e f o r n e a r - s u r f a c e 

g e o l o g i c a l e n g i n e e r i n g s t u d i e s , f o r w h i c h i t was d e s i g n e d , s i n c e many o f 

t h e p r o p e r t i e s can be measured i n t h e l a b o r a t o r y . Fo r t h e m o d e l l i n g o f 

deep f a u l t s , e x t e n d i n g t o 20 km, s a y , t h e r e a r e p rob lems w i t h a s s i g n i n g 

v a l u e s t o t h e p a r a m e t e r s . I n p a r t i c u l a r , t h e s h e a r s t i f f n e s s i s v e r y 

i m p o r t a n t i n Goodman's method because t h e s h e a r s t r e s s e s on t h e f a u l t 

a r e c a l c u l a t e d f r om i t . Fo r deep f a u l t s , w h i c h d i e o u t a t d e p t h , t h e 

s h e a r s t i f f n e s s i s n o t known. I n d e e d , i t c a n n o t be a c c u r a t e l y e s t i m a t e d 

s i n c e , i n cases where i t has been d e t e r m i n e d i n t h e l a b o r a t o r y , i t 

d i s p l a y s a s t r o n g s c a l e e f f e c t ( B a r t o n , 1 9 7 2 ) . C o n s e q u e n t l y , an 

a l t e r n a t i v e method i s d e v e l o p e d h e r e whereby t h e c a l c u l a t i o n o f t h e 

shea r s t r e s s on t h e f a u l t i s dependen t on t h e s t r e s s l e v e l s i n t h e 

s u r r o u n d i n g m a t e r i a l r a t h e r t h a n t h e s h e a r s t i f f n e s s o f t h e f a u l t . 

5 . 3 Proposed method 

The f a u l t i s r e p r e s e n t e d as a p l a n e bounda ry between a number o f 

e l emen t p a i r s and i s c h a r a c t e r i s e d by ' d u a l n o d e s ' w h i c h i n i t i a l l y have 
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t h e same s p a t i a l c o - o r d i n a t e s , b u t b e l o n g t o d i f f e r e n t e l e m e n t s and 

can move i n d e p e n d e n t l y a l o n g t h e f a u l t p l a n e . F a u l t d e f o r m a t i o n can 

a r i s e f r o m two s o u r c e s . These a re t h e e l a s t i c p r o p e r t i e s o f t h e f a u l t , 

and f r i c t i o n a l s l i d i n g due t o l a r g e s h e a r s t r e s s e s . T h i s i s i l l u s t r a t e d i n 

F i g u r e 5 . 1 . A s t i f f n e s s m a t r i x i s f o r m u l a t e d f o r each s e c t i o n o f t h e f a u l t , 

based on t h e work o f Goodman e t a l . ( 1 9 6 8 ) , and depends o n l y on t h e norma l 

and shea r s t i f f n e s s e s . I n c o r p o r a t i n g t h e s e m a t r i c e s i n t h e g l o b a l s t i f f n e s s 

m a t r i x a l l o w s f o r t h e e f f e c t o f t h e e l a s t i c s t r e n g t h o f t h e f a u l t . By 

a s s i g n i n g a h i g h v a l u e o f norma l s t i f f n e s s t h e f a u l t can be c o n s t r a i n e d 

t o r ema in c l o s e d . F r i c t i o n a l s l i d i n g i s d e p e n d e n t on t h e shea r s t r e s s e s 

a c t i n g on t he f a u l t . The s t r e s s e s i n s u r r o u n d i n g e l e m e n t s a re c a l c u l a t e d 

by an e l a s t i c s o l u t i o n o f t h e f i n i t e e l e m e n t e q u a t i o n s and t h e normal 

and shea r s t r e s s e s on t h e f a u l t a r e c a l c u l a t e d f r o m t h e s e . The amount o f 

shea r s t r e s s t h a t can be m a i n t a i n e d on t h e f a u l t p l a n e w i t h o u t s l i p 

( t h e f r i c t i o n a l s t r e n g t h ) i s d e t e r m i n e d f r o m t h e normal s t r e s s on t he 

f a u l t and an a p p r o p r i a t e f r i c t i o n l a w . The po re p r e s s u r e i n t h e f a u l t 

can be i n c l u d e d a t t h i s s t a g e . I f t h e s h e a r s t r e s s on t h e f a u l t p l a n e 

exceeds t h e v a l u e o f t h e f r i c t i o n a l s t r e n g t h , t h e n t h e excess s h e a r s t r e s s 

i s c o n v e r t e d t o f o r c e s w h i c h a r e a p p l i e d a t t h e nodes on t h e f a u l t and t h e 

f i n i t e e l e m e n t e q u a t i o n s a r e r e - s o l v e d . An i t e r a t i v e p r o c e d u r e i s f o l l o w e d 

u n t i l t h e s h e a r s t r e s s on t h e f a u l t f a l l s t o an a c c e p t a b l e v a l u e . A 

d e t a i l e d d e s c r i p t i o n o f how t h e s e o p e r a t i o n s a r e p e r f o r m e d w i l l now be 

g i v e n . 

5 . 3 . 1 F a u l t r e p r e s e n t a t i o n 

The f a u l t i s r e p r e s e n t e d i n t h e f i n i t e e l e m e n t model as a p l a n e 

boundary between s e v e r a l e l e m e n t p a i r s , and i s d i v i d e d i n t o s e c t i o n s 

between t h e nodes l y i n g on t h i s boundary ( F i g u r e 5 : 2 ) . The nodes on t h e 
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f a u l t a r e te rmed dua l nodes because t h e y have two node numbers a s s i g n e d 

t o them. The two node numbers b e l o n g t o t h e e l e m e n t s on each s i d e o f 

t h e f a u l t . I n o r d e r t o m a i n t a i n t h e b a s i c e l e m e n t g e o m e t r y , t h e f a u l t 

p l a n e must be c o n t i n u e d i n t h e same d i r e c t i o n beyond t h e base o f t h e 

f a u l t so t h a t d i f f e r e n t i a l movement o f t h e dua l nodes a t t h e f a u l t 

base does n o t r e s u l t i n m isshapen e l e m e n t s o r ' h o l e s ' i n t h e g r i d . 

5 . 3 . 2 S t i f f n e s s m a t r i x f o r a f a u l t s e c t i o n 

For each f a u l t s e c t i o n i t i s n e c e s s a r y t o c o n s t r u c t a l o c a l s t i f f n e s s 

m a t r i x w h i c h i s i n c o r p o r a t e d i n t o t h e g l o b a l s t i f f n e s s m a t r i x . T h i s a l l o w s 

f o r t h e e f f e c t o f t h e e l a s t i c p r o p e r t i e s o f t h e f a u l t . The usua l method 

o f c a l c u l a t i n g e l emen t s t i f f n e s s m a t r i c e s ( C h a p t e r 3) c a n n o t be used 

s i n c e t h e f a u l t s e c t i o n s have z e r o a r e a i n t h e p l a n e o f t h e m o d e l . The 

method used he re i s t a k e n f r o m t h e work o f Goodman e t a l . ( 1 9 6 8 ) . However , 

t h e r e a r e c e r t a i n d i f f e r e n c e s i n t h e d e r i v a t i o n he re w h i c h w i l l be 

d i s c u s s e d where t h e y o c c u r . The l o c a l c o - o r d i n a t e sys tem f o r t h i s s e c t i o n 

i s d i f f e r e n t f r o m t h a t o f Goodman e t a l . , w h i c h r e s u l t s i n a d i f f e r e n t 

o r d e r i n g o f t h e s t i f f n e s s m a t r i x f r o m t h a t g i v e n i n t h e i r w o r k . 

F i g u r e 5 .3 shows a f a u l t s e c t i o n o f z e r o w i d t h i n i t s l o c a l 

c o - o r d i n a t e s y s t e m . Us ing a v a r i a t i o n a l a p p r o a c h , as i n C h a p t e r 3 , and 

c o n s i d e r i n g t h e v i r t u a l q u a n t i t y 6 { w } , 

<5W = 6 { w } T { p } dA 5 .1 

A 

where W i s t h e s t o r e d e n e r g y , f w } i s t h e r e l a t i v e d i s p l a c e m e n t v e c t o r 

g i v e n by 



s,w s 

m(0>2) 

LH.S. 

(0,0) 

R.H.S. 

j (0,-^2) 

Fig . 5 . 3 : Fault section of zero width in local co-ordinates. 
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| w n ( R H S ) - w n ( L H S ) 
i W ; 5 .2 

w (RHS) w s ( L H S ) 

and { p } i s t h e f o r c e pe r u n i t a rea v e c t o r . T h i s i s e q u i v a l e n t t o 

s a y i n g t h a t t h e s t o r e d e n e r g y i n t h e f a u l t s e c t i o n i s due t o t h e a p p l i e d 

f o r c e s a c t i n g t h r o u g h t h e d i s p l a c e m e n t s and summed o v e r t h e f a u l t s e c t i o n . 

Now, s i n c e t h e f i n i t e e l e m e n t model has u n i t t h i c k n e s s , e q u a t i o n 

5 .1 can be w r i t t e n as 

j < 5 { W } T 

- V?_ 

[ p } ds 5 . 3 

where { p } i s now t h e f o r c e pe r u n i t l e n g t h v e c t o r g i v e n by 

{ p } 

r ^ 
Pn 

5 . 4 

{ p } has been e x p r e s s e d by Goodman e t a l . i n t h e f o r m 

f p } = [ k ] {w} 5 . 5 

where t k ] = 
k n 0 

i o 
5 . 6 

They c a l l k n a n d k s t h e u n i t normal and u n i t shea r s c i f f n e s s e s . An 

a l t e r n a t i v e way o f e x p r e s s i n g { p } i s 
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1 [ k ] {w} 
£ 

where 0 

kc 

5 . 7 

5.S 

and h e r e k „ and k g a r e t h e normal and s h e a r s t i f f n e s s e s f o r t h e f a u l t 

s e c t i o n . These have t h e c o r r e c t u n i t s f o r s t i f f n e s s o f f o r c e p e r u n i t 

l e n g t h . T h i s e q u a t i o n ( 5 . 7 ) w i l l be used he re and t h e d i f f e r e n c e s i n 

t h e s t i f f n e s s m a t r i x d e v e l o p e d he re f r o m t h a t o f Goodman e t a l . w i l l 

be d i s c u s s e d a f t e r t h e r e m a i n d e r o f t h e a n a l y s i s . 

S u b s t i t u t i n g e q u a t i o n 5 .7 i n 5 . 3 g i v e s 

£ / 2 

SW = | 1 . 6 { w } ' [k ] {w} ds 
J i 

- V 2 

5 . 9 

and so 

W 

l/2 

J_ 
2l J 

{ w } T [k] {w} ds 5 . 1 0 

- V 2 

I f ' and v - j ' a r e t h e d i s p l a c e m e n t s o f node i i n t h e s and n 

d i r e c t i o n s , t h e n t h e d i s p l a c e m e n t s {w} may be e x p r e s s e d i n te rms o f t h e 

noda l d i s p l a c e m e n t s by a l i n e a r i n t e r p o l a t i o n f o r m u l a , 

w n (LHS) 

w s (LHS) 

1 + 2s 
?, 

0 1 + 2s 
i 

1 - Is 
£ 

0 2s 
I 

v i 5 .11 
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and 

w n (RHS) 1 

w«. (RHS) 

2s 

2s 
i 

1 + 2s 

0 1 + 2s 
^m 

5 .12 

S u b s t i t u t i n g t h e s e i n t o e q u a t i o n 5 .2 g i v e s 

{w} 

-A 0 -B 0 B 0 A 0 

0 -A 0 -B 0 B 0 A 

v i 

V j 
u k 
v k 
u m 

5 . 1 3 

where 1 + 2 s , 1 - 2s 

T h i s can be w r i t t e n as 

{w} j [ L ] I d ' } 5 . 1 4 

where [ L ] and { d 1 } a r e g i v e n by e q u a t i o n 5 . 1 3 . [ L ] i s e q u i v a l e n t t o a 

shape f u n c t i o n m a t r i x and { d 1 } i s t h e noda l d i s p l a c e m e n t v e c t o r i n t h e 

l o c a l c o - o r d i n a t e s s , n . 

S u b s t i t u t i n g e q u a t i o n 5 .14 i n t o e q u a t i o n 5 . 1 0 g i v e s 
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i/2 

} T [ L ] T [ k ] [ L ] { d 1 } ds 

72 

5.15 

Now, 

[ L ] [ k ] [ L ] 

-A 0 

0 -A 

-B 0 

0 -B 

0 

0 B 

1 A 0 

i 0 A 

•A 0 -B 0 B 0 A 0 

0 -A 0 -B 0 B 0 A 
5 .16 

k A 2 0 k n AB 0 n " •k n AB 0 - k n A ? 0 

0 k s A 2 0 k s AB 0 - k s A B 0 - k s A 2 

k n AB 0 k n B 2 0 - k n B 2 0 - k n A B 0 

0 k s AB 0 k s B 2 0 - k s B 2 0 - k s A B 

•k n AB 0 - k n B 2 0 k n B 2 0 k n AB 0 

0 - k s A B 0 - k s B 2 

• k n A 2 0 - k n A B 0 

0 - k s A 2 0 - k s A B 

0 k s B 2 0 k s AB 

k n AB 0 k n A 2 0 

0 k s AB 0 k s A 2 

The o n l y t e rms i n e q u a t i o n 5 .15 t h a t v a r y w i t h s a r e A 2 , AB and B ? - , 

and t h e s e i n t e g r a l s can be e v a l u a t e d : 
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f A 2 els 

V 2 

AB ds 

V 2 

ds 

r i 
1 

' ? / 2 

r " 

•V2 

r ~ 

i 

( i + 2 s ) 2 ds 

/1 4 s 2 ) ds 
f,2 

(1 - 2 s ) 2 ds 

4 * 
3 

2A 
3 

3 

5 . 1 8 

S u b s t i t u t i n g e q u a t i o n s 5 .17 and 5 . 1 8 i n t o 5 .15 g i v e s 

W = y ( d ' } T [KjL] i d ' } 5 .19 

where LKp] i s t h e s t i f f n e s s m a t r i x f o r t h e f a u l t s e c t i o n , i n l o c a l 

c o - o r d i n a t e s , g i v e n by 

2 k n 0 k n 0 " k n 0 - 2 k n 0 

0 2 k s 0 k s 0 " k s 0 - 2 k s 

k n 0 2 k n 0 - 2 k n 0 " k n 0 

0 k s 0 2 k s 0 - 2 k s 0 " k s 

" k n 0 - 2 k n 0 2 k n 0 k n 0 

0 0 - 2 k s 0 2 k s 0 k s 

- 2 k n 0 " k n 0 k n 0 2 k n 0 

0 - 2 k s 0 0 k s 0 2 k s 

5 .20 
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T h i s m a t r i x i s d i f f e r e n t f r o m t h a t o f Goodman e t a l . i n two ways . 

F i r s t l y , t h e row o r d e r i n g i s d i f f e r e n t . T h i s i s j u s t t h e r e s u l t o f 

u s i n g a d i f f e r e n t l o c a l c o - o r d i n a t e s y s t e m . S e c o n d l y , t h e i r s t i f f n e s s 

m a t r i x ""'s m u l t i p l i e d by ?., t he l e n g t h o f t h e j o i n t e l e m e n t ( t h e y c a l l 

i t a j o i n t e l e m e n t r a t h e r t h a n a f a u l t s e c t i o n ) . T h i s i s because o f 

t h e d i f f e r e n t d e f i n i t i o n s o f kn and ks used h e r e , w h i c h a r e s t i f f n e s s e s 

r a t h e r t h a n u n i t s t i f f n e s s e s . I t i s f e l t t h a t t h e m a t r i x d e v e l o p e d he re 

i s p r e f e r a b l e t o t h e i r s f o r m o d e l l i n g deep f a u l t s . T h i s i s because 

normal and s h e a r s t i f f n e s s e s can be a s s i g n e d t o t h e who le f a u l t and t h e ' 

s t i f f n e s s m a t r i x i s t h e n n o t dependen t on t h e l e n g t h o f t h e f a u l t s e c t i o n s . 

T h i s i s a n a l o g o u s t o s t i f f n e s s m a t r i c e s f o r e l a s t i c c o n t i n u a w h i c h a r e 

unchanged by s c a l i n g t h e d i m e n s i o n s o f t h e model i f t h e e l a s t i c 

p a r a m e t e r s a r e k e p t c o n s t a n t . To use t h e i r s t i f f n e s s m a t r i x and o b t a i n 

a s o l u t i o n w h i c h does n o t depend on t h e number o f f a u l t s e c t i o n s r e q u i r e s 

a know ledge o f t h e v a r i a t i o n o f u n i t s t i f f n e s s w i t h t h e l e n g t h o f s e c t i o n . 

T h i s i s n o t known f o r deep f a u l t s . However , f o r t h e r e s u l t s t o be 

m e a n i n g f u l , t he v a r i a t i o n must be such t h a t i t c a n c e l s o u t t h e e f f e c t 

o f t h e l e n g t h i n t h e s t i f f n e s s m a t r i x . By u s i n g t o t a l s t i f f n e s s i n s t e a d 

o f u n i t s t i f f n e s s t h i s p r o b l e m i s overcome and g i v e s a method t h a t i s 

c o n s i s t e n t w i t h t h e a s s i g n i n g o f e l a s t i c p a r a m e t e r s t o f i n i t e e l e m e n t 

models o f e l a s t i c c o n t i n u a . 

E q u a t i o n 5 .19 can now be r o t a t e d t o g l o b a l c o - o r d i n a t e s ( x , y ) by 

u s i n g t h e r o t a t i o n m a t r i x [R] w h e r e , 
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cos e - s i n 9 

s i n 6 cos 9 

0 

0 

0 

0 

0 

c 

0 

0 

n 

0 

0 

0 

0 0 0 0 0 0 

0 0 0 0 0 0 

cos e - s i n 9 0 0 0 0 

s i n 9 cos 9 0 0 0 0 

0 0 cos e - s i n 9 0 0 

0 0 s i n 9 cos 9 0 0 

0 0 0 0 cos 9 - s i n e 

0 0 0 0 s i n 9 cos 9 

5.21 

and 9 i s the h.?de o f t h e f a u l t measured a n t i c l o c k w i s e f r o m t h e y - a x i s 

( F i g u r e 5 . 1 ) , 

T h i s g i v e s 

W - y { d } ! [K F 3 { d } 5 .22 

where 

{ d } [R] {d ' } 

{ K F 1 = [R] [ K p ' ] [ R ] T 

M i n i m i s i n g t h e e n e r g y w i t h r e s p e c t t o t h e noda l d i s p l a c e m e n t s , as i n 

Chap te r 3 , g i v e s 

3W 

9 { d } 

[ K p ] { d } = 0 5 . 2 3 
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and t h i s must be added i n t o t he e q u a t i o n s f o r t h e who le body 

( e q u a t i o n 3 . 1 6 ) g i v i n g 

[K + K p ] { d } = {F } 5 .24 

So the s t i f f n e s s m a t r i x f o r each f a u l t s e c t i o n i s added i n t o t h e g l o b a l 

s t i f f n e s s m a t r i x i n a s i m i l a r manner t o t h e e l e m e n t s t i f f n e s s m a t r i c e s . 

5 . 3 . 3 C a l c u l a t i o n o f f a u l t s t r e s s e s 

An e l a s t i c s o l u t i o n f o r t h e f i n i t e e l e m e n t model w i t h t h e f a u l t 

p r e s e n t g i v e s t h e s t r e s s e s and d i s p l a c e m e n t s t h r o u g h o u t t h e m o d e l . These 

i n c l u d e t h e e f f e c t o f t h e e l a s t i c i t y o f t h e f a u l t , s i n c e t h e s t i f f n e s s 

m a t r i c e s f o r t h e f a u l t s e c t i o n s have been i n c o r p o r a t e d i n t o t h e g l o b a l 

s t i f f n e s s m a t r i x . However , t h e y do n o t i n c l u d e any changes i n t h e s t r e s s e s 

and d i s p l a c e m e n t s caused by s l i p on t h e f a u l t w h i c h o c c u r s when t h e s h e a r 

s t r e s s exceeds t h e f r i c t i o n a l s t r e n g t h . I n o r d e r t o a c c o u n t f o r t h e s e 

i t i s n e c e s s a r y f i r s t l y t o c a l c u l a t e t h e norma l and s h e a r s t r e s s e s on 

t h e f a u l t . The method p roposed he re i n v o l v e s c a l c u l a t i n g t h e s e f r o m t h e 

s t r e s s e s i n t h e s u r r o u n d i n g e l e m e n t s . T h i s i s c o n s i d e r e d t o be p r e f e r a b l e , 

f o r t h i s s i t u a t i o n , t o t h e method o f Goodman (1976 ) where t h e s t r e s s e s on 

t h e f a u l t a r e c a l c u l a t e d f r o m t h e normal and s h e a r s t i f f n e s s e s o f t h e 

f a u l t , s i n c e t h e s e a re n o t known f o r deep f a u l t s w h i c h d i e o u t a t d e p t h . 

The e l a s t i c s o l u t i o n g i v e s t h e s t r e s s t e n s o r f o r each e l e m e n t . Fo r t h e 

e l e m e n t p a i r s w h i c h f o r m t h e s i d e s o f t h e f a u l t , t h e s t r e s s t e n s o r s 

a re r o t a t e d by t h e r o t a t i o n m a t r i x 

cos 8 s i n e 
fR] = 

- s i n o cos o 
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where e i s t h e hade o f t h e f a u l t , t o g i v e t h e normal and shea r s t r e s s e s 

a c t i n g i n t h e e l e m e n t s on a p l a n e p a r a l l e l t o t h e f a u l t p l a n e . The 

s t r e s s e s on t h e f a u ! t a r e now c a l c u l a t e d f r o m t h e s e . U n f o r t u n a t e l y , 

H i s p t a c < a , " ? r ! t m e t h o d app roaches t o f i n i t e e l emen t a n a l y s i s have a 

d i s c o n t i n u o u s s t r e s s f i e l d a t e l emen t b o u n d a r i e s . T h i s i s t r u e f o r h igher-

o r d e r s t r a i n e l e m e n t s as w e l l as t h e c o n s t a n t s t r a i n e l e m e n t s used h e r e 

( H i n t o n and Owen. 1 9 7 7 ) . V a r i o u s methods o f s t r e s s s m o o t h i n g have been 

p r o p o s e d ( e . g . H i n t o n and C a m p b e l l , 1 9 7 4 ) , b u t t h e most econom ica l and 

s i m p l e method o f c a l c u l a t i n g s t r e s s e s a t b o u n d a r i e s i s t o ave rage t h e 

s t r e s s e s i n t h e a d j o i n i n g e l e m e n t s . I f t h e s e e l e m e n t s a r e o f a p p r o x i m a t e l y 

t h e same s i z e -J" ** s method works w e l l f o r t h e t y p e o f p l a n e s t r a i n 

a n a l y s i s used h e r e . C o n s e q u e n t l y , t he normal and shea r s t r e s s e s i n each 

p a i r o f e l e m e n t s a c r o s s t h e f a u l t a r e averaged t o g i v e t h e s t r e s s e s on 

t h e fe.ul t ( F i g u r e 5 . 4 ) . 

The f a u l t i s l i k e l y t o be p e r c o l a t e d by f l u i d s w h i c h w i l l g i v e 

r i s e t o a po re p r e s s u r e . T h i s i s s u b t r a c t e d f r om t h e normal s t r e s s on 

t h e f a u l t i n l i n e w i t h t h e e f f e c t i v e s t r e s s law w h i c h was d i s c u s s e d i n 

Chap te r 2 . Of c o u r s e , t h e pore p r e s s u r e has no e f f e c t on t h e shear s t r e s s . 

5 . 3 . 4 C a l c u l a t i o n o f excess shea r s t r e s s on t h e f a u l t 

The excess shear s t r e s s on t h e f a u l t i s d e f i n e d he re as t h e t o t a l 

s h e a r s t r e s s on t h e f a u l t m inus t h e f r i c t i o n a l s t r e n g t h . The f r i c t i o n a l 

s t r e n g t h i s c a l c u l a t e d f r o m t h e normal s t r e s s a c r o s s t h e f a u l t and an 

a p p r o p r i a t e f r i c t i o n l a w . Nur (1978 ) has shown t h a t t h e ma in f i r s t - o r d e r 

f e a t u r e s o f a c t i v e f a u l t i n g can be e x p l a i n e d by s p a t i a l v a r i a t i o n i n t h e 

f r i c t i o n a l s t r e n g t h , and one advan tage o f t h e method p roposed h e r e i s 

t h a t d i f f e r e n t s e c t i o n s o f t h e f a u l t can each have d i f f e r e n t f r i c t i o n 

laws o r c o e f f i c i e n t s o f f r i c t i o n i f r e q u i r e d . 



F i g . 5 . 4 : A v e r a g i n g o f r o t a t e d e l e m e n t s t r e s s e s t o g i v e f a u l t p l a n e 
s t r e s s e s 

T ( A B ) = li+T2 

T ( B C ) = ^ + T U 

2 

and s i m i l a r l y f o r t h e normal s t r e s s e s . 
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F r i c t i o n a l r e l a t i o n s h i p s be tween normal and shea r s t r e s s e s f o r 

r o c k ~ o n - r o c k s l i d i n g have been summar ised by B y e r l e e (1978 ) and w?>-e 

d i s c u s s e d i n Chap te r ? . The s i m p l e s t o f t h e s e i s 

= vc"n. 

where u i s t h e c o e f f i c i e n t o f f r i c t i o n , a n i s t h e normal s t r e s s a c r o s s 

t h e f a u l t , and ? i s t h e f r a c t i o n a l s t r e n g t h , Fo r each f a u l t s e c t i o n t h e 

f r i c t i o n a l s t r e n g t h i s c a l c u l a t e d f r o m t h e normal s t r e s s and the 

c o e f f i c i e n t o f f r i c t i o n f o r t h a t s e c t i o n , The excess s h e a r s t r e s s on t h a t 

s e c t i o n , w h i c h ni 1 1 r e s u l t i n s l i p , i s t h e n g i v e n by s u b t r a c t i n g t h e 

f r i c t i o n a l s t r e n g t h f r o m t h e v a l u e o f t h e shear s t r e s s g i v e n by t h e 

a n a l y s i s , 

\ s

 = T F E " T F 

where ~xs "'S t h e excess shea r s t r e s s and i s t h e shea r s t r e s s 

c a l c u l a t e d f r o m t h e f i n i t e e l e m e n t s o l u t i o n . C l e a r l y , i f t h e f r i c t i o n a l 

s t r e n g t h i s l a r g e r t h a n t h e c a l c u l a t e d shea r s t r e s s t h e r e i s no excess 

shea r s t r e s s and s l i p w i l l n o t o c c u r . T h i s o p e r a t i o n i s p e r f o r m e d f o r 

each f a u l t s e c t i o n . 

5 . 3 . 5 C o n v e r s i o n o f excess shea r s t r e s s t o noda l f o r c e s 

The excess shea r s t r e s s on each s e c t i o n o f t h e f a u l t can be 

c o n v e r t e d t o a f o r c e by m u l t i p l y i n g by t h e a r e a o f t h e f a u l t s e c t i o n . 

S i n c e t w o - d i m e n s i o n a l f i n i t e e l e m e n t mode ls have u n i t t h i c k n e s s , t h i s 

i s e q u i v a l e n t t o m u l t i p l y i n g t he excess shea r s t r e s s by t h e l e n g t h o f t h e 

f a u l t s e c t i o n , 
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p - xs • 

5 f h0 n r 1 S p g t h o f t he f a u l t s e c f i o t h * 3 n 

q i ves t h e force- o i c t ' r g on one s i d e o f t h e f a u l t . C 0 U T S ~ ., 

r t h e f a u l t p l a n e , ihe o t h e r s i d e of 

i s a c t e d on by a f o r c e o f equa l m a g n i t u d e b u t o p p o s i t e s - : g n . T'ne s" ;c': 

o f t h e f o r c e s i s d e t e r m i n e d by t h e s i g n o f t h e shear s t r e s s . Fo^ t h e 

c o n v e n t i o n used here o f t e n s i o n p o s i t i v e , n e g a t i v e shear s t r e s s i s 

d e x t v a l shea r and p o s i t i v e shear s t r e s s i s s i n i s t r a l s h e a r . T h i s • fo rce 

i s c ! i v i d e d e q u a l l y between t h e nodes a t t h e tOD and t h e base o f t h e 

foul t s e c t i o n , • * ' ' l u s t r a t e d i n F i g u r e 5 . 5 . T h i s " ;s re pea t ec for each 

f a u l t s e c t i o n . C o n s e q u e n t l y , nodes i n t h e c e n t r a l p a r t o f t h e f a u l t w i l l 

have two c o n t r i b u t i o n s t o t h e i r f o r c e s ; one f r o m t h e s e c t i o n above them 

and one f r o m the s e c t i o n b e l o w . The f o r c e s t o be a p p l i e d t o t he f a u H 

nodes a r e now r o t a t e d t o g l o b a l c o - o r d i n a t e s and added i n t o t h e g l o b a l 

f o r c e v e c t o r . 

5 . 3 , 6 I t e r a t i v e o r o c e d u r e 

The f i n i t e e l e m e n t e q u a t i o n s a r e now s o l v e d a g a i n u s i n g t h e m o d i f i e d 

f o r c e v e c t o r , T'ne s t r e s s e s on t h e f a u l t , t h e excess shea r s t r e s s , and 

t h e noda l f o r c e v e c t o r a re r e c a l c u l a t e d as d e s c r i b e d a b o v e . The f o r c e s 

due t o t h e f a u l t a r e added i n t o t h e g l o b a l f o r c e v e c t o r and t h e e q u a t i o n s 

r e - s o l v e d . T h i s i t e r a t i v e p r o c e d u r e i s c o n t i n u e d u n t i l t h e excess s h e a r 

s t r e s s on t h e f a u l t f a l l s t o an a c c e p t a b l e v a l u e . A s u i t a b l e c r i t e r i o n 

i s when t h e shea r s t r e s s f o r each s e c t i o n o f t h e f a u l t app roaches 

s u f f i c i e n t l y c l o s e t o t h e f r i c t i o n a l s t r e n g t h f o r t h a t s e c t i o n . The 

l i m i t i n g v a l u e f o r t h i s app roach i s t a k e n t o be 0 . 1 MPa i n t h i s t h e s i s . 

A f t e r each i t e r a t i o n t h e conve rgence c r i t e r i o n d e s c r i b e d above i s t e s t e d . 
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F i g . 5 . 5 : C o n v e r s i o n o f excess shea r s t r e s s on t h e f a u l t t o noda l f o r c e s . 

( a ) Excess s h e a r s t r e s s on t h e f a u l t 

( b ) Nodal f o r c e d i s t r i b u t i o n 
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The method has oeen f ound t o c o n v e r g e f o r a l l s i t u a t i o n s t h a t have been 

t r i e d . C l e a r l y , t h e number o f i t e r a t i o n s n e c e s s a r y b e f o r e t V c o ^ , ; c y - g e n 

c r i t e r i o n i s s a t i s f i e d w i l l depend on how r e s i s t a n t t h e fault i s to 

movement. T h i s . i ° t u r n 5 depends on t h e shea r s t i f f n e s s «.<r tbt* f ? ; . ' ! t I 

has been f o i ^ d * > a t t h e number o f i t e r a t i o n s can be g r e a t l y r e d u c e d by 

m u l t i p l y i n g t h e f o r c e v e c t o r f o r t h e f a u l t nodes by some f a c t o r , f , 7!r"s 

f a c t o r i s deoenden t on t h e s h e a r s t i f f n e s s o f the f a u l t . An e x p l i c i t 

r e l a t i o n s h i p between f and t h e shea r s t i f f n e s s , k c , , has n o t been - "cvnd , 

b u t t h e f a c t o r can be e s t i m a t e d on a s i m p l e ' t ^ i a l - a n d - e T O ^ 1 bas- 's for 

?n e l a s t i c m o d e l . T h i s v a l u e o f f can t h e n be used f o r a ' l f u r t h e r 

so 1 u t i o n s u? • 3 f h t p a r t i cu l a r va 1 ue o f ks • 

A p p l i c a t i o n t o t i m e - d e p e n d e n t a n a l y s i s 

The 1 i t h o s p h e r e i s o f t e n c o n s i d e r e d , i n d e f o r m a t i o n o r o b l e m s , as 

c o n s i s t i n g o f a b r i t t l e upper l a y e r o v e r l y i n g d u c t i l e m a t e r i a l ( e . g . Bo 

and K u s z n i r . 1979). T h i s i s , o f c o u r s e , t h e s i t u a t i o n i n t h i s t h e s i s . 

The m o d e l l i n g o f f a u l t s i n t h e upper l a y e r can be e a s i l y i n c o r p o r a t e d 

i n t o a t i m e - d e p e n d e n t model where t h e u n d e r l y i n g m a t e r i a l d e f o r m s by a 

f l o w mechan ism. The method d e s c r i b e d above i s f o l l o w e d f o r each t i m e 

i n c r e m e n t o f t h e a n a l y s i s , such t h a t a t t h e s t a r t o f t h e n e x t i n c r e m e n t 

t h e f a u l t has no excess shea r s t r e s s a c t i n g on i t . Us ing t h e f a c t o r , f , 

d e s c r i b e d i n t h e l a s t s e c t i o n , i t has been f ound t h a t t h e p r o c e d u r e i s 

n o t p r o h i b i t i v e f r om t h e v i e w p o i n t o f c o m p u t i n g t i m e and c o s t . 

The o n l y m o d i f i c a t i o n t h a t may be n e c e s s a r y , i n t h e case o f a 

l a r g e amount o f f a u l t s l i p , i s i n t h e a v e r a g i n g o f s t r e s s e s i n a d j a c e n t 

e l emen ts t o d e t e r m i n e t h e s t r e s s e s on t h e f a u l t p l a n e . A t t h e s t a r t o f 

any t i m e i n c r e m e n t t h e f a u l t may a l r e a d y have moved, c o n s i d e r a b l y w i t h 

r e s p e c t t o t h e l e n g t h o f i t s i n d i v i d u a l s e c t i o n s , such t h a t wha t were 
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o r i g i n a l l y dua i nodes now occupy s i g n i f i c a n t l y d i f f e r e n t s p a t i a l p o s i t i o n 

The ave rage s h e a r s t r e s s e s between nodes on t h e f a u l t a r e c a l c u l a t e d as 

b e f o r e and t h e ave rage s h e a r s t r e s s f o r each s e c t i o n ( i . e . t h e p a r t o f 

t h e f a u l t f o r m i n g t h e edge o f an e l e m e n t ) i s now c a l c u l a t e d by w e i g h t i n g 

t h e s e v a l u e s by t h e a p p r o p r i a t e f a u l t l e n g t h s between nodes . T h i s i s 

i l l u s t r a t e d i n F i g u r e 5 . 6 . I f r e a s o n a b l e s i z e d e l e m e n t s a r e used i t has 

been f o u n d u n n e c e s s a r y t o use t h i s m o d i f i c a t i o n . I n d e e d , i t can be 

a rgued t h a t i f t h i s w e i g h t i n g i s n e c e s s a r y t h e n t h e amount o f f a u l t 

movement t h a t has o c c u r r e d o u g h t t o make i t n e c e s s a r y f o r t h e g l o b a l 

s t i f f n e s s m a t r i x t o be r e c a l c u l a t e d , and t h i s i s u s u a l l y c o s t - a n d t i m e 

p r o h i b i t i v e . 



F i g . 5 . 6 : A v e r a g i n g o f r o t a t e d e l e m e n t s t r e s s e s a f t e r s i g n i f i c a n t 
movement has o c c u r r e d . 

T ( A B ) = x ( A a ) + x (aB) 

= 0 + f 1 + T ? . i 2 (Aa i s a f r e e s u r f a c e ) 

x(BC) = x (Bb ) + x (bC) 

2 L 2 2 L 2 

and s i m i l a r l y f o r t ( a b ) , x ( b c ) and f o r t h e normal s t r e s s e s . 
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CHAPTER 6 

NORMAL F AULT DEFORMATION AND THE DEVELOPMENT OF A S S O C I A T E D 

F A U L T I N G 

6 . 1 I n t r o d u c t i o n 

I n t h i s c h a p t e r a f a u l t w i l l be i n t r o d u c e d i n t o t h e f i n i t e e l e m e n t 

model u s i n g t h e method d e s c r i b e d i n t h e p r e v i o u s c h a p t e r . The s t r e s s e s 

and d i s p l a c e m e n t s a s s o c i a t e d w i t h t h e f a u l t w i l l be examined by f i n i t e 

e l e m e n t a n a l y s i s and t h e M o d i f i e d G r i f f i t h c r i t e r i a w i l l be used t o 

p r e d i c t t h e o c c u r r e n c e o f f u r t h e r f a u l t i n g . I n t h e f i r s t p a r t o f t h e 

c h a p t e r a s i m p l e model o f t h e e l a s t i c l a y e r u n d e r l a i n by a f l u i d w i l l 

be u s e d . T h i s e n a b l e s t h e r e s u l t s f r o m t h e f i n i t e e l e m e n t a n a l y s i s t o 

be compared w i t h t h e o r e t i c a l work based on e l a s t i c beam t h e o r y . Fo r 

t h e second p a r t , t h e f u l l l i t h o s p h e r e model d e s c r i b e d i n C h a p t e r 4 

w i l l be u s e d . The s t r e s s sys tem a t t h e t i m e o f f a u l t i n g w i l l be r e a p p l i e d 

t o t h e m o d e l , w i t h a f a u l t p r e s e n t , and t h e a n a l y s i s c o n t i n u e d t h r o u g h 

t i m e u s i n g b o t h N e w t o n i a n v i s c o - e l a s t i c and power law c r e e p r h e o l o g i e s . 

6 . 2 F i n i t e e l e m e n t model o f t h e e l a s t i c l a y e r 

I n t h i s s e c t i o n t h e d e f o r m a t i o n r e s u l t i n g f r o m a f a u l t i n t h e 

e l a s t i c l a y e r w i l l be i n v e s t i g a t e d . The e l a s t i c l a y e r i s assumed t o be 

u n d e r l a i n by a f l u i d . A l t h o u g h t h i s a s s u m p t i o n i s g e o l o g i c a l l y n a ' i v e , i t 

means t h a t t h e model p r e d i c t i o n s can be compared w i t h e a r l i e r a n a l y t i c a l 

work based on e l a s t i c beam t h e o r y ( H e i s k a n e n and V e n i n g M e i n e s z , 1958 ; 

B o t t , 1 9 7 6 ) . 
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6 . 2 . 1 Compar ison o f b e n d i n g w i t h e l a s t i c beam t h e o r y 

B e f o r e c o m p a r i n g t h e d e f o r m a t i o n r e s u l t i n g f r o m t h e f a u l t w i t h 

p r e d i c t e d r e s u l t s f r o m beam t h e o r y , i t i s n e c e s s a r y t o show t h a t 

s i m p l e b e n d i n g o f a f i n i t e e l e m e n t model o f an e l a s t i c c o n t i n u u m 

ag rees r e a s o n a b l y w i t h e l a s t i c beam t h e o r y . The f i n i t e e l e m e n t model 

and p a r a m e t e r s used f o r t h i s a re shown i n F i g u r e 6 . 1 . R e s u l t s f r o m t h i s 

model can be compared w i t h e l a s t i c beam t h e o r y f o r a downward f o r c e , P, 

a p p l i e d a t t h e o r i g i n o f a c o n t i n u o u s beam. The f u l l e q u a t i o n s o f 

e l a s t i c beam a n a l y s i s a r e d e v e l o p e d i n A p p e n d i x 1 . The r e l e v a n t 

e q u a t i o n f o r t h i s s i t u a t i o n i s 

v = P . exp ( - x ) . ( c o s x _ + s i n x j 
2 a p m g a a a 

where v i s t h e v e r t i c a l d i s p l a c e m e n t , x i s t h e h o r i z o n t a l d i s t a n c e , 

a i s t h e f l e x u r a l p a r a m e t e r ( d e f i n e d i n F i g u r e 6 . 1 ) , p m i s t h e d e n s i t y 

o f t h e u n d e r l y i n g f l u i d and g i s t h e a c c e l e r a t i o n due t o g r a v i t y . The 

t h e o r y assumes t h a t t h e beam i s u n d e r l a i n by a f l u i d , and t h i s i s t a k e n 

i n t o a c c o u n t i n t h e f i n i t e e l e m e n t model by u s i n g t h e i s o s t a t i c c o m p e n s a t i o n 

p r o c e d u r e , d e s c r i b e d i n C h a p t e r 3 , a t t h e b a s e . 

The d i s p l a c e m e n t p r o f i l e g i v e n by t h e above e q u a t i o n i s p l o t t e d 

i n F i g u r e 6 . 2 , t o g e t h e r w i t h t h e f i n i t e e l e m e n t s o l u t i o n s f o r p l a n e 

s t r e s s and p l a n e s t r a i n . These s o l u t i o n s r e f e r t o t h e c e n t r a l l i n e o f t h e 

m o d e l , l a b e l l e d N-N i n F i g u r e 6 . 1 , w h i c h r e p r e s e n t s t h e n e u t r a l f i b r e . 

Beam t h e o r y i m p l i e s p l a n e s t r e s s , b u t t h e mode ls used i n t h i s t h e s i s 

a r e b e s t s u i t e d t o p l a n e s t r a i n . C o n s e q u e n t l y , t h e model has been t e s t e d 

f o r b o t h s i t u a t i o n s . I n f a c t , i t can be seen f r o m F i g u r e 6 . 2 t h a t t h e 

p l a n e s t r e s s and p l a n e s t r a i n s o l u t i o n s a r e v e r y s i m i l a r , and t h e y b o t h 

a g r e e w e l l w i t h t h e t h e o r e t i c a l s o l u t i o n . F i g u r e 6 . 3 shows t h e p l a n e 
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s t r a i n s o l u t i o n s f o r t h e n e u t r a l f i b r e , t h e t o p s u r f a c e o f t h e model 

and t h e base o f t h e m o d e l . These a r e i n e x c e l l e n t ag reemen t e x c e p t i n 

t h e immed ia te v i c i n i t y o f t h e l o a d . I t i s f e l t t h a t t h e agreement 

between t h e f i n i t e e l e m e n t a n a l y s i s and t h e beam t h e o r y e q u a t i o n s i s 

s u f f i c i e n t l y c l o s e t o p e r m i t t h e compa r i son o f the" f i n i t e e l e m e n t r e s u l t s 

w i t h beam t h e o r y c a l c u l a t i o n s . 

6 . 2 . 2 Model p a r a m e t e r s 

The f i n i t e e l e m e n t g r i d used i n t h i s s e c t i o n i s shown i n F i g u r e 6 . 4 . 

The g r i d r e p r e s e n t s a 1 ,000 km l o n g s e c t i o n o f t h e e l a s t i c l a y e r . The 

p a r a m e t e r s f o r t h e e l a s t i c l a y e r a r e t h e same as have been used p r e v i o u s l y : 

i t s t h i c k n e s s i s 20 km, Young ' s modulus i s 0 .85 x l O 1 1 N m - 2 , P o i s s o n ' s 

r a t i o i s 0 . 2 5 , and t h e d e n s i t y i s 2 ,750 kg m " 3 . The e l a s t i c l a y e r i s 

assumed t o be u n d e r l a i n by a f l u i d o f d e n s i t y 2 , 9 0 0 kg m " 3 and t h e 

i s o s t a t i c c o m p e n s a t i o n p r o c e d u r e i s t a k e n t o be t h e bounda ry c o n d i t i o n 

a t t h e b a s e . The r i g h t - h a n d edge o f t h e model i s c o n s t r a i n e d t o have 

z e r o h o r i z o n t a l d i s p l a c e m e n t t o e n s u r e u n i q u e n e s s o f t h e s o l u t i o n . A l t h o u g h 

t h i s i m p l i e s an a x i s o f s y m m e t r y , i t i s s u f f i c i e n t l y f a r f r o m t h e c e n t r e 

o f t h e model t o have no e f f e c t . D i f f e r e n t v a l u e s o f t e n s i l e s t r e s s a r e 

a p p l i e d t o t h e l e f t - h a n d edge o f t h e m o d e l . S i n c e t h e model i s c o m p l e t e l y 

e l a s t i c and has u n i f o r m e l a s t i c p a r a m e t e r s , t h e r e a r e no edge e f f e c t s o f 

t h e t y p e d i s c u s s e d i n C h a p t e r 4 a n d , c o n s e q u e n t l y , i t i s n o t n e c e s s a r y 

t o use such a l o n g g r i d . 

I n C h a p t e r 4 i t was shown t h a t a t e c t o n i c , t e n s i l e s t r e s s reg ime 

w i l l e v e n t u a l l y cause f a u l t i n g , p r o v i d e d t h a t t h e s t r e s s e s can a t t a i n 

a s u i t a b l y h i g h v a l u e . The d i p o f t h e f a u l t p l a n e p r e d i c t e d by t h e 

M o d i f i e d G r i f f i t h t h e o r y was a b o u t 6 0 ° . The f a u l t used i n t h i s f i n i t e 

e l e m e n t g r i d e x t e n d s t h r o u g h o u t t h e l a y e r and has a d i p o f 6 3 . 4 3 ° . T h i s 
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v a l u e ag rees w e l l w i t h t h e p r e v i o u s p r e d i c t i o n and w i t h o b s e r v a t i o n s 

o f n a t u r a l l y o c c u r r i n g normal f a u l t s ( e . g . l i l i e s , 1 9 7 0 ) , many o f 

w h i c h a r e o b s e r v e d t o have d i p s o f between 60 and 65 d e g r e e s . The e x a c t 

v a l u e o f 6 3 . 4 3 degrees i s chosen because t h e t a n g e n t o f t h i s a n g l e i s 2 . 

T h i s makes t h e c o n s t r u c t i o n o f t h e f i n i t e e l e m e n t g r i d s t r a i g h t f o r w a r d . 

The l o c a l s t i f f n e s s m a t r i x f o r each f a u l t s e c t i o n , d e s c r i b e d i n 

t h e p r e v i o u s c h a p t e r , depends on t h e norma l and s h e a r s t i f f n e s s e s . I t i s 

n o t p o s s i b l e t o o b t a i n e x p e r i m e n t a l v a l u e s f o r t h e s e f o r f a u l t s o f t h e 

s i z e used h e r e . C o n s e q u e n t l y , i t i s n e c e s s a r y t o a s s i g n v a l u e s t o t h e s e 

p a r a m e t e r s . I t i s c o n s i d e r e d r e a s o n a b l e t h a t t h e i n i t i a l v a l u e f o r t h e 

shea r s t i f f n e s s o f a f a u l t i s s i m i l a r t o t h e s t i f f n e s s o f t h e s u r r o u n d i n g 

m a t e r i a l . T h i s i s because t h e f a u l t w i l l i n i t i a l l y be l o c k e d by 

a s p e r i t i e s (Goodman, 1976 ; B y e r l e e , 1 9 7 8 ) . The s h e a r s t i f f n e s s w i l l 

p r o b a b l y d e c r e a s e w i t h t i m e , as t h e f a u l t moves , due t o t h e g r i n d i n g 

away o f t h e s e a s p e r i t i e s . T h i s e f f e c t i s i g n o r e d i n t h i s t h e s i s because 

i t n e c e s s i t a t e s r e c a l c u l a t i o n o f t h e s t i f f n e s s m a t r i x . T h i s i s n o t a 

s i g n i f i c a n t o m i s s i o n , as w i l l be shown l a t e r i n t h i s c h a p t e r , because 

t h e d e f o r m a t i o n r e s u l t i n g f r o m t h e shea r s t i f f n e s s i s v e r y much l e s s t h a n 

t h a t r e s u l t i n g f r o m f r i c t i o n a l s l i d i n g , w h i c h i s i n d e p e n d e n t o f s h e a r 

s t i f f n e s s i n t h e method used h e r e and d e v e l o p e d i n C h a p t e r 5 . E x a m i n a t i o n 

o f t h e g l o b a l s t i f f n e s s m a t r i x r e v e a l s t h a t t h e s t i f f n e s s t e r m s f o r t h e 

s u r r o u n d i n g e l a s t i c m a t e r i a l a r e o f t h e same o r d e r o f m a g n i t u d e as t h e 

Young 's m o d u l u s , i . e . abou t 1 0 1 1 N m - 2 . C o n s e q u e n t l y , t h e s h e a r s t i f f n e s s 

i s a s s i g n e d a v a l u e s i m i l a r t o t h i s . F i g u r e 6 . 5 shows t h e s u r f a c e 

d i s p l a c e m e n t o f t h e f i n i t e e l e m e n t model f o r an a p p l i e d s t r e s s o f 50 MPa 

and a range o f v a l u e s o f t h e s h e a r s t i f f n e s s . These d i s p l a c e m e n t s a r e 

o n l y t h o s e r e s u l t i n g f r o m e l a s t i c d e f o r m a t i o n o f t h e f a u l t - d i s p l a c e m e n t s 

caused by f r i c t i o n a l s l i d i n g a r e n o t i n c l u d e d . I t can be seen f r o m t h i s 
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f igure that the displacements are smal l , ranging from 9 m for a s t i f f ness 

of 10 1 0 Nm"1 to 1 m for a s t i f f ness of 10 1 1 Nnr 1 . When these are 

compared with to ta l displacements, which include those due to f r i c t i o n a l 

s l i d i ng (Figure 6 .9 ) , these are seen to be very small indeed. Consequently, 

the choice of shear s t i f f ness is not important. A value of 5 x l 0 1 0 Nm"1 

w i l l be used in th is thes is . The normal s t i f f ness is taken to be 1 0 1 5 Nm" 1. 

This very high value ensures that the f a u l t remains closed. This is 

desirable since shear fau l t s are not extensional f ractures and w i l l be 

closed at a l l depths, except possibly the top few hundred metres, because 

of the l i t h o s t a t i c pressure. 

In order to model the deformation caused by large shear stresses on 

the f a u l t , i t is necessary to know the f r i c t i o n a l strength. The f r i c t i o n a l 

re la t ionsh ip used here is 

T

F

 = p C Tn 

A value of 0.1 istaken fo r u, the coe f f i c i en t of f r i c t i o n , based on the 

work of Wang and Mao (1979). This assumes that wet f a u l t gouge containing 

clay minerals is present. F r i c t i on laws and coe f f i c ien ts of f r i c t i o n 

have been discussed in Chapter 2. Throughout t h i s thes is , a l i t h o s t a t i c 

stress d i s t r i b u t i o n has been assumed to ex is t in the model as a resu l t 

of the body forces. This is j u s t i f i a b l e because there are no la te ra l 

density contrasts. Consequently, body forces have not been included in 

the f i n i t e element force vector. I t is therefore necessary to add the 

l i t h o s t a t i c stress in to the normal stress when ca lcu la t ing the f r i c t i o n a l 

st rength. I t is l i k e l y that the f a u l t plane is percolated by water, 

which w i l l give r ise to a pore pressure. I t is assumed here that the 

pore pressure on a f a u l t section is equal to the overburden pressure of 



n o 

the water. This pore pressure is subtracted from the normal s t ress, as 

described in Chapter 5. 

6.2.3 Fault deformation and subsequent f a i l u r e 

Figures 6.6 to 6.10 show the deformation of the model in response 

to increasing applied st ress. In each of these f i gu res , diagram (a) 

shows the pr inc ipa l stress vectors p lo t ted at t he i r pr inc ipa l o r ien ta t ions , 

at the centres of the elements, fo r the central 80 km of the g r i d . 

Dashed l ines represent tens i le stresses and f u l l l ines represent compressive 

stresses. These plots do not include the l i t h o s t a t i c stresses. Diagram (b) 

shows the surface displacements for the central 400 km of the model. I t 

should be real ised that the d ispar i t y in the horizontal and ver t i ca l 

scales in these displacement diagrams resul ts in an apparent ve r t i ca l 

displacement where the f a u l t in tersects the surface of the model. In f a c t , 

the displacement is along the f a u l t plane, which dips at approximately 

63°. The posi t ion of the element closest to f a i l u r e , determined using 

the Modified G r i f f i t h Theory, is also marked on these diagrams. 

Some general isat ions on the deformation can be made from a study 

of these f igures . F i r s t l y , the displacement plots show that the f a u l t is 

indeed a normal f a u l t . Note that t h i s was not assumed in the method since 

the sense of the f a u l t movement is dependent on the sign of the shear 

st ress. Normal f au l t i ng i s , of course, what would be expected wi th 

hor i zon ta l , deviator ic tension (Anderson, 1951). Secondly, deformation 

on the f a u l t resul ts in changes of the stress d is t r i bu t ions in the 

material immediately adjacent to the f a u l t . The pr inc ipal stresses become 

aligned approximately para l le l and perpendicular to the f a u l t plane. This 

is a resu l t of the low f r i c t i o n a l strength of the f a u l t and is a w e l l -

known phenomenon (Anderson, 1951; Ramsay, 1967). For a l l applied stresses 
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the model predicts compression para l le l to the f a u l t on the downthrown 

side and tension on the upthrown side. Th i rd ly , as the applied stress 

is increased the f r i c t i o n a l strength is exceeded at successively greater 

depths on the f a u l t . For an applied stress of 20 MPa (Figure 6.6) the 

f r i c t i o n a l strength is exceeded only on the upper 5 km of the f a u l t . 

Between about 30 and 40 MPa the depth of f r i c t i o n a l s l i d i ng increases 

to 10 km, and from 40 to 60 MPa i t reaches 15 km. At stresses greater 

than about 60 MPa the f r i c t i o n a l strength is exceeded throughout the 

depth of the f a u l t . The large increases in the throw of the f a u l t which 

are associated wi th th i s propagation of f a u l t s l i p are apparent in 

Figures 6.6 to 6.10. The throw ranges from 11 m for an applied stress 

of 20 MPa to about 870 m for an applied stress of 60 MPa. Also associated 

wi th th i s is a fundamental change in the shape of the displacement p r o f i l e 

on the downthrown side of the f a u l t . This w i l l be discussed l a t e r . 

For a l l applied stresses up to 40 MPa the element closest to f a i l u re 

is the one adjacent to the f a u l t on the downthrown side (Figures 6.6 to 

6 .8 ) . The development of subsidiary f a u l t systems along the margins of 

a major f a u l t is known as secondary fau l t i ng and has been discussed by 

Ramsay (1967) and King (1978). McKinstry (1953), Moody and H i l l (1956) 

and Chinnery (1966) have a l l performed calculat ions on wrench fau l ts 

which show that secondary fau l t i ng w i l l occur, although they are not in 

agreement about the mechanism. For a tens i le strength of 12 MPa (see 

Chapter 2) open crack shear f a i l u r e has been predicted in t h i s element. 

One of the two conjugate f a u l t planes for th is new f a u l t is predicted 

to dip towards the master f a u l t at an angle of about 85°. This is the 

f a u l t plane that is considered most l i k e l y to develop and agrees well 

wi th possible second order fau l t s deduced by Ramsay (1967) from the 

stress t ra jec to r ies around a major f a u l t . This secondary f au l t i ng w i l l 
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in tersect the major f a u l t plane close to the surface and i t s e f fec t 

on the deformation pattern is l i k e l y to be very loca l i sed . Consequently, 

no attempt is made to model the secondary f a u l t i n g . 

As the applied stress is increased, the near-surface stresses at 

some distance from the f a u l t are modified by the f a u l t movement. These 

stresses are approximately hor izon ta l , but the tens i le stresses on the 

upthrown side are reduced and those on the downthrown side are increased. 

This is a resu l t of the bending, which compresses the upthrown side and 

stretches the downthrown side. For applied stresses greater than 40 MPa 

the element closest to f a i l u r e sh i f t s to a distance of 50 to 55 km from 

the o r ig ina l f a u l t . For a tens i le strength of 12 MPa, open crack shear 

f a i l u r e is predicted with a new f au l t plane dipping at about 70°. Although 

th is f a u l t i n g is a resu l t of movement on the major f a u l t , i t i s not 

s t r i c t l y secondary f a u l t i n g , since i t is a considerable distance away. 

The stress system here is one of horizontal dev iator ic tension, which 

has been increased by the bending, and, consequently, another normal 

f a u l t w i l l be formed. The new f a u l t plane w i l l e i ther dip towards the 

ex is t ing f a u l t or be approximately para l le l to i t . In the former case a 

graben w i l l be formed, and in the l a t t e r case a t i l t e d f a u l t block w i l l 

r esu l t . These two p o s s i b i l i t i e s are i l l u s t r a t e d in Figure 6 .11. 

In th i s t hes i s , the former s i tua t ion w i l l be considered to occur 

and a graben of width 50 to 55 km w i l l be formed. 

Ear l ie r in th i s sect ion, the change of displacement p r o f i l e wi th 

applied stress was mentioned. This w i l l now be discussed in d e t a i l . For 

low applied stresses, the downthrown side is characterised by a 'bulge' 

s i tuated about 10 km from the f a u l t . As the applied stress is increased 

the shape of the bulge changes s l i g h t l y and becomes re l a t i ve l y smoother. 

At high applied stress the p r o f i l e becomes much smoother and more 
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s imi la r to f lexure associated wi th bending. I t would be expected that 

the tens i le stresses at the top of the bulge would be increased because 

of the severe curvature in that region. The resul ts fo r the models 

i l l u s t r a t e d in Figures 6.6 to 6.10 have been examined and th is is found 

to be the case. The posi t ion of the element closest to f a i l u r e changes 

as the bulge becomes smoother. For applied stresses up to about 30 MPa 

the weakest element is s i tuated 5 to 10 km from the f a u l t . Note that the 

weakest element refers to the one closest to f a i l u r e ; a l l elements have 

the same tens i le s t rength. For applied stresses of about 40 MPa the 

weakest element is 10 to 15 km from the f a u l t , and for stresses greater 

than 45 MPa i t is 50 to 55 km from the f a u l t . In th i s discussion, 

f a i l u r e in the element adjacent to the f a u l t is not considered s ince, 

as was discussed e a r l i e r , th is is secondary f au l t i ng resu l t ing from the 

re -o r ien ta t ion of the pr inc ipal stresses in the immediate v i c i n i t y of 

the f a u l t . The tens i le strength seems important, therefore , fo r determining 

the posi t ion of f a i l u r e . Low values w i l l give f a i l u r e at 5 to 15 km 

from the f a u l t and higher values w i l l give f a i l u re at 50 to 55 km from 

the f a u l t . I t is very in te res t ing that elements between 15 to 50 km and 

fu r ther away than 55 km are never the closest ones to f a i l u r e . There 

seems to be a de f i n i t e t r ans i t i on from f a i l u r e in the range of 5 to 15 km 

to f a i l u r e at about 50 km. These two posit ions for f a i l u r e to occur 

correspond to the two d i f f e ren t types of displacement p r o f i l e . The weak 

elements at 5 to 15 km are connected with the bulge that occurs at low 

applied s t ress , and the weakness at about 50 km is connected wi th the 

smooth bending p r o f i l e seen at high applied st ress. An explanation for 

these resul ts w i l l now be proposed. 

For low applied stresses, the f r i c t i o n a l strength has only been 

exceeded for the upper part of the f a u l t . Consequently, the s i tua t ion 
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is not one where the f a u l t movement is opposed by an i sos ta t i c restor ing 

force. Instead, the shape of the f lexure is determined by the e las t i c 

response of the underlying mater ia l . This w i l l be termed the e l as t i c 

restor ing force. At an applied stress of 40 MPa the f a u l t movement 

extends to 10 to 15 km and there i s , consequently, a smaller thickness 

of e las t i c material beneath the act ive part of the f a u l t as wel l as 

larger forces act ing along the f a u l t plane. At th i s po in t , movement 

in to the f l u i d becomes s i g n i f i c a n t . Now a more recognisable type of 

bending p r o f i l e is seen (Figure 6 .8 ) , although there is s t i l l a s l i g h t 

bulge at about 10 km from the f a u l t . This is due to the e las t i c restor ing 

forces. At applied stresses greater than 50 MPa (Figures 6.9 and 6.10) 

the f a u l t movement extends to 15 km and, eventual ly , through the complete 

depth of the e las t i c layer . For these s i tuat ions the movement in to the 

f l u i d completely dominates the bending and a smooth bending p r o f i l e , wi th 

the weakest element at 50 to 55 km, is seen. 

I f the above explanation is cor rec t , then the thickness of the 

e las t i c layer w i l l determine at what values of applied stress the 

displacement p r o f i l e becomes smooth. A th icker layer w i l l require higher 

applied stresses before f a u l t movement w i l l occur throughout the layer . 

The reverse w i l l be true fo r a thinner layer . This hypothesis has been 

tested by varying the thickness of the e las t i c layer , and has been found 

to be correct . The posi t ion of the weakest element is shown in Table 6.1 

fo r d i f f e ren t values of the layer thickness and the applied s t ress . For a 

10 km th ick layer a l l applied stresses of about 30 MPa and greater give 

a smooth bending p r o f i l e and the weakest element again at 50 to 55 km. 

Consequently, even low values of the tens i le strength predict f a u l t i n g 

at th i s distance. For a 30 km th ick layer , applied stresses of about 

80 MPa are necessary before a smooth p r o f i l e is obtained. The weakest 



Elast ic layer 
thickness (km) 

Applied stress 
(MPa) 

Depth of f a u l t 
movement1(km) 

Distance of weakest 
element from fau l t 2 (km) 

10 2.5 5 _ 10 
20 5.0 10 - 15 

10 30 7.5 50 - 55 
40 10.0 50 - 55 

50 10.0 50 - 55 

20 5.0 5 - 10 
30 10.0 5 - 10 

40 10.0 10 - 15 

20 45 15.0 50 - 55 

50 15.0 50 - 55 

60 15.0 50 - 55 

70 20.0 50 - 55 

80 20.0 50 - 55 

20 7.5 5 - 10 
40 7.5 5 - 10 
60 15.0 10 - 15 

30 70 15.0 10 - 15 
80 22.5 50 - 55 

100 30.0 50 - 55 
140 30.0 50 - 55 

Table 6 . 1 : Depth of f a u l t movement and posi t ion of weakest element 

fo r a range of e las t i c layer thicknesses and appl ied 

stresses. 

1 . Defined as the depth to the base of the deepest f a u l t section on 
which the f r i c t i o n a l strength is exceeded. 

2. Not including possible secondary f au l t i ng adjacent to the o r ig ina l 
f a u l t . 
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element i s , su rp r i s i ng l y , once more at 50 to 55 km from the o r ig ina l 

f a u l t . In t h i s case, high tens i le strengths are necessary to obtain 

f au l t i ng at th is distance. 

6.2.4 Discussion of resul ts 

Assuming that the approximations of beam theory are not too severe, 

the predicted width of a graben can be calculated theore t i ca l l y to l i e 

between two values, representing s i tuat ions of maximum and minimum 

constraint at the faul t .The theory is given in Appendix 1 . The l i m i t s are 

Trot << width « TO 
4 2 

where a is the f lexura l parameter. The calculated values fo r d i f f e r e n t 

thicknesses of the e las t i c layer and the e las t i c parameters used in the 

model are given in Table 6.2. 

Elast ic layer thickness 
(km) 

Flexural parameter 
(km) 

Predicted w id th , w 
(km) 

10 32.1 25.2 « w « 50.4 

20 54.0 42.4 < w « 84.8 

30 73.2 57.5 < w «115.0 

Table 6.2 Predicted graben widths from beam theory fo r varying e las t i c 

layer thicknesses. 

For the f i n i t e element models that have been described above, 

s i tuat ions where the predicted width (the distance of the weakest element 
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from the f a u l t ) is obviously the resu l t o f e las t i c res tor ing forces are 

c lear l y not appl icable to beam theory. This leaves the cases where there 

are smooth bending p r o f i l e s . For a l l thicknesses of the e las t i c layer 

these have given graben widths of 50 to 55 km. This resu l t is very 

surpr is ing and is at variance with the beam theory resul ts given above. 

I t is not clear why th i s i s . The f i n i t e element models are s u f f i c i e n t l y 

long for the boundary condit ions at the edges not to a f f ec t the resu l t s , 

as can be seen in the diagrams. One possible reason for the discrepancy 

is that bending problems are not adequately modelled by the f i n i t e element 

technique used here, and the reasonable f i t for a 20 km thick beam, shown 

in Figure 6 .2 , is co inc identa l . To show that t h i s is not the case, simple 

bending models wi th the same e las t i c parameters as the e a r l i e r model have 

been run fo r thicknesses of 10 and 30 km. The resul ts are i l l u s t r a t e d in 

Figure 6.12, The agreement with the beam theory is not exact because the 

theory makes assumptions about the stresses which are only approximations 

(see Appendix 1 ) , and also the use of constant s t ra in t r iang les is not 

conducive to accurate solut ions of bending problems (Zienkiewicz, 1977). 

Nevertheless, the agreement is s u f f i c i e n t l y close to suggest that 

a l t e r i ng the thickness would resu l t in a d i f f e r e n t graben wid th , i f 

the other parameters remained constant. Another possible reason fo r the 

poor agreement is the nature o f the ' l oad ' act ing at a f a u l t . The beam 

theory calculat ions assume a ve r t i ca l downward force at the o r i g i n . However, 

the force applied along a f a u l t is in the d i rec t ion of the f a u l t plane, 

which is not v e r t i c a l , and also varies with depth. Clearly the true 

s i tua t ion is much more complex than the theory assumes. The tenta t ive 

conclusion that can be drawn from th i s is t ha t , even in the s i tua t ion 

where f a u l t movement occurs throughout the e las t i c layer , the use of 

simple beam theory to predict the distance to the second f a u l t is inadequate. 
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This may be due to the complex nature of the f a u l t movement. 

Of more i n te res t , wi th regard to the rheology of the l i thosphere, 

is the s i tua t ion where e las t i c restor ing forces are important. These w i l l 

be discussed in the next sect ion, where a more r e a l i s t i c model of the 

l i thosphere w i l l be considered. 

6.3 Full 1ithosphere model 

In th is section the analysis on the f u l l l i thosphere model used 

ea r l i e r w i l l be continued with a f a u l t extending through the top 20 km 

of the model. The stress system ex is t ing at the time of f a i l u r e , which 

was described in Chapter 4 , w i l l be re-appl ied to the model wi th a f a u l t 

present and subsequent deformation w i l l be invest igated. 

6.3.1 Model parameters 

The e las t i c parameters, dimensions and rheology of the model are 

the same as those discussed in Chapter 2 and used in Chapter 4. The 

f a u l t parameters are those that were used in the f i r s t part o f th is 

chapter: i t dips at an angle of 63.43°, extends to a depth o f 20 km, 

has normal and shear s t i f fnesses of 1 0 1 5 and 5 x l 0 1 0 NnT1 respect ive ly , 

has a coe f f i c i en t of f r i c t i o n of 0 . 1 , and has a pore pressure equal to 

the overburden of water. The f i n i t e element g r i d is shown in Figure 6.13. 

6.3.2 Stress system at the time of f au l t i ng 

I t was shown in Chapter 4 that i f an applied stress of 20 MPa 

acted throughout the depth o f the l i thosphere, then re laxat ion of the 

stresses in the v isco-e las t ic material of the lower part o f the l i t h o ­

sphere would resu l t in the ampl i f i ca t ion of stresses in the e l as t i c 

layer and eventual f a u l t i n g . Af ter 1.19 M y r s , wi th a Newtonian visco-
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e las t i c rheology, f au l t i ng was predicted in the e las t i c layer . This 

s i tua t ion was shown in Figure 4.9. To re-create th is stress system, the 

method described in the f i n a l section of Chapter 3 was used. This involves 

applying the to ta l forces that existed at the end of the time period of 

the e a r l i e r model to the nodes, and subtract ing the creep st ra ins from 

the to ta l s t ra ins to give the e las t i c s t ra ins . Performing th is operation 

wi th the g r id used in Chapter 4 resulted in a stress system that agreed 

with that shown in Figure 4.9 to wi th in 0.2 MPa. The in t roduct ion o f 

the f a u l t , however, necessitates some a l t e ra t i on of the g r i d . Three of 

the nodes in the e las t i c layer are replaced by dual nodes. To re-create 

the stress system of Figure 4.9 wi th th is model, the forces that existed 

at the nodes which have become dual nodes were divided equally between 

the two node numbers. To ve r i f y that th i s stress system is indeed the 

same as that found e a r l i e r , the f a u l t was 'sealed' by assigning high 

values of normal and shear s t i f f ness ( 1 0 1 5 Nm"1) so that the model 

approximated to a continuum. The stress system obtained by doing th i s 

was the same as the re-created stress system for the continuum model o f 

Chapter 4: in other words, i t agreed with the stress system at the time 

of f au l t i ng (Figure 4.9) to w i th in 0.2 MPa. Consequently, changes in 

the stresses and displacements given by the stress system at the time 

of f au l t i ng when applied to the model wi th the f a u l t present w i l l 

represent the changes in deformation caused by the f a u l t i n g . 

6.3.3 Fault deformation and subsequent f a i l u r e 

The immediate deformation pattern resu l t ing from the f a u l t i n g is 

shown in Figure 6.14. The f a u l t has behaved as a normal f a u l t wi th a 

throw of 53 m. The hor izontal deviator ic tensions in the e las t i c layer , 

away from the immediate v i c i n i t y of the faul t ,have been reduced by th i s 
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f a u l t movement. The pr inc ipa l stresses adjacent to the f a u l t are al igned 

approximately para l le l and perpendicular to the f a u l t . Compression exists 

para l le l to the f a u l t on the downthrown side and tension on the upthrown 

side. A deviator ic compressive stress of 130 MPa develops para l le l to 

the f a u l t plane in the lower crustal material immediately beneath the 

downthrown s ide, and a deviator ic tens i le stress of 115 MPa develops beneath 

the upthrown side. The r e l i e f of ho r i zon ta l , deviator ic tens i le s t ra in 

in the e las t i c layer by the f a u l t movement has resulted in a small increase 

in the ho r i zon ta l , dev ia tor ic tens i le stresses in the underlying v isco-

e las t i c mater ia l . 

For values of tens i le strength between 10 and 15 MPa, f a i l u r e is 

predicted immediately at a distance of about 20 km from the o r ig ina l 

f a u l t . This is the posi t ion where the deviator ic tens i le stresses have 

been most great ly increased by the bending. Immediately before f a u l t i n g 

the horizontal dev iator ic stress was 86.5 MPa. The f a u l t movement has 

resulted in i t increasing to about 97.0 MPa. Open crack shear f a i l u r e 

is predicted wi th a f a u l t plane dip of about 60°. I f th is new f a u l t dips 

towards the o r ig ina l f a u l t , a graben of width 20 km w i l l be formed. For 

tens i le strengths greater than 15 MPa, the model was allowed to relax 

through time u n t i l f a i l u r e was predicted. A Newtonian v isco-e las t i c 

rheology was used for the lower crust and l i thospher ic mantle wi th a 

v iscos i ty of 1 0 2 3 Pas . The resul ts for tens i le strengths in the range 

10 to 20 MPa are l i s t e d in Table 6.3. There is an increase in predicted 

graben width to 25 km fo r a tens i le strength of 17 MPa. 70,000 yrs must 

elapse before th is f a i l u r e occurs. For higher tens i le st rengths, which 

require longer t imes, there is no change in the predicted wid th . To check 

that th is resu l t holds even fo r very long time periods, the model was 

run fo r a tens i le strength of 30 MPa. A period of 430,000 yrs was 



Tensile Strength 
(MPa) 

Time to predicted 
f au l t i ng (x 10 3 yrs) 

Throw of faul t 
(m) 

Distance of predicte 
f a u l t from or ig ina l 
f a u l t (km) 

10 - 15 0 53 20 

16 30 58 20 

17 70 63 25 

18 100 68 25 

19 120 70 25 

20 150 73 25 

30 430 102 25 - 30 

Table 6.3: Predicted fau l t i ng for varying tens i le strengths with a 
Newtonian v isco-e las t ic rheology. Viscosi ty of lower crust 
and mantle is 1 0 2 3 Pa s . 

Tensile Strength 
(MPa) 

Time to predicted 
fau l t i ng (x 10 3 yrs) 

Throw of f a u l t 
(m) 

Distance of predicted 
f a u l t from or ig ina l 
f a u l t (km) 

10 - 15 0 53 20 

16 6 58 25 

17 12 61 25 

18 18 64 25 

19 28 66 25 

20 40 69 2 5 - 3 0 

30 630 98 2 5 - 3 0 

Table 6.4: Predicted fau l t i ng for varying tens i le strengths with a 
power law creep rheology for the lower crust and mantle. 
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necessary before f a u l t i n g was predicted, but again th is was at a distance 

of about 25 km from the o r ig ina l f a u l t . 

As the model is allowed to relax through t ime, there is an increase 

in f a u l t throw which resul ts from the ampl i f i ca t ion of stresses in the 

e las t i c layer caused by creep below.This can be seen by comparing Figure 

6.14 with Figure 6.15, which shows the deformation at the time of 

subsequent f a i l u r e fo r a tens i le strength of 20 MPa ( i . e . a f te r 150,000 y r s ) . 

The f a u l t throw has increased from 53 m to 73 m and the maximum horizontal 

deviator ic tensions near the top of the e las t i c layer , which are s i tuated 

about 25 km from the o r ig ina l f a u l t , have increased to 107 MPa. The 

stresses in the underlying material have become more nearly hydrosta t ic , 

although the magnitude of the stresses para l le l to the f a u l t plane 

remains about the same. The possible consequences of these stresses beneath 

the base of the f a u l t are discussed in the next sect ion. 

The same models have been run fo r a power law creep rheology using 

the creep equations fo r the lower crust and mantle that were given in 

Chapter 2. The resu l ts are shown in Table 6.4. Again, even fo r high 

tens i le st rengths, the predicted graben width was 25 km. The only 

s i gn i f i can t d i f ference between these resul ts and those obtained using 

a Newtonian v isco-e las t ic rheology are in the times necessary fo r 

subsequent f a i l u r e to occur. For tens i le strengths up to 20 MPa, the 

power law creep rheology resul ts in much shorter t imes. Figure 6.16 

shows the s i tua t ion at the time of f a i l u re fo r a tens i le strength of 

20 MPa ( i . e . a f t e r 40,000 y r s ) . The stresses in the underlying material 

are closer to a hydrostat ic state than in Figure 6.15. For a tens i le 

strength o f 30 MPa the time necessary is much longer. This is because 

the e f fec t i ve v iscos i ty is stress dependent. When the deviator ic stresses 

are large the v i scos i t y is low, but as the stresses are relaxed the v iscos i ty 
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is increased. Simi lar resul ts on the di f ferences between Newtonian 

v isco-e las t ic and power law creep rheologies were shown and discussed 

in Chapter 4. 

6.3.4 Discussion of resul ts 

The stress pattern in the e las t i c layer as a resu l t o f f a u l t movement 

is the same as that seen in the f i r s t section of th is chapter. The use 

of the f u l l l i thosphere model, however, allows the stresses in the 

material underlying the e las t i c layer to be invest igated. I t has been 

shown in Figures 6.14 to 6.16 that the material beneath the f a u l t is 

subjected to large stresses para l le l to the f a u l t plane. I t seems l i k e l y 

that th i s concentration of stress at the base of the f a u l t w i l l resu l t in 

propagation of the f a u l t plane. The mechanism of th is propagation is not 

c lear . B r i t t l e f a i l u r e seems un l ike ly because very large deviator ic 

stresses would be needed at these depths as a resu l t of the overburden 

pressure. I t is possib le, however, that la rge , local ised stresses 

concentrated at the f a u l t t i p w i l l lead to dynamic rec r ys ta l l i sa t i on 

and superplast ic f low. Superp last ic i ty involves grain-boundary s l i d i ng 

and requires reasonably high temperatures (greater than about ha l f of the 

melting temperature) and very small grain sizes (Nicolas and P o i r i e r , 1976). 

I f the rec r ys ta l l i sa t i on is to a s u f f i c i e n t l y small grain s i ze , then the 

temperature at depth is l i k e l y to be w i th in the regime of superp las t i c i t y . 

Ball (1980) has shown that the onset of superplast ic f low w i l l resu l t in 

a large i n c r e a s e in the shear s t ra in rate. The resistance to shear w i l l 

be smal l , and the r ec r ys ta l l i sa t i on to f ine-grained material may resu l t 

in fabr ics s im i la r to myloni tes, which are associated wi th shear zones. 

The o r ien ta t ion of the pr inc ipa l stresses beneath the f a u l t in Figures 

6.14 to 6.16 suggests that the f a u l t may not continue in the same 
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d i rec t ion since the shear stresses w i l l be concentrated on planes l y ing 

between the pr inc ipa l axes, and the pr inc ipa l axes are al igned wi th 

the f a u l t . This may resu l t in l i s t r i c f a u l t i n g , although th i s is highly 

speculative since i t is the concentration of stresses around the crack 

t i p that leads to f au l t propagation and th is cannot be determined wi th 

the type of f i n i t e element analysis used here. 

The resul ts obtained in th i s section show that the deformation 

associated with a normal f a u l t extending to a depth of 20 km resu l ts^ 

in the formation of a second normal f a u l t at a distance of about 25 km 

form the or ig ina l f a u l t . The width of the graben seems to be r e l a t i v e l y 

independent of the length of time fo r which the underlying v isco-

e las t i c material i s allowed to re lax. Consequently, i t appears that 

the predicted graben width is mainly dependent on the depth of f a u l t i n g . 

The resu l t s , however, are s i g n i f i c a n t l y d i f f e ren t from those predicted 

by e las t i c beam theory. This is probably because of approximations 

made in beam theory ca lcu la t ions. F i r s t l y , the underlying material is 

treated as a f l u i d which gives r i se to an i sos ta t i c restor ing force 

beneath the f a u l t . A more r e a l i s t i c rheology fo r the lower l i thosphere 

is v i s c o - e l a s t i c i t y ; indeed, whatever the true rheology, i t must involve 

a component of e las t i c behaviour since both P and S waves are observed 

to propagate through the lower l i thosphere wi th f i n i t e v e l o c i t i e s . The 

e las t i c part of the rheology resul ts in d i l a ta t i ona l stresses which 

cannot be relaxed by creep (Chapter 3; Stocker and Ashby, 1973). The 

deformation of the v isco-e las t ic material beneath the f a u l t gives r ise 

to e las t i c restor ing forces rather than simple i sos ta t i c forces, and these 

seem to give a d i f f e r e n t bending p r o f i l e . The second s i gn i f i can t 

approximation used in predic t ing the range of graben widths by e las t i c 

beam theory is that the f a u l t can be represented by a ve r t i ca l load. 
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As was pointed out ea r l i e r in th is chapter, the true s i tua t ion is 

l i k e l y to be much more complex with forces act ing in the d i rec t ion of 

the f au l t plane. These forces w i l l probably ex is t throughout the f a u l t 

depth and w i l l vary with depth because of the var ia t ion in f r i c t i o n a l 

strength. In view of these observations, i t does not seem so surpr is ing 

that the predicted graben widths from the f i n i t e element analysis do 

not agree well with simple beam theory ca lcu la t ions. 

The predict ion of a 25 km wide graben seems to fo l low on from the 

resul ts of the f i r s t section for the s i tuat ions where f a u l t movement 

occurred for depths less than 20 km. The predicted graben widths in 

those cases were from 5 to 15 km. This suggests that the development 

of wider graben may be a response to deeper f au l t i ng than has been 

considered here. This p o s s i b i l i t y w i l l be investigated in the next 

chapter. 
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CHAPTER 7 

PREDICTED 6RABEN WIDTHS FOR VARIABLE DEPTH FAULTING 

7.1 Introduct ion 

In Chapters 4 and 6, the development of normal fau l t i ng and then 

of graben formation was invest igated for a model with a 20 km thick 

e las t ic layer. The f a u l t was considered to extend to 20 km only , and 

the predicted graben width was about 25 km. In t h i s chapter a l i ne of 

weakness w i l l be assumed to be present and to extend to 50 km. Fault 

movement w i l l not necessari ly extend to 50 km, however, since the 

f r i c t i o n a l strength must be exceeded for s l i p to occur. Tensile stresses 

w i l l be applied to the edges of the model and the v isco-e las t ic material 

of the lower l i thosphere w i l l be allowed to relax with t ime. This should 

resu l t in f a u l t movement to a maximum depth of 50 km. Instead of looking 

at f a i l u r e fo r par t i cu la r values of the tens i le st rength, as was done in 

the previous chapter, the posi t ion of the element closest to f a i l u r e w i l l 

be used to determine the predicted graben width for par t i cu la r depths of 

f au l t movement. 

7.2 F in i te element model 

The f i n i t e element gr id used in th is chapter is i l l u s t r a t e d in 

Figures 7.1 and 7.2. I t is necessary to use a very long g r i d , as 

discussed in Chapter 4 , to avoid edge e f f ec t s . The gr id used here is 

6,000 km long. The l i thosphere is taken as being 100 km th ick and is 

underlain by a f l u i d of density 3,300 kg m~3. In th is chapter, the 

p o s s i b i l i t y of f a u l t movement extending down to 50 km w i l l be invest igated. 

For th is to occur i t w i l l be necessary to have f a i r l y large stresses at 
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d e p t h . C o n s e q u e n t l y , t h e model i s d e f i n e d i n t h i s c h a p t e r t o c o n s i s t o f 

two l a y e r s : an e l a s t i c l a y e r e x t e n d i n g down t o 50 km and a d u c t i l e 

l a y e r f r o m 50 t o 100 km. The p h y s i c a l p r o p e r t i e s o f t h e s e two l a y e r s 

a r e 1 i s t e d i n T a b l e 7 . 1 . 

The f a u l t has a d i p o f 6 3 . 4 3 ° and has t h e p o t e n t i a l t o e x t e n d 

down t o 50 km. I t i s d i v i d e d i n t o s i x s e c t i o n s . The normal and shea r 

s t i f f n e s s e s a r e t a k e n t o be 1 0 1 I j N m _ 1 and 5 x l 0 1 0 N m " 1 , as i n Chap te r 6 . 

A po re p r e s s u r e equa l t o t he o v e r b u r d e n p r e s s u r e o f w a t e r i s assumed 

t o e x i s t on t h e f a u l t . 

Depth 
Range(km) 

E 
( N m - 2 ) 

P 
( kg m - 3 ) 

Rheo logy 

E l a s t i c l a y e r 0 -50 1 . O x l O 1 1 0 .25 2 ,900 E l a s t i c 

D u c t i l e l a y e r 50-100 1 . 8 x l O u 0 .25 3 ,300 V i s c o - e l a s t i c 

T a b l e 7 . 1 : P r o p e r t i e s o f t h e f i n i t e e l emen t model 

I n o r d e r t o s a t i s f y t h e n o n - s i n g u l a r i t y o f t h e s t i f f n e s s m a t r i x , 

t h e c e n t r a l node on t h e base i s f i x e d i n t h e x - d i r e c t i o n . I f t h e f a u l t 

was n o t p r e s e n t , t h i s node wou ld l i e on an a x i s o f symmet ry . The re i s no 

a x i s o f symmetry i n t h i s m o d e l . However , i t has been f o u n d t h a t t h e 

f a u l t i s s u f f i c i e n t l y f a r away f r o m t h e f i x e d node f o r t h e r e s u l t s t o 

be u n a f f e c t e d by t h i s p r e s c r i b e d d i s p l a c e m e n t . T h i s can be seen i n t h e 

s t r e s s d i ag rams shown l a t e r i n t h i s c h a p t e r , i n w h i c h t h e r e a r e no 

anomalous s t r e s s e s i n t h e v i c i n i t y o f t h e f i x e d node . 

A t e n s i l e s t r e s s o f 50 MPa i s a p p l i e d t o t h e edges o f t h e m o d e l . 

I n t h e absence o f t h e f a u l t , t h i s p e r m i t s a maximum v a l u e o f 100 MPa 

t o d e v e l o p i n t h e e l a s t i c l a y e r . The e q u a t i o n s w h i c h g o v e r n t h i s 

a m p l i f i c a t i o n have been d i s c u s s e d i n Chap te r 4 . 



126 

7 .3 F a u l t d e f o r m a t i o n 

A v a l u e o f 0 .1 has been t a k e n f o r t h e c o e f f i c i e n t o f f r i c t i o n 

on t h e f a u l t . T h i s v a l u e i s r e p r e s e n t a t i v e o f a f a u l t c o n t a i n i n g a 

wet c l a y gouge (Wang and Mao, 1979) and was used i n t h e p r e v i o u s 

c h a p t e r . A N e w t o n i a n v i s c o - e l a s t i c r h e o l o g y has been used f o r t h e 

d u c t i l e l a y e r , w i t h a v i s c o s i t y o f 1 0 2 3 Pa s , and t h e s t r e s s e s i n t h e 

v i s c o - e l a s t i c m a t e r i a l have been a l l o w e d t o r e l a x w i t h t i m e . The r e s u l t s 

f o r t h i s model a r e shown i n T a b l e 7 .2 and i n F i g u r e s 7 . 3 t o 7 . 7 . The 

d e p t h o f f a u l t movement has been t a k e n t o be t h e d e p t h o f t h e base o f 

t h e d e e p e s t f a u l t s e c t i o n on w h i c h t h e f r i c t i o n a l s t r e n g t h has been 

exceeded . I n T a b l e 7 . 2 , t h e e l e m e n t s a d j a c e n t t o t h e f a u l t have n o t been 

c o n s i d e r e d f r o m t h e p o i n t o f v i e w o f b e i n g t h e c l o s e s t t o f a i l u r e . T h i s 

i s because f a i l u r e i n t h e s e e l e m e n t s l e a d s t o s e c o n d a r y f a u l t i n g w h i c h 

w i l l i n t e r c e p t t h e o r i g i n a l f a u l t c l o s e t o t h e s u r f a c e . I n f a c t , 

seconda ry f a u l t i n g i s p r e d i c t e d t o be t h e f i r s t o c c u r r e n c e o f f a i l u r e 

f o r t i m e p e r i o d s up t o 100 ,000 y r s . Beyond t h i s t i m e , f a i l u r e w i l l 

o c c u r f i r s t i n t h e e l emen ts where t h e d e v i a t o r i c t e n s i l e s t r e s s e s have 

been most g r e a t l y i n c r e a s e d by t h e b e n d i n g . These a re g i v e n i n T a b l e 7 . 2 . 

S e v e r a l p o i n t s a r e a p p a r e n t abou t t h e r e s u l t s . As t h e v i s c o - e l a s t i c 

m a t e r i a l r e l a x e s , t h e s t r e s s e s i n t h e e l a s t i c l a y e r a r e a m p l i f i e d w h i c h 

r e s u l t s i n an i n c r e a s e i n t h e s h e a r s t r e s s e s on t h e f a u l t . As t h e s e 

exceed t h e f r i c t i o n a l s t r e n g t h , f a u l t movement p r o p a g a t e s down t h e l i n e 

o f weakness . A s s o c i a t e d w i t h t h i s p r o p a g a t i o n o f f a u l t movement i s an 

i n c r e a s e i n t h e t h r o w o f t h e f a u l t . The re i s a l s o an i n c r e a s e i n t h e 

d i s t a n c e t o t h e weakes t e l e m e n t . Normal f a u l t i n g w i l l o c c u r i n t h e 

weakes t e l e m e n t i f t h e t e n s i l e s t r e n g t h i s s u f f i c i e n t l y s m a l l . I f 

t h e new f a u l t d i p s t o w a r d s t h e o r i g i n a l f a u l t a g raben w i l l be f o r m e d . 

C o n s e q u e n t l y , t h e d i s t a n c e o f t h e w e a k e s t e l emen t f r o m t h e f a u l t can 



Time 
( x 1 0 3 y r s ) 

Depth o f f a u l t 
movement (km) 

Throw o f f a u l t 
(m) 

D i s t a n c e o f weakes t 
e l e m e n t f r o m f a u l t (km) 

0 1 0 . 0 13 1 5 - 2 0 

100 2 0 . 0 34 1 5 - 2 0 

200 2 7 . 5 49 20 

300 2 7 . 5 62 20 

400 2 7 . 5 70 20 - 25 

500 3 5 . 0 77 20 - 25 

700 3 5 . 0 86 20 - 25 

1000 3 5 . 0 95 25 

T a b l e 7 . 2 : F a u l t d e f o r m a t i o n w i t h t i m e f o r an a p p l i e d s t r e s s o f 

50 MPa, a c o e f f i c i e n t o f f r i c t i o n o f 0 . 1 , and a N e w t o n i a n 

v i s c o - e l a s t i c r h e o l o g y f o r t h e d u c t i l e m a t e r i a l 



100=0 KPA 3040 (km) 

100 

2900 3000 3050,. ,3100 (Km) 3150 

F i g . 7 . 3 : Immed ia te f a u l t d e f o r m a t i o n f o r an a p p l i e d s t r e s s 
o f 50 MPa and a c o e f f i c i e n t o f f r i c t i o n o f 0 . 1 
( a ) P r i n c i p a l s t r e s s e s a round t h e f a u l t 
( b ) S u r f a c e d i s p l a c e m e n t p r o f i l e 

F p o s i t i o n o f weakes t e l e m e n t 



3040 (km) 2960 100.0 MPA 
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100 

15 : 20 
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35 
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2800 285 0 2900 2950 3000 3 0 5 0 (kmf 100 3 150 

F i g . 7 . 4 : F a u l t d e f o r m a t i o n a f t e r 100 ,000 y r s f o r a c o e f f i c i e n t 
o f f r i c t i o n o f 0 . 1 and a Newton ian v i s c o - e l a s t i c r h e o l o g y 
( a ) P r i n c i p a l s t r e s s e s a round t h e f a u l t 
( b ) S u r f a c e d i s p l a c e m e n t p r o f i l e 

F p o s i t i o n o f weakes t e l e m e n t 



3040 (km) 2960 100.0 HPA 
0 

a 
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100 

30 
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50 r 60 
70 
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90 s = 9 

2800 2850 2900 2950 3000 3050,, ,3100 3150 3200 

F i g . 7 . 5 : F a u l t d e f o r m a t i o n a f t e r 300 ,000 y r s f o r a c o e f f i c i e n t o f 
f r i c t i o n o f 0 . 1 and a N e w t o n i a n v i s c o - e l a s t i c r h e o l o g y 
( a ) P r i n c i p a l s t r e s s e s a round t h e f a u l t 
( b ) S u r f a c e d i s p l a c e m e n t p r o f i l e 

F p o s i t i o n o f weakes t e l e m e n t 



2960 
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100.0 W»A 3040 (km) 

(a) 

-20 

50 
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F i g . 7 . 6 : F a u l t d e f o r m a t i o n a f t e r 500 ,000 y r s f o r a c o e f f i c i e n t o f 
f r i c t i o n o f 0 . 1 and a Newton ian v i s c o - e l a s t i c r h e o l o g y 
( a ) P r i n c i p a l s t r e s s e s a round t h e f a u l t 
( b ) S u r f a c e d i s p l a c e m e n t p r o f i l e 
F p o s i t i o n o f weakes t e l e m e n t 
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F i g . 7 . 7 : F a u l t d e f o r m a t i o n a f t e r 1M y r s f o r a c o e f f i c i e n t o f 
f r i c t i o n o f 0 . 1 and a Newton ian v i s c o - e l a s t i c Theo logy 
( a ) P r i n c i p a l s t r e s s e s a round t h e f a u l t 
( b ) S u r f a c e d i s p l a c e m e n t p r o f i l e 

F p o s i t i o n o f weakes t e l e m e n t 
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be r e g a r d e d as t h e p r e d i c t e d g raben w i d t h . The changes i n t h e s t r e s s e s 

a round t h e f a u l t and i n t h e d i s p l a c e m e n t p r o f i l e can be seen i n 

F i g u r e s 7 .3 t o 7 . 7 . The e x t e n t o f t h e f a u l t on w h i c h s l i p has o c c u r r e d 

i s marked on t h e s t r e s s d i a g r a m s , and t h e p o s i t i o n o f t h e w e a k e s t 

e l e m e n t ( i g n o r i n g p o s s i b l e seconda ry f a u l t i n g ) i s marked on t h e 

d i s p l a c e m e n t p r o f i l e s . As was seen i n t h e p r e v i o u s c h a p t e r , t h e 

p r i n c i p a l s t r e s s e s i n t h e immed ia te v i c i n i t y o f t h e f a u l t a r e r o t a t e d 

so t h a t t h e i r p r i n c i p a l axes a r e a p p r o x i m a t e l y p a r a l l e l and p e r p e n d i c u l a r 

t o t h e f a u l t . T h i s i s a consequence o f t h e low f r i c t i o n a l s t r e n g t h o f 

t h e f a u l t . D e v i a t o r i c c o m p r e s s i v e s t r e s s e s e x i s t on t h e downthrown s i d e 

and d e v i a t o r i c t e n s i l e s t r e s s e s on t h e u p t h r o w n s i d e . The i n c r e a s e i n 

h o r i z o n t a l , n e a r - s u r f a c e , d e v i a t o r i c t e n s i o n on t h e downth rown s i d e , and 

t h e d e c r e a s e on t h e up th rown s i d e , a r e a p p a r e n t , p a r t i c u l a r l y i n 

F i g u r e s 7 .6 and 7 . 7 . T h i s i s a r e s u l t o f t h e b e n d i n g , as d e s c r i b e d i n 

C h a p t e r 6 . S t r e s s e s a r e d e v e l o p e d benea th t h e base o f t h e a c t i v e p a r t 

o f t h e f a u l t ; c o m p r e s s i o n on t h e downth rown s i d e and t e n s i o n on t h e 

u p t h r o w n s i d e . These s t r e s s e s , however , do n o t a i d t h e p r o p a g a t i o n o f 

t h e f a u l t s i n c e t h e y a r e a l i g n e d p a r a l l e l t o t h e f a u l t . As was m e n t i o n e d 

i n t h e p r e v i o u s c h a p t e r , t h e o r i e n t a t i o n o f t h e s e s t r e s s e s may s u g g e s t 

l i s t r i c f a u l t i n g , a l t h o u g h t h i s i s l a r g e l y s p e c u l a t i v e s i n c e i n s u f f i c i e n t 

i n f o r m a t i o n i s a v a i l a b l e a b o u t t h e c o n c e n t r a t i o n s o f s t r e s s a t t h e 

c r a c k t i p , and i t i s t h e s e t h a t d e t e r m i n e how t h e f a u l t w i l l p r o p a g a t e . 

I t can be seen t h a t , f o r t h i s m o d e l , f a u l t movement has o n l y e x t e n d e d 

t o a d e p t h o f 35 km. T h i s i s because t h e s t r e s s e s i n t h e e l a s t i c l a y e r 

have no t been l a r g e enough a t l o w e r d e p t h s t o exceed t h e f r i c t i o n a l 

s t r e n g t h , w h i c h i n c r e a s e s w i t h normal s t r e s s . F u r t h e r m o r e , i t i s 

a p p a r e n t f r o m F i g u r e 7 .7 t h a t a f t e r 1M y r s t h e d e v i a t o r i c s t r e s s e s i n t h e 

d u c t i l e m a t e r i a l a r e v e r y sma l l ( l e s s t h a n 2 MPa) and f u r t h e r a m p l i f i c a t i o n 
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o f t h e s t r e s s e s i n t h e e l a s t i c l a y e r w i l l be i n s i g n i f i c a n t . The maximum 

p r e d i c t e d g raben w i d t h f o r t h i s model i s s t i l l o n l y abou t 25 km. 

I n o r d e r t o o b t a i n f a u l t movement down t o g r e a t e r d e p t h s , i t i s 

t h e r e f o r e n e c e s s a r y t o do one o f two t h i n g s . E i t h e r t he a p p l i e d s t r e s s e s 

on t h e edges o f t h e model can be i n c r e a s e d , o r t h e f r i c t i o n a l s t r e n g t h 

o f t h e f a u l t can be dec reased by l o w e r i n g t h e c o e f f i c i e n t o f f r i c t i o n . 

I t i s f e l t t o be u n l i k e l y t h a t s t r e s s e s g r e a t e r t h a n 50 MPa a r e a c t i n g 

t h r o u g h o u t t h e d e p t h o f t h e l i t h o s p h e r e . T h i s l e a v e s t h e second a l t e r n a t i v e 

T h e r e i s e v i d e n c e t h a t t h e f r i c t i o n a l s t r e n g t h on t h e San Andreas f a u l t 

may be e x t r e m e l y s m a l l . Brune e t a l . ( 1969 ) e s t i m a t e d a s h e a r s t r e s s o f 

no more t h a n 20 MPa on t h e f a u l t f r om a s t u d y o f t h e hea t f l o w anoma l y . 

More r e c e n t l y Zoback and R o l l e r (1979) have t a k e n s t r e s s measu remen ts , 

be low t h e r e g i o n o f s t r e s s r e l i e f , a t v a r y i n g d i s t a n c e s f r o m t h e f a u l t . 

T h e i r r e s u l t s s u g g e s t t h a t , even a t d e p t h s o f 15 t o 20 km, t h e shea r 

s t r e s s e s on t h e f a u l t r each o n l y a b o u t 10 MPa. They s u g g e s t t h a t h i g h 

po re p r e s s u r e s may e x i s t i n t h e f a u l t zone . To reduce t h e f r i c t i o n a l 

s t r e n g t h on t h e f a u l t t o t h e v e r y sma l l v a l u e t h a t t h e y i n f e r wou ld 

r e q u i r e huge po re p r e s s u r e s . I t i s d i f f i c u l t t o i m a g i n e po re p r e s s u r e s 

o f t h i s s i z e . A n o t h e r p o s s i b l e e x p l a n a t i o n f o r t h e l ow f r i c t i o n a l s t r e n g t h 

may be i n t h e mechanism o f f a u l t movement a t d e p t h . I t may be t h a t , a t 

c o n s i d e r a b l e d e p t h , t h e n a t u r e o f t h e f a u l t i s d i f f e r e n t f r o m t h a t n e a r e r 

t h e s u r f a c e . One p o s s i b i l i t y i s t h a t s u p e r p l a s t i c i t y c o n t r o l s t he 

c o n t i n u a t i o n o f b r i t t l e f r a c t u r e a t d e p t h . T h i s i d e a has been d i s c u s s e d 

by B a l l ( 1 9 8 0 ) . S u p e r p l a s t i c f l o w may o c c u r w i t h v e r y sma l l r e s i s t a n c e 

t o shea r ( B a l l , 1980) and c o n s e q u e n t l y t h e a p p a r e n t f r i c t i o n a l s t r e n g t h 

wou ld be v e r y sma l l and wou ld p r e s u m a b l y measure t h e r e s i s t a n c e t o g r a i n -

bounda ry s l i d i n g i n t h e v e r y f i n e g r a i n e d m a t e r i a l t h a t wou ld need t o be 

p r e s e n t . Whatever t h e mechanism o f f a u l t movement a t d e p t h , i t seems 
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l i k e l y t h a t t h e e f f e c t i v e f r i c t i o n a l s t r e n g t h may be v e r y s m a l l . The 

e f f e c t o f t h i s w i l l now be i n v e s t i g a t e d by d e c r e a s i n g t h e c o e f f i c i e n t 

o f f r i c t i o n . 

.4 E f f e c t o f r e d u c i n g t h e f r i c t i o n a l s t r e n g t h 

The same model has been r e - r u n , b u t w i t h a c o e f f i c i e n t o f f r i c t i o n 

o f 0 . 0 5 . The r e s u l t s a r e shown i n T a b l e 7 .3 and F i g u r e s 7 .8 t o 7 . 1 3 . 

The same s t r e s s p a t t e r n i s seen as b e f o r e , b u t now t h e f a u l t p r o p a g a t e s 

t o g r e a t e r d e p t h because o f t he r e d u c t i o n i n t h e f r i c t i o n a l s t r e n g t h . 

A f t e r 300 ,000 y r s f a u l t movement has p r o p a g a t e d t o i t s maximum d e p t h o f 

50 km. The i n c r e a s e i n d e p t h o f f a u l t movement i s a r e s u l t o f t h e r e l a x a t i o n 

o f t h e d e v i a t o r i c s t r e s s e s i n t h e v i s c o - e l a s t i c m a t e r i a l , and c o n s e q u e n t 

s t r e s s a m p l i f i c a t i o n i n t h e e l a s t i c l a y e r , and i s w e l l shown i n F i g u r e s 7 .8 

t o 7 . 1 3 . The t h r o w o f t h e f a u l t i s g r e a t e r t h a n i n t h e e a r l i e r model and 

a f t e r 1M y r s t h e t h r o w i s 236 m. The i n c r e a s e d d e p t h and t h r o w o f t h e 

f a u l t has r e s u l t e d i n an i n c r e a s e i n t h e p r e d i c t e d g raben w i d t h t o 30 km. 

A l t h o u g h f a u l t i n g h a s , i n t h i s c a s e , reached a d e p t h o f 50 km i t 

appea rs t h a t t h e f r i c t i o n a l s t r e n g t h on t h e l o w e s t f a u l t s e c t i o n has o n l y 

j u s t been e x c e e d e d . I n F i g u r e 7 .12 i t i s a p p a r e n t t h a t r e l a t i v e l y s m a l l 

s t r e s s e s have d e v e l o p e d i n t h e v i s c o - e l a s t i c m a t e r i a l i m m e d i a t e l y b e n e a t h 

t h e f a u l t , a l t h o u g h t h e who le f a u l t has moved. T h i s s u g g e s t s t h a t t h e 

f o r c e s r e s u l t i n g f r o m t h e s h e a r s t r e s s e s on t h e l o w e s t f a u l t s e c t i o n a r e 

sma11. 

I n o r d e r t o d e t e r m i n e w h e t h e r t h e r e i s any s i g n i f i c a n t change i n 

t h e d e f o r m a t i o n p a t t e r n when l a r g e r shea r s t r e s s e s a c t on t h e f a u l t , t h e 

c o e f f i c i e n t o f f r i c t i o n has been r e d u c e d f u r t h e r t o 0 . 0 1 . The r e s u l t s , 

a g a i n u s i n g a N e w t o n i a n v i s c o - e l a s t i c r h e o l o g y w i t h a v i s c o s i t y o f 1 0 2 3 p a s , 

a r e shown i n T a b l e 7 .4 and F i g u r e s 7 .14 t o 7 . 1 7 . The f r i c t i o n a l s t r e n g t h 



Time 
(x 1 0 3 y r s ) 

Depth o f f a u l t 
movement (km) 

Throw o f f a u l t 
(m) 

D i s t a n c e o f w e a k e s t 
e l e m e n t f r o m f a u l t (km) 

0 2 0 . 0 18 1 5 - 2 0 

50 27 .5 34 20 

100 3 5 . 0 49 25 - 30 

200 4 2 . 5 78 30 

300 5 0 . 0 104 30 

400 5 0 . 0 129 30 

500 5 0 . 0 151 30 

700 5 0 . 0 189 30 

1000 5 0 . 0 236 30 

Tab le 7 . 3 : F a u l t d e f o r m a t i o n w i t h t i m e f o r an a p p l i e d s t r e s s o f 

50 MPa, a c o e f f i c i e n t o f f r i c t i o n o f 0 . 0 5 , and a Newton ian 

v i s c o - e l a s t i c r h e o l o g y f o r t h e d u c t i l e m a t e r i a l 
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has been exceeded immediately on a l l sections of the f a u l t , as can be 

seen from Figure 7.14. As the v isco-e las t ic material relaxes and increases 

the deviator ic tension in the e las t i c layer , the f a u l t throw increases 

un t i l a f t e r 1M yrs the throw is 408 m. Because of th is greater f au l t 

movement, larger stresses are generated in the underlying mater ia l . The 

deviator ic components of these stresses relax wi th time and cause stress 

ampl i f i ca t ion in the e las t i c layer , pa r t i cu l a r l y in those stresses adjacent 

to the f a u l t at the base of the e las t i c layer . These stresses become large, 

as can be seen in Figure 7.17, and a t t a i n values of several hundred MPa. 

The predicted graben widths for these models, based on the distance 

from the or ig ina l f a u l t of the element closest to f a i l u r e , shows a 

s ign i f i can t change from that of the previous models. As the time is 

increased the predicted width decreases. This is the opposite to the 

s i tua t ion for the e a r l i e r models. For times up to 50,000 yrs the 

predicted graben width is between 40 and 45 km. As the model is run 

through t ime, the width decreases to between 30 and 35 km a f t e r 1M y r s . 

This is probably because of the low f r i c t i o n a l strength of the f a u l t . 

Fault movement occurs throughout the whole depth of the f a u l t immediately, 

g iv ing the sharp displacement p r o f i l e seen in Figure 7.14. Now, as the 

v isco-e las t ic material relaxes, the deviator ic stresses beneath the f a u l t 

relax and cause a general 1smoothing-out' of the p r o f i l e . This e f fec t is 

well seen in the displacement diagrams of Figures 7.14 to 7.17. As the 

p r o f i l e is smoothed out , so the element which is most af fected by the 

bending (which is the weakest element) migrates slowly back towards the 

or ig ina l f a u l t . C lear ly , i f f a i l u r e occurs f a i r l y soon a f t e r the 

development of the f i r s t f a u l t , then a graben of width 40 to 45 km w i l l 

be formed. 

So fa r in th i s chapter, the models have assumed a Newtonian visco-



Time 
(x 10 3 yrs) 

Depth of f a u l t 
movement (km) 

Throw of f a u l t Distance of weakest 
element from f a u l t (km) 

0 50 40 40 - 45 

50 50 72 40 - 45 

100 50 100 40 

200 50 149 40 

300 50 191 35 - 40 

400 50 230 35 

500 50 265 35 

700 50 328 30 - 35 

1000 50 408 30 - 35 

Table 7.4: Fault deformation with time for an applied stress of 50 MPa, 
a coe f f i c i en t of f r i c t i o n of 0 .01 , and a Newtonian visco-
e las t i c rheology. 

Time 
(x 10 3yrs) 

Depth of f a u l t 
movement (km) 

Throw of f a u l t 
(m) 

Distance of weakest 
element from f a u l t (km) 

0 50 40 40 - 45 

5 50 68 40 - 45 

10 50 91 40 

20 50 131 35 - 40 

30 50 165 35 

50 50 211 35 

100 50 343 30 - 35 

Table 7.5: Fault deformation with time for an applied stress of 50 MPa, 
a coe f f i c i en t of f r i c t i o n of 0 .01 , and a power law creep 
rheology. 
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e las t i c rheology for the lower l i thosphere. I t would be expected, 

from the resul ts of ea r l i e r chapters, that a power law creep rheology 

would not s i g n i f i c a n t l y change the deformation pat tern. To v e r i f y t h i s , 

the las t set of models, wi th a coe f f i c ien t of f r i c t i o n of 0 .01 , have been 

re-run using a power law creep rheology for the duc t i le layer . The 

creep equation used was that for the l i thospher ic mantle, given in 

Chapter 2. The resul ts are shown in Table 7.5. Once again, the only 

s i gn i f i can t d i f ference between these and the e a r l i e r resul ts is in the 

times necessary to bring about a par t i cu la r amount of deformation. I t 

can be seen by comparing Table 7.5 wi th Table 7.4 that s imi la r displace­

ments require about one-tenth of the time for a power law creep rheology. 

This suggests that for the creep values used here, the state of stress in 

the lower l i thosphere in these models resul ts in an e f fec t i ve v iscos i ty 

closer to 1 0 2 2 Pa s than the value of 1 0 2 3 Pa s used in the Newtonian 

v isco-e las t ic rheology. Figure 7.18 shows the deformation using the power 

law creep rheology a f t e r 20,000 y r s . Comparing th i s wi th Figure 7.15 shows 

that the basic stress pattern and displacement p r o f i l e are r e l a t i v e l y 

unaffected by assuming a d i f f e ren t rheology for the duc t i le layer . 

7.5 Cone!usions 

The predicted graben width has been found to increase s l i g h t l y wi th 

the depth of f a u l t i n g , although th is would not seem to be the only fac to r . 

The graben width from the f i r s t model used, wi th a coe f f i c i en t of f r i c t i o n 

of 0.1 (Table 7 .2 ) , was the same as that of the l as t chapter. This was 

despite the fact that fau l t i ng extended to 35 km rather than 20 km. This 

may be because the throw of the f a u l t was s imi la r in both cases, up to 

about 100 m. I f t h i s is t r ue , i t would suggest that not only is the 

displacement p r o f i l e dependent on the depth of f a u l t i n g , but i t is also 
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dependent on the throw of the f a u l t . This conclusion has been supported, 

to some extent, by the resul ts fo r the l a te r models wi th lower 

coe f f i c ien ts of f r i c t i o n . Although fau l t i ng extended to 50 km in both 

cases (Tables 7.3 and 7 .4) , the predicted graben width was greater fo r 

the s i tua t ion with lower f r i c t i o n a l s t rength. The throw of the f au l t was 

also considerably greater in th is case. 

I f the e f f ec t i ve coe f f i c ien t of f r i c t i o n is very low, i t has been 

shown that a graben of width 40 to 45 km can be formed, providing that 

the second f au l t develops f a i r l y soon a f te r the f i r s t f a u l t . Whether 

the coe f f i c i en t of f r i c t i o n can be that small so soon a f t e r the f a u l t 

has formed is debatable. I t may be, however, that the laboratory 

experiments on f r i c t i o n a l s l i d ing discussed in Chapter 2 are not 

appl icable to the mechanism of f a u l t movement at any but shallow depths. 

I t also seems somewhat un l ike ly that the b r i t t l e layer of the l i thosphere 

can extend to a depth of 50 km in the t y p i c a l l y warm regions of the 

l i thosphere where major graben form. 
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CHAPTER 8 

SUBSIDENCE OF A GRABEN WEDGE 

8.1 Introduct ion 

In the previous chapters of th i s thesis the formation of a typ ica l 

graben wedge bounded by normal fau l t s was invest igated. I t was found 

that i f the second normal f a u l t is dependent on the deformation caused 

by the f i r s t f a u l t , then the development of wide graben of about 50 km 

is d i f f i c u l t to explain unless very weak fau l ts extending to great depths 

are present, and these seem un l ike ly in the warm regions where wide graben 

generally form. A f u l l e r discussion of these problems is reserved for the 

f i na l chapter. Nevertheless, wide graben do e x i s t , and in th is chapter 

the subsidence of a 50 km wide graben wedge bounded by normal fau l ts 

extending to 20 km depth w i l l be invest igated. 

8.2 F in i te element model 

In t h i s chapter the model of the continental l i thosphere arr ived 

at in Chapter 2 (Table 2 . 1 , Figure 2.1) is used. The rheological d i v i s i on 

is a 20 km e las t i c layer overly ing 80 km of v isco-e las t ic mater ia l . The 

model is of a 4,000 km long section of the l i thosphere wi th a 50 km wide 

graben at the centre. This model is symmetrical and, consequently, only 

one ha l f of the model needs to be considered. The f i n i t e element gr id i s 

shown in Figures 8.1 and 8.2. The r ight-hand edge of the gr id is constrained 

to have zero horizontal displacement, thus sa t i s fy ing the symmetrical 

properties of the model. The model is considered to be underlain by a 

f l u i d of density 3,300 kg m"3 and the i sos ta t i c compensation rout ine 

described in Chapter 3 is used fo r the base. A f a u l t which dips at 63.43° 
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and extends to a depth of 20 km is present a t 25 km from the right-hand 

end of the gr id (thus giv ing a 50 km wide graben). The normal and shear 

s t i f fnesses of the f au l t are again taken to be 1 0 1 5 and 5 x 1 0 1 0 Nm~i, 

respect ive ly , and a pore pressure equal to the overburden pressure of 

water is assumed to ex is t on the f a u l t . A tens i le stress is applied 

to the le f t -hand edge of the model and the v isco-e las t ic material 

allowed to relax with t ime. 

8.3 Wedge subsidence 

A tens i le stress of 20 MPa was applied to the edge of the model. 

This is the same value that was used in Chapters 4 and 6, where the 

development and la te r deformation of normal f au l t i ng was invest igated. 

A value of 0.1 was used for the coe f f i c i en t of f r i c t i o n on the f a u l t . 

This also is in l i ne with the e a r l i e r work in th i s thesis and is 

representative of a f a u l t containing a wet clay gouge (Wang and Mao, 1979). 

A Newtonian v isco-e las t ic rheology was used for the lower crust and 

l i thospher ic mantle, with a v iscos i ty of 1 0 2 3 Pa s. 

The resul ts for th is model are i l l u s t r a t e d in Figures 8.3 to 8.7. 

These f igures show the pr inc ipa l stresses around one ha l f o f the graben 

(not including the l i t h o s t a t i c s t resses) , and the surface displacements. 

For the stress p l o t s , the scale is given in terms of both 100 MPa and 

the largest s t ress. This is useful in l a t e r diagrams where the stresses 

become very large. Once again dashed l ines represent tens i le stresses and 

f u l l l ines represent compressive stresses. Figure 8.3 shows the deformation 

fo r an instantaneous e las t i c so lu t ion . The stresses in the e las t i c layer 

are only about 11 MPa and are not s u f f i c i e n t l y large to cause f r i c t i o n a l 

s l i d i ng on the f a u l t . The surface displacements across the f a u l t are 

only 0.8 m and are due to e las t i c deformation of the f a u l t resu l t ing from 

i t s shear s t i f f n e s s . The deformation pattern a f te r 200,000 yrs is shown 
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in Figure 8.4. The ampl i f i ca t ion of the stresses in the e las t i c layer 

as a resu l t of creep in the underlying v isco-e las t ic material has 

resulted in the f r i c t i o n a l strength being exceeded on the upper part 

of the f a u l t , and the throw of the f a u l t is now about 15 m. 

The s i tua t ion a f t e r 500,000 yrs is shown in Figure 8.5. The rim 

u p l i f t which is charac te r is t i c of most graben (e .g . l i l i e s , 1970) is 

apparent and is a resu l t of the f au l t movement, which now extends 

throughout the depth of the f a u l t and resul ts in a throw of 40 m. The 

stresses in the v isco-e las t i c material have relaxed to a large extent 

except beneath the wedge, where compression is produced as a resu l t of 

subsidence of the wedge in to the duc t i le material of the lower crus t . 

I t is very in te res t ing that the wedge does not subside uni formly. This 

is because the subsidence is caused by f r i c t i o n a l s l i d i ng on the f a u l t s , 

and i t is the edges of the wedge that subside more than the centre. This 

causes bending and deformation wi th in the wedge i t s e l f . The bending 

ampl i f ies the dev iator ic tensions in the uppermost part of the wedge 

and the elements there are much closer to f a i l u r e than any others in the 

model. Fai lure adjacent to the f a u l t is l i k e l y to resu l t in secondary 

f a u l t i n g , as discussed in Chapter 6. A l l the elements across the wedge 

are weak, however, so that f au l t i ng is also l i k e l y to occur fur ther into 

the wedge. This may be the cause of the t y p i c a l , heavy f a u l t i n g , with 

a n t i t h e t i c f a u l t blocks, seen in many graben (e .g . l i l i e s , 1970). This 

predic t ion of f au l t i ng wi th in the wedge is very in te res t ing and contradicts 

the conclusions of Artemjev and Artyushkov (1971) that no large stresses 

or surface r e l i e f can ex is t in a wedge-shaped block a f t e r i t s formation. 

Their argument supposes that the block sinks uni formly. However, the 

subsidence of the block w i l l be contro l led by f r i c t i o n a l s l i d i ng along 

i t s boundary f a u l t s . For a wide block, th is w i l l cause the type of 
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bending seen here. For narrower graben, i t seems l i k e l y that the 

amount of bending w i l l be less, because the boundary fau l ts are closer 

together, and w i l l probably resu l t in less f au l t i ng wi th in the wedge 

and , possibly, r e l a t i v e l y undeformed graben blocks. 

Figure 8.6 shows the deformation pattern a f t e r 1M y rs . The compressive 

stresses beneath the downthrown block have increased in magnitude as a 

resu l t of the increased throw of the f a u l t , which is now about 85 m, and 

these are the only large stresses remaining in the duc t i le mater ia l . The 

stresses in the wedge caused by the bending are larger than in Figure 8.5 , 

as a resu l t of the increased throw, and th is supports the suggestion above 

that f au l t i ng w i l l occur w i th in the wedge. This f au l t i ng is l i k e l y to be 

confined to f a i r l y shallow depths since the lower part of the wedge is 

subjected to compression due to the bending, and th i s w i l l i n h i b i t the 

development of f a u l t i n g at depth wi th in the block. These inferences on 

the nature of the f au l t i ng wi th in the wedge agree well wi th observations 

(e .g . l i l i e s , 1970), as can be seen in the diagram of the Rhinegraben 

shown in Figure 1 .1 . 

Af ter 5M yrs (Figure 8.7) the throw of the f a u l t has increased to 

250 m. The compressive stresses beneath the block have also increased 

and the largest has magnitude of about 364 MPa. Although these values 

are f a i r l y la rge, i t must be real ised that they are not dev iator ic 

stresses. The pr inc ipa l stresses are close to being hydrosta t ic , and the 

stress d i f ference is only about 13MPa . 

The series of f igures shown here demonstrates that the compressive 

stresses beneath the wedge increase as the wedge subsides, but they 

become closer to the hydrostat ic state because of the creep in the lower 

crust which always tends to relax the deviator ic stresses. The surface 

displacements o f Figures 8.3 to 8.7 show the increase in the subsidence 

of the wedge as the stresses in the v isco-e las t ic material re lax. The 
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f lanks of the graben remain d i f f e r e n t i a l l y upthrown throughout, and 

the downthrown block is deformed by bending even a f t e r very long periods 

of t ime. The to ta l throw on the boundary fau l t s was only about 250 m 

a f te r 5M y rs . Furthermore, 85 m of th is occurred in the f i r s t 1M yrs 

and only 165 m in the next 4M y rs . Therefore, i t seems l i k e l y that even 

i f the model was run over longer periods of t ime, the amount of subsidence 

would not reach the value of several kilometres that i s observed in many 

of the large graben ( l i l i e s , 1970; Sherman, 1978; Baker and Wohlenberg, 

1971). Sedimentary i n f i l l i n g of the depression would s l i g h t l y increase 

the subsidence, but fo r a typ ica l sediment density of about 2,000 kg m"3 

and a depth of depression of only about 200 m, the addi t ional subsidence 

is l i k e l y to be very smal l . 

There are two p o s s i b i l i t i e s for br inging about a larger amount of 

subsidence. The f i r s t is that the f r i c t i o n a l strength of the f a u l t is 

very smal l . This was discussed in the previous chapter wi th reference 

to the estimates of the shear stress on the San Andreas f a u l t (Brune 

et a l . , 1969; Zoback and Ro l le r , 1979). The second p o s s i b i l i t y is that 

stresses larger than 20 MPa are act ing on the l i thosphere. Bott (1976) 

has invest igated wedge subsidence by a consideration of the energy 

budget, and his resul ts suggest that an increase in stress w i l l have a 

greater e f fec t than a reduction in the f r i c t i o n a l s t rength. The e f fec t 

of these two parameters on the deformation pattern w i l l now be examined. 

8.4 Ef fect of decreasing the f r i c t i o n a l strength 

The f r i c t i o n a l strength of the f au l t can be reduced throughout i t s 

depth by decreasing the coe f f i c i en t of f r i c t i o n . The model has been re-run 

using a coe f f i c i en t of f r i c t i o n of 0.01 and the resul ts are shown in 

Figures 8.8 to 8.12. The f r i c t i o n a l strength is now exceeded immediately 
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for the en t i re depth of the f a u l t , although the instantaneous f au l t 

throw is only about 6m (Figure 8 .8 ) . As the v isco-e las t ic material is 

allowed to re lax , the same pattern of deformation is seen as before. 

Both the rim u p l i f t and the bending of the wedge are apparent in 

Figures 8.8 to 8.12. The basic d i f ference between th is model and the 

one described previously is in the amount of subsidence and, associated 

wi th t h i s , the magnitude of the compressive stresses beneath the wedge. 

A f te r 1M yrs (Figure 8.11) the throw is 115 m and th i s increases to 

345 m a f t e r 5M yrs (Figure 8.12) . This is greater than in the e a r l i e r 

model, although perhaps not s i g n i f i c a n t l y so. The compressive stresses 

beneath the wedge increase to about 550 MPa a f te r 5M y r s , although they 

are again close to hydrostat ic and the maximum stress d i f ference between 

the pr inc ipa l stresses is only 20 MPa. In f ac t , the same pattern is 

seen as in the previous models: the hydrostat ic component of the stress 

f i e l d beneath the wedge increases wh i l s t the deviator ic components slowly 

decrease. I t i s not c lear how long th i s s i tua t ion w i l l continue f o r , but 

the r e l a t i v e l y small deviator ic stresses w i l l resu l t in low creep s t ra in 

ra tes, and the large pressure di f ferences are l i k e l y to ex is t for a long 

period of time a f te r the applied stress has ceased to act . This is an 

important point as i t h igh l ights the di f ference between v isco-e las t ic and 

viscous rheologies. For a purely viscous material these pressure di f ferences 

could not e x i s t , whereas for a v isco-e las t ic material they are caused by 

volume changes and cannot be d i r e c t l y relaxed by creep. 

8.5 Ef fect o f increasing the applied stress 

In order to invest igate the e f f ec t of increasing the applied s t ress , 

the same model has been used as in the f i r s t section of th i s chapter, 

but the applied stress has been increased from 20 MPa to 50 MPa. The 
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coe f f i c i en t of f r i c t i o n was taken to be 0 . 1 . The resu l ts are shown in 

Figures 8.13 to 8.17. The instantaneous stresses (Figure 8.13) are 

only s u f f i c i e n t to cause s l i d i ng on the upper section of the f a u l t . A f te r 

200,000 yrs the f r i c t i o n a l strength has been exceeded throughout the 

depth of the f a u l t and compressive stresses develop beneath the wedge. 

This s i tua t ion is shown in Figure 8.14. As the v isco-e las t ic material 

relaxes the same pattern is seen as before and the hydrostat ic component 

of the compressive stress beneath the wedge increases. The large applied 

stress resul ts in much greater subsidence than e i ther of the previous 

models. This is in agreement with the work of Bott (1976). Af ter 1M yrs 

the f a u l t throw is about 275 m and a f t e r 5M yrs i t has increased to 

813 m. The compressive stresses beneath the f a u l t have attained a 

value of nearly 1270 MPa, although the stress di f ference i s only 50 MPa 

which is geological ly reasonable (Mur re l l , 1977). The high pressures 

beneath the wedge may resu l t in phase changes in the lower c rus t . 

I t seems l i k e l y t ha t , fo r coe f f i c ien ts of f r i c t i o n less than about 

0.1 and applied stresses close to 50 MPa, f a u l t throws of greater than 

1 km can occur. These may become considerably larger i f the graben is 

f i l l e d with sediment. Bott (1976) has reached s im i la r conclusions on 

the amount of subsidence that can occur by a consideration of the energy 

budget. He showed that the grav i ta t iona l energy loss resu l t ing from the 

subsiding wedge must exceed the gain in g rav i ta t iona l energy caused by 

rim u p l i f t s , the gain in s t ra in energy caused by normal f au l t i ng 

(providing absolute tension does not e x i s t ) , and the energy dissipated 

by f r i c t i o n on the f a u l t . The resul ts presented here q u a l i t a t i v e l y 

support th i s energy budget since i t i s apparent from the displacement 

p ro f i l es (e .g . Figure 8.17) that the loss of g rav i ta t iona l energy 

resu l t ing from the wedge subsidence considerably exceeds the gain in 

grav i ta t iona l energy caused by the u p l i f t e d r ims. This excess is 
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avai lable to overcome the d iss ipat ion of energy associated with the 

normal f a u l t i n g . 

8.6 Summary 

The main conclusions reached in th is chapter w i l l be summarised in 

point form: 

1) Subsidence of the graben block increases wi th time as the stresses 

in the v isco-e las t ic material relax and ampli fy the stresses in 

the e las t i c layer. Associated with the subsiding wedge are rim 

u p l i f t s at the f lanks of the graben. 

2) The process of wedge subsidence is stable from the energy viewpoint 

(Bot t , 1976) since the loss in g rav i ta t iona l energy resu l t ing from 

the downthrown block great ly exceeds the gain in g rav i ta t iona l energy 

caused by the rim u p l i f t s . 

3) Subsidence of the wedge resul ts in the development of compressive 

stresses immediately beneath the wedge. The hydrostat ic component 

increases as the block subsides, although the deviator ic components 

are r e l a t i v e l y smal l . This may lead to s i gn i f i can t pressure di f ferences 

in the under ly ing, lower crustal material and the p o s s i b i l i t y of phase 

changes. 

4) Decreasing the f r i c t i o n a l strength of the f au l t or increasing the 

applied stress resul ts in a greater amount of subsidence. The e f fec t 

of a larger stress is much greater than the e f f ec t of a weak f a u l t . 

For a coe f f i c i en t of f r i c t i o n less than about 0.1 and an applied 

stress of about 50 MPa, subsidence of 1 km or greater seems l i k e l y , 

pa r t i cu l a r l y i f the graben is f i l l e d with sediment. 

5) The wedge does not subside uni formly. This is because i t i s cont ro l led 

by f r i c t i o n a l s l i d i ng on the boundary f a u l t s . The greatest amount of 
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subsidence occurs near the fau l ts and the wedge is subjected to bending 

stresses which increase the deviator ic tension near the top, but 

decrease i t near the base. This is l i k e l y to resu l t in shallow, normal 

f au l t i ng wi th in the downthrown block, which is observed in many graben 

(e .g . l i l i e s , 1970). A narrower graben would be expected to have smaller 

bending stresses and, consequently, less deformation w i th in the block. 
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CHAPTER 9 

DISCUSSION 

1 Discussion of the resul ts 

In th i s thes is , the formation of graben structures has been 

divided in to three stages. The f i r s t stage has been considered to be 

the development of normal f au l t i ng in the upper part of the l i thosphere. 

The resul ts from Chapter 4 show that th i s is possible when comparatively 

small stresses act throughout the depth of the l i thosphere. I f these 

stresses do not vary s i g n i f i c a n t l y with depth, then f a i l u r e w i l l 

probably occur near the top of the l i thosphere where the overburden 

pressure is small . I t w i l l presumably not occur very close to the 

surface because of stress r e l i e f associated with j o i n t s and weathering 

(Zoback and Rol ler , 1979). The models used assumed that the shallowest 

depth for f au l t i ng to commence was 3.33 km (the centre of the shallowest 

elements). The models showed that an applied stress of 20 MPa was 

su f f i c i en t to cause fau l t i ng a f t e r sui table time periods. The mechanism 

by which th is occurs is stress amp l i f i ca t i on , which has been investigated 

previously by Kusznir and Bott (1977). The resul ts presented here agree 

well with t he i r work. Of par t i cu la r i n te res t , with regard to the 

development of graben s t ruc tures , is the conclusion that warm regions 

of the l i thosphere are more susceptible to f a u l t i n g . This is a resu l t 

of local ised th inning of the b r i t t l e layer and a decrease in the 

e f fec t i ve v iscos i ty of the underlying mater ia l . A good example is the 

Basin and Range province. The tens i le stresses which act on the l i t h o ­

sphere may be a resu l t of the dr iv ing mechanism of plate tec ton ics , in 

pa r t i cu la r , the e f fec t of the downgoing slab at subduction zones. 
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Another important source of tens i le stress is l i k e l y to be due to 

compensated plateau u p l i f t s (Bott and Kusznir, 1979). In some areas 

th is may be the pr inc ipa l source. I t is s i gn i f i can t that most regions 

where major graben have developed were subjected to doming and 

volcanism pr io r to the fau l t i ng episode (Kiselev et a l . , 1978; Davidson 

and Rex, 1980), which would give r ise to these stresses. The posi t ion 

of the normal f au l t i ng in these regions was probably dependent on 

ancient l ines of weakness ( l i l i e s , 1977; Logatchev and Florensov, 1978). 

The hypothesis that the second normal f a u l t develops as a resu l t 

of the deformation caused by the f i r s t f a u l t , which was f i r s t suggested 

by Vening Meinesz (1950), has been found to be feas ib le . The resul ts 

presented in Chapters 6 and 7 show that a s ign i f i can t weakening near 

the top of the crust occurs where the stresses are most great ly modified 

by the bending p r o f i l e of the f i r s t f a u l t . In the event of a homogeneous 

upper c rus t , i t seems probable that normal f au l t i ng w i l l occur at th is 

posi t ion of weakness. For s i tuat ions where the f a u l t movement occurs only 

in the upper part of the e las t i c layer , because of the f r i c t i o n a l 

strength of the f a u l t , graben of widths between 5 and 15 km were predicted. 

I f the e las t i c layer is underlain by a f l u i d , then when f a u l t movement 

extends through most of the e las t i c layer the predicted graben widths 

increase to between 50 and 55 km. A large increase in the f a u l t throw 

also resu l t s . When f a u l t movement extends throughout the e las t i c layer 

the throw increases fu r t he r , although there is no change in the 

predicted graben width. These resul ts are in te res t ing when compared wi th 

e las t ic beam theory ca lcu lat ions (Heiskanen and Vening Meinesz, 1958; 

Bot t , 1976), but are not considered s ign i f i can t wi th regard to the true 

nature of graben formation. This is because the assumption that the 

underlying material is a f l u i d is considered to be too un rea l i s t i c . 
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A much more r e a l i s t i c rheology for the lower part of the 

l i thosphere is v i s c o - e l a s t i c i t y . When fau l t i ng extends throughout 

a 20 km th ick e las t i c layer over ly ing v isco-e las t ic mate r ia l , the 

predicted graben width is about 25 km. This seems to fo l low on from 

the 5 to 15 km widths which were predicted for shallower f a u l t i n g . 

These conclusions are in good agreement with observed structures in 

several areas. The Basin and Range province is characterised by many 

graben with typ ical widths of between 10 and 20 km (Stewart, 1978), and 

fau l t i ng in th i s region may be confined to the uppermost 15 km of the 

l i thosphere since focal depths of earthquakes are t y p i c a l l y less than 

th i s (Smith and Sbar, 1974). Other narrow graben, such as the Levant 

graben which have widths of 5 to 10 km, may also be explained by th i s 

mechanism. The development of graben of widths of about 50 km, which 

are t y p i c a l l y associated with r i f t va l leys , can not be explained by the 

resul ts in th i s thes is . The widest graben that has been predicted by 

th i s work is of 40 to 45 km. However, th is requires a very weak f au l t 

and a b r i t t l e layer extending to 50 km depth, and th is seems very 

un l ike ly since wide graben. such as Lake Baikal and those of East 

A f r i c a , t y p i c a l l y form in warm areas where the b r i t t l e layer would be 

expected to be f a i r l y t h i n . One possible explanation of the development 

of these wide graben is that the second normal f a u l t is also cont ro l led 

by basement weaknesses. The South Baikal depression over l ies an ancient 

suture (Logatchev and Florensov, 1978) and the Rhinegraben fol lows 

Hercynian and Caledonian basement fau l t s ( l i l i e s , 1977). The asymmetry 

of the sediment f i l l and the grav i ty anomaly associated with the Rhine­

graben (Mueller and Rybach, 1974) may suggest that the f i r s t f a u l t to 

form changed from being the eastern boundary to being the western 

boundary, and th is could indicate the possible importance of basement 
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con t ro l . Another p o s s i b i l i t y is that there is another mechanism 

act ing in these areas which has not been considered in the models. 

I t is possible that t h i s could be connected with the deep structure 

beneath the r i f t s . 

In t h i s thes is , only a b r i e f invest igat ion of the subsidence of 

the graben wedge has been possible. The r esu l t s , which were described 

in Chapter 8, suggest that subsidence of at least 1 km can occur i f 

the applied stresses are about 50 MPa and the coe f f i c ien t of f r i c t i o n 

on the f au l t is less than about 0 . 1 . This is in agreement with 

calculat ions made by Bott (1976). In the time avai lable for th i s 

research, i t has not proved possible to include the e f fec t of sedimentary 

i n f i l l i n g of the graben. This is l i k e l y to increase the amount of 

subsidence considerably (Bot t , 1976). Two other in terest ing e f fec ts 

of the subsiding graben block were seen. F i r s t l y , very large compressive 

stresses bui ld up beneath the wedge. The dev ia tor ic components associated 

with these stresses are r e l a t i ve l y small and, consequently, these 

pressure di f ferences are l i k e l y to ex is t fo r long periods of t ime. I t 

is possible that these could cause phase changes in the lower c rus t . 

Secondly, the subsiding wedge is l i k e l y to be heavi ly deformed by 

f a u l t i n g . This is because the wedge does not sink uni formly, as 

assumed by Artemjev and Artyushkov (1971), but is cont ro l led by f r i c t i o n a l 

s l i d i ng on the boundary f a u l t s . I t seems l i k e l y that narrower graben 

w i l l su f fe r less deformation because the amount of bending of the wedge 

w i l l be smaller. 
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9.2 Limitat ions in the modelling 

The l im i t a t i ons in the models presented in th is thesis f a l l into 

two classes. The f i r s t of these are those resu l t ing from the f i n i t e 

element method used here and can be summarised in a number of points: 

1) Constant s t ra in elements have been used in a l l of the models. These 

are not pa r t i cu l a r l y sui table when large stress gradients ex i s t . 

Higher order elements would be more usefu l , especial ly in the v i c i n i t y 

of the f a u l t where stress concentrations are l i k e l y to occur. 

Nevertheless, i t is f e l t that these elements do give a reasonable 

approximation to the stress system and, of course, are r e l a t i v e l y 

simple to use. 

2) The plane s t ra in approximation is probably not a severe constra int 

on the models presented here, since they a l l represent sections 

through structures which are very long in the t h i r d dimension. 

3) The appl icat ion of body forces in f i n i t e element models is always 

a problem because of the boundary condit ions (see Chapter 4 ) . A l i t h o -

s ta t i c stress d i s t r i bu t i on has been assumed for a l l o f the models 

in th i s thes is . This w i l l not introduce s ign i f i can t errors when 

the d i f f e r e n t i a l surface displacements are smal l , which is the 

s i tua t ion fo r most of the resul ts presented here. I t is only in the 

f i na l model, when the graben wedge has subsided considerably, that 

the body forces may be important. 

4) I t is not c lear how accurately the f au l t modelling technique which 

has been developed in th is thesis re f lec ts the true behaviour of a 
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f a u l t . This is l i k e l y to be the case with any f a u l t modelling 

procedure since the mechanism of f au l t movement, pa r t i cu l a r l y at 

depth, is not well-known. The method developed here has the 

advantage that i t is based on the concept of f r i c t i o n a l s l i d i ng 

which i s , probably, by far the most s ign i f i can t cause of f a u l t move­

ment, at least at shallow depths. This is supported by laboratory 

studies (Byerlee, 1978) and by invest igat ions in to the features of 

act ive f au l t i ng (Nur, 1978). I t would be very in te res t ing to use 

the f au l t modelling method developed in th i s thes is , together with 

higher order elements and var iat ions in the f r i c t i o n a l s t rength, fo r 

the purpose of invest igat ing s t ick s l i p behaviour and the mechanism 

of earthquake generation. 

When the f a u l t modelling method is used with constant s t ra in 

elements, as is the case here, i t is only possible to model plane 

f a u l t s . L i s t r i c fau l t s have been described in several areas (e .g . 

P r o f f e t t , 1977; Montadert et a l . , 1979) and may give r ise to 

s ign i f i can t di f ferences in the displacement p ro f i l es and stress 

d i s t r i bu t i ons associated with movement on them. The method developed 

here could probably be adapted to model l i s t r i c f au l t s by using 

curved, isoparametric elements (Zienkiewicz, 1977). 

Evidence that the method does give reasonable resu l ts is that 

cer ta in e f f e c t s , such as the re -d i s t r i bu t i on of stresses adjacent 

to the f a u l t and the development of secondary f a u l t i n g , which the 

model pred ic ts , are observed on natura l ly occurring fau l t s (Ramsay, 

1967). 

The second class o f l im i ta t i ons that a f fec ts the model i s concerned 

th the current state of knowledge about the l i thosphere. Uncertaint ies 
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about the mechanism of f a u l t behaviour have already been mentioned. 

The state of stress at depth is la rge ly unknown, as is the rheology. 

The models that have been run in th is thesis suggest that the deformation 

pattern is not s i g n i f i c a n t l y a l tered by the type of creep mechanism 

used, assuming i t is uniform throughout the layer. Local var iat ions 

in the stress system, however, may resu l t in s ign i f i can t var iat ions in 

the rheological behaviour. One example of t h i s , which has been discussed 

ea r l i e r in th i s thes is , is the p o s s i b i l i t y o f superplastic flow at the 

base of fau l ts ( B a l l , 1980). 

These problems are l i k e l y to confront research workers dealing 

with geodynamics problems for many years. 
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APPENDIX 1 

ELASTIC BEAM THEORY 

A b r i e f explanation of e las t i c beam theory, with pa r t i cu la r 

emphasis on i t s geophysical use, w i l l be given here. For a more complete 

descr ipt ion the reader is referred to one of several texts on stress 

and deformation which cover th is subject (e .g . Housner and Vreeland, 1966). 

1 The basic beam equation 

Consider a beam in the x-y plane which is slender in the z-

d i r e c t i o n . The shearing st ra ins w i l l be very smal l . In the technical 

theory of bending, the shearing s t ra ins are assumed to be zero and 

deformation of the beam is considered to be a resu l t only of the 

bending s t r a i ns . This implies the fo l low ing : 

E = 0 
y 

Y = 0 
rxy 

E z = Yyz = Yxz = 0 

The radius of curvature, r, is given by 

1 = _M_ A l . l 
r EI 

where M is the bending moment a t the point where r is measured, E is 

Young's modulus, and I is the moment of i ne r t i a per un i t width. I f V 

is the ve r t i ca l displacement ( in the y - d i r e c t i o n ) , then, provided the 

beam has small slopes, 
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EI diV = M AT .2 
dx 2 

Now, dM Y where V is the shear force per un i t width 
dx 

and dV = -q where q is the restor ing stress per un i t width 
dx 

EI d^V + q = 0 Al .3 
dx u 

This is the basic beam equation. I t is of ten wr i t t en as 

D d^V + q = 0 A1.4 
dx<+ 

where D is the f lexura l r i g i d i t y , given by 

D = EI = ETl A1.5 
12 

where T is the thickness of the beam. 

Note: For th in plate theory, the basic equation is 

D'V'+V + q = 0 

where D' is the f lexura l r i g i d i t y of the p la te , 

D' = EI where v is Poisson's r a t i o 

and 

8X1*" 3X29Z?- 2Zk 

The f lexura l r i g i d i t y fo r a th in plate is of ten used in bending problems 

pertaining to the ear th . 
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.2 Flexure due to ve r t i ca l loading 

Consider the b r i t t l e , upper part of the l i thosphere to be an 

e las t i c beam and the under ly ing, duc t i le material to be a f l u i d . 

Then the restor ing s t ress, q, is given by 

a = omgV A1.6 

where p m is the density of the underlying f l u i d and g is the grav i ta t iona l 

constant. 

Then the basic equation becomes 

Dd^V + pmgV = 0 A1.7 
H v h 

The solut ion of th is equation is of the form 

V = exp(- - ) (A cos - + B s in - ) + exp ( - ) (Ccos - + D sin - ) Al .8 

where a is the f lexura l parameter, given by 

f 4D^ * 

a = — Al .9 

At great distance from the applied load there w i l l be zero displacement, 

. - .V + 0 as x •+ «> 

.-. C = D = 0 

.-. V = exp(- - ) (A cos - + B sin - ) Al .10 
a a a 

This equation can be d i f f e ren t i a ted to obtain the fo l lowing useful 

equations: 
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dV = exp (—) 
a 

((B-A) cos - - (A+B) 
a 

sin - ) 
a 

Ai .n 
dx a 

d2V = 2exp ( - - ) 
a 

(-B cos - + A sin - ) 
a a 

Al .12 
dx2 a 2 

d3V = 2exp {-_) 
a 

((A+B) cos * + (B-A) 
a 

sin _) 
a 

Al .13 

dx 3 
a 3 

Equation A1.10 can also be solved for two cases: 

Case 1 

Continuous beam with a downward force P applied at the o r i g i n . 

Since the beam is horizontal at the o r i g in the fo l lowing boundary 

condi t ion holds: 

dV = 0, x = 0 
dx 

So from equation A l . l l 

B - A = 0 

B - A Al.14 

Now, the force P is carr ied by both the l e f t and r i g h t sides of the beam. 

.-. V = JP_, x = 0 and Y = D d3V 
2 dx 3 

... d3V = _f_ » x = 0 
dx 3 2D 

So from equations A1.13 and AT .14, 

4A = _P_ 
a 3 2D 

2P 

akpm9 
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. A = P A1.15 

2apmg 

the displacement curve is given by 

V = P exp ( - - ) (cos —+ s i n - ) A1.16 
a a a 

2apmg 

Case 2 

Ve r t i ca l l y f ractured beam with the o r i g i n at the f rac tu re . Downward 

force P applied at the o r i g i n , working on one ha l f of the beam. 

The bounrM^y condit ion is now that there is no moment act ing at 

the o r i g i n . 

.-. M - 0, x = 0 

.-. from equation Al .2 

d2V = 0, x = 0 
dx 2 

So from equation A l .12, 

' B = 0 Al .17 

For th i s case, the force is carr ied a l l on one side of the c rus t , 

and 

.-. V = P, x = 0 

V = D d3V 
dx 3 

d3V = P 
dx 3 D 

= 4P 

a V m g 
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So from equations A1.13 and A1.17, 

2A = 4P 

a 3 a ^ P f ^ g 

.-. A = 2P Al .18 

a p m 9 

.the displacement curve is given by 

V = 2P exp ( - - ) cos — Al .19 
— a ' a 

m 

.3 Predicted width of a graben 

I f a f a u l t in the b r i t t l e layer of the l i thosphere can be regarded 

as a ve r t i ca l load, then equations A1.16 and A1.19 give the displacement 

p r o f i l e for the s i tuat ions of maximum constraint (continuous beam) and 

minimum constra int ( v e r t i c a l l y f ractured beam). 

I f the second f a u l t , on the downthrown s ide, is related to the 

deformation caused by the f i r s t f a u l t , then i t is l i k e l y to develop 

where the bending moment is a maximum, 

i . e . where d3V = 0. 
dx 3 

Using the above cond i t ion , the width of the graben, x , can be 

calculated fo r the two cases. 

Case 1 

Continuous beam. 

From equations A l .13, A1.14 and A l .15 , 
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2P exp (--) cos ^ = o 
a P g m 

cos = 0 
a 

So taking the f i r s t value of x , 

x w = Al .20 

Case 2 

Ve r t i ca l l y f ractured beam. 

From equations A1.13, A1.17 and Al .18, 

4P exp ( - - ) (cos hi - sin 2 ^ ) = 0 , ••• cos = sin *d 
a a a ' a a 

So taking the f i r s t value, 

Now, case 1 represents a s i tua t ion of maximum constra int and case 2 

represents a s i tua t ion of minimum const ra in t . Therefore the predicted 

graben width can be considered to l i e in the range 

Tra > X w > ira 
2 4 

and subs t i tu t ion of appropriate values of a allows l i m i t s to be placed on x, 
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APPENDIX 2 

FINITE ELEMENT PROGRAM 

, 1 Program Structure 

The f i n i t e element program described here has been wr i t ten by the 

author in the form of a l i b r a r y of subroutines and a master ca l l i ng 

program. The programs are wr i t ten in FORTRAN IV and double precision 

is used for a l l real characters except those s ta r t i ng wi th X to Z. The 

ca l l i ng program is stored in the f i l e FEGEN and l i s t s a l l the common 

blocks, which t ransfer data among the subroutines, together wi th ca l l s 

to every subroutine in the l i b r a r y . Subroutine ca l ls that are not 

required for a par t i cu la r job are pref ixed by a l e t t e r ' C in the f i r s t 

column which resul ts in the ca l l s not being executed. The subroutines 

are stored in the f i l e FELIB. The purpose and ca l l i ng order of these 

subroutines are i l l u s t r a t e d in the form of flow diagrams in Figures A2.1 

and A2.2. Two addit ional l i b r a r i e s are necessary when the program is run. 

These are *HARWELL, which contains the subroutine MA07BD, and *GH0ST, 

which contains p l o t t i ng subroutines. These two l i b r a r i e s are avai lable 

at most computing centres. 

The data w i th in the program is stored in eight common blocks. In 

general, each of the common blocks contains information relevant to a 

cer ta in part of the program. Consequently, only the necessary common 

blocks need to be passed to each subroutine. The contents of the common 

blocks re fer to the fo l low ing : 



Time-dependent 
so lut ion required? 

• 
Write out resul ts 

S/R OUTPUT 

/ 
YES 

Calculate creep 
st ra ins and 
f i na l stresses 
S/R CREEP 

Deviatoric stresses 
to be wr i t t en out? 

Cutout required 
for re-cheating 
th is stress system? 

YES 

Write out 
dev iator ic 
stresses 
S/R DEVOUT 

Graphical output 
requi red? 

Write out f i n a l 
forces and creep 
st ra ins 

S/R FINFOR 

Calculate pr inc ipa l 
stresses 

S/R PRINCS 

See flow 
diagram 
F ig . A2.2 

if 

Test fo r fai1ure 
in b r i t t l e elements 

S/R ELFAIL 

Fig. A2.1: Flow diagram for the main section 

of the f i n i t e element program. 



NO 
\ 

Plot of f i n i t e 
element g r id 
requi red? 

\ 
YES 

S/R GRDPLT 

Plot of central 
section of gr id 
requi red? 

S/R GRDPLC 

Plot of pr inc ipa l 
stresses required? 

S/R STRPLT 

Plot of pr inc ipa l 
stresses fo r central 
section required? 

S/R STRPLC 

Plot of dev iator ic 
pr inc ipa l stresses 
requi red? 

S/R DEVPLT 

: 1 

NO 

Data f i l e for 
shear contours 
requi red? 

S/R SHSCON 

Data f i l e fo r 
maximum pr inc ipa l 
stress contours 
requi red? 

YES 

S/R PRSCON 

/ 
Plot o f surface 
f lexure required? 

YES 

S/R SFLEX 

/ 

/ 
Plot o f surface 
f lexure fo r central 
section required? 

S/R SFLEXC 

Fig. A2.2: Flow diagram for the graphics section of f i n i t e element program 
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COM 1 element information 

COM 2 nodal information 

COM 3 forces and displacements 

COM 4 s t i i f fness matrix 

COM 5 st ra ins and stresses 

COM 6 pr inc ipa l stresses and f a i l u r e information 

COM 7 creep information 

COM 8 f a u l t information 

The ca l l i ng program and the subroutine l i b r a r y are l i s t e d at the 

end of th i s appendix. I t is not f e l t to be necessary to describe each 

subroutine in deta i l here since the programs contain comment cards which 

adequately describe the operations being performed. 

A2.2 Descript ion of input 

The input data is read into the program via three channels. These 

are attached to the fo l lowing device numbers: 

device number 1 : data on the elements, nodes and physical propert ies 

device number 4 : data on the f a u l t ( i f present) 

device number 5 : t i t l e of the job 

The input data w i l l now be described in d e t a i l . The formats are given 

in brackets. 

Device number 1 

NNOD (110) : number of nodes. 

I , X ( I ) , Y( I ) (110, 2E20-6) : node number, x and y co-ordinates (m). 

One card fo r each node. 

NEL (110) : number of elements. 



158 

I , (NELTOP ( I , J ) , J=l ,3) (4110) : element number, element topology 

(numbers of the three nodes def in ing the element). One card for 

each element. 

EUCRU, NUUCRU, ROUCRU (El0-3, F10-3, El0•3) : Young's modulus (NnT 2 ) , 

Poisson's r a t i o , and density (kg m~3) of the upper c rus t . 

ELCRU, NULCRU, ROLCRU (E10-3, F10-3, E10-3) : Young's modulus (Nm"2), 

Poisson's r a t i o , and density (kg m" 3) of the lower c rus t . 

EMANT, NUMANT, ROMANT (El0•3, F l0•3 , El0•3) : Young's modulus ( N n f 2 ) , 

Poisson's r a t i o , and density (kg m" 3) of the l i thospher ic mantle. 

VISCR, VISMAN (2E10-3) : v i scos i t ies of the lower crust and mantle (Pa s) 

NBF (110) : number of nodes at which forces are appl ied. 

I , FORCE (2*1-1) , FORCE (2*1) (110, 2E25-15) : node number, x and y 

components of applied force (N). One for each node which has an 

applied force. 

NPDX.NPDY (2110) : number of nodes with prescribed x displacements, 

number of nodes with prescribed y displacements. 

I , DISP (2*1-1) (110, E10-3) : node number, prescribed x displacement (m) 

One fo r each node f ixed in x d i r ec t i on . 

I , DISP (2*1) (110, E10-3) : node number, prescribed y displacement (m). 

One fo r each node f ixed in y d i r e c t i o n . 

MAXIT, MAXINC, TINC (2110, F10-4) : maximum number of i t e ra t ions per 

time increment, maximum number of time increments, length o f each 

time increment (sees). 

T, COEFF (E10-3, F4-2) : tens i le strength of b r i t t l e material (NnT 2 ) , 

coe f f i c i en t of f r i c t i o n on closed G r i f f i t h cracks. 

IBF (110) : body force marker. 

IBF = 0 body forces not included 

IBF ^ 0 body forces included 
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IPS (110) : plane stress marker 

IPS = 1 plane stress 

IPS i 1 plane s t ra in 

ICR (110) : creep marker. 

ICR = 0 Newtonian v isco-e las t ic rheology 

ICR = 1 Power law creep rheology 

CLC, QLC (E10-3, F10-3) : pre-exponential constant and ac t i va t ion energy 

for lower crus t . Only necessary i f ICR = 1. 

CM, QM (E10-3, F10-3) : pre-exponential constant and ac t i va t ion energy 

fo r l i thospher ic mantle. Only necessary i f ICR = 1. 

ITEM (110) : temperature anomaly marker. 

ITEM = 0 no anomaly 

ITEM / 0 anomaly 

Only necessary i f ICR = 1. 

NTEM (110) : number of elements wi th anomalous temperature. Only 

necessary i f ICR = 1 and ITEM t 0. 

NELTEM ( I ) (13) : element number. One for each element wi th an 

anomalous temperature. Only necessary i f ICR = 1 and ITEM ^ 0. 

ANTEMP (F5-1) : magnitude of temperature anomaly (°C). Only necessary 

i f ICR = 1 and ITEM / 0. 

Device number 4 

THETA (F10-3) : hade of f a u l t (measured ant i -c lockwise from pos i t ive 

y axis). 

KN, KS (2E10 -3) : normal and shear s t i f fnesses for the f a u l t (Nnr 1) . 

NFS (110) : number of f a u l t sections. 

NUP ( I , J ) , NDN ( I , J ) (2110) : node number on upthrown s ide, node number 

on downthrown s ide. Two cards for each f a u l t sect ion: f i r s t is fo r 
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dual node at the top of the sect ion, second is f o r dual node at 

the base of the sect ion. One set of two cards fo r each f a u l t sect ion. 

NELF ( 1 , 1 ) , NELF (1,2) (2110) : numbers of the two elements adjacent 

to the f a u l t sect ion. One card for each f a u l t sect ion. 

NUMIT (1,10) : maximum number of i te ra t ions allowed in subroutine 

FSHEAR. 

FMU (F10-3) : coe f f i c i en t of f r i c t i o n on the f a u l t . 

FAC (F10-3) : convergence factor . 

Device number 5 

TITLE (5A4) : t i t l e of job . Device number 5 defaul ts to *S0URCE* and 

program prompts for input of t i t l e . 

A2.3 Description of output 

Output from the program is possible via four channels. These are 

attached to the fo l lowing device numbers: 

device number 6 : th is informs the user of the state of the program by 

w r i t i ng a message when each subroutine has f i n i shed , together 

with the amount of CPU time current ly used by the program. Device 

number 6 defaul ts to *SINK* and need not be assigned. 

device number 7 : w r i t t en resul ts 

device number 9 : graphical resu l ts . 

device number 2 : a data f i l e for use with the CALCOMP package GPCP to 

produce a contour map of the maximum shear s t ress. 

device number 3 : a data f i l e for use with the CALCOMP package GPCP to 

produce a contour map of the maximum pr inc ipa l s t ress. 
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The wr i t t en resul ts are presented in the fo l lowing form: 

A. Echoed input data: 

1. Nodal co-ordinates, applied forces and prescribed displacements. 

2. Element topologies and physical propert ies. 

3. Creep data. 

4. Fai lure c r i t e r i a data. 

5. Fault data ( i f f au l t present). 

B. Results: 

1. Information on which f a u l t sections have had the f r i c t i o n a l 

strength exceeded ( i f f au l t present) . 

2. Time through which the solut ion has been run. 

3. Nodal displacements. 

4. Element stresses and f a i l u r e information. 

5. Deviatoric stresses ( i f subroutine DEVOUT was ca l l ed ) . 

The graphical output that can be generated is apparent from 

Figure A2.2. These subroutines are not general and i t may be necessary 

to adjust the annotation for d i f f e ren t models. 

A2.4 Addit ional input /output for re-created stress systems 

I f a long job is run and i t may be helpful to be able to re-create 

the resul ts at a l a te r time by an e las t i c so lu t ion , then addi t ional output 

is wr i t ten out via the fo l lowing device numbers: 

device number 8 : the node numbers and to ta l x and y components of the 

forces at the end of the solut ion are wr i t ten in format 110, 2E25-15. 
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device number 0 : f i na l creep stra ins fo r each element are wr i t ten 

unformatted. 

These operations are performed in subroutine FINFOR. 

When the stress system is re-created, the output from device 

number 8 is incorporated into the data f i l e attached to device number 1. 

The f i n a l creep st ra ins are read in as input , again via device number 0, 

for use in subroutine CRSMIN. 

.5 Program Test 

The visco-e1astic f i n i t e element program has been tested against 

an analy t ica l so lut ion for the time-dependent, v isco-e las t ic deformation 

of a hollow cyl inder of v isco-e las t ic material subjected to applied 

in ternal pressure and enclosed w i th in an e l a s t i c , steel casing. The 

analy t ica l so lut ion is given by Lee et a l . (1959). The f i n i t e element 

model used is shown in Figure A2.3. I t is only necessary to model one 

quarter of the cy l inder because of the axes of symmetry, which are 

constrained for zero tangential displacement. The material propert ies 

of the model are l i s t e d in Table A2.1. 

Young's 
Modulus, E 

Poisson's 
Rat io, v 

Viscosi ty 
n 

Visco-elast ic material 

Steel 

10 5 

3 x l 0 7 

1/3 3 /8x . l 0 5 

00 

Table A2.1: Material propert ies of the test model 



Fig. A2.3: F in i t e element model used fo r tes t ing the program. 
S steel casing 
Dimensions are: 

a = 2 
b = 3 / 8 
r 0 = 4 
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The tangential and radial stresses from the f i n i t e element 

so lu t ion (normalised with respect to the applied pressure) are p lo t ted 

against the analy t ica l solut ion in Figures A2.4 and A2.5 for varying 

time periods. The times have been normalised wi th respect to the 

re laxat ion time constant, which is 2 ( l + y ) n . 
E 

I t is clear from these diagrams that the f i n i t e element results 

agree well with the analy t ica l so lu t ion . 



1 c O 

0 , 3 

O c 6 

p 

0 o 4 

0 c 2 

O o O 

T=10-0 

T=5-0 

T = 3 0 

60 80 

Fig. A2.4: Comparison of the analyt ica l solut ions and the 
f i n i t e element resul ts fo r the tangential stresses. 

analyt ica l solut ions 
x f i n i t e element resul ts 
T normalised times 



r_ 
D 

0 o 4 

0 o 2 

Q o O 

0 
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F ig . A2.5: Comparison of the analyt ica l solut ions and the 
f i n i t e element resul ts fo r the radial stresses, 

analy t ica l solut ions 
x f i n i t e element resul ts 
T normalised times 
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F'EGEN 

THIS PROGRAM WAS WRITTEN BY D•P» MITHEN y 1978 - 1 9 8 0 
THE SUBROUTINES REFERRED TO ARE CONTAINED I N PELIB 

C 
C 
c 
c 
c 

c 
c 
c 

I M P L I C I T REAL * 8 ( A - H r O - W ) 
REAL # 8 N U ( 5 1 0 )rN U F y K < 600 y 2 0 0 ) y K E L ( 6 y 6)rNUCRUS ?NUMANTyKF(8 r8)?KN yKE 
COMMON/COM 1 / E ( 510 ) y NU * RO ( 510 ) y T I T L E < 5 ) r VIS < 5 1 0 ) t TIM y T t COEFF y CLC » 

.1. QLC y CM f QM y ANTEMP y NEI... ? NEI...T0P ( 310y 3 ) 11RHEL'0 ( 510 ) y IBF t 
2 IC ALL y INS y I P S y ICR y ITEM»N T EM yN EL I... T E M ( 1 0 0 > 

C 0 M M 0 N / C 0 M 2 / X ( 3 0 0 ) r Y ( 3 0 0 ) y X P L < 3 ) y Y P L ( 3 ) r X S ( 3 0 0 ) t Y S ( 3 0 0 ) y NNOD y N N 0 D 2 
C0MM0N/C0M3/F ORCE(600 )»FORCE1(600 )y D I S P ( 6 0 0 ) y S T O R D ( 6 0 0 ) t A »AA yTINC » 

.1. D ISP1 ( 600 ) y NBF y NPDX y NPD Y y MAX I T y MAX INC y I FA y I EDM < 6 ) 
COMMON/COM4/Ky KEL»BT(6 r3)rDB(3t6)y 

1 DELI... I B ( 510 ) y F I SOS ( 100 ) t ISNOD ( 1 0 0 ) y KB W , KSBW 
COMMON/C0M5/D(3 y 3 ) r B ( 3 y 6 ) ? D L I B ( 3 t 3 y 5 1 0 ) y B L I B ( 3 t 6 y 5 1 0 ) y DISPEL< 6 ) t 

1 RAIN(5 .L0y4 ) .1.0 y 4 ) y STRIN ( 510 r 3 ) y BTS ( 6 ) 
C O M M O N / C O M A 

COMMON/COM 
1 

3 
4 

F V A L ( S I O ) y 
7 /STRBEG(510r 

10 y 3 ) y ALPHA < 5 1 0 ) » F A I L ( 5 1 0 ) r 
P H I ( 5 1 0 ) ? F 1 y F2 y I T Y P E ( 5 1 0 ) 

4 ) y STREND(510*4 ) J T R A V ( 5 1 0 » 4 ) y 
510y 4 ) y D 1 ( 3 t4)yD1C(3)tFISTEL(6)y P R E S T R ( 5 1 0 y 4 ) y 

F I S T ( 6 0 0 ) F D E V M ) r C R S T R ( 5 1 0 » 4 ) y CRSTRl ( 5 1 0 y 4 ) y 
D E V E N D ( 5 1 0 y 4 ) r D E V B E 6 ( 5 1 0 y 4 ) y P R E D E V ( 5 1 0 y 4 ) y 
C R I S T ( 5 1 0 y 4 ) y E F F D E U ( 5 1 0 ) y T E M P ( 5 1 0 ) 

COMMON/00M8/SN0RM ( 6 r 2 ) t SHEAR ( 6 , 2 ) r SHAV ( 6 ) t SNAV ( 6 ) r SHA VXS ( 6 ) y THELTA y 
1 F MU y F AC y R ( 8 r 8 ) y RT ( 8 t 8 ) y KF" y RKF ( 8 y 8 ) t RKFRT ( 8 » 8 ) y NN ( 8 ) r 
2 NELF(6 y 2 ) r N U P ( 6 y 2 ) y NDN(6 y 2 ) v N U M I T r I 

C 

c 
c 

c 
c 

c: 
c: 
c: 

CALL. 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL-
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 

T IME(Of 1 ) 
INPUT-
ECHO 
FORMK 
BODYF 
I SOS 
PDISP 
FORMKF 
SOLN 
STRES 
CRSMIN 
FSHEAR 
CREEP 
FINFOR 
PRINCS 
E L F A I L 
OUTPUT 
DEVOUT 

CALL P A P E R ( l ) 
CALL GRDPLT 
CALL FRAME 
CALL_ GRDPLC 
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c CALL FRAME 
o CALL. STRPLT 
c CALL FRAME 

CALL S 7'RP EC-
CALL FRAME 

c CALL. DEVPLT 
c CALL FRAME 
c CALL- SHSCON 
c CALL PRSCON 
c CALL SFLEX(O.O) 
c CALL. FRAME 

CALL SFLEXCC0.0 
CALL GREND 
STOP 
END 

c 
C 
c 

BLOCK DATA 
:i: M P L. :i: c i r R E A L * & ( A - H ? o •••• w) 
C0MM0N/C0M3/F0RCE ( 600 ) r FORCE.I. < 600 ) y DISP < 600 ) » STORD < 600 ) t A y AA » TINC r 

5. DIS P :l. ( 6 0 0 ) y N B F » N P D X y N P DY y MAX I T y MAX I N C y IF" A > I F » M < 6 > 
COMMON/COM A/'PR INST ( 510 t 3 ) » DEUPR ( 510 » 3 ) y ALPHA ( 510 ) r FA I L ( 51.0 ) » 

:l. FUAL.<510) yPFLt ( 5 1 0 ) y F 1 r F2 y I TYPE ( 510 ) 
DATA A / ' FREE ' / » F1 / ' NO ' / y F 2 / ' ' YES ' / , AA/ ' NO ' / 

C 
C 
C 
C 
C 
c; 
c 
C; 

END 
C PEL I B 

(.; 
c 

c 
C THIS PROGRAM WAS WRI TTEN BY D•P«MI THEN r 1 9 7 8 - 1 9 8 0 
C THIS PROGRAM CONTAINS SUBROUTINES TO PERFORM PLANE STRAIN F I N I T E 
C ELEMENT ANALYSIS 
C THERE I S ALSO THE F A C I L I T Y TO PERFORM PLANE STRESS ELASTIC 
C SOLUTIONS 
C THESE ROUTINES WORK IN S . I . UNITS AND ARE FOR TRIANGULAR 3-NODED 
C ELEMENTS 
C X - A X I S I S FROM LEFT TO RIGHT 
C Y - A X I S I S VERTICALLY UPWARDS 
C MAX. NO. OF ELEMENTS = 510 
C MAX. NO. OF NODES = 300 
C -THESE CAN BE VARIED BY ALTERING THE ARRAY DIMENSIONS 
0 
C * * * * * * * * * * * * * * * * 
C 
C 
C 
C DESCRIPTION OF SUBROUTINES J 
c 
C INPUT • READS IN DATA FROM CHANNEL 1 
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C ECHO ••- ECHOES INPUT DATA TO CHANNEL 7 
C F'ORMK FORMS THE GLOBAL STIFFNESS MATRIX ? K r V IA THE 
C ELAST IC ITY MATRICES tD, THE STRAIN MATRICES.Bv AND 
C THE ELEMENT STIFFNESS MATRICES9KEL 
C BODYF - INCORPORATES BODY FORCES INTO FORCE VECTOR 
C I SOS COMPENSATES FOR FLUID UNDERLYING THE MODEL BY 
C DAMPING THE DISPLACEMENTS AT THE BASE 
C PDISP INTRODUCES PRESCRIBED DISPLACEMENTS BY MODIFYING 
C THE FORCE VECTOR AND THE STIFFNESS MATRIX 
C FORMKI • FORMS THE STIFFNESS MATRICES FOR THE FAULT SECTIONS 
C AND ADDS THEM INTO THE GLOBAL STIFFNESS MATRIX• 
(.: FAULT DATA I S READ I N FROM CHANNEL 4 
C SOLN • SOLVES FOR THE DISPLACEMENTS FOR A STATIC SOLUTION 
C USING THE ^HARWELL SUBROUTINE MA07BD 
C STRES - CALCULATES THE STRESSES FROM THE DISPLACEMENTS V I A 
C THE STRAINS 
(.: CRSMIN SUTRACTS I N I T I A L CREEP STRAINS FROM TOTAL STRAINS. 
C I N I T I A L CREEP STRAINS ARE READ I N FROM CHANNEL 0 
C FSHEAR • REMOVES EXCESS SHEAR STRESS ON THE FAULT BY 
G ITERATIVELY MODIFYING THE FORCE APPLIED ON THE 
C FAULT NODES 
C CREEP INCORPORATES THE EFFECT OF V I SCO--ELASTIC STRESS 
C RELAXATION I N THE LOWER CRUST AND MANTLE USING 
C: EITHER NEWTONIAN V ISCO-ELASTIC OR POWER LAW 
C CREEP RHEOLOGIES 
C FINF OR - WRITES OUT FINAL. FORCE VECTOR TO CHANNEL. 8 AND 
C F INAL CREEP STRAINS TO CHANNEL 0 
C PRINCS CALCULATES THE PRINCIPAL STRESSES . 
C ELF A11... - TESTS FOR FAILURE USING THE MODIFIED GRIFF ITH C R I T E R I 
C OUTPUT ••• WRITES RESULTS TO CHANNEL. 7 
C DEVOUT •• WRITES DEVI ATOPIC STRESSES TO CHANNEL 7 
C GRDPLT ••• PLOTS GRID USING * GHOST GRAPHICAL SUBROUTINES 
0 STRPLT • PLOTS PRINCIPAL STRESS VECTORS AT ELEMENT CENTRES 
C USING *GHOST GRAPHICAL SUBROUTINES 
C DEVPLT • PLOTS DEVIATORIC STRESS VECTORS AT ELEMENT CENTRES 
C USING *GHOST GRAPHICAL SUBROUTINES 
C SHSCON GENERATES A F I L E FOR PLOTTING MAX. SHEAR STRESS 
C CONTOURS USING #GPCP. F I L E I S ATTACHED TO CHANNEL 2 
C PRSCON ~ GENERATES A F I L E FOR PLOTTING MAX• (MOST P O S I T I V E ) 
C PRINCIPAL STRESS .CONTOURS USING J K G P C P . F I L E I S 
C ATTACHED TO CHANNEL 3 
C SFLEX - PLOTS SHAPE OF SURFACE FLEXURE USING *GHOST 
C GRAPHICAL. SUBROUTINES 
C 

c 
c 
c 
c: 
c: 
c; 

SUBROUTINE INPUT 

c 
I M P L I C I T RE AI... * 8 ( A H » 0-W ) 
REAL *B N U ( S I O ) * NUUCFv'U > NULCRU v NUMANT 
COMMON/COM1 /E(510) ? NU 9RO(510)9TITLE(5)9VIS < 5 1 0 ) 9 T I M 9T9COEFF 9CLC 9 

1 QLC 9 CM 9 QM 9 ANTEMP 9 NEI... 9 NEL.T0P < 51.0 r 3 ) 9 IRHE0 ( 5 1 0 ) r I B F 9 
2. ICALI... INS v IPS 9 ICR 9 ITEM 9 NTF:M 9 NEI...TEM ( :l.00 ) 

C0MM0N/C0M2/X < 3 0 0 ) y Y < 3 0 0 ) 9 X P L ( 3 ) 9 Y P L ( 3 ) 9 X S ( 3 0 0 ) 9 Y S ( 3 0 0 ) 9 N N O D 9NN0D2 
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C 0 M M 0 N / C 0 M 3 / F 0 R CE ( 6 0 0 ) , F O R C E 1 ( 6 0 0 ) ? D I S P ( 6 0 0 ) , S T O R D ( 6 0 0 > ? A,AA rTINC » 
.1. r:.'[ S F1 ( 6 0 0 ) y N B F , N P DX y N P D Y y MAX I T .« M A X I N C y I F A t I F DM (6 ) 

C 
C * * # * READ I N T I T L E OF JOB # * * # * * * # * * * * * * * * # * * * # * * * * * * * * * * 
C 

WRITE(6 ? 99 > 
99 FORMAT</» 7 READ IN T I T L E OF JOB (UP TO 30 CHARACTERS) ' ) 

R E A D ( 5 r 9 8 ) T I T I E 
98 FORMAT(5A8) 

C 
C # * * * READ I N NODE INFORMATION * * * * # * * * * * * * # * * * * * * * * * * * * # * * * * * * 
C 

READ <I?97)NNOD 
97 FORMAT < 1:1.0) 

DO 49 N I. •• I > NNOD 
49 R E A D ( J . y 9 6 ) I v X ( I ) y Y ( I ) 
96 FORMAT(110 y 2 E 2 0 • 6 ) 

C 
C * # * # READ I N ELEMENT INFORMATION * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

READ (.1. y 9 7 ) NEL 
DO 48 N2- : ; i »NEL 

48 R E A D ( 1 y 9 5 ) I » ( N F L T O P < I » J ) , J - I y 3 ) 
95 FORMAT (41.1.0) 

READ < I r 94 ) EUCRU y NUUCRIJ y ROUCRU 
READ ( :l y 94 ) ELCRU y NULCRU y ROLCRU 
READ <1y 94)EMANT y N0MANT »R0MANT 

94 F0RMAT(E10 .3 rF10,3 rE10.3) 
DO 47 N3 : :-l y NEI... 
11 : : : :NELTOP ( N3 y I ) 
I 2=NELT0P(N3»2> 
I 3 = N E L T 0 P < N 3 r 3 ) 

C 
C * * * * ASSUMES MODEL HAS THREE LAYERS i 0 TO "20 y - 2 0 TO - 3 5 r - 3 5 TO -:l.00KM 
C * * * * AND T H E S E R E P R E S E N T U P P E R C R US'!" ( BR I T T L E ) > I... 0 U E R CRU S T AND MANTL E 
C 

YC0N=--20.0E3 
Y M 0 H 0 = - 3 5 . 0 E 3 

C Y E L A S = - 5 0 . 0 E 3 
D E P T H = ( Y ( 1 1 ) i Y < 1 2 ) + Y ( 1 3 ) ) / 3 . 0 
I F ( D E P T H . 0 T . Y C 0 N ) IR H E 0 ( N 3 ) = 0 
I F ( DEPTH . LT . YC0N . AND • DEPTH • 0 I . YM0H0 ) IRHE0 ( N3 ) ••= 1 
I F ( D E P T H • L T . Y M 0 H 0 ) IR H E 0 ( N 3 ) ™ 2 
I F < I R H E 0 ( N 3 > . N E . 2 ) GO TO 100 
E(N3)"EMANT 
NU(N3)=NUMANT 
R0<N3)=R0MANT 
GO TO 47 

.LOO I F (IRHEO ( N3 ) • NE . t ) GO TO 104 
E(N3)=ELCRU 
NU(N3)=NULCRU 
R0(N3)=R0LCRU 
GO TO 47 

1.04 E(N3)=EUCRU 
NU(N3)=NULICRU 
R0<N3)=R0UCRU 

47 CONTINUE 
READ ( 1 y 88 ) V1! S0R y V18MAN 

88 FORMAT(2E10 ,3 ) 
DO 38 N 9 . 1 y NE!.. 
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I F ( T.RHEO ( N9 ' ,EG*0> V IS < N 9 ) A A 
I F ( IRHE0 (N 9 > • EQ , :i. ) V I S ( N9 ) ^VI SCR 
I F ( IRHECHN9) . E Q . 2 ) V IS < N9 ) =-VI SMAN 

38 CONTINUE 
C 
C * * * * READ I N BOUNDARY FORCE INFORMATION * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

NN0D2=NN0D*2 
DO 46 N4=--l y600 

46 FORCE(N4)™0*0 
Fv'EAD ( :l. v 97 ) NBF 
I F ( NBF , EU • 0 ' GO TO 10:1. 
DO 45 N5 " l y Nbf 

45 READ ( 1 y 87 ) I y f 0R[:£. < 2 * 1 J. ) y F 0R0E ( 2*.!. ) 
87 FORMAT< I l ( ) y2E25*15 ) 

101 CONTINUE 
DO 37 NN--1 y NN0D2 

37 F0RCE1(NN) -F0RCE(NN) 
0 
C * * * * READ I N PRESCRIBED DISPLACEMENTS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

READ(1y 92)NPDX y NPDY 
92 FORMAT (2.110) 

DO 44 N5~ l .» NN0D2 
44 DISP<N5)=A 

I F ( N P D X . E 0 . 0 ) GO TO 102 
DO 43 N6 :=l y NPDX 

4 3 R E A D ( 1 y 91 ) I » D IS P ( 2 * I - 1 ) 
91 FORMAT(110 > E 1 0 . 3 ) 

.102 I F (NPDY.EQ.O) GO TO 103 
DO 42 N7~ 1 y NF:'DY 

4 2 R E A D < 1 y 91 ) I y D IS P ( 2 * I ) 
103 DO 40 N9 : : : : l y NN0D2 

40 DISP1 <N9)- -DISP<N9) 
C 
C * * * * READ I N CREEP ITERATION DATA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

READ(1y 9 0 ) M A X I T y MAXINC ?TINC 
90 F 0 R M A T ( 2 I 1 0 y F 1 0 . 4 ) 

C 
C * * * * READ I N FAILURE DATA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

READ(1y 8 5 ) T p COEFF 
85 FORMAT (E.10. 3 y 1-4,2) 

C 
C * * * * READ I N BODY FORCE MARKER * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C * * * * I F IBF=0 BODY FORCES NOT INCLUDED 
C 

R E A D ( 1 v 9 7 ) I B F 
C 
C * * * * READ I N PLANE STRESS MARKER I F REQUIRED * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C * * * * I F I P S = 1 PLANE STRESS , OTHERWISE PLANE STRAIN 
C 

R E A D ( 1 y 9 7 ) I P S 
C 
C * * * * READ I N CREEP MARKER * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C * * * * I F ICR = 0 NEWTONIAN y I F ICR--1 POWER LAW 
C 

R E A D ( 1,97) I C R 
C 
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C * * * * I F POWEFi LAW READ I N CONSTANT AND A C T U M ! CON ENERGY * * * * * * * * * * * * * 
C * * * * UNITS ARE / C U . K B / S AND KCAL/MOL. 
C 

I F ( ICRJiLQ.O) GO TO 105 
C 
( . ;**** LOWER CRUST VALUES 
«:; 

FCEAD ( 1 y 84 ) C L C y Q L C 
84 FORMAT ( E 1 0 . 3 >• l:: 1 0 , 3 ) 

C 
C ; * * * * MANTLE VALUES 
C 

READCI. v84)CMyQM 
C 
C * * * * READ I N TEMPERATURE ANOMALY MARKER * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ; 
( . ; **** I F ITEM-O * NO ANOMALY 
C 

R E A D ( 1y9 7 ) I T E M 
I F ( I T E M . E Q . O ) GO TO 105 

C 
O K * * * READ ELEMENT NUMBERS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

READ(1y 97)NTEM 
DO 36 I~ : 1 y NTEM 

36 READ ( 1 y 83 ) NEL.TEM ( I ) 
83 FORMAT(13) 

C 
C * * * * READ VALUE OF ANOMALY (DEGREES C) * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

READ(1y 82)ANTEMP 
82 FORMAT(F5•1) 

c; 
105 I C A L L - 0 

I F A = 0 
I N S - 0 
TIM::: 0 . 0 
TIM - - 0 , 0 
W R I T E ( 6 y 9 3 ) 

9 3 F 0 R M A T ( / » ' S U B R 0 U T IN E I N P U T C 0 M P L F. T E D ' ) 
CALL T I M E ( 1 v 1 ) 
RETURN 
END 

C 
C 
C 
C 
C 

SUBROUTINE ECHO 
C 
C 

I M P L I C I T REAL. * 8 ( A H y 0 •• W ) 
REAL * 8 NU(S IO) 
COMMON/COM.1. / E ( 5.1.0 ) y NU t R0 ( 5 1 0 ) » T I 11...E ( 5 ) y V IS ( 5 1 0 ) r TIM » T ? C0EFF r CL.C y 

1 QI...C y (.;M y QM r ANTEMP y NEI... y NEL.T0P ( 5.1.0 r 3 ) y IRHF0 ( 5 1 0 ) t IBF r» 
2 I C A L L * I N S y I P S t I C R y I T E M y N T E M y N E L T E M ( 1 0 0 ) 

COMMON/C0M2/ X ( 3 0 0 ) y Y ( 3 0 0 ) , X P L ( 3 ) y Y P L ( 3 ) t X S ( 3 0 0 ) y YS(300 ) ,NNOD tNN0D2 
C 0 M M 0 N / C 0 M 3 / F 0 R C E ( 6 0 0 ) y F O R C E 1 ( 6 0 0 ) y D I S P ( 6 0 0 ) y S T 0 R D < 6 0 0 ) y A y AA y TINC v 

1 D ISP1 ( 6 0 0 ) y NBF;' y NF:'DX y NPDY y MAX I T y MAX INC y I FA y IFDM ( 6 ) 
C 
C * * * * WRITE OUT T I T L E OF JOB * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
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W R I T E ( ? y 9 9 ) T 1 M..E 
99 F ORMAT CtH v 5A8 ) 

W R I T E ( 7 y 9 8 ) 
9 8 F 0 R MAT ( 11-10 y ' * * * * * I N F' U I DAT A I S J ' ) 

C 
0 * * * * WRITE OUT NODE INFORMATION * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

W R I T E ( 7 y 9 7 ) N N 0 D 
97 FORMAT ( I H - y 'NUMBER OF" NODES == ' » I 3 > 

W R I T E ( 7 y 9 6 ) 
96 FORMAT ( J.HO v ' NODE NO . ' y 5X y ' X C 0 0 R D . ' y 5X y " Y CO-ORD . ' , 5X , ' X FORCE , 

1 5X y ' Y F O R C E ' r 5 X » ' X DIS F:'. ' »5 X y ' Y D I S P . ' ) 
DO 49 ]> l yNNOD 
I F ( D I S P ( 2 * 1 i. ) , E Q . A , A N D . D I S P ( 2 * I ) . E Q . A ) W R I T E ( 7 . 9 5 ) I y X ( I ) v Y ( I ) . 

i i:- oRcE < 2* 1 1 >, F0RCE < 2* 1 ) , D ISP< 2 * I - 1 > > DI S P ( 2 * I ) 
I F ( DISP ( 2 * 1 - : ! . ) • EQ . A . AND . DISP ( 2 * 1 ) . NE . A ) WRITE ( 7 t 94 ) I y X ( I ) ? Y ( I ) » 

1 F 0 R C E ( 2 * I - 1 ) y F0RCE(2*1)yDISP(2*1-1)?DISP(2*1) 
I F ( D I SF;' ( 2 * 1 • 1 ) . NE . A . AND . D ISP ( 2 * I ) . E Q . A ) WR ITE ( 7 y 93 ) I X ( I ) » Y ( I ) t 

1 F 0 R C E ( 2 * I - .1. ) y F0RCE ( 2 * 1 ) y DISP ( 2 * 1 - 1 ) y D I S P ( 2 * I ) 
49 I F ( D I S P ( 2 * 1 " 1 ) . NE . A . AND . DISP ( 2 * 1 ) . N E . A) WR I TE ( 7 t 92 ) I y X ( I ) * Y ( I ) , 

1 FORCE ( 2 * I 1 ) y FORCE ( 2 * 1 ) y DISP ( 2 * 1 - 1 . ) y D I S P ( 2 * I ) 
95 FORMAT(1H v2X»I3y7XrE10.3,3XyEl0.3t2(2XyEl0•3)y5X?A4»OXyA4) 
94 FORMAT ( 1 H y 2X y 13 v 7X y E10 . 3 , 3X y E10 . 3 y 2 ( 2X y E 1 0 • 3 ) y 5X y A4 y 6X y E10 . 3 ) 
93 FORMAT ( 1 Fl y 2X y 13 •> 7X , E10 . 3 r 3X t E10 . 3 y 2 ( 2X y E10 . 3 ) y 4X » E 1 0 • 3 y 3X ? A4 ) 
92 FORMAT ( 1 l-l y 2X y 13 y 7X y E10 . 3 y 3X y E: 10 • 3 y 2 ( 2X y E10 . 3 ) y 2X y 2 ( 2X y E 1 0 , 3 ) ) 

C 
C « * * * WRITE OUT ELEMENT INFORMATION * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ) 
c: 

WRITE(7 y 91 )NEL 
91 F0RMAT ( 1 H - y ' NUMBER 0 F ELF:MENTS ' ,13) 

U R I T E ( 7 » 9 0 ) 
90 FORMAT (1F-I0 r ' ELEMENT NO . " t 5X y ' ELEMENT I OPOLOGY •' »5Xy •' YOUNGS MOD . ' t 

1 5X y M-'01SSONS RATIO ' y5Xy ' D E N S I T Y ' y5Xy ' IRHEO' y5Xy 
2 ' V I S C O S I T Y ' ) 

DO 48 1-1yNEL 
IF" ( V I S ( I ) . E0 . A A ) WR IT E ( 7 y 8 4 ) 1 1 ( NE L T 0 P ( I y J ) y J ~ .1. y 3 ) y E ( I ) y N U ( I ) r 

1 RO ( I ) y IRFIEO( I ) y V I S ( I ) 
48 I F ( V IS ( I ) . NE . AA ) WRITE ( 7 y 89 ) I ? ( NEL TOP ( I t J ) t J~ 1 t 3 ) r E ( I ) ? NU ( I ) r 

1 R O ( I ) y I R H E O < I ) y V I S ( I ) 
84 F ORMAT ( 1H t 4X ? 13 r 9X » 3 ( 13 y 3X ) y 1X » E10 . 3 , 8X » F l 0 . 3 y 7X y E 1.0 . 3 t 6X r 1 1 y 

1 10XyA4) 
89 FORMAT(1H ,4X y13 y 9X y 3 ( 1 3 y 3X )y1X ? E 1 0 . 3 y 8X tF10.3 y 7X y E 1 0 . 3 y A X y 1 1 * 

1 OXyEl 0 . 3 ) 
C 
C * * * * WRITE OUT CREEP ITERATION DATA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

I F ( I C R . E 0 . 0 ) GO TO 100 
W R I T E ( 7 v 7 9 ) 

79 FORMAT ( I H -y ' R0WER LAW CREEF' FlE01..OGY ' ) 
I F ( I T E M . E Q . 0 ) GO TO 101 
WRITE(7 y 78)ANTEMP 

78 FORMAT(IHOy'TEMPERATURE ANOMALY (H IGH) OF ' r F 5 . 1 t ' D E G R E E S C . ' ) 
W R I T E ( 7 y 7 7 ) 

77 FORMAT ( 1H y ' IN EI...EMENT NUMBERS J ' ) 
W R I T E ( 7 y 7 6 ) ( N E L T E M ( I ) , I - l y N T E M ) 

76 FORMAT(1H y 2 0 1 5 ) 
GO TO 101 

100 WRITE ( 7 - 8 0 , ' 
8 0 F 0 R M A T ( 1 Fl - * 'NEW T 0 NIA N V I S C 0 - L i... A S T I C R H E 01... 0 G Y ' ) 
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J. 01 W R I T E ( 7 y 8 7 ) M A X I T 
0 7 F OR MA T ( 1 l-l •- '• MAX . NO. 0 F I T E R A T I 0 N S P E R . TIME I N C R E M E N T • » 12 ) 

WRITE(7?86)MAXINC 
86 FORMAT ( 1HO y ' NO * OF TIME INCREMENTS = ' t I 4 ) 

U R I T E < 7 > 8 5 ) T I N C 
8 5 F ORMA T (1H 0 t ' V A L U E 0 F E A C H T I ME: I N C R E M E N T ~ ' v E11 . 4 r ' S E C S, ' > 

c: 
C * * * * WRITE OUT FAILURE INFORMATION * * * * * * * * * * * * * * * } ^ 
C 

WRITE<7»82>T 
8 2 F 0 R MAT ( 1II • y •' TEN S11... E S T R E N G I H 0 ( U F p E R C R IJ S 1 ' y E10 » 3 ? '" N / S Q * M •" ) 

WRITE(7y81)COEFF 
81 F" 0 R MAT ( :l. HO y ' C 0 E F F101F N T 0 F I N T E R N A L I RIC1 10 N - ' , F4.2> 

W R I T E ( 6 y 8 8 ) 
88 FORMAT(/y SUBR0UTINE ECHO 00MPI...ETED ' ) 

CALL TIME CI. y 1 ) 
RETURN 
END 

C 
C 
C 
C 
C 

SUBROUTINE FORMK 
C -
C 

IM F:' L I C I T R E A I... * 8 ( A - I I y 0 •••• W ) 
R E A I... * 8 N U ( 510 ) t N U F: ' y K ( 6 0 0 y 2 0 0 ) , K E I... (6,6) 
COMMON/COM.I./E ( 510 ) y NU , RO ( 5 1 0 ) y T I T L E ( 5 ) * 0 I S ( 5 1 0 ) » TIM y T » COEFF , CLC , 

1 0I...C y CM y QM y ANTEMy NEI... y Nt-1... I 0E ( 5.10 y 3 ) y IRHF- 0 ( 510 ) » IBF : y 
2 IC A L I...»IN S ? I P S y IC R y I T E M y N T F: M y N t: I... T E M ( 10 0 ) 

C0MM0N/C0M2/X(300)y Y ( 3 0 0 ) y X F L ( 3 ) » Y P L ( 3 ) y X S ( 3 0 0 ) ? Y S ( 3 0 0 ) t N N O D y NNOD2 
C0MM0N/C0M4/K y KELy B T ( 6 r3)yDB(3 y 6 ) r 

1 D E L L I B ( 5 1 0 ) r F I S O S ( 1 0 0 ) y I S N O D ( 1 0 0 ) y KBW rKSBW 
C0MM0N/C0M5/D ( 3 y 3 ) ? B ( 3 r 6 ) r DL IB ( 3 t 3 y 510 ) ? Bl... I B ( 3 r 6 r 510 ) r DISPEL. ( 6 ) y 

1 STRAIN (5.1.0y4) y STRESS ( 5 1 0 y 4 ) ? STRIN ( 510 ? 3 ) ,BTS<6> 
C 
C # * * * TO CALCULATE THE BAND-WIDTH OF THE GLOBAL STIFFNESS MATRIX * * # * # * * ) 
C 

MAXND-0 
DO 1 J ~ l 9 N E L 
N D1 IA B S ( N E L T 0 P ( J y 1 ) -• N E I... T 0 F:' ( J ? 2 ) ) 
N D 2 IA B S ( N E L T 01 :> ( J y 2 ) •••• N E L. T 0 P ( J t 3 ) ) 
ND3 : :=I ABS ( NEL TOP ( J y 3 ) •-NEL. TOP ( J » 1 ) ) 

1 MAXND-MAXO(ND1 *ND2 y ND3 ?MAXND) 
KSBW=<2*MAXND)+2 
K B U = ( 2 * K S B W ) - 1 
I F ( I P S . E O . l ) W R I T E ( 7 v 5 0 2 ) 

502 FORMAT ( 1 H y 'PLANE SIRESS ' ) 
WRITE (7»98)KBW 

93 FORMAT ( 1H ••• t ' BAND ••• U IDTH 0F: S11 F: FNESS MATRIX y 13 ) 
C 
C * * # * TO I N I T I A L I S E THE GLOBAL STIFFNESS MATRIX # # # # # # * # * * * * # * X < # # # * * * * * # ; 
C 

DO 2 J l : : : : l y NNOD2 
DO 2 J 2 ~ l y KBW 

2 K < J 1 » J 2 ) = 0 . 0 
DO 3 1=1yNEL 
I F ( I P S , E Q . 1 ) GO TO 500 

C 
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C * * * * TO FORM THE P L A S T I C I T Y MATRIX ? ? FOR PLANE STRAIN * * * * * * * * * * * * * * * 
C 

CONST J. " E < I ) * ( 1 . 0 "NO ( I ) ) / ( ( :!. . O f NU < I ) > * < 1 . 0 - 2 * N U ( 1 > ) ) 
CON ST 2™ Nl J ( I ) / ( 1 . 0-NU ( I ) ) 
D( :l. y 1 )~CONST1 
D < 1 p 2 ) -CONST i*t.; UN a 12 
IK 1 r3)=0.0 
l)( 2 9 1 ) -CONS I 1 * CONST 2 
D<2»2 ) -C0NST :l. 
I K 2 > 3 > - 0 . 0 
D ( 3 P :I. )--o.o 
T K 3 * 2 ) = 0 . 0 
D < 3 y 3 > -CONST 1 * ( 1 . 0 -CONST2 ) / 2 . 0 
GO TO 501 

C 
C * * * * TO FORM THE ELASTIC ITY MATRIX yDy FOR PLANE STRESS * * * * * * * * * * * * * * * > 
C 

500 C 0 N S T 3 = E ( I ) / ( l , 0 - ( N U < I ) * N U ( I ) ) ) 
D( 1 y 1 ):=C0NST3 
D ( 1 y 2 ) " N U < I ) * C O N S T 3 
D < 1 * 3 > = 0 . 0 
D ( 2 y 1 > = N U ( I > * C 0 N S T 3 
D<2*2>=C0NST3 
L K 2 v 3 ) - 0 . 0 
I K 3 y 1 ) = 0 . 0 
I K 3 » 2 ) » 0 . 0 
D ( 3 y 3 ) : : : : < ( 1 . 0 -NU (' I ) ) * CONST 3 ) / 2 . 0 

C * * * * TO FORM THE STRAIN MATRIX »B * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

501 DX1=X<NELT0P< I y 1 ) ) 
DX2 : : : ;X ( NELTOP ( I y 2 ) ) 
DX3-X ( NELTOF' ( I y 3 ) ) 
D Y l - Y ( NELTOF' < I , 1 ) ) 
DY2 -Y ( NELTOP ( I y 2 ) ) 
DY3=Y(NELT0P<I»3> ) 
D E L T A 2 ( D X1 * D Y 2 ) + ( D X 2 * D Y 3 ) + ( D X 3 * D Y1 ) - ( D Y1 * D X 2 ) •••• ( D Y 2 * D X 3 ) • • ( I IY 3 * I'l X1 ) 

C 
C * * * * DEI...TA2 I S TWICE THE AREA OF THE ELEMENT * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

B 1 - ( D Y 2 ~ D Y 3 ) / D E L T A 2 
B 2 ~ ( L'l Y 3 - D Y1 ) / D E L.. T A 2 
B 3 = ( D Y1 •••• D Y 2 ) / D E L T A 2 
C1 = < D X 3 - D X 2 ) / D E L T A 2 
C 2 =•• ( D X1 - D X 3 ) / D E I... T A 2 
C3=<DX2-DX1) /DELTA2 
B ( 1 y 1 ) = B 1 
B ( 1 » 2 > = 0 . 0 
B ( 1 » 3 ) = B 2 
B ( 1 » 4 ) = 0 . 0 
B < 1 » 5 ) = B 3 
B ( 1 » 6 ) = 0 . 0 
B ( 2 y 1 ) = 0 . 0 
B ( 2 » 2 ) = C 1 
B ( 2 » 3 ) = 0 . 0 
B ( 2 » 4 ) = C 2 
B ( 2 y 5 > - 0 . 0 
B ( 2 » 6 ) = C 3 
B(3y 1 )-~Cl 
B<3*2)=B:L 
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B(3y4)==B2 
B < 3 ? 5 ) ^ 0 3 
B ( 3 K ! > > » B 3 

C 

c : * * * * sT'oRF;: DELI A2 y D y B FOR EACH ELEMENT I N LIBRARIES ***************> 
C 

BELTA2=DABS(DELTAS) 
DELI... I B ( I ) ""DELTA2 
DO 4? N:l. ::;l. « :s 
DO 4? N2--M. ?3 

49 DLIB(N : l . « N 2 . I ) D i t i i vN2) 
DO 48 N 3 - 1 •> 5 
DO 48 N 4 » 6 

48 BI...IB(N3y N4 » I ) N3y N4 ) 
C 
C**** TRANSPOSE B TO BT ************************************************> 
c 

DO 47 M1 •••••••• I. y 3 
DO 47 M2=ly6 

47 B T ( M2 y M1. ) ;- :B ( M1 v M2 ) 
C 
f : * * * * MULTIPLY D BY B TO GIVE DB *********************** 
C 

DO 46 K l = l y 3 
DO 46 K2=l y A 

46 DB ( KM. y K2 ) : : : : ( D ( K 1 T 1 ) * B ( 1 yK2) ) •< < D ( K1 y 2 ) * B ( 2 y K 2 ) )1(D(K:I. y 3 ) * B ( 3 y K 2 ) ) 
C 
C**** MULTIPLY BT BY DB TO GIVE KEL ************************************> 
C 

DO 45 K3 = l»6 
DO 45 K4"=.1. y6 
KEL ( K3 y K4 ) - ( BT < K3 y .1. ) *DB ( 1 y K4 ) ) f ( BT ( K3 y 2 ) *DB ( 2 y K4 ) ) f 

1 ( B T ( K 3 y 3 ) * D B ( 3 y K 4 ) ) 
C 
C**** MULTIPLY KEL. BY ELEMENT AREA TO GIVE ELEMENT STIFFNESS MATRIX 
C 

45 KEL. ( K3 y K4 ) ::::KEL ( K3 y K4 ) *DEL.TA2/2 . 0 
C 
C**** TO FORM THE GLOBAL STIFFNESS MATRIX ******************************: 
C 

1.2 = - 2 
DO 44 NN1-3. y3 
L2=L2+2 
DO 44 NN2:- 1 y 2 
L l = - 2 
DO 44 NN3=1y3 
L l = L l + 2 
DO 44 HNA••••• 1 y2 
NX-NET. TOP ( I y NN1 ) 
NX=2*NX-2+NN2 
NY-NELTOP(Iy NN3) 
NY=2*NY-2+NN4 
NXNEW~NX-NY1KSBW 
I F (NXNEW <• I...T * J. • 0R • NXNEW » GT . KBUl) G0 T0 :l. 00 
M1=L1+NN4 
M2-L2+NN2 

44 K ( NY y NXNEW ) == K(NYyNXNEWHKEI... ( M:l. y M2 ) 
3 CONTINUE 
GO TO 101 
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100 W R I T E ( 6 r 9 7 ) 
97 FORMAT < 1H0 y ' * ERRC)R* A C0MF'C)NENT 0F THE GL0BAL ST1F F'NESS MATRIX 

1 L I E S OUTSIDE THE BAND-WIDTH <<1 OR >KBW) ' ) 
STOP 

101 W R I T E ( 6 y 9 6 ) 
96 FORMAT ( / y ' S U B R 0 U T I N t. F 0 RMK C 0 M F I... F T E D ' ) 

CALL TIMECI. t 1 > 
RETURN 
END 

C 
L; 
C 
G 
C 

SUBROUTINE BODYF 
C 
c 

I M P L I C I T REAL % LI ( A ••• H y 0 - W ) 
REAL. * 8 NU ( 51 0 ) y K ( 600 y 200 ) y KEL ( 6 y 6 ) 
COMMON/COM l /E(510)y NU y R O ( 5 1 0 ) y T I T L E ( 5 ) y 0 1 S ( 5 1 0 ) t T I M y TtCOEFF y CLC, 

1 QLC y CM y QM y ANTEMP y NEL y NEL TOP ( 510 y 3 ) y IRHEO (5.1.0) v IBFy 
2 I: C A L L. y I N S y IP S y IC R y ITEM y NT EM y N E I... T E M ( 100 ) 

COMMON/COM2/X ( 300 ) y Y ( 300 ) r XPL ( 3 ) y YF'L ( 3 ) y XS ( 300 ) y YS ( 300 ) t NNOD y NN0D2 
C0MM0N/C0M3/F0RCE(600)yFORCE 1 ( 6 0 0 ) y D I S P ( 6 0 0 ) y S T O R D ( 6 0 0 ) » A » A A » T I N C r 

1 D ISP1 ( 600 ) y NBF y NFDX y NF'D Y y M AXI T y M AXINC , I F A y I EDM ( 6 ) 
C0MM0N/C0M4/K y KELy B T ( 6 y 3 ) y DB (3 t6)r 

1 DEI...I... I B ( 510 ) y F I S 0 S ( 1 0 0 ) y ISNOD ( 100 ) y KBW y KSBW 
DO 1 I 1 y NEL. 

C 
C * * « * CALCULATE THE TOTAL BODY FORCE DUE TO ELEMENT I * * * # * * # * * # # * * # * # # * > 
C 

D E L. T A 2 ~ D E L.. I... I B ( I ) 
B F ^ ~ ( D E L T A 2 / 2 , 0 ) * R 0 ( I ) * 9 . 8 1 

c: 
C * * « * ADD 1 /3 OF THE BODY FORCE TO EACH NODE OF ELEMENT I # # # # # # # * * * * * * * > 
C 

N 1 Y = N E L T 0 P < I y 1 ) * 2 
N2Y- : :NELT0P ( I y 2 ) #2 
N3Y~NEL..T0P ( I y 3 ) * 2 
F ORCE ( Nl Y ) F 0 R CE<NlY) + ( B F / 3 . 0 ) 
F O R C E ( N 2 Y ) - F O R C E ( N 2 Y ) f ( B F / 3 , 0 ) 

1 F 0 R C E ( N 3 Y ) - F 0 R C E ( N 3 Y ) f • ( B F / 3 . 0 ) 
DO 2 J=lrNN0D2 

2 FORCE!<J>=FORCE(J) 
I B F = 1 
W R I T E ( 6 y 9 9 ) 

99 FORMAT ( / y ' SUBR0UTINE B0DYF COMF'I...ETED ' ) 
CALL T I M E ( 1 y 1 ) 
RETURN 
END 

C 
C 
C 
C 
C 

SUBROUTINE I SOS 
C - - ~ 
C 

IM P L I C I T R E A I... * 8 (A • - H t 0 -- U ) 
R E A L * 8 K ( 6 0 0 » 2 0 0 ) y K E I.. ( 6 r 6 ) 
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C0MM0N/C0M2/X ( 300 ) yYC300) y XPL < 3 ) y Y P L ( 3 ) ?XS(300> » YS<300) •> NNOD y NNOD 2 
COMMON/COM 4 / . KEL y B T ( 6 ? 3 ) y D B ( 3 y 6 ) y 

j . DEI...I... I B ( 510 ) y F .1 S0S ( .1. 0 0 ) y 18N0D ( 100 ) y KBW y KSBW 
C 
C * * # * ASSUMES NODE NUMBERING INCREASES FROM LEFT TO RIGHT * * * * * * * * * * * * * * 
C * * * * D E N S I T Y 0 F IIN D E R I... Y IN G MAN T L. E 3 . 3 E 3 K G . / C U . M . * * * * * * * * * * * * * 
C 
C * * * * TO FIND THE BASE NODES * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

Y M I N = 0 . 0 
DO 49 :I>1yNNOD 

49 Y M I N A M I N I ( Y ( I ) ? YMIN ) 
NODCNT-0 
DO 48 I : : : : l ? NNOD 
I F ( Y (.1. ) . NE « YMIN ) GO TO 48 
N 0 D C N 1 •= N 0 D C N 1 •{• .1. 
ISNOD(NODCNT)^ I 

48 CONTINUE 
C 
C * * * * TO CALCULATE F T SOS FOR END NODES * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

N 1 = I S N 0 D ( 1 ) 
N2=ISN0D<2) 
FIS 0 S (1 ) = ( ( X ( N 2 ) - X ( N1 ) ) / 2 . 0 ) * 3 . 3 E 3 * 9 • 81 
NM--NODCN')'••• 1 
N3<[SN0D(NM) 
N4=ISN0D<N(.')DCNT> 
F: IS0S ( NODCNT ) ••• ( ( X ( N4 ) • • X ( N3 ) ) / 2 . 0 ) * 3 . 3 E 3 * 9 . 81 

C 
( ] * * * * TO CALCULATE r I SOS FOR OTHER BASE NODES * * * * * * * * * * * * * * * * * * * * * * * * * * > 
c; 

DO 47 I l = 2 y N M 
NMN=::I :l.-1 
N P L = I 1 + 1 
N5--ISN0D(NMN) 
N6^ISN0D(NPI...) 

47 FISOS ( 11 ) == ( < X ( N6 ) -X ( N3 > > / 2 . 0 ) * 3 . 3 E 3 * 9 . 8.1. 
C 
C * * * * TO INCORPORATE FISOS INTO K * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * > 
C 

DO 46 I2=1>N0DCNT 
NY=2* ISN0D(12 ) 

46 K(NY y KSBW)=K(NY y KSBW)+F I SOS (12) 
W R I T E ( 6 y 9 9 ) 

99 F0RMAT ( / y '' SUBR0U T I N E I S 0S C0MFL ETED ' ) 
CALL TIME CI. y :L ) 
RETURN 
END 

C 
C 
C 
C 
c 

SUBROUTINE PDISP 

C 
I M P L I C I T REAL # 8 < A - H , 0 • W) 
REAL * 8 K ( 6 0 0 y 2 0 0 ) , K E L ( 6 t6) 
C0MM0N/C0M2/X (300 )y Y ( 3 0 0 ) , X P L ( 3 ) , Y P L ( 3 ) » X S ( 3 0 0 ) v Y S ( 3 0 0 ) t N N O D y NN0D2 
C0MM0N/C0M3/F0RCE(600) y FORCE! ( 6 0 0 ) y D I S P ( 6 ( ) 0 ) yST0RD(600 ) y A y AA p TINC y 
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1 D I S P l ( 6 0 0 ) i NBF: i NF:'DX y NF:'DY y MAX I T y MAXINC ? I F A y I F D M C 6 ) 
C0MM0N/C0M4, :< ? KEL , BT ( 6 t 3 ) t DB ( 3 y 6 ) y 

1 BEI...L..IB ( 5 :l. 0 ) y F:' IS0S ( J. 00 ) y ISN0D ( .1.00 ) y KBUI y KSBU 
C 
C # * * * FIND THE PRESCR.TBED DISPLACEMENTS * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

DO 49 I •••• 1 y NNOD 
I X ^ 2 * I - : l 
I Y = 2 * I 
DO 48 J = I X » I Y 
I F ( D I S P l ( J ) - F" 0 , A ) GO TO 48 

C 
C * * * # FIND AND ADJUST ELEMENTS I N THE SAME ROW OF K * * * * * * * * * * * * * * * * * * * * 
c: 

DO 45 N~:l. y KBW 
45 K ( , J y N ) - ( ) . ( ) 

0 
C * * * * ADJUST THE DIAGONAL ELEMENTS AND THE FORCE VECTOR * * * * * * * * * * * * * * * * : 
0 

F ORCE ( J ) = D I SF;' I ( J ) * 1 , OE1.1 
K( JyKSBW)-:l. a')E:l :l. 
F O R C E 1 ( J ) - F O R C E ( J ) 

48 CONTINUE 
49 CONTINUE 

I F ( I C A L L , E G . 1 ) RETURN 
W R I T E ( 6 » 9 9 ) 

99 FORMAT ( / y -'SUBROU I INt- P D ISP COMPI...E.TED') 
CALL. TIME ( 1 y :l. ) 
RETURN 
END 

C 
C 
C 
c: 
c 

SUBROUTINE F-ORMKT 
C 
c 

IM P L I C I T R E A L * 8 ( A -• Fl r 0 - W ) 
REAL * 8 K ( 6 0 0 y 2 0 0 ) y K E L ( 6 y 6 ) ? K F ( 8 r8)rKN tKS 
C0MM0N/C0M2/X(3( )0 ) ? Y ( 3 0 0 ) v X P L ( 3 ) , Y P L ( 3 ) , X S ( 3 0 0 ) y Y S ( 3 0 0 ) t NNOD t N N 0 D 2 , 
C0MMON/C0M4/K ,KEL ,BT(6 ? 3 ) t D B ( 3 , 6 ) , 

1 D E L L I B ( 5 1 0 ) y F I S O S ( 1 0 0 ) t I S N O D ( 1 0 0 ) t K B W rKSBW 
C0MM0N/C0M8/SN0RM(6 y 2 ) t S H E A R ( 6 y 2 ) y S H A V ( 6 ) t S N A V ( 6 ) r S H A V X S ( 6 > rTHETA ? 

1 FMU y F-AC > R ( 8 y 8 ) r R T ( 8 r 8 ) y KF y RKF ( 8 y 8 ) r R K F R T ( 8 r 8 ) » NN < 8 ) y 
2 NELF(6 y 2 ) y NUP(6 y 2 ) r N D N ( 6 r 2 ) t N U M I T y NFS y 1 1 T ( 6 ) 

C 
P I = 4 . 0 * A T A N < 1 . 0 ) 

C 
C * * * * READ I N HADE OF FAULT (MEASURED ANTICLOCKWISE FROM f V E , Y - A X I S * * * 
C 

R E A D ( 4 F 9 6 ) T H E T A 
96 F O R M A T ( F l 0 . 3 ) 

RTHETA=THE T A * ( P 1 / 1 8 0 . 0 ) 
A 1 = D C 0 S ( R T H E T A ) 
A 2 = D S I N ( R T H E T A ) 

C 
C * * * * FORM ROTATION MATRIX y R y AND TRANSPOSE y RT * * * * * * * * * * * * * * * * * * * * 
C 

DO 46 K5=--ly8 
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DO 46 K 6 = l » 8 
46 R < K 5 » K 6 > = 0 . 0 

DO 45 K 7 = l f 8 
45 R(K'7»K7)=A1 

DO 44 K 8 = l y 7 * 2 
44 R (K8»K8+1>=-A2 

DO 43 K 9 = 2 » 8 f 2 
43 R ( K 9 f K 9 - 1 ) = A 2 

DO 42 K1.0-1 .8 
DO 42 K11 =1 , & 

42 RT ( K :l. 0 •> K :l. :l. ) =R < K .11 t K1 0 ) 
C 
C ; * * * * READ I N NORMAL AND SHEAR S T I F F N E S S E S 
C 

R E A D ( 4i9 9 ) K N >KS 
99 FORMAT(2E10 . 3 ) 

C 
C * * * * READ IN NUMBER OF FAULT SECTIONS 
C 

R E A D ( 4 ? 9 8 ) N F S 
98 FORMAT ( 1.1.0) 

C 
C * # * * READ IN NODE NUMBERS FOR EACH FAULT SECTION 
C * * # * NUP ARE NODES ON UPTHROWN S I D E } NDN ARE NODES ON DOWNTHROWN S I D E 
C 

DO 1 I - l * N F S 
DO 49 J = 1 , 2 

49 READ < 4 » 9 7 ) N U P ( I ? J ) ? N D N ( I ? J ) 
97 FORMAT(2110) 

C 
C * * # * FORM FAULT SECTION S T I F F N E S S MATRIX , KF * * * * * > l < * * * * * * * * * * * * * * * * * * * > f 
C 

DO 48 K l = l * 8 
DO 48 K 2 = l , 8 

48 K F ( K 1 T K 2 ) - 0 . 0 
K F ( 1 f 1 ) = 2 . 0 * K N 
KF (1 f 3 ) ::::KN 
KF<1»5>=-KN 
K F ( 1 » 7 ) = - 2 . 0 * K N 
K F < 2 * 2 ) = 2 . 0 * K S 
K F ( 2 ? 4 ) " K S 
K F ( 2 f 6 ) = - K S 
K F ( 2 » 8 ) = - - 2 . 0 * K S 
KF(3«1 )=KN 
K F < 3 » 3 ) = 2 . 0 * K N 
K'F<3s>5)--~2.0*KN 
K F < 3 » 7 ) = - K N 
K F ( 4 * 2 ) = K S 
K F < 4 » 4 ) = 2 . 0 * K S 
K F < 4 » 6 ) = - - 2 . 0 * K S 
K F ( 4 ? S ) ~ ~ K S 
K F < 5 , 1 ) = - K N 
K F < 5 » 3 > = - 2 , 0 * K N 
K F ( 5 » 5 ) = 2 . 0 * K N 
K F ( 5 » 7 ) = K N 
K F ( 6 » 2 ) = - K S 
K F ( 6 » 4 ) = - 2 . 0 * K 8 
K F ( 6 » 6 ) = 2 » 0 * K S 
KF<A>8)=KS 
KF<7»1> = - 2 . 0 * K N 
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K F' ( 7 » 3 ) - •••• K N 
KFr ( 7 9 5 ) ::::KN 
KF ( 7 y 7 ) - 2 * 0*KN 
KF<8»2>=- -2 .0 *KS 
KF<8»4 >==-•• KS 
K F ( 8 » 6 ) = K S 
KF" ( B y 3 ) - 2 • 0 *K8 
DO 47 K 3 = l y 8 
DO 47 K 4 - 1 y 8 

47 K F ( K 3 y K 4 ) - K F ( K 3 y K 4 ) / 6 , 0 
C 
C # * * * ROTATE KF TO GLOBAL CO-ORDINATES * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * : 
C 

DO 41 I... 1 I. y 8 
DO 41 L 2 » l » 8 
R K F C L l yl.2 >==0.0 

41 R K F R T ( L 1 » L 2 ) ~ 0 . 0 
DO 40 l..3 = l »8 
DO 39 L 4 = l t & 
DO 38 L L l - l r 8 

3 8 R K F (I... 3 y L 4 ) ^ R K F" (I... 3 y L 4 ) -f ( R (I... 3 y I... L1 ) * K Fr (I... I... 1 y I... 4 ) ) 
39 CONTINUE 
40 CONTINUE 

DO 37 L.5-1 y8 
DO 36 L_6 = l y8 
DO 35 LL2-"=1 t& 

35 FiKFRT ( L5 y L.6 ) -RKF"R 1" (I...5 y I...6 ) -f ( RKF" (I...5 y L L 2 ) %R T (I...I...2 y I...6 ) ) 
36 CONTINUE 
37 CONTINUE 

C 
C * * * * ADD RKFRT INTO GLOBAL S T I F F N E S S MATRIX **###>{<**############*##**## 
C 

N N ( 1 ) = 2 * N U P < I y 1 ) 1 
N N ( 2 ) ~ 2 # N U P ( I y 1 ) 
NN ( 3 ) ==2#NLJP ( I y 2 ) 1 
NN<4>=2*NUP< I:»2) 
NN(5)-2*NDN( I y 2 ) - J. 
NN ( 6 ) :=2#NDN ( I y 2 ) 
NN<7)=2*NDN<I y 1 
NN(8 )=2*NDN<I t1) 
DO 34 J i = l » 8 
DO 34 J 2 = l » 8 
J J = N N ( J l ) ~ N N ( J 2 > 

34 K ( N N ( J1 ) 9 K S B W •••• J J ) ••••••• K ( N N ( J1 ) t K S B Ul •• • J J ) + R K F R T ( J1 t J 2 ) 
1 CONTINUE 

C 
C##*# THE FOLLOWING DATA I S FOR USE IN SUBROUTINE FSHEAR * * * * * * * * * * * * * * * 
C 
C * * * « READ IN ELEMENT NUMBERS ADJACENT TO THE FAULT * * * * * * * * * * * * * * * * * * * * 
C 

DO 2 I-.1. r NFS 
2 READ(4 y 9 7 ) N E L F ( I y 1 > tNELF(Iy 2 ) 

C 
C ! * * * * READ IN MAXIMUM NUMBER OF ITERATIONS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

READ(4 y 98)NUMIT 
C 
C * * * * READ IN C O E F F I C I E N T OF F R I C T I O N FOR THE FAULT * * * * * * * * * * * * * * * * * * * * 
C 

READ(4 y 96)FMU 
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C 
C * * * * READ I N CONVERGENCE FACTOR * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

READ(4y96)F'AC 
C 
C * * * * WRITE OUT RELEVANT FAULT DATA * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c: 

WF< ITE ( 7 y 90 ) THET A 
90 F0RMAT ( .1.H -• •> ' I!ADE 0F' F'AUL ) •-• ' > F6,2) 

WRITE(7y89)FMU 
89 F0RMAT ( 1 Fl0 , 1 C 0 E F F I C I EN T 0F FRIC T10N•-• ' y F A . 2 ) 

W R I T E ( 7 y 8 8 ) K N y K 8 
88 F0RMAT ( 1 Fl0 y ' N0RMAL S T IFFNES S ~ ' v F: 1.0 . 3 y ' y SHEAR ST I FFNESS~ ' y E. 10 . 3 ) 

WRITE(7y87 )FAC 
8 7 F 0RMAT ( 1 Fl0 y ' 00NVERGENCE FACT0R- ' ? F10 « 3 ) 

C 
W R I T E ( 6 y 9 5 ) 

95 F 0RMAT ( / y SUBR0U ) INE F0RMKF C0MFI...E 7ED ' ) 
CALL TIMECI. y l ) 
RETURN 
END 

C 
C 
c 
c 
C 

SUBROUTINE SOI N 
C 
c 

I M P L I C I T REAL * 8 ( A-FI y 0~W ) 
REAL * 8 K ( 6 0 0 y 2 0 0 ) y K EL' I... ( 6 y 6 ) y N U ( 510 ) 
COMMON/COM 1/E < 510 ) y NU y RO ( 510 ) y T I T L E ( 5 ) r V I S ( 510 ) * TIM y T r COEF'F , CI...C » 

1 QLC y CM y OM y ANTEMP >• NE.'L y NELTOP ( 510 y 3 ) y IRHEO ( 5 1 0 ) y IBF" y 
2 ICALL y INS r IF:'S y ICF^ y I T EM y NTEM y NELTEM ( 1 0 0 ) 

C0MM0N/C0M2/X(300)y Y ( 3 0 0 ) y X P L < 3 ) y Y P L ( 3 ) y X S ( 3 0 0 ) y Y S ( 3 0 0 ) y NNOD tNNOD2 
C0MM0N/C0M3/F O R C E ( 6 0 0 ) , F 0RCE1< 6 0 0 ) » D I S P ( 6 0 0 ) » S T O R D ( 6 0 0 ) y A , A A , T I N G , 

1 D ISP1 ( 600 ) y NBF y Nl:>DX y NF'DY y MAXIT t MAX i: N(..:, IF A y IF DM ( 6 ) 
COMM0N/COM4/K *KEL y B T ( 6 y 3 ) y D B ( 3 , 6 ) t 

1 D E L L I B ( 5 1 0 ) y F I S O S ( 1 0 0 ) y I S N O D ( 1 0 0 ) y KBW y KSBW 
C 
C * * * * THE EQN, K*D I S ENFORCE I S SOLVED USING HARWELL ROUTINE MA07BD * * * * > _ 
C * * * * J.ST* DIMENSION OF K I S NUM ONN0D2 OR =NN0D2) * * * * > 
C * * * * 2 N D • DIM E N S10 N 0 F' K M U S T B E > 0 R == ( ( 3 * K B W ) +1 ) / 2 * * * * >. 
C 

70 F O R M A T ( E l 0 , 3 ) 
PT = 1 . 0 
I F ( IFA • F."Q . 1 ) PT^O.O 
I F ( I C A L L . E Q . 1 ) PT^O.O 
NUM=600 
CALL MA07BD(K y F0RCEy NUM y NN0D2,KBW y PT) 
DO 49 :i>l yNN0D2 

49 D I S P ( I ) = F O R C E ( I > 
I F ( I F A . E Q • 1 ) RETURN 
I F ( I C A L L . E Q , 1 ) RETURN 
W R I T E ( 7 y 9 9 ) P T 

99 FORMAT ( 1 Fl y ' E Q U AT ION SO I... V E D BY GAUSSIAN F. L I MI NAT I ON y SMA LI... FL S T I"' IV 0 T 
.1. A I... VALUE USED •••••••• ' y E 1 0 . 3 ) 

W R I T E ( 6 y 9 8 ) 
9 8 FORMAT(/y ' S U B R 0 UTI' N E S 0 L hi COM l::' I... ET E D ' ) 

CALL T I M E ( 1 y 1 ) 
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RETURN 
END 

C 
C 
C 

SUBROUTINE STREB 
c 
CI 

IMPLICIT REAL A 8 ( A H t 0 - W ) 
REAL #8 NU< 5:1.0) 
CO MM ON/COM :l /IV ( 510 ) , NU , RO ( 5.1.0 ) y TI TI...E < 5 ) y I11S ( 51 0 > r TIM y T , COEI:: F ? CL C ? 
:l. 0.I. C v CM y QM 9 ANTEMP V NEL >• NE:ILT0F ( 510 » 3 ) y 1RI IE0 < 510 > y IBE y 
2 i c A i... i... * :i: N s >• i p S » i c R: . :i: T E M , N T E M * N E L T E M ( i o o > 
COMMON/C0M3/EORCE < 600 ) y FORCE I (600) ?DI SPC600) * STURI.K 600 > y A y AA y T INC y 

1 DISPI (600) ̂  N B I"' y N P D X ? N P D Y v M A XIT ? M A X ].' N C » IF A v IF D M ( 6 ) 
C0MM0N/C0M5/.0 ( 3 y 3 ) y B < 3 y 6 ) y DLIB C 3 y 3 y 510 ) ••• BE IB ( 3 y 6 y 510 ) >• DISPEL ( 6 ) » 

.1. STRAIN ( 510 y 4 ) y STRESS ( 510 * 4 ) y STRIN ( 510 y 3 ) y BTS ( 6 ) 
DO 1 I 1 •> NEL 

C 
OK*** UNLOAD D AND B MATRICES FROM LIBRARIES A*************************** 
C 

DO 49 N l = l ? 3 
DO 49 N2~l>3 

49 D ( N1 y N2 ) ™DL IB ( N1 y N2 y I ) 
DO 48 N3=ly3 
DO 48 N4-1?6 

48 B < N3 y N4 ) ~:BL IB ( N3 y N4 y I ) 
C 
£#*** FIND DISPLACEMENTS FOR ELEMENT I 
C 

JYl ::::2*NELT0P ( I y 1 ) 
JX1»JY1 • 1 
J Y 2:::: 2 # N E I... T 0 F' ( I ? 2 ) 
JX2=JY2-1 
JY3-2*NEL.T0P< I »3) 
JX3=JY3-1 
DI SF'EI... ( .1. ) =::D ISP (,JX 1 ) 
DISPEL <2)«IUSP( JYl ) 
DISPEL(3)-DISP(JX2) 
DISPEL(4)™DISP(JY2> 
DI SF'EI... ( 5 ) T) I SP ( JX3 ) 
DISPELL 6>=DISP(JY3) 
DO 47 L. = l y4 
STRAIN(Iy L)~0.0 

47 STRESS* I yL.)-0.0 
c; 
C*#** CALCULATE STRAINS FROM DISPLACEMENTS 
C 

DO 46 Ll=l»3 
DO 46 L2=1»A 

46 S TRAIN ( I y I. I ) -STRAIN ( I y I... 1 ) 1 ( B ( L I. •> I...2 ) *D1SPEI... ( L.2 ) ) 
C 
C*#** CALCULATE STRESSES FROM STRAINS Nc*********************************^ 
C 

DO 45 M1 ••• I. y 3 
DO 45 M2=l»3 

4 5 S T R E S S ( I y M1) --• S T R E S S < I y M1 ) + ( D ( M :l. y M 2 ) * S I" R AIN ( I ? M 2 ) ) 
STRESS(Iy 4 >-STRESS(Iy 3) 
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STRESS ( I y 3 ) N U C I ) * < STRESS ( I , 1 ) fSTRESS ( I ? 2 ) ) 
I F ( IP S * E Q . 1 ) S T R E S 3 ( I t 3 ) = = 0 . 0 
STRAIN < I »4>»STRAIN< I »3) 
STRAIN ( I »3 W>* 0 

1 CONTINUE 
I F ( IFA (EQ,:l > RETURN 
I F < I CALL v Eli•, 1 ;• RETURN 
WRITE<4*99) 

99 F 0RMA'T ( / v ' SUBR0UT I NE S \ RES C0MF'LETl:L'D ' ) 
CALL TIM E(1v1) 
RETURN 
END 

C 
C 
c; 
c 
c 

SUBROUTINE CRSMIN 
C -
C 

IMPLICIT REAL #8 ( A -H , O-UJ ) 
REAL *8NU(510) 
C0MMON/C0M :l. /L ( 5:!. 0 ) y NU y R0 ( 510 > > T ITI...E < 5 ) y VIS ( 510 > v T i: M » T v C0EFF y CI...C y 

:l. ' (3 L C y C M v Q M » A N T E M y N E L y NF I... T 0 ( 5 :l. (h3)» I R li IE 0 (SIC ) y I B F' y 
2 IC A I... I... y INS ? I P S y IC R y I T E M y N T E M y NE I... T E M< 100 > 
C0MM0N/00M3/F0RCE ( 600) ? FORCE! ( 600 ) » DISP ( 600 ) y STORD ( 600 ) v A •> A A y 1' INC y 

:i. I:I :i: sF' I ( 6 0 0 ) i NBF y NPDX y NPDY » MAX I T y MAX I NC »1F A y i F DM >; 6) 
C 0 MMON/ C 0 M 5 / D ( 3 y 3 ) y B ( 3 ? 6 ) y D L. I B < 3 v 3 *5 :l. 0 ) y B I... I B ( 3 v 6 y 510 ) y DIS P E I... ( 6 ) y 

1 S I RAIN(510 t4)FSTRESS(510v4)yS I R I N ( 5 1 0 r 3 ) y B T S ( 6 ) 
C0MM0N/C0M7/STRBEG ( 510 » 4 ) y ST REND ( 5:1.0 y 4 ) y STRAU ( 5 1 0 , 4 ) y 

1. C lv E: E P S ( 510 y 4 ) y D1 ( 3 « 4 ) y D1 C ( 3 ) y FIS T E I... ( 6 ) »P R E S I R ( 51.0 » 4 ) y 
2 F J! ST ( 600 ) y DEV ( 4 ) y CRSTR ( 5 1 0 , 4 ) y ORSTR1 ( 510 » 4 ) y 
3 DEUEND ( 510 y 4 ) y DEUBEG ( 5:1.0 » 4 ) v PREDEV ( 5:1.0 » 4 ) y 
4 C R I S T ( 510 y 4 ) , E F F D EI V ( 510 ) y 7' E M P ( 5 1 0 ) 

C 
INS=1 
IF < I CALL. • EQ * .1. ) GO TO 100 
I F ( I F A . E Q . l ) 00 TO 100 

C 
C*#** READ IN I N I T I A L CREEP STRAINS FROM CHANNEL 0 *#******************* 
C 

DO 1 N ::; 1 y NEI... 
1 READ(0)(CRI S T(N » J ) t J - 1 ? 4 ) 

100 DO 2 1 = 1 y NEI... 
C 
C***# SUBTRACT CREEP STRAINS FROM ELASTIC STRAINS ##*##**#**#*#**###**#* 
c: 

DO 49 J1=1»4 
4 9 S T R AIN ( I y J1 ) - S T R AIN ( I y J 1 ) ••• C RIS T ( I ? J .1. ) 

C 
C#*** FORM Dl MATRIX **********3K********************* 
C 

DO 48 Nl==l»3 
DO 48 N2=l*3 

48 D ( N1 y N2 ) ~DL. I B ( N1 ?N2? I ) 
DO 47 N3-1y3 
DO 47 N4=lv2 

47 Dl(N3fN4)=D(N3»N4) 
DO 46 N5-l?3 

46 DKN5»4)"-"LKN5»3) 
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.01 ( I * 3 ) - M ( :! »2> 

.DJ. (2?3>^J! 1 ( :i. -2 • 
D:l. (3 f 3 )-().<) 
DO 45 NN~.1. *4 

45 STRESS ( I •> NN ) -() , 0 
C 
C**** CALCULATE REMNANT ELASTIC STRESS ^^^>K^^>K^««*««?k:%-^^>K^^^>^^c^*««>K**#^« 
C 

DO 44 hi- i 
DO 44 M2::; I - 4 

44 STRESS(19 Ml) "STRESS(Iv M l ) f ( D I (MlyM2)*STRAIN(IyM2) ) 
STRESS(Iy4)-STRESSCIt3) 
STRESS ( I . 3 )::::E ( I ) *NU< I ) * ( STRAIN ( I y ;|. ) iSTRAIN < I y 2 ) + ( ( 1 * O-NU ( I > > 

1 *STRAIN( I y 3 ) /NU (I}})/((1» OTNL.I ( I ) > * ( 1. , 0 ( 2 . 0*NU ( I ) 
2 ) ) ) 

2 CONTINUE 
IE (IEA, ECU 1 ,' RETURN 
IE (IC A L L.E U,I) RETURN 
WRITE(6y?9) 

9? F (J RM A1' ( / v •' S U & R0 U TINE CRSMIN C O MP LE T E D ' ) 
CALL TI ME ( 1 y :l. ) 
RETURN 
END 

C 
C 
c 
c 
c 
c; 

SUBROUTINE ESHEAR 
C 
C 

IMPLICIT REAL *S ( A -H » 0•-W ) 
REAL *SNU(510) y KE ( 8 » 8 ) 
COMMON/COM 1 /E ( 510 > y NU y RO ( 510 ) y TIT L E ( 5 ) y VIS ( 510 > r TIM t T y COEEE y CLO y 

1 QLC y CM y QM y ANTEMP y NEL. y NELTOP ( 5:!. 0 t 3 ) IRHEO ( 510 ) y IDE -
2 IC A I... L..« IN S « IP S v IC R y I I EM » NT E M y N E I... T E M ( 10 0 ) 
C0MM0N/C0M2/X(300)yY(300)y XPL(3)y YPL(3)>XS < 300)tYS < 300)yNNOD rNN0D2 
C0MM0N/C0M3/F 0RCE(600) yF0RCE1(600)?DISP(600)y ST0RD(600)rA y AA yTINC y 

1 DISP1(600) tNBF y NPDX y NPDY y MAXIT y MAXINC yIFA tIFDM(6) 
C0MM0N/C0M5/D ( 3 ? 3 ) » B < 3 y 6 ) y DLIB < 3 y 3 , 510 ) y Bl... IB ( 3 y 6 y 5 1 0 ) y DISPEL ( 6 ) y 

1 S TRAIN ( 310 y 4 ) y STRESS ( 5.1.0 r 4 ) y S I R IN ( 510 y 3 ) y BTS < 6 ) 
C 0 M M 0 N / C 0 M 7 / S T R B E B ( 510 y 4 ) , S T R E N D ( 510 y 4 ) y S T R A V ( 5.1.0 i 4 ) > 

1 CREEPS ( 510 y 4 ) , Dl ( 3 t 4 ) y D1C ( 3 ) y F'ISTEL < 6 ) y PRESTR < 5.1.0 r 4 ) y 
2 F:' IS T < 6 0 0 ) y D E V ( 4 ) y C R S T R ( 51 0 » 4 ) y C R S T R1 ( 510 y 4 ) y 
3 DEVEND(510r4)yDEVBEG(510t4)yPREDEV(510y4)y 
4 CRlST<5i0s>4>yEFFDEV(510)yTEMP(510) 
C0MM0N/C0M8/SN0RM(6 y 2)ySHEAR(6 y 2)tSHAV(6)ySNA V(6)y SHAVXS(6)yTHETA, 

1 EMU y FAC y R(8 y8)y RT(8 y8)yKF y RKF( 8 y 8 ) ?RKFRT< 8 y 8 ) r N N ( 8 ) y 
2 NELF(6 y 2)y NUP(6 y 2),NDN(6 y 2)yNUMITrNFS y11T(6) 

C 
P1>4.0*ATAN( LO) 
IFA = 1 
I T ~ 1 
R T H E T A • T H E TA*< PI /18 0 . 0 ) 
A1^DC0S(RTHETA)**2 
A 2;::: US IN(RTHETA>**2 
A 3 - D C 0 S ( R T H E T A ) * D SIN ( R TI IE T A ) 

C 
C**** INITIALISE IFDM AND I IT * * * * * * * * i * * * :* f * % A * -X * * * * * >K ***** X< ***********: 
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C 
DO 49 J~ :l. y NF: ', 
IFDM<J)=0 

49 I IT (,J) =0 
106 DO 1 I y NFS 

DO 2 ,J":: 1 »2 
t : 

C**«* CALCULATE NORMAL. STRESS IN ADJACENT ELEMENTS *********************: 
C 

S M 0 RM ( I . J) •••••• (ST R E S S ( N E L F ( I y J ) v 1 ) * A .1. ) 1 ( S T R E S S ( N E L F ( I y ,J) v 2 ) * A 2 ) f 
1 ( ? , 0*STRESS ( NELF ( I y J > ? 4 > *A3 ) 

C 
CI**** ADD IN LITHOSTATIC PRESSURE IF NECESSARY *************************) 
C 

IF (IBF.NE * 0) GO TO 100 
I :L:::NF:T... TOP ( NELF ( I * J ) r 1 ) 
12~NEL TOP ( NELF" < I > J > r2> 
I3::::NEL.T0P ( NELF ( I « J ) f 3 ) 
DEPTH"" ( Y (11 ) T Y (12 ) + Y ( 13 ) ) /3 • 0 
SI... I TH::"DEPTH*RO ( NEI...F ( I v 1 ) ) #9 . 81 
SNORM(IyJ)-SNORM(IyJ)•{SLIT H 

C 
C**** CALCULATE SHEAR STRESS IN ADJACENT ELEMENTS *********************** 
C 

100 SHEAR ( I y J ) - < ( STRESS ( NELF < I «,))»!) iSTRESS ( NELF- < I t J ) , 2 ) ) *A3 ) + 
1 (STRESS(NELF(Iy J)y4)*(A1-A2)) 

2 CONTINUE 
C 
C**** AVERAGE EACH PAIR OF ELEMENTS ACROSS THE FAULT #****####**********> 
C 

SHAM(I) = (SHEAR <Iy1)+SHEAR(Iy 2 ) ) / 2 * 0 
SNAV <I)-(SNORM(Iv1)+SNORM(I» 2) >/2 . 0 

C 
C#*** CALCULATE PORE PRESSURE ON FAULT SECTION 
C*#** BASED ON OVERBURDEN PRESSURE OF WATER 
C 

FDEF1'TIT • ( Y ( NUP ( I r 1 ) ) +Y < NUP ( I v 2 ) ) ) /2 . 0 
POREP=FDEPTH*!•0E3*9.81 

C 
C***# SUBTRACT PORE PRESSURE FROM NORMAL STRESS ***)m*****3m****Jm*3m 
C 

SNAV<I)= SNAV(I)-POREP 
C 
C***« CALCULATE ERIC T.I ONAL STRENGTH OF FAULT SECTION ft******************* 
C 

IF ( SNAV ( I > • GT . 0 . 0 ) SNAV < 1 ) ••••••• 0 * 0 
FRS=FMU*DABS< SNAV < I ) ) 

c: 
C**#* CALCULATE EXCESS SHEAR STRESS ON FAULT SECTION * * * * * * * * * * * * * * * * * * * J | 
C 

IF (FF?S » OE • DABS ( SHAV ( I ) ) ) GO TO 101 
103 IF (SHAV(I).LT*0*0) GO TO 102 

SHAVXS <I)=SHAV(I)-FRS 
GO TO 107 

i o 2 s H A v x s (: i:) = s H A V ( i > + F R S 
GO TO .1.07 

101 IF (IT . E Q . l ) I I T ( I ) •••• 1 
IF ( I I T ( I ) . E Q . O ) GO TO 103 
SHAVXS<I)=0.0 

107 I F <IT.NE.l) GO TO 1 
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I F ( SHAVXS ( I ) . NE ,0*0) IFDM ( I ) = :l. 
:i. CONTINUE: 

0 
C***# NEGATIVE SHEAR I S DEXTRAL SHEAR ********************************* 
C**** POSITIVE SHEAR I S SINISTRAL SHEAR ******************************** 
C 
C**** CHECK CONVERGENCE OF EXCESS SHEAR STRESS TO ZERO ***************** 
C 

DO 48 K' = l »NFS 
I F < DABS(SHAVXS(K))* GT.1.0E5) GO TO 104 

48 CONTINUE 
I F ( I CALL . EQ » :l. ) RETURN 
WRITE<6f99) 

99 FORMAT ( / ? ' SUBR0UTINE F:'SHEAR COMPi...ETED '" ) 
CALL T IME ( :l. * 1 ) 
RETURN 

C 
C**** CALCULATE SHEAR FORCE ON FAULT BETWEEN NODES ********************* 
C 

104 DO 3 I : : : : l ? NFS 
FDIST-SQRT ( ( ( X ( NUP < I r 1 ) ) -X ( NUP ( 1 . 2 ) ) ) **2 > i ( ( Y < NUP ( I r 1 ) ) •-• 

1 Y(NUP(Iy 2 ) ) ) * * 2 ) ) 
SF0RC!::. = SHAVXS ( I ) *F:'DIS"(' 

C 
C**** DIVIDE FORCE BETWEEN NODES AND MULTIPLY BY CONVERGENCE FACTOR **** 
C 

SFQRCE =(SFORCE/2.0)*FAC 
C 
C**** ROTATE FORCE TO GLOBAL CO-ORDINATE COMPONENTS ******************** 
C 

F0RCEX=SF0RCE* ( • • DSIN (F<THET A ) ) 
F0 RCEY=S F0 R C E * D C 0 S < R THETA) 

C 
C**** ADD FORCES INTO GLOBAL FORCE VECTOR ****************************** 
C 

FORCE1(NUP(It1)*2-l)=F0RCE1(NUP(I»1)#2-1)-FORCEX 
FORCE1(NUP(It1)#2)=F0RCE1(NUP(I»1)*2) -FORCEY 
FORCE1(NUP(If2)*2-l)=F0RCE1<NUP <I» 2 ) # 2 -1)-FORCEX 
F0RCE1(NUP(If2)*2)=F0RCE1<NUP(It2)#2)-FORCEY 
F0RCE1<NDN(I»1)*2 -1)-F0RCE1(NDN(I,1)*2- l)fFORCEX 
FORCE I ( NDN ( I r 1 ) *2) --FORCE 1 (NDN ( 1 , 1 ) *2) +FORCEY 
FORCE 1 ( NDN ( I r 2 ) *2 • 1 ) =F0RCE1 ( NDN (If 2) *2-1 ) -f FORCEX 
FORCE1(NDN(Iy2)*2)-FORCE1(NDN(I? 2)*2)+FORCEY 

3 CONTINUE 
DO 4 K=l>NN0D2 

4 FORCE ( K ) --FORCE! 1 ( K ) 
C 
C**** RESOLVE EQN» AND CALCULATE STRESSES ****************************** 
C 

CALL. SOLN 
CALL STRES 
I F (INS.EQ,1) CALL CRSMIN 
I F (TIM.EQ.0.0) GO TO 108 

c; 
C***# SUBTRACT CREEP STRAINS FROM TOTAL STRAINS ************************ 
C 

DO 5 II=1»NEL 
DO 47 J = l » 4 

47 STRAIN(11 9 J)-STRAIN<11»J)-CRSTR(11 fJ) 
C 
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C*«** FORM Dl MATRIX *************************** 
G 

DO 46 Nl = l»3 
DO 46 N2-1 »3 

46 I.KN1 ?N2)-DLIB(N1 vN2v I I ) 
DO 45 N3-1 y3 
DO 45 N4- 1 »2 

45 Dl<N3rN4)=D(N3»N4) 
DO 44 N5-1«3 

44 Dl <N5y4)-D(N5y3) 
D i ( i y 3 ) - a : n ( i v 2 ) 
Dl <2»3>=DI (1-2) 
D l < 3 r 3 ) " 0 . 0 
DO 43 N6-:l > 4 

43 STRESS(IIyN6)-0.0 
CI 
C * * * * C A I... C LJ L A 7 E E I... A S 7IC S 7 R E S S E S *************************************** 
C 

DO 42 M1™1»3 
DO 42 h'2~l>4 

42 STRESS ( I I y Ml ) -STRESS* 11 •> M1 H (Dl (Ml y M 2 ) * S 7 R A tN( I I y M2 ) ) 
STRESS(11y4)-STRESS(II? 3) 
STRESS(11y 3)-E(11)*NU(11)*(STRAIN(11r1)TSTRAIN(11y 2) + 

1 ( ( 1 * 0 - NO ( I I ) ) * S "I" R AIN ( 11: y 3 ) /NO ( 11 ) ) ) / ( ( 1 , 0 + 
2 NO(11))*(1.0-(2•0*NU(11 ) ) ) ) 
5 CONTINUE 

C 
C**** CHECK NUMBER OF ITERATIONS DONE ********************************** 
CI 

108 IE ( I T »EQ « NUMIT) 00 TO 105 
IT - I T T 1 
GO TO 106 

105 WRITE(6y?8) 
98 FORMAT ( / y ' EXCESS SIIEAR S7RESSES ON FAUI...T TOO I...ARBE') 

STOP 
END 

r 
C 
C 
C 
C 

SUBROUTINE CREEP 

C 
IM P LICIT R E AL * 8 ( A ••• I-I ? 0 - U ) 
REAL *8K(600 y 200)y KEL(6 y 6)tNU(510) 
COMMON/COM1/E(510)yNU yRO(510)y TI TEE(5)y 0 I S ( 5 1 0 ) r 7 1 M ?7tCOEFFtCLC y 

1 QLCy CM y QM y ANTEMPy NEL y NELTOP(510 r3)rIRHEO(510)yIDFy 
2 ICALL yINS yIPSyICR yITEM y NTEM y NELTEM(100) 
COMMON/C0M2/X(300),Y(300)y XPL(3)rYPL(3)iXS(300),YS(300)rNNOD rNN0D2 
C0MM0N/C0M3/F0RCE(600)yFORCEl(600)yDISP(600)»ST0RD(600)y A y AA y TINGy 
I DISP1 (60 0 ) ? M B F y NPDX y NPDY y MAX IT y MAXINC yIFA yIEDM(6) 
C0MMON/COM4/Ky KEL y BT(6 y3)rDB(3 y 6)yDELLIB(510),FISOS(100)y 

1 ISNOD(100)rKBUrKSBW 
CI0MM0N/C0M5/D ( 3 t 3 ) » B ( 3 y 6 ) y DLIB ( 3 y 3 r 510 ) y BE I B ( 3 r 6 y 510 ) r DISPEL ( 6 ) t 

.1. STRAIN ( 510 y 4 ) ? STRESS ( 510 , 4 ) y STRIN ( 510 » 3 ) r BTS ( 6 ) 
COMMON/C0M7/STRBEG ( 510 t 4 ) y STREND ( 510 y 4 ) , STRAV ( 510 , 4 ) y 

1 G R E E P S ( 510 y 4 ) y D1 ( 3 , 4 ) y D1C ( 3 ) y FIS T E L ( 6 ) t P R E S T R ( 510 y 4 ) t 
2 FI ST(600)y DEO(4)yCRSTR(510 y 4).CRSTP1(510 y 4)y 
3 DEFEND ( 510 y 4 ) y DEOBEG ( 51 0 y 4 ) y PREDE0 ( 5 I 0 - 4 ) ••• 
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4 CRIST<510»4> >EFFDEV<510> ?TEMP(510 > 
COMMON/COM6/PRINST ( 5 1 0 y 3 ) » DEVPR ( 510 y 3 ) y AL..HA < 51 0) > FAI I... ( 510 ) y 

J. FVAL(510) y P H I ( 5 1 0 ) » F1 y F2 ? ITYPE ( 510 ) 
C 

TIM-0.0 
N I N O 1 
I T - 0 
DO 999 1^1 y NFL. 
DO 999 J-1,4 
CRSTR ( I 9 J ) :~0 . 0 

999 CRSTR 1 ( I » J ) :: 0 . 0 
C 
C**#* STORE STRESSES AT BEGINNING OF INCREMENT I N STRBEG *******#*******: 
C 

DO 1 I~lvNEL 
DO 49 J=ly4 
STRBEG ( I p J ) "-STRESS ( I y J ) 

4 9 S T R A V ( 1 y J ) •••••••• S T R B I::.' G ( J y J ) 

SIGMA-- ( STRBEG ( I y 1 ) f STRBEG ( I y 2 ) 1STRBEG ( I y 3 ) ) /3 . 0 
DO 46 J J - l y 3 

46 DEvB i ; ; :G< i , j j>••-sTRBEG(IyJJ> SIGMA 
DEVBEG ( I y 4 ) -BTRBEG ( I y 4 ) 

1 CONTINUE 
C 
C*#** CALCULATE CREEP STRAINS ft*****************************************) 
C 

119 DO 997 N"-l y NN0D2 
997 FIST ( N ) "-0 . 0 

DO 2 1.1 - - I y NEL 
I F ( iRHEo( : i : i >•EQ,O) GO TO I o i 

C 
CI**** CALCULATE DEUI ATOPIC STRESSES 
C 

SIGMA-- ( STRAV ( 11 y 1 ) +STRAV ( 1 1 r 2 ) I STRAY ( 1 1 , 3 ) > /3 . 0 
DO 48 N l - l ? 3 

4 8 D E V ( N1) ™ S T R A 0 ( 1 1 v N1 ) - S I G M A 
DEV(4)=STRAV<II,4) 

0 
C**** DETERMINE CREEP MECHANISM TO BE USED ****************************** 
C 

I F (ICR.EQ.O) GO TO 133 
C 
C**** ASSIGN TEMPERATURE OF ELEMENTS *************************** 
C**** BASED ON LOU) TEMP* OCEANIC GEOTHERM OF MERCIER AND CARTER ( 1 9 7 5 ) 
C 
C**** ASSUMES MANTLE HAS TWO LAYERS?-35 TO 60 y AND ••60 TO •• 100KM * * * * * * * ) | 
C 

I F (IRHE 0 <11).EQ.1) G0 T0 13 4 
DEPTH=(Y(NELTOP(11»1))+Y(NELTOP C 1 1 t 2 > ) i Y(NELTOP(1:1r3 ) ) ) /3.0 
I F (DEPTH.GT.-6 0•0 E3) TEMP(11)-906.0 
I F < DEPTH . LT . 60,0E3 ) TEMF:' ( 1 1 ) 1122 , 0 
GO TO 135 

134 TEMP(11 )-676 « 0 
C 
C#*** ADJUST FOR TEMPERATURE ANOMALY I F PRESENT ************************X 
C 

135 I F (ITEM•EG.0) GO TO 136 
DO 3 KK-1y NTEM 
11- ( 1 1 • NE <. NE:I...TE:M ( KK ) ) GO TO 3 
TEMP ( 1 1 ) - TEMP ( 1 1 ) •{ ANTE.Ml-' 
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3 CONTINUE 
C 
(.'.': * * * * C A L C U L A T E E F F E C1" IV E D E VIA T 0 R IC: STRESS ****************************) 
C 

136 EFFDEV (11 ) =I.1SHRT ( ( 0 • 5* ( ( DEV ( 1 ) **2 ) f ( DEV ( 2 ) * * 2 ) + ( DEV ( 3 ) **2 ) ) ) 
1 K.0EV(4>**2> ) 

c; 
C * * * * C A L C U L A T E E F F E C TIV E VIS C 0 S1 "I" Y ********************* * **************> 
C 

IF (IR H E 0 ( I :l. ) • E «• 2 ) G 0 T 0 137 
AOCLC 
«=QLC 
GO TO 138 

137 A O CM 
Q=QM 

138 VIS<Ii>»<1.0/<2.0*AC) )*DEXP( ( Q*4186 • 0 ) / ( 8 . 31 * ( TEMP ( 1 1 ) +273 . 0 ) ) ) 
1 * ( 1 • 0 / ( EFFDEV ( I I ) **2 ) )*1.0E24 

:i: F ( v i s ( i i ) , LT . i»0E22) v i s (:i: i ) •••••••• i • oE22 
IF (VIS( I I ) .0E24) VIS ( 11 ) ~: 1 • 0 E 2 4 

133 DO 47 N2-1?4 
47 CREEPS (11 y N2 ) = ( DEV ( N2 ) / ( 2 . ()*V IS ( 11 ) ) ) *TINC 

CREEPS(11« 4 >=2.0*CREEPS(11?4) 
C 
C**** CALCULATE FISTEL *************************************************> 
C**** FORM Dl MATRIX (3*4) 
C 

DO 36 L l = l y 3 
DO 36 L2-=ly3 

36 D ( L1 y L2 ) ̂ DLIB (I... 1 y I...2 y 11 ) 
DO 35 L3^1y3 
DO 35 L4--1 y2 

35 Dl (L3y|...4)^D(L3yL4) 
DO 34 L5-1y3 

34 Dl <L5»4)--D<L.5f3) 
Dl < 1 »3)='D1 ( 1 y 2 ) 
Dl <2»3)==D1 ( .1 y 2 ) 
D l ( 3 y 3 ) ^ 0 . 0 

C 
C**** FORM ET MATRIX 
c; 

DO 33 L6-1?3 
DO 33 I...7--1 y 6 

33 B(L6 y L7)=BLIB(L6 vL7,11) 
DO 32 l...8̂ 1 y3 
DO 32 L 9 ~ l r A 

32 B T (1.9 y L8 ) :~B (I... 8 y L.9 ) 
C 
C**** MULTIPLY Dl BY CREEPS TO GIVE D1C 
C 

DO 3.1. Ml = l»3 
3.1. D1C (Ml ) =D1 ( Ml y 1 ) *CREEPS ( 11 ,1 ) f Dl ( Ml r 2 ) *CREEPS (11 , 2 ) f Dl ( Ml , 3 ) * 

1 CREEPS(11y 3)+D1(M1t4)*CREEPS(11? 4) 
C 
C**** MULTIPLY BT BY DIG AND MULTIPLY BY ELEMENT AREA TO GIVE FISTEL 
0 

DO 30 M2=ly6 
FIS T E L < M 2 ) = B T ( M 2 y 1 ) * D1C (1 ) f B T ( M 2 » 2 ) * D1C ( 2 ) + B T ( M 2 r 3 ) * D1C ( 3 ) 

3 0 FIS T E L ( M 2 ) =•• FIS T E I... ( M 2 ) * ( D E L LIB ( 11 ) / 2 • 0 ) 
0 
C**** ADD ELEMENTS OF FIST El... INTO FIST *************************** ******)» 
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C 
FIST ( ( NElI... T0P 11 - .1 > *2 ) ••- :L ) = F" IST < ( NC:L.TOF' ( 11 r 1 ) *2 ) • • 1 ) + F I STEl'L ( 1 > 
FIST ( NEIL TOP ( 11 * 1 > *2 ) -F I ST ( NELTOP < 11 t 1 ) #2 ) + F.I STEL ( 2 ) 
FI ST < ( NEI... T OF' ( 11 v 2 ) #2 ) •••• 1 ) = FI ST ( ( NELTOP < 11 , 2 ) *2 ) • 1 ) IF I STEL ( 3 ) 
l : :' IS')" ( N El I...')" 01::' ( I :l. v 2 > * 2 > FIS')" < N El I... 1" 0 F' ( 11 , 2 ) * 2 ) f I' IS ' ) " El I... ( 4 ) 
F I" S')" ( ( N El I... T 0 P ( 1 :l. * 3 ) # 2 ) -•• 1 ) • FIS T ( ( N El I... T 0 p I J. y3>*2> -1 ) + FIS T E I... ( 5 ) 
F IS T ( N E I... T 01::' ( I :l. * 3 ) * 2 ) F I S 7 ( N El I... 7 0 P ( 1.1. * 3 ) * 2 ) i E" IS T El I... ( 6 ) 
GO TO 130 

101 DO 22 -U» 1 >4 
22 CREEPS y I J) ==0.0 

C 
C**** UPDATE TOTAL CREEP STRAIN ************************** 

130 DO 998 J - l y 4 
998 CRSTR ( .1. :l. - J) ̂ CRS')"R1 < 11 y J > f 0REElF'S ( 11 v J > 

2 CONTINUE 
C 
C**** MODIFY FORCE VECTOR ********************************************** 
C 
C***# ADJUST' FIST FOR PRESCRIBED GLOBAL DISPLACEMENTS 
C 

DO 15 MM:;::1 y NN0D2 
15 IF ( DISF' 1 ( MM ) , MElA ) l : :' IS T ( MM ) •••0 , 0 

DO 29 N::::.l. y NN0D2 
2 9 I- 0 R CE(N) = I"' 0 R C li: 1 ( N ) 11"' IS 7(H) 

C 
C**** RES GLUE El Q N . AND CALCULATE NEW STRAINS ***************************: 
C 

500 I CALL:-.!. 
CALL SOLN 

131 CALL STRES 
IF ( INS . EQ . .1. ) CALL CRSMIN 

C 
(.;#*** CALCULATE STRESS AT END OF TIME INC. *****************************: 
C 

DO 5 I 4 ~ : : l y NEI... 
C 
C#*** MODIFY STRAIN VECTOR 
C 

DO 28 N1 ••••••• 1 r 4 
2 8 S T R AIN ( 14 y N1 ) - S T R AIN < 14 y N1 ) C R S T R < 14 » N1 ) 

C 
C*#*# FORM Dl MATRIX (3*4) 
C 

DO 27 N3=l»3 
DO 27 N2=ly3 

2 7 D ( N 2 > N 3 ) =:; D L. IB ( N 2 r N 3 , 14 ) 
DO 26 N4==l»3 
DO 26 N5=l?2 

26 Dl(N4yN5)=D(N4yN5) 
DO 25 N4=l»3 

25 Dl(N6>4)=D(N6y3) 
Dl(1*3>=D1(1y 2) 
Dl(2P3)"D1(1»2) 
D l ( 3 * 3 ) ^ 0 , 0 
DO 21 NNN::::1 y 4 

21 STREND (14 y NNN ) -0 • 0 
C 
C**** CALCULATE ST REND 
C 
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DO 24 N7 • I. y 3 
DO 24 N9-1 v <; 

24 S TREND ( 14 y N7 ) -STREND ( 14 y N7 ) f ( Dl ( N7 y N9 ) * STRAIN (.14 ? N9 ) ) 
STREND ( 1 4 >• 4 > -STREND ( 14 >• 3 ) 
STREND ( 14 v 3 ) -E! ( 14 ) *NU ( 14 ) * ( STRAIN ( 14 ? i. ) iSTRAIN ( 14 , 2 ) ! ( (1 . O-NU ( 1 4 ) : 

1 * S TRAIN ( 14 y 3) /NU( I 4 ) ) ) / ( ( 1 <• (HNU ( 14 ) ) * ( :U 0- ( 2 . 0*NU( 14 ) 
2 ) ) > 
SIGMA - ( ST REND <• I 4 v ;|. ) ISTREND ( 1 ^ 2 ) TSTREND ( 14 » 3 ) ) 73 . 0 
DO 20 J , . . ! • • " ! - 7 

2 0 D E V E N D ( I 4 » J J ) - S T E E N D (i4« J J ) SIGMA 
DEFEND ( 1 4 , 4 )-STREND (14 y 4 ) c: 

C**** CALCULATE MEAN STRESS *************************** 
(!) 

DO 23 N8» |. , 4 
23 SERAV ( !!. 4 v N8 ) - ( STRBI!!!(!) ( !l! 4 •> NS ) + STRI!!!ND ( 14 y N8 ) ) /2 • 0 
5 CONTINUE 

124 I T - 1 T i l 
IE ( I T <.I!!!Q <. 1 ) 00 TO 116 

(.; 
C**** CHECK CONVERGENCE ************************************************ 
(!) 

DO 6 15-1yNEL 
IF (IRHEO(15)vEQvO) GO TO 6 
DO 17 J5 - 1 v 4 
!l! F (DAB S ( D E VI!:. N D ( 15 >• J 5 ) P R E! D E V (15. J 5 ) ) .!.!!!!. J. . 0 E 5 ) 

1 GO TO 17 
GO TO 117 

' 17 CONTINUE! 
6 CONTINUE 

120 T IM:::: T' !l! M ••! • T !l! N (!) 
(!) 
C**** UPDATE FORCEl AND CRSTRl **************************************** 
(!) 

DO 995 111 •••• 1. !• NN0D2 
995 F' 0 R (!) E! 1 ( 111 ) F 0 R (!) E1 ( I!!! 1 ) i E' I S T ( !i! !l! 1 ) 

DO 994 112-1yNEL 
DO 994 JJ-.I. y4 

994 (!) R S T R1 ( 112 y J J ) - (!) R S T R ( 112 y J J ) 
DO 8 17-1yNEL 
DO 8 J2-1y4 

8 S T R E S S ( 17 y J 2 ) - S T R E! N D ( 17 y J 2 ) 
IF (IFA.NE.l) GO TO 132 

(!) 
(!)**** ITERATE TO REMOVE EXCESS SHEAR STRESS ON FAULT ******************* 
(!) 

CALL FSHEAR 
(!) 
(!)**** CHECK IF THERE HAS BEEN FAILURE AND STOP S/R IF THERE HAS ******** 
(!) 

132 CALL. PRINCS 
CALL ELFAIL 
DO 14 .1-1 y NET.. 
IF (I.LE•44•OR,I * GE.283) GO TO 14 
IF ( IRHEO ( I ) ,NE!.0) GO TO 14 
IF (FAIL(I).EQ.F2) GO TO 118 

14 CONTINUE 
(!) 
C**** CHECK NUMBER OF TIME INCREMENTS DONE ***************************** 
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IF (NINC*EG TAXING) GO TO l i e 
NINC-NINCfl 
DO 7 16-1»NFL 
DO 12 J 1 = 1, 4 
S T R B E 0 (16 y J1 ) •••••• S 7" R E N D ( 16 y J1 ) 

12 s rRA'V'< :i:6 •> J i > •••••••• s rRBE:G C 16, J i > 
SIGMA-(S IRBEG(16 v1)+STRBEG(16y 2)fSTEBEG(16 y 3 ) ) / 3 . 0 
DO 13 J J - 1 y 3 

13 D E U B E G ( 1 6 yJ J ) - S 7" R B E G ( 16 •> J J ) •••• S I G M A 
7 D E V B E G ( 1 6 y 4 ) - S 7' R B E G ( 1 6 y 4 ) 

17-0 
GO TO 11? 

118 IGALL-0 
WRIT E ( 6 ! V V ) 

9 9 E 0 R M A 7 ( / y S 0 B R Q U TIN E G R E E R G G M F L T E D ' ) 
GALL. TIME ( 1 y 1 ) 
RETURN 

116 DO 9 18-1yNEL 
DO 9 J3 - : l v A 
T I"' (DAB S ( D E 0 E N D ( 18 y J 3 ) D E',' B E G ( 18 » ,13) i < I... E • 1 , 0 E 5 ) 

1 GO TO 9 
GO TO 121 

? CONTINUE 
GO TO 120 

121 DO 11 19-1yNEL 
DO 11 J4-1y4 

11 PR E D E 0(19 fJ4)-D E0 END(19 yJ 4) 
GO TO 119 

117 IF ( IT «I...7"« MAXI"!") GO TO 121 
WRITE(6»V8> 

98 E0RMAT ( / y '' STRESSES HA OF N0T C0N0ERGED W17" H IN 1 BAR') 
STOP 
END 

C 
C 
G 
0 
c 

SUBROUTINE FINFOR 
C 
c 

i M p L :i: c :i: 7' R E A L. * O ( A • •• H ? o •• w) 
REAL *8NU(S10) 
C0MM0N/G0M1 /E(510) y NU y RO ( 510 ) y TI TI...E ( 5 ) y 01S ( 510 ) y 7" IM y T y C0EFF , CI...C y 

1 01... C y CM >• (;}M y ANTI::.'MP y NEI... y NEL7 0P ( 51 0 y 3 ) y I RHEO ( 510 ) v I BF y 
2 I! C A I... I... y INS y 11:> S y 1G R y J! 7' E M y N T EM y N E L T E M ( 10 0 ) 
C0MM0N/G0M2/X(300)y Y(300)y XPL(3)y YPL(3)y XS(300)y YS(300)y NNOD y NN0D2 
G0MM0N/C0M3/F0RCE(600)yFORCE1 (600),DISP(600)vSTORD(600)y A y AA y TINC y 

1. DISP1 ( 600 ) y NBF y NPDX y NPDY y MAX.[ 7' y MAX .1NCI y I!;- A y IFDM ( 6 ) 
COMMON/COM 7/ S T R B E G ( 510 y 4 ) y S T E N D ( 510 y 4 ) y S T R A 0 ( 510 y 4 ) y 
:l. C R E E F S ( 510 y 4 ) y D1 ( 3 y 4 ) y D11; ( 3 ) y FIS 7 I!-1.. ( 6 ) y R. E S T R ( 510 » 4 ) i 
2 FIST(600)yDEV(4)yCRSTR(510y4)r CRSTRl(510i4)y 
3 DEUEND(510 y 4)y DEOBEG(510 v4)yPREDEU(510 y 4)y 
4 CR 187' ( 510 y 4 ) y EFFDEO (510) y TEMP (510) 

C 
C**** WRITE OUT FINAL FORCES TO CHANNEL 8 ** # # * » < > ! < # > ! < J i o l o K * * * * * * * # * # # > K X < # * # * * > 
C 

DO .1 1-1 y NNOD 
i : 1 ••••• F 0 R C E: 1 ( 2 * I 1 ) F1. S 7 ( 2 * I -1 ) 
F 2 F 0 R C E1 ( 2 * I ) f FIS T ( 2 * I ) 
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:!. WRITE (8 i»99) I ••' F1. • F 2 
99 FORMAT(110 v 2Z25* I 5) 

DO 2 N-l »NEL 
C 
C#*** WRITE OUT FINAL CREEP STRAINS TO CHANNEL. 0 ft********************** 
i.: 

2 wR:i: i"E:(o) (cRsrFUN? J > - J-1.4) 
WRITE(6y98) 

98 F0RMAT ( / p ' SUBROUT IME FINF0E C0MPI...L TED ' 
CALL. TIME CI. * 1 ) 
RETURN 
END 

C 
C 
c 
i ; 

SUBROUTINE PRINCS 

c 
IMPLICIT REAL *8 ( A H ? 0 •••• W ) 
REAL. *8 NU<510> 
COMMON/COM 1 / E (510 ) •> NU y RO < 510 ) y T I TI...E ( 5 ) y VIS ( 5 :l. 0 ) ? TIM y "I y COEFF y CL.C y 

1 QI...C y CM y QM y ANTE.'MP y NEI... y NEI...T0( 510 y 3 ) v I R I IE0 ( 510 ) y IBF •> 
2 i: c A i... i... :• i N S y i p s :• :i: c R 11 E M , N T E: M NF I. T M < :i. o o > 
COMMON/COMG/D ( 3 y / ) / B ( 3 v 6 ) y Dl... I B ( 3 y 3 y 5 1 0 ) y BL I B ( 3 y 6 y 5 I 0 ) y DI SPEI... ( 6 > y 

1 S f R AIN ( 510 y 4 ) y S T E S 8 ( 510 y 4 ) » S T RIN ( 5 J. 0 y 3 ) y B T S ( 6 ) 
0 0 MM ON/ 0 0 M 6 / P RIN S T ( 510 r 3 ) y D E 'J P R ( 510 » 3 ) y A1... l : ' l-l A ( 5 :l. 0 ) ••• l : r A ]' 1... (510) y 

:l. F L'AL. ( 5 :l. 0 ) 'i PI I I ( 51 0 ) , F 1 y F 2 y I ' Y l :' E ( 3.1. 0 ) 
C 

PI-4.0>KATAN( 1 ,0) 
DO 1 I : : : : 1 y NF.L. 

0 
C**** CALCULATE THE ANGLE OF ROTATION ***$****)f!*>|<*)k*)}<*****>!<)l<*)K** 
C 

I F ( S J R E S S ( I ?:).), E Q , S T R E S S ( I y 2 ) ) G 0 1" 0 10 0 
ALPHA ( I ) ••••••• (2.0*8 T l:;.' E: SS ( I y 4 ) ) / ( SIR E S S ( I , 1 ) ••• S T R E S S ( 1 - 2 ) ) 
ALPHA(I)-0.5*(360.0/(2*PI))*DATAN(ALPHA ( I ) ) 
IF ( A L P H A ( I ) . I... T . 0 . 0 > A I... P l-l A ( I ) •••••••• A LI"' l-l A ( I ) f 90,0 
BETA-ALPHA(I)*(2.0*PI)/360 . 0 
GO TO :l.O:l. 

100 ALPHA(I)-45 
BETA-0.7854 

C 
C**** CALCULATE THE PRINCIPAL STRESSES *********************************> 
C 

101 A1-DC0S(BETA)**2 
A2-DSIN(BETA)**2 
A3-DSIN(2,0*BETA) 
PRINST < I y 1 ) - ( STRESS ( I y 1 ) *A1 ) !• ( STRESS ( I y 2 ) *A2 ) f ( STRESS ( I r 4 ) *A3 ) 
PR INST ( I y 2 ) - ( STRESS ( 1 •> 1 ) *A2 ) }• ( STRESS ( I » 2 ) *A1 ) - ( STRESS ( I •> 4 ) *A3) 
PRINST(Iy 3)-STRESS(Iy 3) 

1 CONTINUE 
IF (ICALL.EQ.1) RETURN 
WRITE(6y99) 

99 I- 0RMAT ( / y SUBR0UTINPRINCS C0MI-'I...ETED ' ) 
CALL TIME(1y 1 ) 
RETURN 
END 



192 

C 
C 
0 
i ; 

SUBROUTINE ELFAIL 
C 
C 

IMPLICIT REAL #8 < A-H p 0--W ) 
REAL *8 NUC510) 
C 0 MMON / C 0 M1 / E ( 5 i. 0 ) * N U y R 0 ( 510 ) y T I I I... E ( 5 ) r VIS < 510 ) * TIM y T y C 0 E F" F , L: !... C ••• 

1 QLC y CM :•• OM y ANTEMP v NEL y NELTOP ( 510 t 3 ) J> IRHEO ( 510 ) > IBP ? 
2 :i: c A i... i... v :i: N s y i P s y i c R •> i 1 E M r N T E M >• N E L T E M (1 o o > 
C0MM0N/C0M2/X(300) >• Y(300) ?XPL(3) y YPL(3) yXS(300) y YS(300) ? NNOD ? NN0.D2 
V 0 MMON/ C 0 M 6 / F:' R T N S )" ( 510 y 3 ) y D E ',' P R ( 5 1 0 y 3 ) :•• A L P IT A ( 5 1 0 ) y l : :' A :i. L ( 5 10 ) ? 

1 |::' U A I... ( 5 :l. 0 ) v F ' HI ( 1 0 ) ? F: 1 y F 2 y I T Y P E ( 510 ) 
c 

PI=4,0*ATAN(1,0; 
STCR IT--10 , ()*T 

RAD-PI/ISO,0 
DO 1 I-lyNEL 
IF- ( :I:RUEO< I ) , NE >o> GO TO I c: 

Cttt* ADD ON LITFIOSTATIC STRESS FIELD IF BODY FORCES NOT INCLUDED **#**#> 
C * * * * I... I T IT 0 S T A TIC S T R E S S E S A R E F l Y D R 0 S T A TIC y R 0*9. 81 * D E P T H 
C 

IF (IBF.EQ»1) GO TO 100 
11- NELTOP(Iy1) 
12- NELT0PCI72) 
13""NELTOP" ( I y 3 ) 
DEPT H- ( Y d 1 ) +Y ( 12 ) +Y ( 13 ) ) /3 . 0 
HYD = RO( 1 )*9.81>KDLPTH 
PST1-""PRI'NST ( I y 1 HIT YD 
PST2"::PRINST ( I y 2 ) 1ITYD 
GO TO 101 

100 PST1 ""PRINST ( I y 1 ) 
PST2-PRINST(I?2! 

C 
C*#*# CALCULATE MEAN STRESS AND MAX• SHEAR STRESS *####*##**##*#*#******. 
c: 

101 PMAX^HMAXl(PSTlyPST2) 
PMIN-DMINI(PST1yPST2) 
STMEAN-(PMAX1PMIN)/2.0 
T 0 R M A X (l : :' MAX- P MIN ) / 2 • 0 
F A I L ( I ) - F 1 
P H I ( I ) - F l 

C 
C###* TEST FOR TENS IONAL. FAILURE *#*#######*#*##*##****##*##***#***# 
C 

11- ( ( ( 2 . 0 * S T M E AN) f T 0 RMAX ) * I... T .0.0) G 0 T 0 10 2 
F'v'AL ( I ) -1 . 0- ( TORMAX / ( TSTMEAN ) ) 
IT Y P E ( I ) - 1 
IF ( F'v'AL ( I ) .GT.O.O) GO TO 1 
FAIL ( I ) -l::'2 
P H I ( I ) - 9 0 . 0 
GO TO 1 

C 
C*##* TEST FOR OPEN CRACK FAILURE *######*#**#######*#*##*##*#####**# 
C 

.1.0 2 J! F ( S T M E A N . I... T . ( S T C RIT' - ( 2 . 0 # T ) ) ) G 0 T' 0 10 3 
F U A I... ( I ) -1 , 0- ( TORMAX/ ( 2 , 0*DSQRT ( STMEAN#T ) ) ) 
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ITYPE(I)-2 
IF (FVAL ( I ) , 1 ,0.0) GO TO 1 
FA I LCD) T:2 
PHI ( I ) -0 . 5*.DARC0S ( ( 2 ()*DSQRT ( S7'MEAN*T ) ) / ( 7 , 0* ST MEAN ) ) / RAD 
GO TO 1 

c 

C**** TEST FOR TRANSITION REGION FAILURE ******************************* 
0 

1.0 3 C - 2 . 0*7'* D S Q R 1 ( 1 , 0 ( S I C R I T / f ) ) 
IF ( S T M!: AN,;..7. ( S T C RI T •••• ( C 0 E F F * C) ) ) GO T 0 10 4 
F V AI... ( I ) •••••••• 1 > 0 - > 1 OEMAX/D S Q R 7' ( < C) * * 2 ) i ( ( S')" C R I J •••• S T M E A N ) * * 2 ) ) > 
I TYPE ( I ) -"3 
IF (FUAL(I) .,07'* 0*0) GO TO 1 
F A I L ( I ) - F 2 
P HI ( I ) 0,5* D A T A N ( C / ( S 7 C P. 17 •••• S T MEAN) ) / R A D 
PHI ( I ) - 90 * 0 -PHI ( I ) 
GO TO :i 

C 
0**** TEST FOR CLOSED CRACK FAILURE ******************** * * * * * * ********** 
0) 

104 IF" ( STME AN * GE , ( S7'CRIT -• ( C0EFF *C ) ) ) (30 "f 0 :!. 05 
F V A L ( I ) -:!. ,() - ( ( 7' OR MAX* D S QR T ( ( C 0E F F * * 2 ) +1 • 0 ) ) / ( C •{• ( C 0EF' F * ( S 7 C RIT • -

1 S TM EAN)))) 
ITYF:'E < I ) •••••••A 
IF (F'v'AL ( I ) oG7,0*0) GO TO 1 
FAIL. ( I )=F2 
PHI ( I ) =0 . 5*DA7'AN ( 1 . 0/COEFT') / RAD 
PHI ( I ) ""90 ., O - PHI ( I ) 

1 CONTINUE 
IF (ICALL,EG,1) RETURN 
WRITE(6?99) 

99 F0RMA7' ( / •> ' SUBR 0U 7' INE E L F' A11... C0MF:'L E !' ED ' ) 
CALL TIME' J. v 1 ) 
RETURN 

.1.05 WRITE ( 6 •! 98 ) I 
9(!) FORMAT ( / ? ' E.RR0R ; S TRESSE5 F0R EL.EMEN T ' y 13 t ' ARE N07' CL ASSIFI ED') 

STOP 
END 

C 
c 
c 
c 
c 

SUBROUTINE OUTPUT 

IM P LIC17 R E A I... * 8 ( A ••• Fl v 0 ••• Ul) 
REAL *8 NU(510) 
COMMON/COM :l. / E ( 510 ) y NU y RO ( 510 ) r I ITLE ( 5 ) y I S ( 510) t TIM y T * COEFF * CI...C » 

.1. Q I... C y CM y QM y AN 7' E MPyN I)): I., y N E I... T 0 P (51()y3) y IR H E 0 ( 510 ) y IB F y 
2 IC A L. I... y IN S y I P S y IC R •> 17 E M y N T E M y N E I. T E M (10 0 ) 
C0MM0N/C0M2/X(300)y Y(300)y XPL(3),YPL(3),XS(300)v YS(300)»NNODrNN0D2 
C0MM0N/C0M3/F0RCE(600) y FORCE 1 ( 600 ) »DISP (600) yST0RD(600) y A y AA >• T INC •/ 

1 DISP1 (60 0 ) y NBFy NPDX y NPDY y MAX17 tMAXINC »IFA ?IFDM(6) 
COMMON/COM6/PR INST ( 510 » 3 ) , DEVPR ( 510 » 3 ) t ALPHA (5.10) y FAIL ( 510 ) y 

1 F K> A I... ( 510 ) 71-' F l I ( 5 :l. 0 ) y I- 1 > F 2 v )F T Y l ; > E (510) 
WRITE(7y74) 

74 FORMAT (1H1 v *****RESUI...7'S ARE I ' ) 
C 
C;**** WRITE OUT DEPTH OF FAULT MOVEMENT IF RELEVANT ********************: 
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IF (IFA.NE.l: GO TO 103 
WRITE*7y73) 

73 I-0R M AT ( 1 l-l • -9 ' F AULT M00EMEN T I IAS 0GGUF\'IVED ON i ' ) 
DO 47 J - l v 6 

I! F ( I F D M *-..J) . E 0 • 0 ) W RIT E ( 7 v 7 2 ) J 
IF ( IF D M * ) • E Q < 1 ) W RIT E < 7 y 71 ) J 

72 I- 0RMAT* 1 l-l y ' SEC VI0N ' . 11 •, NO ' ) 
71 F0RMAT * 1H y " SEC T 10N '' r 11 y ' YLS ' > 
47 CONTINUE 

G 
C***;}: WRITE TOTAL TIME USED FOR SOLUTION *******************************;! 
C 

103 TIMY==TIM/<3. 156*1.0E7) 
WRITE*7y100)TIMY 

10 *) F 0 R M A T * 1II y ' * S 01. U T 10 N H A S BEEN GEN E R A1" E D 1" H R 0 U 0 H >• E .1.1 ,4-' YEARS') 
C 
C * * * * W RIT E N 0 D A I... DIS F' I... A C E M E N T S * * * * * * * ********************************* i 
C 

102 WRITE*7y99) 
9 9 F 0 R MAT* 1 l-l - y ' * N 0 D A I... DIS P I... A C IE MEN T S IN METR E S * ' ) 

WRITE * 7 y 98) 
98 F0RMAT (1I I()« ' X -- AXIS IS F"R0M I..EF 7 T0 R IGHT ' ) 

WRITE*7y97) 
9 7 E 0 R M A T * 1 l- l y ' Y - A XIS IS 0 E R TIG A I... L Y U F:' WAR D S ' ) 

WRITE(7y96) 
96 FORMAT*IH-y18Xy'NODE NO.'y 9X y'X-DISP.'y!3Xy'YDISP.') 

DO 49 J»-:L y NNOD 
JX-2 *,!•••• 1 
JY-2*J 

49 WR ITE * 7 r 95 ) J •> DI Sl:;' * ,IX ) y DI SP * J Y ) 
95 FORMA T * 1FIO y 20X y 13 y 2 * 1 0X y E 10.3)) 

€ 
C**** WRITE ELEMENT STRESSES AND FAILURE MARKERS ************************ 
C 

WRITE*7y94) 
94 FORMAT(IILI y'*ELEMENT STRESSES IN N/SQ.M AND FAILURE INFORMATION*') 

WRITE*7y93) 
9 3 F OR MAT (1 Fl - t ' 1S T . S T R E S S , 2 N D . S TRESS A R E T H E IN ••• P I... A N E p RIN CIP A L S T 
1RESSES AT THE CENTRE OF THE ELEMENT') J 
WRITE*7y78) 

78 FORMAT * 1I I0 , ' Z STRESS IS TI IE STRESS NECESSAR Y T0 SATISFY PLANE 
1 STRAIN') 
WRITE*7y92) 

92 FORMAT* 1110 y ALPHA IS THE ANGLE OF THE 1ST, STRESS MEASURED FROM T 
1HE FOE X-AXIS TO THE TOE Y-AXIS') 
WRITE*7y91) 

91 FORMAT*1HOy' FAIL SHOWS WHETHER OR NOT THE ELEMENT HAS FAILED' ) 
WRITE * 7 y 90) 

90 FORMAT*IHOy' AMOUNT IS A DIMENS IUNLESS OARIABLE INDICATING J') 
WRITE*7yS9) 

8 9 F 0 R M A 7 * 1H y ' • H 0 W N E A R T hi E E L E ME NT IS T 0 F A j: I... U R E ( I F - 0 E ) ' ) 
WRITE*7y88) 

88 FORMAT* 111 »' -HOW MUG l-l IT HAS FAILED BY ( I F TOE) ' ) 
WRITE*7y86) 

86 I- 0RMA7 * 1 l-l0 y ' 7 Yl::'E IND J G A 7 ES TI IE T YI-'E 0F I- A11...URE ' ) 
WRITE*7y85) 

8 5 l : : ORMA 7 * 1 l-l y ' 1 • T E N S10 N A I... I- A11... U1̂  E ' ) 
WRITE(7yS4> 

8 4 I- 0 R MAT* J. l-l y ' 2 •••••• 0 P E N G R A G K C 0 M P R E S S10 N A I... * SIIF. A R ) l:- A11... U P. F.' ) 
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WRITE(7?83) 
83 FORMAT ( I. I I y' 3-TRANSITIONAI... COMPRESS I ON Al... (SHEAR) FAILURE ) 

WRITE(7 >75) 
75 FORMAT(IH y ' 4-CLOSED CRACK COMPRESSIONAL (SHEAR) FAILURE') 

WRITE(7y82) 
82 FORMAT(1HOy' PHI IS THE ANGLE BETWEEN THE FRACTURE PLANE AND THE 

1 LARGER STRESS') 
WRITE(7y81 ) 

81 FORMAT (1H•••• > ' ELEMENT NO . ' * 6X y ' 1ST . STRESS »9X» 2ND . STRESS , lOXr 
:l. •' Z STRESS y l l X v 'ALPHA' ?8X? 'FAIL' ?7X. 'AMOUNT' »5X. 'TYPE' ,3Xr 'PHI' ) 
DO 48 1-1 y NEL. 
IF (IRHEO(I), EU.O) GO TO 101 
WRITE ( 7 •> 76 ) I y PR INST ( I y 1 ) - PR INST ( I y 2 ) y PRINST ( I y 3 ) ? A L H A ( I ) 

76 FORMAT(1HO,4X y13 y 3 ( 1 OX y E10.3)»1 OX y F5.2) 
GO TO 48 

101 IF ( P l-l I ( I ) • I::. Q * I- J. ) W RI YE(7v7?) I y l :> RIN 8 T ( I »!)» P RIN 8 T ( 1 1 2. ) , 
1 PRINST ( I y 3 ) v ALPHA ( I ) y FAIL. ( I ) , F '•„•' A I... ( I ) y I TYPE ( I ) » PHI ( I ) 

77 FORMAT ( 1 HO v 4X y I 3 :•• 3 ( 10X y E10 . 3 ) , 1 OX y F5 . 2 y 8X » A4 t 5X y E9 .3»5X»11 y 5X y 
1A4) 
.11- ( E' HI ( I ) v N E . I- 1 ) WRI T E ( 7 y 8 0 ) I r P RIN S T ( I y 1 ) r P RIN 8 T ( I t 2.) y 

1 PRINST(Iy 3)pALPHA(I)y F A I L ( I ) y F M A L ( I ) y I T Y P E ( I ) y P H I ( I ) 
80 F 0 R M A')" ( 1H 0 y 4 X y 13 y 3 ( 10 X y F. 10.3) y 1 OX y F5 . 2 , 8X » A4 y 5X y E9 . 3 y 5X y 11 » 5X ? 

1F5.2) 
48 CONTINUE 

WRITE ( 6 :-• 79 ) 
79 FORMAT (/y 'SUBR 0 U 71N E.' 0 U T P U T C 0 M P I... E TED' ) 

CALL TIMECI. y l ) 
RETURN 
END 

C 
C 
c 
c 
c 

SUBROUTINE DEVOUT 
C - -
c; 

J! M I-' L I C 1 7 R E A I... * 8 ( A - H y 0 - W ) 
REAL *8 NLK510) 
C0MM0N/C0M1 /E ( 510 ) t NU ? R0 ( 510 ) y TITLE ( 5 ) r V18 < 5.10 ) ? T I M y T y COEFF v CI...C v 

1 Q I... C y CM y OM y ANT IE M P y N E I... y N E L T 0 P ( 5.10 y 3 ) y IR H E 0 ( 510 ) ? I B F t 
2 IC ALI... y INS y IPS y l' CR y ITEM ? NTE.'M y MLL7EM ( 100 ) 
COMMON/COM 6/ P RIN S T ( 510 y 3 ) y D E V P R ( 510 r 3 ) » A L P HA (510 ) y F A11... (5.10) y 

1 F V A I... ( 510 ) y P HI ( 510 ) y F1 y I- 2 y IT Y P E ( 510 ) 
C 
(;***# WRITE OUT DEVIATORIC STRESSES *********************************** 
C 

WRITE(7y99) 
9 9 l::" ORMATC 1 l-l 1 y ' * D E: MI AT 0 RIC S 7 R E S 8 E S IN N/SQ.M*' ) 

WRITE(7y98) 
98 FORMAT(1H- y'ELEMENT NO. 'y 6Xr '1 ST. STRESS'y9Xy'2ND. STRESS'y1 OX y 

1 ' Z STRESS' y HXy 'ALPHA' ) 
DO 1 1-1yNEL 
HYD^ ( PRINST ( I y 1 ) -f PR INST ( I y 2 ) f PR INST ( I t 3 ) ) /3 . 0 
DO 2 J - l y 3 

2 D E: VI-' R ( I v ,J) - P RIN S T ( I y J ) •- H Y D 
1 W RI')" E ( 7 y 9 7 ) I y ( D E U l::' R ( I ? K ) y K ̂' 1 y 3 ) y A L P H A ( I ) 

97 FORMAT ( 1 HO y 4X y 13 r 3 ( 1 OX y E .1.0 . 3 ) » 1 OX y F5 . 2 ) 
WRITE(6y96) 

9 6 F ORMAT(/y ' 8 U B R 0 U TIN E D E 0 0 U 7 C 0 MI-' L. E T E D ' ) 
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CALL TIME ( 1 v :! ) 
RETURN 
END 

C 
C 

SUBROUTINE GRDPLT 

I M P L I C I T REAL * 8 < A - H ? 0 •••• W ) 
REAL * 8 NUCSIO ) 
COMMON/COM :l. / E ( 5 1 0 ) y NU y RO ( 5 1 0 ) ?T I TLE ( 5 ) , V IB ( 510 ) , TIM ? ! * COEFF , CLC <• 

1 0.1...C v CM v QM y AN7'EMP» NEI... y NE!...TC)P ( 510 y 3 ) y IRHE0 ( 510 ) ••• IBF , 
2 I C A I... L y I N S y IP S - IC R .» J! T E ii ? N T E M » N E I... T E M < 10 0 ) 

C0MM0N/C0M2/X(300) y Y ( 3 0 0 ) y X P L ( 3 ) y YPL.(3) y X S ( 3 0 0 ) y YS(3( )0 ) y NNOD y NN0D2 
C 
C** * . * DRAW THE GRID >K * >!< * >]<: * * >!< % * * * * * * * * * * * * * * * * * * * * * * *;{; * * * * * * * * * * * * * * * * * * * 
C 

CALL P B P A C L ( 0 . 0 7 5 y 1 . 0 7 5 y 0 * 3 2 5 v 0 . 5 7 5 ) 
CALL MAP ( 0 , 000 y 2 * 0E6 .»•• .1. . 0E5 y 0 , 0 ) 

C CALL MAP' ( 2 . 8E6 •> 3 . 2E6 y 1 . 0E5 y 0 . 0 ) 
DO 49 ]>:!. yNEL 
I:l.-NEI...TOP( I y 1 ) 
I 2 = N E L T 0 P < I t 2 ) 
1 3 E L TOP ( I v 3 ) 
XF'I... ( I ) ••••••X ( 11 ) 
XPL<2>»X< 12 ) 
XPL. < 3 > = X < I 3 ) 
Y P L ( 1 ) - Y ( I I ) 
Y P L ( 2 ) - Y ( I 2 ) 
Y P L ( 3 ) = Y < 1 3 ) 

49 C A I... I... T P I... 0 T ( X I... y Y F' I... y I y 3 y •••• I ) 
C 
C * * * * A S31GN ELE M EN T N U M B ER S * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 
C X O ( X ( 1 1 ) i X ( 12 ) f X ( 1 3 ) ) / 3 , O f 2 , 0E3 
C Y (> ( Y ( 11 ) •}• Y ( I 2 ) + Y ( 13 ) ) / 3 • 0 
C CALL CTRMAG(7) 
C CALL I T A L I C CI. ) 
C CALL PLCTNI(XC ? Y C y I ) 
C 49 CALL I T A I... IC ( 0 ) 
c; 
C # * * * ASSIGN NODE NUMBERS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * : 
C 

CALL PSPACE(0 .025 » I , 2 1 » 0 . 0 5 t0.75) 
CALL C S P A C E < 0 . 0 2 5 * 1 . 2 1 » 0 . 0 5 r 0 . 7 5 > 

C CALL M A P ( - 0 , 0 5 E 5 y 1 0 . 0 5 E 5 y - 0 • 5 5 E 5 r0,05E5) 
C DO 48 J=IFNNOD 
C X P = X ( J ) + 3 . 0 E 3 
C Y P = Y ( J ) + 1 . 0 E 3 
C CALL CTRMAG(5) 
C 48 CALL PLOTNI (XPy YF'y J ) 
C 
C * * * * ASSIGN DIMENSIONS OF GRID IN KMS. * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

CALL M A P ( 0 . 0 2 5 « 1 , 2 1 y 0 . 0 5 y 0 * 7 5 ) 
CALL. CTRMAG ( 15 ) 
CALL. PLOTNI ( 0 , 075 y 0 • 570 y 0 ) 
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C CALL P L O T N I ( 0 , 1 0 5 y 0 , 6 0 5 * 4 6 0 ) 
C CALL PLOTNI ( 1 * .1. 05 > 0 . 6 0 5 P 540 ) 

C A L I... I... 0 T N I ( :l. . :i. A •> 0 . 5 7 0 y 2 0 0 0 ) 
CALL PLOTNI ( 0 . 075 •> 0 . 325 >• I. 00 ) 
CALL. CTRMAG < 0 ) 
C A I... L P I... 0 T C S ( 0 * 04 y 0 « 4875 y '' M 0II0 «• 4 ) 

c 
C * * * * W RI T E TITI... E S * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 3 
<:: 

CALL CTRMAG': 15) 
C A I... I... P I... 0 T C S ( 0 * 0 7 5 •> 0 . 6 7 5 ? T I T L E * 4 0 ) 
CALL CTRMAG(10) 
CALL PLOTCS(0 * 075 » 0 . 6 5 r 'D IMENSIONS OF GRID ARE I N KMS. ' y30> 

C CALL PLOTCSCO. 1 5 - ( ) f 77 » 'NODES AND ELEMENTS NUMBERED ' y 27 ) 
C CALL BORDER 

WRITE(6»99 ) 
99 F 0RMAT ( / ? ' SUBR0UTINE GRDPI...T C0MPI...E')"ED ' ) 

CALL T I M E ( 1 y 1 ) 
RETURN 
END 

C 
C 
C 
C 
C 

SUBROUTINE GRDPLC 
C 
c: 

IM P L.. I C I T R E AI... * 8 ( A - I I y 0 • •• Ul) 
REAL * 8 N U ( 5 1 0 ) 
COMMON/COM1/E(510).NU rRO(510).TITLE(5)y01S(510)yTIM,T>COEEFyCLC» 

1 QLC >• CM y QM v AN TEMP :> NEI.... NELTOP ( 5 1 0 , 3 ) y IRHEO ( 5 1 0 ) y IBF» 
2 IC A L L.y INSy I P S y IC R * I T E M y N f EM y N E1... TEM < 100 ) 

C0MM0N/C0M2/X(300)y Y ( 3 0 0 ) y X P L ( 3 ) - Y P L ( 3 ) y X S ( 3 0 0 ) y Y S ( 3 0 0 ) y NNODy NN0D2 
C 
C * * * * DRAW THE GRID * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ) , 
C 

CALL PSPACE ( 0 . 075 r 0 <, 575 y 0 , 075 t 0 . 700 ) 
CALL M A P ( 1 . 9 2 E 6 y 2 . 0 0 E 6 r-1.0E5 » 0 . 0 ) 

C CALL. MAP ( 1 . 8E6 t 2 • 2E6 ? 1 . 0E5 , 0 . 0 ) 
DO 49 1 ••••• 1 y NEL 
11 ""NELTOP ( 1 y 1 ) 
12~:NEI... TOP ( I y 2 ) 
13""NELT(.)P ( I y 3 ) 
XPI...( 1 )=X< I I ) 
X P L < 2 ) = X < 1 2 ) 
X P L < 3 ) = X < I 3 > 
YPLCI. ) ^ Y ( I 1 ) 
Y P L < 2 ) = Y ( 1 2 ) 
Y P L ( 3 ) = Y ( I 3 > 

4 9 C A I... L. P TP I... 0 T ( X F' L. y Y P I... 11 ? 3 y -1 ) 
C 
C * * * * ASSIGN ELEMENT NUMBERS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ) | 
C 
C XC = ( X ( 1 1 ) I X ( 1 2 ) f X ( 1 3 ) ) / 3 , 0 + 2 .0E3 
C YC = ( Y ( 11 ) j Y ( 12 ) +Y ( 1 3 ) ) / ! , ( ) 
C: CALL CTRMAG ( 7 ) 
C CALL I T A L I C CI.) 
C CALL PLOTNK XC y YCy I ) 
(.; 49 CALL I T A L I C ( O ) 
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C 
C * * * « ASSIGN NODE NUMBERS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C. 
C CALL P S P A C E ( 0 . 0 2 5 > 1 > 2 1 y 0 , 0 5 t0,75) 
'.: CALL.. CSPACE ( 0 . 025 .1 .2 .1 . y 0 . 05 , 0 . 75 ) 
C CA I... I... MAP ( - 0 , 0 5 E 5 •,• .!. 0 . 0 5 E 5 >• 0 , 5 5 E 5 y 0 . 0 5 E 5 ) 

DO 48 , . ! - ! 5-NNOD 
i. X P - X ( J ) i 3 * 0 E 3 
C YP = Y< J> + :l. . 0E3 
C CALL CTRMAG(5) 
!.:; 48 CALL PLOTNKXPy YPvJ ) 
C 
C* * * * ASSIGN DIMENSIONS OF GRID I N KMS. * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

CALL PSPACE(0 ,025 ? 0 . 7 0 0 y 0 . 0 2 5 > 0 . 8 5 ) 
CALL CSPACE(0 .025 y 0 . 7 0 0 t0.025 t0.85) 
CALL MAP ( 0 , 025 •> 0 , 700 ••• 0 . 025 , 0 , 85 ) 
CALL CTRMAG <15) 
C A I... L p I... 0 TNI ( 0 • 0 75 » 0 • 695 y 0 ) 
C A I... L P I... 0 T N :i: ( 0 . 10 5 , 0 . 7 2 5 y 19 2 0 ) 
CALL PEG TNI ( 0 <• 605 v 0 , 725 * 2000 ) 
C A I... I... P i... 0 T N I ( 0 < 075 v 0 . 075 >• 10 0 ) 
CALL CTRMAG(8) 
CALL P L O T C S ( 0 * 0 4 M 0 > 4 8 7 5 « ' M O N O S 4 ) 

C 
C * * * * W R IT E T ]. T I... E S ***************************************************** 
C 

CALL CTRMAG CI. 5 ) 
CALL PL OTCS ( 0 , 075 >• 0 , 825 ? T I T L E , 40 ) 
CALL CTRMAG(10) 
C A I... I... P I... 0 T C S ( 0 , 0 7 5 y ( > . 8 » ' DIM E N S10 N S OP G RID A R E IN KMS . ' ? 30 ) 

C C A I... L F' I... 0 T C S ( 0 , 1 5 . 0 . 7 7 - ^ 0 D E S A N D E I... E M E N T S NUMB E R E D ' •>27) 
C CALL. BORDER 

WRITE(Ay 9 9 ) 
9 9 F 0 R M A')" ( / y '' S!.,' B R 0 U1" .1. N E G R D F' L C C; 0 M F' I... E 7 E D ' ) 

CALL TIME ( .1. •> 1 ) 
RETURN 
END 

C 
[.'• 
(!• 
c 
c 

SUBROUTINE STRPLT 
C -
c 

IM F:' LICI T R E A I... * 8 (A - H ? 0 - U)) 
REAL * 8 N U ( 5 1 0 ) 
C 0 M M 0 N / C 0 M J. / E ( 510 ) ? N U r R 0 ( 510 ) , T I T L E ( 5 ) r V I S ( 510 ) t T IM » T r C 0 E F' F r C L C ? 

1 QLC y CM ? QM ? ANTEMP y NEI... y NELT0P ( 510 y 3 ) , IRHE0 ( 5.1.0 ) r IBF * 
2 IC ALI... y INS v IPS y ICR y I J E M t N7'EM y NEI... TEM ( 1 0 0 ) 

C0MM0N/C0M2/X(300)y Y ( 3 0 0 ) y X P L ( 3 ) t Y P L ( 3 ) y X S ( 3 0 0 ) » Y S <300)y NNODrNN0D2 
C 0 MMON / C 0 M 6 / P R IN S T ( 510 >• 3 ) y D E V P R ( 510 ? 3 ) r A I... P H A ( 510 > t F A11... ( 5 1 0 ) r 

1 F K> A I... < 510 ) y PI I I ( 510 ) y F1 , F 2 y 17' Y F' E ( 5 1 0 ) 
c: 

P I - 4 , 0 * A T A N ( 1 . 0 ) 
CALL PSPACE ( 0 . 075 y .1 . 075 * 0 . 325 y 0 . 5 7 5 ) 
CALL. MAP ( 4 . 6E5 y 5 . 4E5 y - 2 . 0E4 v 0 . 0 ) 

C 
C * * * * CALCULATE MAXIMUM STRESS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ) 
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0 

YVEX=2.0 
STMAX^(KO 
DO 49 J - l f N E L 
F:' R :l. : : : : D A B S ( P RIN S 7 ( J ? :!. ) ) 
F :T*2^DABS(PEINST< J*2) ) 
STMAX^DMAXl <PE:I. vSTMAX) 
S I'M AX ™ D MAX :l. (!::' R 2 , S 7 M A X ) 

49 CONTINUE 
c 
C * « * PLOT P R I N C I P A L STRESSES AT ELEMENT CENTRES * * * * * * * * * * * * * * * * * * * * * * * 
C 

DO 48 I I v NI::.'L 
I :I.^NELTOP( I V I. ) 
I2-:NELT0P< :i: f2> 
13 : : : :NELT0P ( I >• 3 ) 
x o ( x ( : i : i . ) T X ( i 2 ) T X ( 1 3 > > / 3 • 0 
Y O ( Y ( 1 1 ) F Y ( 1 2 ) f Y ( 1 3 ) ) / 3 . 0 
I E I - ( ) 

I F ( REINS"! ( I f 1 ) . L T . O . O ) I F I - I 
i: F ( P RIN S 7 < I >• 2 ) , ! . T • 0 • 0 > I F 2 - 1 
i F ' ( : i : i : ; : i .*F:Q, i ) !• R I N S T C I , .1 >••••• •••• pRINST(:i: ? j . ) 
IF" ( I F 2 . E 0 . J. ) F:' R :F N S ( ( ! ? 2 ) == •••• RIN S T d - 2 ) 
X P l ^ P R I N S T ( I v 1 ) * D C O S ( A L P H A ( I ) * ( 2 • 0 * P 1 / 3 6 0 . 0 ) ) * 2 . 0 E 3 / S T M A X 
YP1 "-PR INST ( I v i ) * D S I N ( ALPHA < I ) * ( 2 . ()*P 1 / 3 6 0 • 0 ) ) * 2 • 0E3/STMAX 
XP2~ PR INS T ( 1 . 2 ) * D S I N ( ALPHA ( I ) * ( 2 . ( ) * P 1 / 3 6 0 , ( ) ) ) « . 0 E 3 / S TMAX 
YP2~PRINST ( I ••• 2 ) * D C O S ( ALPHA ( I ) * ( 2 . 0 * P I / 3 6 0 , 0 ) ) * 2 • 0E3/STMAX 
XP1A-X0TXP :l. 
X P I S ^ X C - X P 1 
Y P 1 A Y C T Y P I 
YP1S = YC--YP 1 
XP2A-XCTXP2 
XP28==XC~XP2 
YP2A"YC+YP2 
YP2S"YC-YP2 
CALL POSITNCXPIA?YP1A) 
I E ( I F ! . E 8 . 0 ) CALL BROKEN ( 3 •/ 4 ? 3 v 4 ) 
CALL J O I N ( X P I S . Y P 1 S ) 
CALL P0SITN<XP2A?YP2S) 
I E ( IF I . E C K O ) CALL F ULL 
I E ( I F 2 . E C J . 0 ) CALL B R O K E N ( 3 t 4 , 3 » 4 ) 
CALL J01N(XP2Ss>YP2A) 
IE ( I F 2 . E G . 0 ) CALL FULL 

48 CONTINUE 
CALL BORDER 

C C A I... I... P 0 S I T N ( .1. • 8 E 6 t - 20 . 0E3 ) 
C: CALL J 0 I N ( 2 . 2 E 6 r - 2 0 . 0 E 3 ) 
C C A I... I... P OS ITN ( 2 . 2E6 > 35 • 0E3 ) 
C C A I... I J 01N ( 1 , 8 F. 6 y •••• 3 5 . 0 E 3 ) 
0 
C * * * * WRITE T ITLES * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

CALL PS PACE ( 0 . 025 , 1 • 1.25 * 0 • 05 , 0 . 75 ) 
CALL CSPACE(0 .025 » 1 . 1 2 5 » 0 . 0 5 v 0 . 7 5 ) 
CALL MAP(0, 0 2 5 ? 1 . 1 2 5 ? 0 . 0 5 ? 0 • 7 5 ) 

0 
C * * * * ASSIGN MODEL DIMENSIONS 
C 

CALL CTEMAG(15) 
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P R 2 ^ D A B S ( P R I N S T ( J , 2 ) ) 
S 171 AX•••••••• DMA x :i. (;•• P1 v STMAX) 
S"I MAX••••••• DMAX.1. ( PR2 ? S"I"MAX) 

49 CONTINUE 
0 
C PLOT PRINCIPAL STRESSES AT ELEMENT CENTRES * * * * * * * * * * * * * * * * * * * * * * * 
C 

DO 48 1-1 9 NEL 
1 1 - N E L T O P ( I v 1 ) 
1 2 - NEETOP( I - 2 ) 
1 3 - NELTOP( I y 3 ) 
XC™(X(11) FX ( 1 2 ) f X ( 1 3 ) ) / 3 . 0 
YC- ( Y ( I:!. ) •}• Y ( 12 ) I Y ( 13 ) ) / 3 . 0 
I F J. = 0 
I F 2 - 0 
I F ( PR INST ( I •> I ) , 1 . 1 , 0 . 0 ) I F 1 -1 
:i. ( p R I N s f (:i: v :•. i... T , o . o ) 1 F 2 •••••••• 1 

I P ( IF 1 . P. Q <• 1 ) P. I N S T ( I y 1 ) - P R1N S I ( I v :l. ) 
.i: P ( I! P 2 , P. Q , 1 ) F' R I N S T ( I y 2 ) - - F' R I N S T ( I y 2 ) 
X P l - P R I N S T ( I y 1 ) * . D C O S ( A L P H A ( I ) * ( 2 . 0 * P I / 3 6 0 . 0 ) ) * 2 • 0 E 3 / S T M A X 
YPl -F 'RINST ( I y 1 ) *DS I N ( ALPHA ( I ) * ( 2 . 0*P 1 / 3 6 0 . 0 ) ) #2 . 0E3/STMAX 
X P 2 - P R I NST ( I y 2 ) * D S IN ( A L P H A ( I ) * ( 2 < 0 * P I / 3 6 0 , 0 ) ) X< 2 . 0 E 3 / S T M A X 
Y P 2 ~ P R I N S T ( I y 2 ) * D C O S ( A L P H A ( I ) * ! 2 . ( ) * P 1 / 3 6 0 . 0 ) ) * 2 , 0 E 3 / S T M A X 
X P l A - X C f X P l 
XP1S-XC--XP1 
YP1A-YC1YP1 
YP1S-YC --YP1 
XP2A-XCTXP2 
XP2S-XC-XP2 
YP2A-YCiYP2 
YF'2S : : YC- YF'2 
CALL POS:i:TN(XPlAy YP1A) 
I F ( IF" 1 . F: Q . 0 ) C A I... I... B R 0 K F: N ( 3 y 4 y 3 y 4 ) 
CAE I JO IN(XP lSyYP1S) 
CALL P O S I T N ( X P 2 A ? Y P 2 S ) 
I F ( I F 1 . E Q . 0 ) CALL FULL 
IF ( I F 2 . E Q . 0 ) CALL BROKEN(3 y 4 y 3 >4) 
CAE 1 JO IN ( XF'2S y YF'2 A ) 
I F ( I F 2 . E Q . 0 ) CALL FULL 

48 CONTINUE 
CALL BORDER 
C A I... I... P 0 S I T N ( 1 . 92E6 s> ••• 2 0 . 0 P. 3 ) 
CAE I J O I N ( 2 . 0 0 E 6 y - 2 0 , 0 E 3 ) 
CALI... P0SITN ( 2 . 00E6 y - 3 5 . 0E3 ) 
C A I... I... J 01 NCI. , 9 2 F: 6 >• ••• 3 5 . 0 E 3 ) 

C 
C * * * * WRITE T ITLES * * * * * * * * * * * * * * * * * * * * * * * 
C 

CALL P S P A C E ( 0 . 0 2 5 ? 0 . 7 0 0 y O . 0 2 5 y 0 . 8 5 ) 
CALL CSPACE ( 0 . 025 y 0 . 700 y 0 . 025 y ( ) , 8 5 ) 
CALL M A P ( 0 . 0 2 5 y 0 , 7 0 0 y 0 . 0 2 5 y 0 . 8 5 ) 

C 
C * * * # ASSIGN MODEL DIMENSIONS 
C 

CALL CTRMAG(15) 
CI A I.. I... P L. 0 T N I ( 0 . 0 7 5 y 0 . 6 9 5 y 0 ) 
CALL P L O T N I ( 0 . 1 0 5 y 0 . 7 2 5 y 1 9 2 0 ) 
CALL P L O T N I ( 0 . 6 0 5 y 0 . 7 2 5 »2000 ) 
C; A I... I... P L0 T N I ( 0 . 0 7 5 •, 0 . 0 7 5 y J 0 0 ) 
CALL CTRMAG(10) 
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C A I... L P I... 0"! C S ( 0 , 0 2 7 ? 0 .> 4 8 3 2 5 * ' M G H 0 ' •• A ) 
C 

CALL CTRMAG(15) 
C A I... I... I '' 0 S I T N ( 0 <• 0 7 5 y 0 . 8 2 5 ) 
C A!... I... T Y P E C S ( • U E C T D R R I... 0 I 0 F R. IN C I R AI... S T R E S S E S I ' , 3 4 ) 
CALL TYPECS< T I T L E ? 4 0 ) 
CALL P 0 S I T N < 0 . 0 7 5 * 0 . * - P 
CALL CTRMAG(10) 
CALL TYPECS ( ' BROKEN LINES === TENSILE STRESSES i FULL LINES - COMPRE 

1 SS I ME STRESSES-' y67 ) 
C A I... I... R 0 S I T N ( 0 < 0 7 5 ? 0 * 7 7 5 ) 
CALL J O I N ( 0 * 1 r 0 , 7 7 5 ) 
STMAX-STMAX/1 ,OB 6 
CALL TYF'ENF ( S'I'MAX 1 ) 
CALL TYPECS ( ' MP A' 4 ) 
R~100 o0 
XX- 0* 0 2 5 * ( R / S T M A X ) 
X X I - 0 .3+XX 
CALL. P 0 S I T N ( ( ) . 3 y 0 . 7 7 5 ) 
CAE I J O I N < X X 1 y 0 , 7 7 5 ) 
CALL TYPENF(Rv1 ) 
CALL TYPECS( ' MRA '' y 4 ) 

C CALL BORDER 
W R I T E ( 6 y 9 9 ) 

99 F 0RMAT (/ y ' SUBR0UTINE STRRI.C C0MI...E TED ' ) 
CALL. TIME ( l y l ) 
RETURN 
END 

C 
C 
C 
c 
c 

SUBROUTINE DEVPL.T 
C 
c; 

I M P L I C I T REAL * 8 ( A• • H ? 0 W ) 
REAL. * 8 NIK 5 1 0 ) 
COMM0N/C0M :l. / E ( 510 ) y N U y R0 < 5.1.0 ) ? T1TLE ( 5 ) t Y I S ( 5 1 0 ) v TIM , T > C0EF'F ? CLC , 

1 QI...C 9 CM f QM y ANTEMF" y NEL r NEL.T0P ( 510 y 3 ) y IRHE0 ( 510 ) y IBF y 
2 :i: cAL i . .»: i :NS y :i: pS ? :i:cR y :i: T E M , N T E M y N E L . T F : M ( I O O ) 

COMMON/COM 2 / X ( 300 ) , Y < 300 ) y XPL ( 3 ) y YF'L ( 3 ) y XS ( 300 ) y YS ( 300 ) y NNOD y NN0D2 
0 0 MM ON/ C 0 M 6 / R I N S "i" ( 510 y 3 ) y D E UF'R ( 510 v 3 ) r A1... PFIA(510) >• F A I L ( 5 1 0 ) ? 

I R',' A I... ( 510 ) y P Fl I ( 510 ) y F1 y F 2 y IT Y P E ( 510 ) 
C 

P I - 4 . 0 * A T A N ( 1 . 0 ) 
CALL P S P A C E ( 0 . 0 7 5 y 1 * 075 y 0 * 325 y 0 . 5 7 5 ) 
CALL MAP ( 1 • 6E5 y 2 , 4E5 y -2 . 0E4 >• 0 . 0 ) 

C 
( j * * * * CALCULATE MAXIMUM STRESS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

YUEX^2 .0 
STMAX^O.O 
DO 49 J:==l y NEL 
I F ( J . L E . 4 4 . 0 R . . J . 0 E . 2 8 3 ) GO TO 49 
PR1=DABS<DEVPR(J»1) ) 
PR2""DABS ( L'lEVPR ( J y 2 ) ) 
STMAXDM AX1 ( RR1 y STMAX) 
STMAX::::DMAX 1 ( PR2 >• STMAX ) 

49 CONTINUE 
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C 
C # * * * PLOT PR INC I i - STRESSES AT ELEMENT CENTRES * * * * * * * * * * * * * * * * * * * * * * * > 
C 

DO 48 I 1 » NEI... 
I E ( I . E E , 4 4 , O R 
11 "NELTOP ( I v :l. ) 
I 2 ^ N E L T 0 P ( I ? 2 ) 
13-NELTOP ( 1 :•• 3 ) 
X O ( X ( 11 ) f X ( I 2 ) f X ( 1 3 ) ) 
YC~(Y( I "1 ) + Y ( I 2 ) i Y ( 1 3 ) ) 
IF.i. =0 
I F 2 = 0 
I E ( DEVPE ( I v .1. 
1F 
I E ( I F 1 . E Q . 1 ) 
I F ( I F 2 . E G . 1 ) 
XP1-DEUPR( I v :l. 

I . G E . 2 8 3 ) GO T 48 

/ 3 • 
/ 3 . 

L T . O . O ) 
( D E V P R ( I v 2 ) . L T . O . O ) 

D E U P E ( I y 

I F I ••••• 1 
I E2^:l. 

1 ) •••DEVPE ( I :i.) 
D E y p R ( I y 2 ) ^ - D E y p R ( I y 2 ) 

)*DCOS(ALPHA( 
>• I )*DS IN (ALPHA ( 
y2 ) *DSIN(AL .PHA( 
»2>*DC0S<ALPHA< 

) * • 2 
) * ( 2 
) * ( 2 
) * ( 2 

0*:P.1/3.SO vO) ) * 2 , 0E3/STMA 
0 * P 1 / 3 6 0 , ( ) ) ) ) K 2 . 0E3/STMA 
0 * P 1 / 3 6 0 . 0 ) ) * 2 . 0 E 3 / S TM A 
0 * I / 3 6 0 . 0 ) ) * 2 . 0 E 3 / S T M A 

YP1 -DEUPR(I 
XP2 : : : :DEVPE ( I 
YP2~DEVPR(I 
XP1A-XC f-XPl 
XP1S-XG-XP :l. 
YPIA^YCTYP1 
YP :l. S = YC--YP1 
XP2A™XC+XP2 
XP2S=XC~XP2 
YP2A-YC+YP2 
YP2S=YC-YP2 
CALL P O S I T N ( X P l A y Y P 1 A ) 
I F ( I E 1 .EQ.O) CALL BROKEN ( 3 •> 4 y 3 y 4 ':• 
CALL J O I N ( X P l S y YP1.S) 
CALL P 0 S I T N ( X P 2 A y Y 2 S ) 
I E ( IE:UEQ .O) CALL FULL 
I F ( I F 2 . E Q . 0 ) CALL BROKEN ( 3 ? 4 v 3 y 4 ) 
CALL JOIN ( XI : :'2S •• YP2A ) 
I F ( i F 2 j ; : : a . o ) CALL FULL 
CONTINUE 
CALL BORDER 
C A I... I... P 0 S I T N ( 1 . 8 E 6 i » 2 0 . 0 E 3 ) 
CALL J 0 I N ( 2 . 2 E 6 ? - 2 0 . 0 E 3 ) 
CALL P O S I T N ( 2 . 2 E 6 t35.0E3) 
CALL J O I N ( 1 . 8 E 6 t - 3 3 . 0 E 3 ) 

C 
C * * * . * WRITE T ITLES * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

4 8 

CALL PSP ACE ( 0 . 0 2 5 IF 1 . 125 t 0 . 05 f 0 . 75 ) 
CALL CSPACE(0 .025 y 1 • 1 2 5 r0,05,0.75) 
CALL M A P ( 0 . 0 2 5 y 1 2 5 y O . 0 5 y O . 7 5 ) 

* * * * ASSIGN MODEL DIMENSIONS 

CALL CTEMAG CI. 5 ) 
CALL PL0TNI< 0 . 0 7 5 y 0 . 5 7 0 y 0 ) 
C A I... I... P I... 0 TNI ( 0 . 10 5 t 0 . 6 0 5 »16 0 ) 

6 0 5 t 2 4 0 ) 
3 2 5 y 2 0 ) 

CALL P L 0 T N I ( 1 . 1 0 5 ? 0 . 
CALL PL.OTNI ( 0 . 0 7 5 * 0 . 
CALL CTEMAG(8) 

C AI... I... PI... 0 T C S ( 0 . 0 4 y 0 . 4 8 7 5 y ' M 0 H 0 

CALL CTEMAG(15) 

http://25yO.05yO.75
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CALL P O S I T N ' 0 , 0 7 5 * 0 . 7 ) 
CALL TYP£CB ( 'JECT0R PI...0T 0 F 0EIATOPIC STRESSE&; , 35) 
CALL 7'YPECS ( I' I 7!...E. y 4 0 ) 
CALL POST I N ( O * 0 7 5 . 0 . 6 7 5 ) 
CALL CTRMAG(10) 
CALL TYPECS ( BROKEN L INES - TENSILE STRESSES ? FULL. L INES - C OMR RE 

1SSI0E STRESSES'»67) 
CALL F'OSITN( 0 , 0 7 5 * 0 , 6 5 ) 
CALI J O I N ( 0 , 0 8 5 * 0 , 6 5 ) 
STMAX^STMAX/1 , 0D6 
CALL TYPF.NF(STMAX,1) 
CALL. TYPECS ( ' M A •' »4) 

C CALL BORDER 
W R I T E ( 6 y 9 9 ) 

9 9 I" 0 R M A T ( / i ' S U B R 0 U 7 I N E D E V PI... 7 C (7 M P I... E T E D ' ) 
CALL TIME ( l y l ) 
RETURN 
END 

C 
c 
c 
c 
c 

SUBROUTINE SHSCON 
c: 
(.; 

I M P L I C I T REAL #8 ( A F l y 0 W ) 
REAL #8 N U ( 5 1 0 ) 
COMMON/COMl/E ( 510 ) y NU » RO ( 510 ) y T I T L E ( 5 ) y V I S ( 510 ) y TIM r T v COEFF v CI...C y 

1 QLC y CM t QM v AN TEMP -> NEI... y NELTOP ( 5 1 0 t 3 ) y IRHEO ( 5 1 0 ) y I BP y 
2 IC A I... I... y IN S y I P S y IC ! ? 17 EM ? N 7 E M t NL. I... TE." M ( 1 0 0 ) 

C 0 M M 0 N / C 0 M 2 / X ( 3 0 0 ) y Y ( 3 0 0 ) y X P L ( 3 ) y Y P L ( 3 ) y X S ( 3 0 0 ) y Y S ( 3 0 0 ) i N N O D rNN0D2 
C 0 M M 0 N / C 0M6/ !::' R IN S T < 510 y 3 ) y D E U F:' R ( 510 y 3 ) ? A L P H A ( 5 1 0 ) . F A I L ( 5 1 0 ) y 

1 F U AI... ( 510 ) y F' l-l I ( 510 ) y F1 y F 2 y I T Y F' L" ( 5 1 0 ) 
C 
C * * # * FORMS A DATA F I L E FOR USE WITH *GPCP TO PLOT 10 CONTOURS * * * * # # * # # ) ( 
C 

W R I T E ( 2 y 9 9 ) 
9 9 F 0 R MAT ( ' JOB S H E A R 8 T R E 8 S C (7 NT OURS' ) 

WRI T E ( 2 y 9 8 ) 
98 FORMAT( 'S IZE 2 0 , 0 2 0 , 0 0 , 0 0 , 0 0 . 0 " y 7X y ' 5 . 0 4 0 0 . 0 ' y 5 X v '- 100,0', 

14Xy ' 5 . 0 0 « 0 ' ) 
WRITE(2 y 9 7 ) 

97 FORMAT ( ' CN 71... 0 , 0 0 0 . 00 ' , 5X y ' 0 ' y 4X y ' 2 ' ) 
SHMAX---1 . 0D20 
SHMIN=1.0D20 
DO 49 I--1 y NEL 
P M A X ^ D M A X l ( P R I N S T ( I y 1 ) y P R I N S T ( I y 2 ) ) 
P M I N ^ D M I N K PRINST ( I y 1 ) y PRINST ( I y 2 ) ) 
SHEAR™ ( P M A X P M I N ) /'?... 0D6 
SUM AX ":DM A X I ( SHEAR •> SITMAX ) 
SI I MIN ™ D MIN1 ( S l -l E A R S PI MIN) 
11 -NEL.TOP ( I y 1 ) 
I2-NF.I...T0P ( I y 2 ) 
13 : : : :NEL TOP" ( I y 3 ) 
X C - ( X ( I 1 ) F X ( 1 2 ) + X ( 1 3 ) ) / 3 . 0 E 3 
Y C - ( Y ( I 1 ) F Y ( 1 2 ) F Y ( 1 3 ) ) / 3 . 0 E 3 

49 WRITE(2 y96 )XC yYCySHEAR 
96 FORMAT ( "' C N TI... ' » 31 I 0 , 3 ) 

W R I 7 E ( 2 y 9 5 ) 
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C 
C 
C 
G 
C 

C 
C 

95 FORMAT( 'BEND' ) 
WRITE(2yS9 ) 

8? FORMAT('BOLD 2 ' ) 
C0N8PA™ ( SHMAX-• SFlMIN ) / :l. 0 , 0 
WRITE(2y94)C0NSPA 

94 FORMAT ( ' BE FA' ' y F5 . 1 ) 
WR1TE(2y93) 

93 FORMAT( 'BROR' ) 
W R I T E ( 2 y S 6 ) T I TEE 

86 FORMAT ( •' 8 YMB '' y 5X y " 0 0 , 0 6 , 5 0 , 0 0 , 25 30 , 0 ' y 15X y 5AS ) 
WRITE<2*88 ) 

88 FORMAT ( ' SYMB ' y 5X y "' 0 0 , 0 6 , 0 0 , 0 0 , 2 0 30 , 0 '' y 15X y ' CONTOURS OF MAX 
:l . SHEAR STRESS ' • 

W R I T E ( 2 y 8 7 ) 
87 FORMAT ( •' SYMB y 5X ' 0 6 , 0 6 , 0 0 , 0 0 , 2 0 10 , ( ) ' • • 1.5X •< • < IN MPA ) '' ) 

WRITE<2v92) 
92 FORMAT('END" ) 

WRITE(6y 91 ) 
91 I OF;MAI ( 5X y ' DATA F1I...F: F 0R SFlEAR S I RESS C0NT0URIN0 HAS BEEN F0RMED 

1(-SMSCONDA FA ) ' ) 
W R I T E ( 6 y 9 0 ) 

90 F0RMA T ( / , SUBROUT INE SHSC0N C0MF'I...F TED ' ) 
CALL TIMECI. 1 ) 
RETURN 
END 

SUBROUTINE PRSCON 

I M P L I C I T REAL 18 ( A ••• Fl y 0 • W ) 
REAL >K8 N U ( 5 1 0 ) 
C 0 M M 0 N / C 0 M1 / E ( 5.10 ) y NU » R 0 (.510 ) * TIT L E ( 5 ) t 01S < 51 0 ) v TIM y T y C 0 E F F » C I... C » 

1 QLC y CM y QM y ANTEMP y NEE ? NEl...TOP ( 510 t 3 ) y IRHEO ( 5 1 0 ) « IBF ? 
2 ICALI... y INS y IPS t ICR v I TF:M y NTEM t NEI...TEM ( 1 0 0 ) 

C0MM0N/C0M2/X ( 300 ) t Y ( 300 ) r XPL ( 3 ) y YPL ( 3 ) » XS (' 300 ) y YS < 300 ) y NNOD r NN0D2 
C0MM0N/C0M6/PRI NST ( 510 y 3 ) y DEO PR ( 510 y 3 ) t ALPHA ( 5 1 0 ) y F A11... ( 510 ) y 

1 F ',-'AI... ( 510 ) y PFI 1 ( 5 1 0 ) y F1 .» F2 y I TYPE ( 5 1 0 ) 
C 
C * * « * FORMS A DATA F I L E FOR USE WITH *GPCP TO PLOT 10 CONTOURS * * * * * * * * * * 
C 

W R I T E ( 3 y 9 9 ) 
9 9 FORMAT-: ' JOB RRIN C , 8 T1^ F: S S CONT 0 U R S ' ) 

WRITE < 3 IF 9 8 ) 
98 FORMAT ( ' S IZE 2 0 , 0 2 0 , 0 0 , 0 0 . 0 0 . 0 ' y 7X t ' .1.0 . 0 400 . 0 ' y 5X r ' •-100 . 0 ' y 

1 4 X ? " 1 0 , 0 0 . 0 ' ) 
W R I T E ( 3 y 9 7 ) 

97 FORMAT CCNTL 0 , 0 3 0 , 06 ' t 5X t ' 1 ' , 4X y ' 3 ' ) 
PSMAX"-•••1 . 0D4 
P S M I N - 1 . 0 D 4 
DO 4 9 I 1 <• NEI... 
PMAX-DMAXI(PR I N S T ( I v 1 ) y P R I N S T ( I y 2 ) ) / 1 . 0 D 5 
1 1 - N E E T O P ( I y 1 ) 
12 :~NELTOP ( I y 2 ) 
O : ~NELT0P ( I v 3 ) 
PSMAX-DMAX 1(PSMAX y PMAX) 
R S MIN D MIN1 ( P S MIN •> P MAX) 
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C 
C 

49 
96 

94 

93 

89 

88 

87 

92 

91. 

XC ( X ( I 1 ) -fx ( J 2 ) f X (13 ) ) / 3 , OE 3 
Y O ( Y ( 11 ) FY ( .;. 2 ) FY ( 13 ) ) / 3 , 0E3 
WRITE(3y96)XCvYCvPMAX 
FORMAT ( ' C N 7 L ' »3F 1.0.3) 
W R I T E ( 3 y 9 5 ) 
FORM AT ( •" BEND " > 
C 0 N S P A •• • • • ( P S M A X p 8 M .1. N ) /1.0 . 0 
WRITE(3v94)CDNSPA 
FORMAT ( 'BI...EO ' H : : ' 5 ,2 ) 
WRITEC3*93) 
FORMAT ( •' BRDR ) 
WRITE ( 3 y 89 ) T I T I E 

5X 0 FORMAT( ' 8 Y M B 
WRITEC 3 . 8 8 ) 
F ORMAT ( '' 8 YMB 

.1 . (MOST FOE) 
WRITE<3»87) 
FORMAT('SYMB 

IS ( I N BARS) 
W R I T E ( 3 y 9 2 ) 
FORMAT('END 
W R I T E ( 6 * 9 1 ) 
FORMAT(5Xy ' DATA 

.1. E D (-PRSCONDATA) 
WRITE(A?90) 
FORMAT;/y ' SUBROUTINE 
CALL T I M E ( 1 y 1 ) 
RETURN 
END 

0 . 0 

0 . 0 

0 , 0 3 0 , 0 ' y 15Xy! 

0 . 0 0 , 2 0 2: 

JAB) 

CONTOURS OF MAX 

y 5X y ' 0 5 » A 6 , 0 0 , 0 0 , 2 0 2 7 . 0 S 1 5 X . ' PR INC I PAL IRE 
1 

) 

F11... E 
"' ) 

FOR PRINCIPAL STRESS CONTOURING HAS BEEN FORM 

PRSCON COMPLETED') 

C 
C 

C 
C 

SUBROUT INE SFI...F.X ( YDATUM ) 

I M P L I C I T REAL * 8 ( A Hy 0-W) 
REAL. #8 N U ( 5 1 0 ) 
COMMON/COM 1 / E ( 510 ) t NU y RO ( 510 ) t 71 TL.E ( 5 ) r V I S ( 510 ) y 71M t 7 y COEFF y CLC ? 

1 QLC t CM y QM t AN TEMP y NEL. y NE L TOP < 510 y 3 ) v IRHEO < 510 ) y IBF , 
2 IC A L I... y I N S > I P S t IC R r I T E M»N T E: M y N E i... T E M ( 10 0 ) 

C O M M O N / C 0 M 2 / X ( 3 0 0 ) r Y ( 3 0 0 ) * X P L ( 3 ) y Y P L ( 3 ) y X S ( 3 0 0 ) y Y S ( 3 0 0 ) y NNOD rNN0D2 
COMMON/C0M3/FORCE(600)yFORCE I ( 600 )yD ISP(AOO)ySTORD(AOO)y A y AA y T.T.NC y 

.1. D ISP1 ; A00 ) y NBF y NPDX y NPDY y MAXIT y MAXINC y IFA y IFDM ( A ) 
YD--YDATUM*! . 0 E 3 

C 
C * * * * PLOT SHAPE OF FLEXURE * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * > 
C 

CALL P S P A C E ( 0 . 1 7 5 » 1 . 0 2 5 r0.075 y 0 . 3 2 5 ) 
CALL CSPACE ( 0 < 025 >• 1 . 125 y 0 . 025 y 0 , 7 ) 
1 COUNTS) 
X M I N ^ 1 0 . 0 E 5 
XMAX=0 .0 
Y M I N = 0 . 0 
Y M A X - - 1 . 0 E 5 
DO 49 1=1yNNOD 
1F ( I . I... E , 3 0 , 0 R , I , G T • 18 0 ) G 0 T 0 4 9 
:i: F ; Y ; i ) , N E , Y D A T u M ) G O T G 4 9 
I X - 2 * 1 "1 
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:I:Y-2*:I: 
ICOUNT-1COUNT f1 
XG ( I COUNT ) ( X ( I ) H) I SP ( IX ) ) / :l. , 0E3 
YS ( I COUNT ) •••••••• ( ( Y ( I ) } .0 3. SF' ( I Y ) ) - YD A TUN ) 
XMIN-AMINl CXS( ICOUNT) »XMIN) 
XMAX^AMAXl (XS<. I COUNT ) ?XMAX) 
YMIN::::AMIN1 < YS ( ICOUNT) ? YMIN ) 
YMAX::::AMAX1 ( YS ( ICOUNT) ? Y M A X ) 

4 9 CONTINUE 
I E ( r M A X . L I . 0 , 0 ) YMAX-O,9*YMAX 
I E ( Y M A X . G E . 0 , 0 ) YMAX>1 , 1 *YMAX 
I E ( Y M I N . L E . O . O ) YMIN~1.1*YMIN 
I E ( Y M I N . G T . O . O ) YMIN^0.9*YMIN 
CALL MAP ( XMIN , XMAX ? YMIN t YMAX ) 
0 A I... L N S C U RV(XS» Y S y 1 ? I C 0 U N T ) 
CALL AXES 

C 
C * * * * WRITE T I T L E S * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

CALL PSPACE ( 0 , 025 ? 1 . 125 ? 0 , 025 ? 0 , 5 ) 
CALL CSEACE ( 0 , 0 2 5 ? 1 , 125 •> 0 , 025 y 0 . 5 ) 
CALL MAP ( 0 , 025 ••• 1 , 125 ? 0 . 025 t 0 . 5 ) 
CALL CTRMAG(15) 
CALL P 0 S 1 T N U ) , 1 75 v 0 . 4 5 ) 
I F (YD . E 0 , 0 , 0 ) C A L I... T Y E C S ( ' S Fl A E 0 E S U R E A C E I" I... F: X U R E t ' t 2 5 ) 
I E ( Y D . E Q, - 35,01: 3 ) C A I... I... T Y P F: C S ( ' S Fl A E E 0F M 0 Fl 0 F' I... F: X U E F : ' , 2 2 ) 
CALL T Y P E C S ( T I T L E , 4 0 ) 
CALL POSI TN(() , 1 7 5 * 0 . 4 ) 
CALL CTRMAG(10) 

C C A I... I... T Y P E C S ( •' DIM E N S10 N S 0 F B 0 T Fl A X F: S A R E- IN K M S . ' t 3 5 ) 
C CALL BORDER 

W R I T E ( 6 . 9 9 ) 
9 9 E 0 EM AT ( / :•• ' S U B R 0 U l ' 1NI!- S F I... E X C 0 M l::' I... E T E D ' ) 

CALL TIMECI. Cl.) 
RETURN 
END 

C 
C 
C 
C 
c 

SUBR0UTINE SF I .EXC ( YDATUM ) 
C 
c 

IM F' I... I C I T l::; F: A I... * Q ( A ~ Fl ? 0 ••• W ) 
REAL * 0 NU(510) 
COMMON/COM 1 / E ( 510 ) »• NU t RO (5.1.0) y T I TEE ( 5 ) t V I S ( 510 ) » TIM v T y COEFF , CLC f 

1 01...C y CM y QM » ANTEMP y NF.'I... y NELTOP ( 510 r 3 ) , IRHEO ( 510 ) , I B F y 
2 I C A I... I... y IN S y IP S y I C R •> IT E M ? N TEM ? NEI... T E M ( 10 0 ) 

C0MM0N/C0M2/X ( 300 ) , Y ( 300 ) , XPL ( 3 ) y YF'L ( 3 ) y XS ( 300 ) r YS ( 300 ) r NNOD r NN0D2 
C 0 M M 0 N / C 0 M 3 / F 0 R C E ( 6 0 0 ) y F 0 R C E1 ( 6 0 0 ) r DIS P ( 6 0 0 > t S T 0 R D ( 6 0 0 ) y A y A A » T IN C y 

1 D I S P1 ( 6 0 0 ) y NBFy N P D X N P DY y MAX! "(•••MA X I N C » I F A * I F D M ( 6 ) 
YD~YDATUM*!.OE3 

C 
C ) * * * * PLOT SHAPE OE FLEXURE * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 

CALL P S P A C E ( 0 . 1 7 5 y 0 . 8 2 5 y 0 , 0 7 5 y 0 . 2 7 5 ) 
CALL CSEACE ( 0 <• 025 ? 1 , 125 y 0 , 025 r 0 , 7 ) 
ICOUNT^0 
XMIN^10,0E5 
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XMAX-0 .0 
Y M I N - 0 , 0 
YMAX--1 .0E5 
DO 49 1-1 v NNOD 
I F ( K l . ./T\ 6 1 , OR, I , G T . l 3 3 ) GO TO 4 9 
:i: F ( Y ( i > • N F: . YD A r i J M > o o r o 4 9 
I X - 2 # I -• 1 
I Y » 2 * I 
ICOUNT™I COUNTf1 
XS ( I COUNT ) - ( X ( I ) IDISF' ( IX ) ) / J. . 0 E 3 
Y S< IC0 U N T) •••=• ( i r i l i i D I S P < I Y ) ) - Y D A TU M) 
X M IN - AM I N ]. ( X S ( IC; 0 U N T ) -XM IN ) 
XMAX••••••• AMAX1 ( XS ( IC0UNT ) y XMAX ) 
YMIN••••••• A MIN1 ( Y S ( 1 00UNT ) i YMIN ) 
YMAX-AMAX 1 ( YS ( I COUNT ) y Y MAX ) 

49 CONTINUE 
I F ( Y M A X . L T , 0 . 0 ) YMAX-0.9*YMAX 
I F (YMAX.GE.O.O) Y M A X - 1 . 1 *YMAX 
I F ( YMIN , L E , 0 . 0 ) Y M I N - l . :L*YMIN 
I F ( Y M I N . G T , 0 . 0 ) Y M I N - 0 . 9 * Y M I N 
CALL MAP< XMIN « XMAX » YMIN *YMAX) 
C A I... I... N S C U EO(X S ? Y 3 P 1 P i: C 0 U N T ) 
CALL AXES 

c: 
C**>K* WRITE T ITLES 5 f ; * ; f c * * * *>K>| ( *> ! { * *> ( ( * * * * *#* * 
C 

CALL F'SPACE ( 0 , 025 v 1 , 125 » 0 , 025 ? 0 , 5 ) 
CALL CSPACE(0 ,025 v 1 . 1 2 5 y 0 , 0 2 5 * 0 , 5 ) 
CALL M A P ( 0 . 0 2 5 , 1 , 1 2 5 y 0 . 0 2 5 y 0 , 5 ) 
CALL CTRMAG(15) 
CALL P O S I T N ( 0 , 1 7 5 y 0 . 4 5 ) 
I F ( Y D , E Q , 0 • 0 ) C A1.1... T Y F' E C S ( ' S Fl A P E 0 P S U R P A C E P I... E X U R I::. X ' y 2 5 ) 
I F ( Y D , E Q , • • 35 , 0E3 ) CA L I... T Y P E C S ( ' S Fl A P E 0 F M 0 Fl 0 F L E X U R E X ' y 2 2 ) 
CALL T Y P E C S ( T I T L E y 4 0 ) 
CALL P O S I T N ' O , 1 7 5 y ( ) , 4 ) 
CALL CTRMAG(10) 

0 CALL ')" YPECS ( ' DIMENS10NS 0 P D0TF! AXES ARE I N l<MS . ' y 35 ) 
0 CALL BORDER 

W R I T E ( 6 y 9 9 ) 
99 FORMAT</ , 'SUBROUTINE SFLEXC COMPLETED') 

CALL T IME(J y1 ) 
RETURN 
END 
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