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Abstract 

This repor t desc r i bes a s t o c h a s t i c d i s c r e t e f r a c t u r e (SDF) 
mode l l i ng package that s imu la tes ground-water f l ow and mass t r anspo r t 
i n f r a c t u r e systems. The program NETWRK generates two-d imensional 
f r a c t u r e networks w i th a Monte Car lo method based on the s t a t i s t i c s of 
f i e l d data on f r a c t u r e geometry, i . e . , f r a c t u r e o r i e n t a t i o n , t r ace 
l e n g t h , a p e r t u r e , and d e n s i t y . The program APEGEN can be used to 
generate supplementary aper tu re d i s t r i b u t i o n s f o r the f r a c t u r e network 
generated by NETWRK. A t h i r d program, NETFLO, computes the 
s t e a d y - s t a t e f l u i d f low through the f r a c t u r e network generated by 
NETWRK and APEGEN. NETFLO a l s o computes the s t a t i s t i c s of se l ec ted 
parameters i n every ten-degree range of d i r e c t i o n , i n c l u d i n g the t o t a l 
length of f r a c t u r e segments, the t o t a l f l ow v e l o c i t y , and the t o t a l 
f low r a t e . The l a t t e r d i r e c t i o n a l parameters are used by the program 
NETRANS to compute the t r a n s i t t ime of p a r t i c l e s over an a r b i t r a r y 
d i s t ance us ing a second - l eve l s t o c h a s t i c p r o c e s s . 

Resume 

Le rappor t d e c r i t un p r o g i c i e l de mode l i sa t i on de f r a c t u r e s 
d i s c r e t e s s tochas t iques (FDS) qui s imule I 'ecoulement de I 'eau 
sou te r ra i ne et l e t r a n s f e r t des contaminants dans des reseaux de 
f r a c t u r e s . Le programme NETWRK genere des reseaux de f r a c t u r e s 
b id imens ionne ls a I ' a i d e d'une methode de Monte Car lo basee sur des 
va lours r e c u e i l l i e s sur l e t e r r a i n des parametres s t a t i s t i q u e s de 
c o n f i g u r a t i o n des f r a c t u r e s , c ' e s t - a - d i r e 1 ' o r i e n t a t i o n , l a longueur 
des t r a c e s , I ' ouve r tu re et l a dens i t e des f r a c t u r e s . Le programme 
APEGEN permet de generer des d i s t r i b u t i o n s d 'ouve r tu res 
supplemental res pour l e reseau de f r a c t u r e s genere par l e programme 
NETWRK. Un t r o i s i eme programme, NETFLO, c a l c u l e I 'ecoulement f l u i d e 
en regime permanent dans le reseau de f r a c t u r e s genere par NETWRK et 
APEGEN. II c a l c u l e auss i c e r t a i n s parametres s t a t i s t i q u e s dans chaque 
i n t e r v a l l e de d i r e c t i o n de d i x degres , notamment l a longueur t o t a l e de 
segments de f r a c t u r e s , l a V i t e s s e d 'ecoulement t o t a l e et l e deb i t 
t o t a l . Ces de rn i e r s parametres d i r e c t i o n n e l s sont u t i l i s e s par l e 
programme NETRANS pour c a l c u l e r l e temps de t r a n s i t des p a r t i c u l e s sur 
une d i s t ance a r b i t r a i r e a I ' a i d e d'une methode s tochas t i que de 
deuxieme n i veau . 
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CHAPTER 1 

Introduction 

Hydrogeology 1n I n d u s t r i a l i z e d coun t r i es has wi tnessed a s h i f t 
i n i n t e r e s t du r ing the l a s t decade from ground-water quan t i t y i ssues to 
ground-water q u a l i t y and contaminant t r anspo r t problems. For example, 
i n the sub jec t of ground-water f l ow i n t o underground e x c a v a t i o n s , the 
focus of hyd rogeo log ica l i n v e s t i g a t i o n s was, i n the p a s t , e s s e n t i a l l y 
the t o t a l volume of water f l ow ing i n t o an excava t ion ( e . g . , Fawcett et 
al., 1984). S i m i l a r l y , i n ground-water resource e v a l u a t i o n and i n 
hydrocarbon r e s e r v o i r e n g i n e e r i n g , the main concern has g e n e r a l l y been 
the y i e l d of g e o l o g i c a l f o rma t i ons . Hence, i n these convent iona l 
eng ineer ing geology problems, the h y d r a u l i c parameters of i n t e r e s t have 
been p r i n c i p a l l y the bulk p e r m e a b i l i t y and s t o r a t i v i t y , s i nce these 
parameters determine the a v a i l a b l e f l u i d f l u x and f l u i d volume under a 
g iven h y d r a u l i c g r a d i e n t . Hydrogeo log ica l models that have been 
developed fo r the study of such problems i n f r a c t u r e d rocks i nc l ude 
models based on the continuum approach (Snow, 1969; Duguid and Lee, 
1977) and models of d i s c r e t e f r a c t u r e s ( W i t t k e , 1970). The 
c o n t r i b u t i o n of r egu la r a r rays of f i n i t e - s i z e f r a c t u r e s to the 
p e r m e a b i l i t y of a rock mass has been i n v e s t i g a t e d w i th d i s c r e t e 
f r a c t u r e models (Huskey and Crawford , 1967; P r a t s , 1972; A s f a r i and 
Wi therspoon, 1973) . The d i s c r e t e f r a c t u r e approach has a l s o been used 
to ana lyze the e f f e c t of d i s t r i b u t e d f r a c t u r e conductances (Pa rsons , 
1966) and d i s t r i b u t e d f r a c t u r e s i z e s ( C a l d w e l l , 1972) on the 
pe rmeab i l i t y tensor of j o i n t e d r ocks . F i n a l l y , the important e f f e c t of 
s t r e s s on f l u i d f l ow through f r a c t u r e s has been demonstrated i n the 
f i e l d and in the l a b o r a t o r y , and coupled s t r e s s - f l o w numer ical models 
have been used ( G a l e , 1977; Noor ishad et al., 1982), 

C u r r e n t l y , much e f f o r t i s devoted to the study of e x i s t i n g and 
p o t e n t i a l contaminant m ig ra t i on from t o x i c waste d i s p o s a l s i t e s and 
r a d i o a c t i v e waste r e p o s i t o r i e s , p a r t i c u l a r l y i n f r a c t u r e d rock . Even 
though the pe rmeab i l i t y of a f r a c t u r e d rock mass i s an important 
parameter i n contaminant hydrogeology, other h y d r a u l i c parameters such 
as e f f e c t i v e f r a c t u r e p o r o s i t y (Gale and Rouleau, 1984) and f l u i d 
v e l o c i t y may be more important because they enable one to d i r e c t l y 
c h a r a c t e r i z e the ra te of m ig ra t i on of d i s s o l v e d contaminants i n ground 
water . 

C l e a r l y , the es t ima t i on of p o r o s i t y and f l u i d v e l o c i t y i n 
f r a c t u r e d rocks requ i res a d e t a i l e d d e s c r i p t i o n of the geometry of the 
f r a c t u r e system. In g e n e r a l , rock f r a c t u r e s are grouped i n se ts on the 
bas i s of t h e i r o r i e n t a t i o n . Wi th in a f r a c t u r e set we observe 
v a r i a b i l i t y i n f r a c t u r e o r i e n t a t i o n , s p a c i n g , and s i z e . These 
d i s t r i b u t e d parameters must be c h a r a c t e r i z e d s t a t i s t i c a l l y (Baecher , 
1983; Rouleau and G a l e , 1985). 
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s i m i l a r l y , a s t o c h a s t i c approach Is app rop r i a te f o r 
I nco rpo ra t i ng these geometr ic parameters In numer ical models of 
f r a c t u r e networks (Conrad and J a c q u i n , 1973; B r i d g e s , 1975; Venez lano, 
1978; Hudson and P r i e s t , 1979; B a c z y n s k i , 1980; LaPoln te and Hudson, 
1985). S t o c h a s t i c d i s c r e t e f r a c t u r e (SDF) models Inc lud ing a 
f l u i d - f l o w component have been developed f i r s t In two-d imensional 
domains (Hudson and L a P o l n t e , 1980; Long et al., 1982; Robinson, 
1982a; Samanlego and P r i e s t , 1984; Andersson et al., 1984) , and more 
r e c e n t l y w i th th ree -d imens iona l f r a c t u r e networks (Dershowl tz et al., 
1985; Long et al., 1985). The movement of so lu tes through SDF 
networks of or thogonal f r a c t u r e s of d i s t r i b u t e d s i z e and semi-random 
l o c a t i o n has a l s o been Inves t i ga ted (Schwartz e t al., 1983). Many of 
these re fe rences and others are f u r t h e r d i scussed In the app rop r ia te 
par t of the t e x t . 

Parametr ic s t u d i e s , w i thout re fe rence to a p a r t i c u l a r f i e l d 
s i t e , can I nd i ca te the t h e o r e t i c a l r e l a t i v e e f f e c t of the va r ious 
f rac tu re -geomet ry parameters on se lec ted dependent v a r i a b l e s such as 
the t o t a l f l ow ra te (Long e t al., 1982) , the f low v e l o c i t y , or the 
d i s t r i b u t i o n of p a r t i c l e t r a n s i t t imes (Smith and Schwar tz , 1984) . 
However, s i t e - s p e c i f i c numer ical s imu la t i ons us ing rea l f i e l d data 
impose p a r t i c u l a r c o n s t r a i n t s on a s tudy . S i t e - s p e c i f i c s imu la t i ons 
requ i re both d e t a i l e d and accura te f i e l d d a t a . A l s o , I t Is c l e a r that 
r e a l i s t i c comparisons between f i e l d data and numerical model r e s u l t s 
can be made only I f there Is cons i s tency In parameter d e f i n i t i o n s In 
the data and 1n the model. 

The r a t i o n a l e f o r the SDF approach In a s1 te -spec1 f 1c study 
was d i scussed by Gale and Rouleau (1984) w i t h i n the framework of a 
d e t a i l e d hyd rogeo log ica l c h a r a c t e r i z a t i o n of a waste r e p o s i t o r y In 
f r a c t u r e d rock w i th n e g l i g i b l e mat r ix p e r m e a b i l i t y . Rouleau and Gale 
(1987) repor ted an SDF s imu la t i on study of ground-water f l ow Into an 
exper imenta l d r i f t excavated In the f r a c t u r e d g r a n i t e at S t r l p a , Sweden. 

This repor t documents the two programs used by Rouleau and 
Gale (1987) , NETWRK and NETFLO, and two other r e l a t e d programs, APEGEN 
and NETRANS. The program NETWRK uses a Monte Ca r l o approach to 
generate two-d imensional d i s c r e t e f r a c t u r e networks based on the 
s t a t i s t i c s of the main f rac tu re -geomet ry parameters: f r a c t u r e d e n s i t y , 
o r i e n t a t i o n , t r ace l e n g t h , and a p e r t u r e . The program APEGEN can then 
be used to generate d i f f e r e n t aper tu re d i s t r i b u t i o n s us ing the same 
f r a c t u r e network geometry generated by NETWRK. The program NETFLO 
computes the s t e a d y - s t a t e f l u i d f l ow In the generated network, sub jec t 
to s p e c i f i c boundary c o n d i t i o n s ; I t a l s o computes cumula t ive values of 
a number of f low parameters In each ten-degree range of d i r e c t i o n . 
These l a t t e r d i r e c t i o n a l f l ow parameters can then be used by the 
program NETRANS, which again uses a Monte Car lo approach to compute the 
t r a n s i t t ime of p a r t i c l e s over an a r b i t r a r y d i s t a n c e (Rou leau, 1987). 

I have adopted a modular approach fo r the development of the 
programs. Th is makes the package more f l e x i b l e In case of f u r t h e r 
a d d i t i o n s or m o d i f i c a t i o n s . A l s o , I t 1s p o s s i b l e to ana lyze the 
r e s u l t s of one of the programs before running another program on the 
same network r e a l i z a t i o n . 
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The programs have been designed f o r s i t e - s p e c i f i c 
a p p l i c a t i o n s . For I ns tance , the Input data on f r a c t u r e geometry can be 
measured d i r e c t l y In the f i e l d (Rouleau and G a l e , 1985) . In o ther SDF 
s imu la t i on programs, the number of f r a c t u r e s has g e n e r a l l y been used as 
one of the input parameters (Long et al., 1982; Robinson, 1982a; 
Schwartz et al., 1983; Samanlego and P r i e s t , 1984; Smith and Schwarz, 
1984). Here we rep lace the number of f r a c t u r e s by f r a c t u r e dens i t y 
( t o t a l length of f r a c t u r e t races per un i t su r face area) as an Input 
parameter because borehole data g e n e r a l l y p rov ide a r e l a t i v e l y good 
est imate of t h i s l a t t e r parameter. Independent ly of f r a c t u r e s i z e . 

Other p a r t i c u l a r i t i e s of t h i s SDF s i m u l a t i o n package Inc lude 
the o p t i m i z a t i o n of the node numbering, the l i n e a r a r ray s torage of the 
node conductance m a t r i x , and the second - leve l s t o c h a s t i c process 
Invoked f o r the p a r t i c l e t r a n s p o r t . 

3 



C H A P T E R 2 

Stochastic Simulation of Fracture Systems: 
Programs NETWRK and APEGEN 

2.1 I n t roduc t i on 

During the l a s t decade, a number of workers have used 
numerical techniques to s imu la te f r a c t u r e systems in rock masses. 
Conrad and Jacqu in (1973) proposed the genera t ion of two-d imensional 
(2D) l i n e pa t te rns to study the geometry and the s i z e d i s t r i b u t i o n of 
rock b l o c k s . Hudson and P r i e s t (1979) presented a th ree-d imens iona l 
(3D) approach to the same problem. Br idges (1975) proposed a 3D model 
based on random d i s c s in space i n combinat ion w i th 20 f r a c t u r e t r ace 
p l o t s to "convey a mental image of f r a c t u r e p a t t e r n s . " Veneziano 
(1978) presented another 3D model based on Poisson polygons on random 
p l a n e s . Venez iano 's model inc luded the genera t ion of random i n f i n i t e 
planes i n space. He then used random l i n e s in each one of the planes 
to de f i ne convex po lygons , some of which represented d iscon t inuous 
f r a c t u r e s . The same author d i scussed p o s s i b l e a p p l i c a t i o n s of t h i s 
model i n assess i ng the mechanical p r o p e r t i e s of a rock mass. In an 
e f f o r t at mode l l i ng the s p a t i a l v a r i a b i l i t y of f r a c t u r i n g , Baczynsk i 
(1980) generated 2D l i n e pa t te rns aimed at rep roduc ing , f o r a g iven 
f r a c t u r e s e t , the log-normal spac ing d i s t r i b u t i o n observed i n the 
f i e l d . LaPo in te and Hudson (1985) a l s o presented numer i ca l l y 
generated 20 l i n e pa t te rns us ing va r ious types of d i s t r i b u t i o n s f o r 
l i n e o r i e n t a t i o n and l i n e l e n g t h . More r e c e n t l y . Long e t a i . (1982) , 
Robinson (1982b), and Samanlego and P r i e s t (1984) presented the 
r e s u l t s of 2D random l i n e network genera t ions combined w i th the 
numerical c a l c u l a t i o n of s t e a d y - s t a t e f l u i d - f l o w parameters (see 
Chap. 3 ) . Using a numerical approach based on the p e r c o l a t i o n theory 
developed i n the f i e l d of t h e o r e t i c a l p h y s i c s , Robinson (1982a) found 
c r i t i c a l d e n s i t i e s f o r 2D random f r a c t u r e networks below which no 
cont inuous f lowpath e x i s t s i n a f r a c t u r e system. 

The l i n e network genera t ion code NETWRK presented i n t h i s 
chapter uses a Monte Ca r l o method to generate a pa t te rn of l i n e s of 
d i s t r i b u t e d lengths and o r i e n t a t i o n s i n a f ash ion s i m i l a r to the l a s t 
four s tud ies mentioned above. In these models, each l i n e represents 
the t r ace of a f r a c t u r e tha t cuts a s l i c e of rock one un i t i n 
t h i c k n e s s . The l i n e s i n NETWRK are generated one set at a t ime , us ing 
separate d i s t r i b u t i o n parameters f o r each set f o r the lengths and the 
o r i e n t a t i o n s . F rac tu re aper tu res are a l s o se lec ted from a g iven 
d i s t r i b u t i o n and ass igned to each l i n e . Output f i l e s are thus created 
tha t are d i r e c t l y usable by other programs, f o r i n s t a n c e , to c a l c u l a t e 
f l ow i n 2D f r a c t u r e networks. 

A 2D model c o n s t i t u t e s a f i r s t step i n the numer ical 
s imu la t i on of d i s c r e t e f r a c t u r e networks. Such a model can be used to 
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eva lua te the e f f e c t s of f r a c t u r e s on the mechanical or the f low 
p r o p e r t i e s of a rock mass. Even though a 3D model cou ld g ive a more 
r e a l i s t i c r ep resen ta t i on of a f r a c t u r e system, no numer ical 3D model i s 
a v a i l a b l e yet f o r l a rge systems ( i . e . , thousands) of d i s c r e t e f r a c t u r e s 
d i s t r i b u t e d i n s i z e and o r i e n t a t i o n . Moreover, a 3D model would 
requ i re cons ide rab l y more computer s torage and computing t ime than a 2D 
model f o r the same number of f r a c t u r e s s imu la ted . 

2.2 Program NETWRK: Main Program and Input Data 

The s t r u c t u r e of program NETWRK i s shown i n F igu re 2 . 1 . Th is 
program executes the f o l l o w i n g sequence of opera t ions ( F i g . 2 . 2 ) : (1) 
reading of input d a t a , (2) genera t ion of a l i n e p a t t e r n , (3) 
computat ion of spac ing values ( o p t i o n a l ) , (4) l o c a t i o n of a l l the 
" e f f e c t i v e " i n t e r s e c t i o n s i n the network ( i . e . , those i n t e r s e c t i o n s 
tha t are par t of a cont inuous f low p a t h ) , (5) genera t ion of a p l o t t i n g 
f i l e ( o p t i o n a l ) , and (6) d e f i n i t i o n of the "e lements" ( i . e . , every l i n e 
segment between two consecu t i ve e f f e c t i v e I n t e r s e c t i o n s ) and reco rd ing 
of the node numbers that i d e n t i f y each element. 

M 
A 
I 

N 

'•II GENLIN TERM ] 

II C H O P C \ \ : ^ 

SPCNG1 

OR - C A L L 

SPCNG2 (I R E T U R N 

INTERS 

EFFINT 1 >r 0UTPT1 . - — H EFFINT 0UTPT1 . 

PLOTFR 

ELTDEF I M C OUTPT 2 

Figure 2 . 1 . S t r u c t u r e of program NETWRK. 
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r S T A R T ) 

r 
MAXFRA, MAXINT, MAXE L T < — d e c l a r e d s 1 ze o f a r r a y s r e l a t e d to 

l i n e s , to i n t e r s e c t i o n s and t o e l e m e n t s r e s p e c t i v e l y 

READ: 
• NSET: number of f rac ture sets 
• J S P : code fo r spacing data generation 
• PLTSIZ: s i z e of p lo t 
• IGEOM: code for-geometry of model 
• XHINO, v m x o , xmxo , YMINO: outer rectangular boundaries of mode) 
• XMINI, v m x i , XHAXI, YMINI: inner rectangular boundaries of nodel 

( l a s t two ser ies of data required even for c i r c u l a r model) 

NBO—number of flow boundaries 
ABORT 

READ: 
• coordinates and shape of each flow boundary 
• ( IBC( I ) , I=1 , . . . ,NB0) : type of flow condi t ion 

READ: 
• OENS(l) : dens i ty of set I 
• Type and parameters of d i s t r i b u t i o n s of t race length , o r i e n t a t i o n 

and aperture 
( I=1 , . . . ,NSET) 

P r i n t : 
• Boundary data 
• Line network data 

Generate a random l ine pattern 
subroutine GENLIN) 

Generate spacing data with 
perpendicular sampling l i n e s 
(subroutine SPCNG2) 

Locate a l l the l i n e in te rsec t ions 
(subroutine INTERS) 

Determine the e f f e c t i v e i n t e r s e c t i o n s (or nodes) 
Create a f i l e of node data 
(subroutines EFFINT and OUTPT1) 

ISP-1 

Generate spacing data with 
randomly or iented sampling 
l ines (subroutine SPCNGl) 

NO 

Generate a p l o t t i n g f i l e 
(subroutine PLOTFR) 

D e f i n e the e l e m e n t s and t h e i r node I n c i d e n c e 
C r e a t e a f i l e o f e l e m e n t d a t a : l e n g t h , 
o r i e n t a t i o n , f r a c t u r e s e t a n d node i n c i d e n c e 
C r e a t e a f i l e o f e l e m e n t a p e r t u r e d a t a 
(subrout ines E L T O E F and 0UTPT2) 

STOP } 

F igure 2 . 2 . Flowchart of the main program i n NETWRK. 

Input data f o r the program are p r i m a r i l y of two t ypes : (1) 
data d e s c r i b i n g the geometry of the f r a c t u r e pa t te rn and (2) data 
r e l a t e d to the boundary geometry (shape and c o o r d i n a t e s ) . The f r a c t u r e 
pa t te rn i s de f ined by the dens i t y of each f r a c t u r e set (DENS [L - I ] ) 
and the type and the parameters of the d i s t r i b u t i o n of f r a c t u r e t r a c e 
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l e n g t h s , o r i e n t a t i o n s , and aper tu res f o r each f r a c t u r e s e t . NETWRK can 
handle two types of model geometry: r ec tangu la r models and c i r c u l a r 
models ( F i g . 2 . 3 ; see a l s o Appendix 0 ) . In a c i r c u l a r model , on ly one 
quadrant of a complete annulus i s rep resen ted , de f ined by two 
c o n c e n t r i c c i r c l e s and two r a d i a l l i n e s . Each model needs both an 
outer boundary and an inner boundary. The l i n e s of the network are 
generated over the e n t i r e model i n s i d e the outer boundar ies . The inner 
boundar ies are used to t r i m the network on a l l the s i d e s , and they are 
the only boundaries cons idered i n the program NETFLO (Chap. 3 ) . The 
bu f fe r margin between the inner and the outer boundaries e l i m i n a t e s 
most of the edge e f f e c t tha t a generated l i n e network acqu i res by the 
f r a c t u r e s being s y s t e m a t i c a l l y l ess dense near the boundar ies . 

( A ) R E C T A N G U L A R M O D E L ( B ) C I R C U L A R M O D E L 

Model geometry: (A) rec tangu la r model, 
(B) c i r c u l a r model. 

2.3 L ine Pa t te rn Generat ion 

The genera t ion of the l i n e pa t te rn i s c a r r i e d out by the 
subrout ine GENLIN ( F i g . 2 . 4 ) . In t h i s s t e p , the computer f i r s t 
c a l c u l a t e s the sur face area of the model i n s i d e the inner boundar ies . 
The l i n e pa t te rn i s then generated one set at a t ime . The des i r ed 
t o t a l length (DESLEN) f o r the l i n e s i s c a l c u l a t e d as we l l as an 
es t imate of the number of l i n e s to be generated (ESTNFR). The 
v a r i a b l e s DESLEN and ESTNFR are used as con t ro l parameters in the l i n e 
genera t ion p rocess . The va lue of ESTNFR i s set at a s p e c i f i e d f a c t o r 
COEF (an input parameter t y p i c a l l y between 2 and 5) t imes the i n i t i a l 
es t imate of the number of l i n e s based on mean t r ace length and the 
va lue of DESLEN. This va lue of ESTNFR i s g rea te r than what i s 
g e n e r a l l y needed, but i t ensures tha t the des i r ed f r a c t u r e dens i t y w i l l 
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be reached 1n a l l network r e a l i z a t i o n s . In some c a s e s , the ex t ra l i n e s 
that are generated j u s t compensate f o r a high p ropo r t i on of shor t 
t races appear ing at the beginning of the t r a c e length genera t ion 
p r o c e s s , and f o r a high number of t races loca ted i n the margin between 
the outer and the inner boundary as exp la ined below. 

Q E N T E R ^ 

AREA—surface area of model 
L —zero ( in tersec t ion counter) 

X 
I>1 NSET 

* 

> 
DESLEN—DENS( I) x AREA 
ESTNFR-^estimated number of l ines 
SUMLE ( tota l length of l ines) * - zero 

Generate ESTNFR random values f o r : 
• XC and YC (coordinates of l ine centre) 
- TRACE ( l ine length) 
• TH {l ine angle) 

( ABORT J 

0=1 ESTNFR 

Make sure TH is not within 0.5* of 0" or of 90" 
X1(J,I) Y 2 ( J , I ) — c o o r d i n a t e s of both 

extremit ies of l ine (J , I ) 
Make sure Y1(J,1) > Y2(J , I ) 
TH(J , I ) — t a n (TH(J , I ) ) 

_L 
If set I is abutting, 

cut dead extremity t 
and attach it at 

extremity 2 
(subroutine TERM) 

Trim l i n e pattern along boundaries 
CUT1(J,I) — zero (extremity 1 of l ine (0,1) does not 
cut a b n d r . ) , 1 ( i t cuts a no-flow bndr.) or 2 ( i t cuts 
a f ixed-head bndr.) 
CUT2(0,I ) , same as CUT1(J,I) for extremity 2 
SUMLE — cumulative lengtti of l ines 
(subroutines CIRBDR for IGE0M=2, RECBDR for IGE0M=1) 

NFRAC(I) — number of l ines 
in set I 

Error message 

P r i n t : 
Summary s t a t i s t i c s of set I 

A T O R T ) 

^ R E T U R N ) 

Figure 2 . 4 , F lowchart of subrout ine GENLIN. 

Next , a f i x e d number ESTNFR of random po in ts are generated 
Ins ide the outer boundary, each one cor responding to the cent re of a 
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l i n e (XC, YC) . Then the subrout ine generates the same number of (1) 
l i n e lengths (TRACE, i n me t res ) , us ing e i t h e r a s i n g l e - v a l u e or a 
log-normal d i s t r i b u t i o n ; and (2) l i n e o r i e n t a t i o n s (TH, i n deg rees ) , 
us ing e i t h e r a s i n g l e - v a l u e or a normal d i s t r i b u t i o n . The elements of 
the a r rays XC, YC, TRACE, and TH are used concu r ren t l y l a t e r i n the 
program to c a l c u l a t e the coord ina tes of both e x t r e m i t i e s of each l i n e 
( X I , Y l and X2, Y2) . 

Concerning the computat ion of the l i n e e x t r e m i t i e s , two 
procedures are taken to f a c i l i t a t e the opera t ions i n other 
sub rou t i nes . F i r s t , a l l l i n e angles w i t h i n 0.5 degree from 0 . 0 , 9 0 . 0 , 
180 .0 , or 270.0 are set to e i t h e r - 0 . 5 , +0.5, 8 9 . 5 , or 9 0 . 5 . For the 
l i n e s s u b - p a r a l l e l to the x - a x i s ( F i g . 2 . 3 ) , t h i s procedure ensures 
that no indeterminate va lue w i l l occur i n the d e f i n i t i o n of the l i n e 
elements (Sec . 2 . 7 ) . Indeed, the elements a long a l i n e are de f ined 
a f t e r s o r t i n g (by i n c r e a s i n g y -va lue ) a l l the i n t e r s e c t i o n s a long tha t 
l i n e . In the case of l i n e s s u b - p a r a l l e l to the y - a x i s ( F i g . 2 . 3 ) , t h i s 
same procedure puts an upper l i m i t to the value of the tangent of the 
l i n e a n g l e s . I t thus prevents f l o a t i n g po in t e r r o r s , p a r t i c u l a r l y i n 
the computat ion of the l i n e i n t e r s e c t i o n s (Sec . 2 . 5 ) . The second 
procedure s imply ensures that ex t remi ty 1 ( i . e . , X I , Y l ) i s the 
ex t remi ty w i th the h igher y - v a l u e . This convent ion makes the 
programming e a s i e r , i n p a r t i c u l a r f o r the l i n e tr imming a long the inner 
boundar ies , which i s b r i e f l y desc r ibed below. 

At t h i s p o i n t , subrou t ine TERM i s o p t i o n a l l y c a l l e d ( i f a 
value of 1 i s g iven to the input parameter ITERM) to abut the f r a c t u r e s 
of the set being generated aga ins t f r a c t u r e s of p r e v i o u s l y generated 
s e t s . Th is procedure i s intended to s imu la te more r e a l i s t i c a l l y 
na tu ra l systems that are o f ten made of abu t t i ng f r a c t u r e s . Subrout ine 
TERM cuts the end segment above the h ighest (w i th respect to the 
y-ax1s) i n t e r s e c t i o n a long a f r a c t u r e ; i t then a t taches t h i s segment at 
the lower end of the same f r a c t u r e so that the t o t a l length of the 
f r a c t u r e s tays the same. In t h i s manner, only one end of a g iven 
f r a c t u r e i s a b u t t i n g . A l s o the f r a c t u r e s of a g iven se t can abut only 
on f r a c t u r e s of the sets that were generated p r e v i o u s l y . Obv ious l y , 
f r a c t u r e s of set 1 cannot abut on other f r a c t u r e s . An example of t h i s 
abutment procedure i s g iven i n r e a l i z a t i o n 992 desc r ibed i n Appendix F. 

The l i n e pa t te rn i s trimmed a long the inner boundaries by 
e i t h e r subrou t ine RECBDR f o r a rec tangu la r model , or subrout ine CIRBDR 
f o r a c i r c u l a r model. These two sub rou t i nes , and other a n c i l l a r y 
subprograms c a l l e d by them, r e j e c t any l i n e complete ly ou ts ide the 
inner boundar ies , cut a l l the l i n e s c r o s s i n g an inner boundary, compute 
a co r rec ted length f o r these l i n e s , and compute the new coord ina tes of 
the trimmed e x t r e m i t i e s . Every i n t e r s e c t i o n of a l i n e and an inner 
boundary i s a l s o de f ined as a boundary node. The coord ina tes of each 
node are recorded in the a r rays XORO and YORD, wh i l e the a r ray IB 
i d e n t i f i e s the boundary on which a node i s l o c a t e d . Subrout ines RECBDR 
and CIRBDR a l s o sum up p r o g r e s s i v e l y f o r each set the t o t a l length 
(SUMLE) of the l i n e segments i n s i d e the inner boundar ies . These 
subrout ines re tu rn execu t ion to the l i n e generator GENLIN when the 
v a r i a b l e SUMLE reaches the des i r ed t o t a l length (DESLEN) f o r tha t s e t . 
The number of l i n e s cons idered f o r each set i s then recorded i n NFRAC. 
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2.4 Generat ion of Spacing Data 

As can be seen in the f l owchar t of the main program ( F i g . 
2 . 2 ) , a f t e r the l i n e genera t ion step f o r a l l the s e t s , the code 
prov ides the op t ion of genera t ing a spac ing data f i l e . The number of 
spac ing values generated f o r each f r a c t u r e set i s a r b i t r a r i l y set at 
150. Spacing i s de f ined here as the d i s t ance between two consecu t i ve 
i n t e r s e c t i o n s of a sampling l i n e w i th f r a c t u r e s of the same set 
m u l t i p l i e d by the cos ine of the angle between the sampling l i n e and the 
pole of the average plane fo r tha t s e t . The user i s g iven the cho ice 
between two subrout ines f o r spac ing data genera t ion depending on the 
type of sampl ing process that i s d e s i r e d . The subprogram SPCNGl uses 
only sampling l i n e s pe rpend icu la r to the average d i r e c t i o n of a s e t . 
SPCNG2 uses sampling l i n e s randomly o r i en ted in the plane of the 
model. The s t a t i s t i c a l a n a l y s i s of the generated spac ing data can be 
used fo r comparison w i th the f i e l d spac ing data ( e . g . . Rouleau and 
G a l e , 1985). 

2.5 L ine I n t e r s e c t i o n s 

A f t e r a l l the l i n e s have been genera ted , the main program 
c a l l s the subrout ines INTERS and EFFINT to l oca te a l l the e f f e c t i v e 
l i n e i n t e r s e c t i o n s in the network. 

The po in t of i n t e r s e c t i o n between two l i n e s in a p l a n e , when 
one po in t and the o r i e n t a t i o n are known fo r each l i n e , can be 
c a l c u l a t e d us ing s imple t r i gonomet r i c r e l a t i o n s h i p s . To c a l c u l a t e the 
o rd ina te f i r s t , one can use: 

Y^(T) Y i (2 ) tan TH(1) X tan TH(2) 

= tan TH(1) " tan TH(2) " ^^^^^ ^ ^^^^^ ^ tan TH(2) - tan TH(1) ^^ ' ^ ^ 

where Y l i s the o rd ina te of the i n t e r s e c t i o n p o i n t , XI (1 and 2) and Yl 
(1 and 2) are the coord ina tes of a known po in t on l i n e s 1 and 2 ( e . g . , 
ex t remi ty 1 of the l i n e s on the network) , and TH (1 and 2) i s the angle 
between the l i n e s (1 and 2) and the x - a x i s . The a b s c i s s a of the 
i n t e r s e c t i o n p o i n t , X I , can then be c a l c u l a t e d us ing the r e l a t i o n s h i p : 

Y l - Y I M ) 
" - tan THO) ' f^-^) 

The subrout ine INTERS ( F i g . 2.5) c o n s i s t s b a s i c a l l y of four 
nested DO- loops. For each i n d i v i d u a l l i n e , the computer scans a l l the 
other l i n e s in the network, but measures are taken to ensure that the 
i n t e r s e c t i o n between the same two l i n e s i s sought only once. F i r s t , 
the o rd ina te ( Y l ) of a p o s s i b l e i n t e r s e c t i o n between two l i n e s i s 
computed us ing Equat ion 2 . 1 . I f t h i s va lue of Y l i s w i t h i n the range 
of both l i n e s in the y - d i r e c t i o n , then the i n t e r s e c t i o n does e x i s t and 
i t s a b s c i s s a i s computed us ing ( 2 . 2 ) . The a r rays XORD and YORD record 
the i n t e r s e c t i o n c o o r d i n a t e s . The number of the l i n e s forming an 
i n t e r s e c t i o n are recorded in the a r rays INCl and INC2. 
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IBEG - I* 

NO 

NFRAC(I) ) 

NO 
JBEG - J t l • * 

JBEG - 1 » » 

YES 

Yl — O r d i n a t e of i n t e r s e c t i o n between 

l i n e s ( J . I ) and ( J J . I I ) 

• L - L+1 
• YORD(L) - Yl 
• XORO(L)— a b s c i s s a of i n t e r s e c t i o n 

between the two l i n e s 
• INC1(L,1) - I 
• I N C 1 ( L , 2 ) - J 
• I N C 2 ( L , 1 ) — I I 
• I N C 2 ( L , 2 ) - J J 
( I N C l , INC2: l i n e i n c i d e n c e a r r a y s ) 

N U M I N T — L ( t o t a l number of i n t e r s e c t i o n s ) 

N U M I N T < M A X I N T 

IYET 

NO 

E r r o r message 

( ABORT ) 

( RETURN ) 

• IBEG: s t a r t i n g p o i n t o f second l e v e l o f DO- loop over l i n e s e t s . 

* * JBEG: s t a r t i n g p o i n t of second l e v e l o f UO- loop over l i n e s . 

Figure 2 . 5 . F lowchart of subrout ine INTERS. 

A f t e r subrout ine INTERS has returned the execu t ion to the main 
program, the subrout ine EFFINT Is c a l l e d to tag most of the 
n o n - e f f e c t i v e I n t e r s e c t i o n s , I . e . , those i n t e r s e c t i o n s not loca ted 
a long a cont inuous f lowpath between two f i xed -head boundar ies . These 
n o n - e f f e c t i v e i n t e r s e c t i o n s are i d e n t i f i e d by tagg ing s y s t e m a t i c a l l y 
a l l i n t e r s e c t i o n s where one of the i n t e r s e c t i n g l i n e s has only t h i s one 
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i n t e r s e c t i o n . E f f e c t i v e i n t e r s e c t i o n s are a l s o c a l l e d nodes in the 
t e x t . One must remember, however, that not n e c e s s a r i l y a l l the 
n o n - e f f e c t i v e i n t e r s e c t i o n s are tagged w i th t h i s procedure. Indeed, 
i s o l a t e d c l o s e d - l o o p s formed by three or more i n t e r s e c t i o n s are 
sometimes present i n a network, i n which case our procedure does not 
tag any of these i n t e r s e c t i o n s as n o n - e f f e c t i v e . 

2.6 Generat ion of a P l o t t i n g F i l e 

At t h i s s tage , subrout ine PLOTFR i s c a l l e d (un less the input 
parameter PLTSIZ i s set to a negat ive va lue) to c rea te a p l o t t i n g f i l e 
f o r drawing of the l i n e network w i th a d i g i t a l p l o t t e r . The r e s u l t i n g 
p l o t shows a l l the boundaries and the l i n e pa t te rn a f t e r tr imming a long 
the inner boundar ies . The e f f e c t i v e i n t e r s e c t i o n s are i d e n t i f i e d by a 
smal l c i r c l e . The l i n e numbers and the i n t e r s e c t i o n numbers are a l s o 
shown on a p l o t w i th fewer than 200 e f f e c t i v e i n t e r s e c t i o n s , i f the 
value of the input parameter IPRT i s g rea te r than 1. 

2.7 Determining the L ine Elements 

The l a s t step i n the program NETWRK i s c a r r i e d out by the 
subrout ine ELTDEF ( F i g . 2 . 6 ) . In three nested DO- loops, the subrout ine 
ELTDEF f i r s t i d e n t i f i e s a l l the e f f e c t i v e i n t e r s e c t i o n s on any g iven 
l i n e us ing the l i n e i nc idence ar rays INCl and INC2. A f t e r o rde r ing 
these i n t e r s e c t i o n s by i n c r e a s i n g y - v a l u e , a l l the sub-segments thus 
de f ined are i d e n t i f i e d and t h e i r i n t e r s e c t i o n i nc idence recorded in the 
a r rays NODI and N002. During the same p rocess , the subrout ine ELTDEF 
ass igns a random " f r a c t u r e ape r tu re " to every l i n e , from e i t h e r a 
s i n g l e - v a l u e or a log-normal d i s t r i b u t i o n accord ing to the input 
parameters. ELTDEF a l s o e l i m i n a t e s the dead-end segments, which 
comprise both complete l i n e s and l i n e e x t r e m i t i e s , a f t e r record ing the 
t o t a l length and t o t a l "volume" f o r each s e t . The subrout ine ELTOEF i s 
repeated f o r each d i f f e r e n t aper tu re d i s t r i b u t i o n f o r a p a r t i c u l a r l i n e 
network r e a l i z a t i o n . 

2.8 A Simple Example 

F igure 2.7 shows a l i n e network generated by the program 
NETWRK. For t h i s s imple example, s i n g l e values have been used f o r l i n e 
lengths and o r i e n t a t i o n s and f o r f r a c t u r e a p e r t u r e s . Note a l s o tha t 
the va lue of the input parameter IPRT was one; t h e r e f o r e , the l i n e and 
i n t e r s e c t i o n numbers are not w r i t t e n on the computer p l o t f o r 
F igure 2 . 7 . Morever, the l i n e te rm ina t ion con t ro l parameter ITERM was 
set to zero fo r both s e t s ; so no l i n e abuts on other l i n e s . A 
s e l e c t i o n of the In format ion conta ined in the output f o r t h i s example 
i s g iven in Table 2 . 1 . Other items o p t i o n a l l y prov ided i n ou tpu t , but 
not shown in Table 2 . 1 , i nc l ude (1) a l i s t of a l l the l i n e s in each 
s e t , w i th t h e i r l e n g t h , t h e i r o r i e n t a t i o n , and the coord ina tes of t h e i r 
e x t r e m i t i e s ; (2) a l i s t of a l l the i n t e r s e c t i o n s w i th t h e i r coord ina tes 
and the numbers of the i n t e r s e c t i n g l i n e s ; and (3) a l i s t of a l l the 
elements wi th the node i nc idence numbers, the numbers of the l i n e s they 
belong t o , t h e i r l e n g t h , and t h e i r cor respond ing f r a c t u r e a p e r t u r e . 
Appendix B g ives a l i s t of the d i f f e r e n t output f i l e s and Appendix F 
prov ides more d e t a i l e d examples. 
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The s imple example of F igure 2.7 a l ready po in ts out an 
i n t e r e s t i n g aspect of a network of d i scon t inuous f r a c t u r e s : f o r the 
same f r a c t u r e d e n s i t y , the p ropo r t i on of dead f r a c t u r e segments i s 
h igher f o r a set w i th shor te r f r a c t u r e s (75% f o r set 2 i n t h i s example) 
than f o r a set w i th longer f r a c t u r e s (34% f o r set 1 ) . 

( ENTER _) 

• E F F L E ( I ) , E F F V O l I ) — z e r o ( t o t a l l e n g t h and 
t o t a l vo lume o f e f f e c t i v e s e g m e n t s ) 

• O E A D L E ( I ) , DEADVO( I ) — z e r o ( i d e m f o r d e a d 
s e g m e n t s ) 

(1 = 1 NSET) 
• N U M E L T — 1 ( e l e m e n t c o u n t e r ) 
• N U M N P T ^ t o t a l number o f e f f e c t i v e 

i n t e r s e c t i o n s 

1 = 1 , . . . . N S E T > 
G e n e r a t e N F R A C ( I ) random v a l u e s f o r APER 
( f r a c t u r e a p e r t u r e ) 

IC —1 ( c o u n t e r f o r e f f e c t i v e 
I n t e r s e c t i o n s on t h i s l i n e ) 

D E A O L E ( I ) — O E A D L E ( I ) + l e n g t h o f l i n e ( J , I ) 
OEADVO( I ) — D E A D V O ( I ) + ( D E A D L E ( I ) x A P E R ( J ) ) 

I N T E R ( M L ) — M ( r e c o r d o f c o r r e s p o n d e n c e 
be tween g e n e r a l , and l o c a l i n t e r s e c t i o n 
numbers ) 
Y I N T ( M L ) - Y O R D ( M ) 

M L — M L + 1 

I 

1 

N I N T F R — M L - 1 (number o f e f f e c t i v e 
i n t e r s e c t i o n s on t h i s l i n e ) 

NO Y E S 
TO NEXT PAGE 

Figure 2 .6 . F lowchart of subrout ine ELTDEF. 
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FROM PREVIOUS 
PAGE 

1 
O r d e r the i n t e r s e c t i o n s on t h i s l i n e 
by i n c r e a s i n g YINT v a l u e 

• O E A O L E { I ) - D E A D L E ( I ) + 
l e n g t h of f i r s t segment f rom 
lower end o f l i n e ( J , I ) 

• OEAOVO(I) — DEADVO(I) + 
(DEADLE(I) X A P E R ( J ) ) 

Y E S 

OEADLE( I ) - DEAOLE(I) + 
l e n g t h o f f i r s t segment f r o m 
h i g h e r end o f l i n e ( J , I ) 
D E A D V O ( I ) — DEADVO(I) + 
{OEADLE(I) X APER{J) ) 

M = 2 , . . . , N I N T F R y — 1 
• N 0 D 1 ( N U M £ L T ) - I N T E R ( M - l ) 
• N 0 0 2 ( N U M E L T ) — I N T E R I M ) 
(N001,N002: node i n c i d e n c e a r r a y s ) 
• W ( N U M E L T ) - A P E R ( J , I ) 
• E L L E N ( N U M E L T ) - [ ( X 0 R D ( I N T E R ( M ) ) 

-X0RD( INTEf t (M- l ) ) )2 + ( Y I N T ( M ) - Y I N T ( M - 1 ) ) 2 ] l / 2 

TO PREVIOUS PAGE • • 

• C r e a t e a f i l e o f e l e m e n t d a t a : l e n g t h , o r i e n t a t i o n , 
f r a c t u r e s e t a n d n o d e i n c i d e n c e 

• C r e a t e a f i l e o f f r a c t u r e a p e r t u r e d a t a 
( s u b r o u t i n e 0 U T P T 2 ) 

P r i n t : 
P o r o s i t y d a t a 

( ABORT } 

RETURN ) 

Figure 2 . 6 . Cont inued. 

2.9 Generat ion of Supplementary Aper ture D i s t r i b u t i o n s : Program APEGEN 

Wi th in the subrout ine ELTDEF (Sec . 2 , 7 ) , d i s t r i b u t e d aper tu re 
values are generated and an aper tu re va lue i s ass igned to each 
generated f r a c t u r e . A second program, APEGEN ( F i g . 2 . 8 ) , can a l s o be 
used to generate d i f f e r e n t aper tu re v a l u e s . The program APEGEN a l lows 
the same generated network to be used as many t imes as des i r ed and w i th 
d i f f e r e n t aper tu re d i s t r i b u t i o n parameters. 
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REflLIZnilON 19 

•-1.00 1.00 3.00 S.OO 1.00 9.00 11.00 13.00 IS.OO 
X-BXIS 

I N P U T P A R A M E T E R S 

S E T I S E T 2 

D E N S I T Y (m"') 0.5 0.5 

O R I E N T A T I O N f6) 20 120 

T R A C E L E N G T H I m ) 8 4 

A P E R T U R E (m) 20 .10" ' 2 0 « I 0 ' ' 

F igure 2 . 7 . A s imple l i n e network generated by NETWRK. 

Table 2 . 1 . Se lec ted Resu l t s f o r L ine Network of F igure 2.7 

Tota l number of i n t e r s e c t i o n s (NUMINT): 97 

Number of e f f e c t i v e i n t e r s e c t i o n s (NUMNPT): 76 

Number of elements (NUMELT): 108 

Set 1 Set 2 

DESLEN (m) 112.5 112.5 

SUMLE (m) 114.8 113.8 

NFRAC 18 39 

EFFLE (m) 76.4 28.4 

DEAOLE (m) 38.4 85.5 

EFFVO (m^) 1.5x10"^ 5.7x10"^^ 

DEADVO (m"̂ ) 7 .7x10"^ 1.7x10"^ 
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An a d d i t i o n a l bene f i t of APEGEN i s that d i f f e r e n t elements 
a long the same f r a c t u r e s are g iven d i f f e r e n t aper tu re v a l u e s . F i n a l l y , 
w i th only minor a d d i t i o n s , APEGEN could compute aper tu re values tha t 
are func t i ons of the o r i e n t a t i o n or the l o c a t i o n of the f r a c t u r e 
e lements. 

START 3 

MAXELT, MAXNOD-^declared s i z e of arrays 
r e l a t e d to elements and to nodes 

READ: 
•lOR: code f o r u t i l i z a t i o n of o r i e n t a t i o n data 
•NSET: number of f r a c t u r e sets 
•NUMNPT: number of nodes 
•NUMELT: number of elements 
•Parameters of aperture d i s t r i b u t i o n s 

READ: 
•Node coordinates 
•Element data: l e n g t h , i n i t i a l a p e r t u r e , node incid e n c e 

set i n c i d e n c e , two o r i e n t a t i o n parameters 
(subroutine INPT3) 

NO YES 

C a l c u l a t e f o r each element: 
• d i r e c t i o n cosines 
•coordinates of centre point 
Statements could be added here 
to generate aperture values 
dependent on element o r i e n t a t i o n 
and l o c a t i o n . 

Generate an e n t i r e array of 
aperture values based on 
read-in d i s t r i b u t i o n parameters 
(subroutine APARR) 

Create a new f i l e of element 
aperture data 
(subroutine 0UTPT3) 

c STOP 3 
Figure 2 . 8 . Flowchart of the main program in APEGEN. 
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2.10 Conc lus ion 

Program NETWRK Is a numerical t o o l tha t can be used 1n a 
number of a p p l i c a t i o n s . By I t s e l f , I t p rov ides In format ion on the 
topology of a f r a c t u r e system ( e . g . , degree of I n t e r c o n n e c t i o n , r a t i o 
of e f f e c t i v e to t o t a l p o r o s i t y , and spac ing d i s t r i b u t i o n ) . NETWRK can 
be used In con junc t i on w i th other computer programs to eva lua te the 
mechanical behaviour of a f r a c t u r e d rock mass or to compute the 
parameters of f l u i d f l ow through a f r a c t u r e network. The f o l l o w i n g 
chapter desc r i bes the program NETFLO, which computes the s t e a d y - s t a t e 
f l u i d - f l o w parameters through a f r a c t u r e network generated by NETWRK, 
g iven s p e c i f i c boundary c o n d i t i o n s . 
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C H A P T E R 3 

Numerical Simulation of Fluid Flow in a 
Two-dimensional Discrete Fracture 
Network: Program NETFLO 

3.1 I n t roduc t i on 

This chapter presents the numerical model NETFLO, which 
s imu la tes the f low of f l u i d i n d i s c r e t e f r a c t u r e networks l i k e those 
generated by the program NETWRK (Chap. 2 ) . The program NETFLO has been 
developed to eva lua te the r o l e of f r a c t u r e geometry i n determin ing the 
ground-water f l ow p r o p e r t i e s of rock masses w i th a l ow-pe rmeab i l i t y 
ma t r i x . 

Prev ious s tud ies have proposed a v a r i e t y of techniques to 
s imu la te f l u i d f l ow i n d i s c r e t e f r a c t u r e s . O l i o s (1963) cons t ruc ted a 
p h y s i c a l model formed by PVC p ipes in te rconnec ted at r i g h t angles to 
study the ground-water f l ow c h a r a c t e r i s t i c s of a f r a c t u r e system. 
Huskey and Crawford (1967) desc r ibed an e l e c t r i c analog model 
c o n s i s t i n g of an e l e c t r o l y t e bath and copper s t r i p s s imu la t i ng 
f r a c t u r e s . Wi t tke (1970) used another e l e c t r i c analog composed of many 
e l e c t r i c a l r e s i s t o r s arranged i n networks. Ca ldwe l l (1972) used a 
t h i r d type of e l e c t r i c analog c o n s i s t i n g of conduct ing paper w i th 
p e r f o r a t i o n s to s imu la te impermeable rock b l o c k s . C a l d w e l l ' s technique 
i s the i nve rse image of a technique descr ibed by Marcus and Evenson 
(1961) to s imu la te the e f f e c t of regu la r arrangements of t h i n 
impermeable l aye rs i n a permeable m a t r i x . Hudson and LaPo in te (1980) 
proposed an e l e c t r i c analog model consis t in 'g^ of a p r i n t ed c i r c u i t tha t 
was a r e p l i c a of a computer-generated random j o i n t t r ace p a t t e r n . 
Numerical methods a l s o developed fo r e l e c t r i c r e s i s t a n c e network 
problems have been adapted to study f l u i d f low in f r a c t u r e networks 
(Pa rsons , 1966; and L o u i s , 1969). C a s t i l l o et al. (1972) used a 
combinat ion of an i t e r a t i v e s o l u t i o n and a d i r e c t s o l u t i o n to so lve the 
s t e a d y - s t a t e f l ow problem in f r a c t u r e networks of r egu la r geometry. 
With t h i s l a t t e r approach, i t i s p o s s i b l e to cons ide r n o n - l i n e a r 
problems in t roduced by f r a c t u r e roughness and tu rbu len t f l ow . 

The f i n i t e element method has been used by Wi t tke (1970) to 
so lve a s t e a d y - s t a t e , th ree -d imens iona l f l u i d - f l o w problem through a 
network of cont inuous f r a c t u r e s i n an impermeable m a t r i x . Wi lson and 
Witherspoon (1970) developed a two-d imensional f i n i t e element model to 
so lve the same f l u i d - f l o w problem through a f r a c t u r e network of 
a r b i t r a r y geometry. Wi lson and Wi therspoon 's code i s e f f i c i e n t i n 
computing t ime , but not i n i t s use of computer memory, s i nce i t 
requ i res the storage of a complete square mat r i x of order N, N being 
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the number of nodes. They presented examples of f u l l y connected 
networks of r egu la r geometry. A s f a r i and Witherspoon (1973) presented 
the r e s u l t s of another f i n i t e element program app l i ed to comple te ly 
non-connected regu la r pa t te rns of shor t f r a c t u r e s in a permeable 
m a t r i x . Long e t al. (1982) adapted Wi lson and Wi therspoon 's code to 
randomly generated two-d imensional networks of d i scon t i nuous f r a c t u r e s 
i n an impermeable ma t r i x . A l so working on random networks, Robinson 
(1982b) used a d i r e c t s o l u t i o n (Gaussian e l i m i n a t i o n ) to so lve the 
s t e a d y - s t a t e f l ow problem, wh i l e Samanlego and P r i e s t (1984) t r i e d two 
d i f f e r e n t methods: an i t e r a t i v e method ( r e l a x a t i o n ) and a d i r e c t method 
( b i - f a c t o r i z a t i o n ) . More r e c e n t l y , numerical models have been 
developed to s imu la te s t e a d y - s t a t e f l u i d f l ow in th ree -d imens iona l 
f r a c t u r e networks. Dershowltz e t a i , (1985) used a f i n i t e - e l e m e n t 
approach; Long e t al. (1985) adopted a mixed a n a l y t i c a l - n u m e r i c a l 
technique based on l i n e sources ( s i n k ) ; wh i l e Shapi ro and Andersson 
(1985) formulated a boundary-element approach. In theo ry , a 
th ree-d imens iona l (3D) model of f low i n a f r a c t u r e system i s more 
r e a l i s t i c than a two-d imensional (2D) model. U n f o r t u n a t e l y , no 
s u i t a b l e 3D model i s a v a i l a b l e yet that would s imu la te f l ow i n networks 
of the order of thousands of f r a c t u r e i n t e r s e c t i o n s . A l s o , us ing the 
same s i z e of computer memory and s i m i l a r so f tware , one can s imu la te a 
much l a r g e r f r a c t u r e system in a 2D model than w i th a 3D model. 

The two-d imensional f r a c t u r e f low theory used here i s very 
s i m i l a r to the theory of f l u i d f l ow in p ipe networks. This s i m i l a r i t y 
was used by O l i o s (1963) i n p h y s i c a l models. A cons ide rab le amount of 
l i t e r a t u r e i s devoted to the numer ical s o l u t i o n of f l ow i n p ipe 
networks c a r r y i n g , f o r i n s t a n c e , water , na tu ra l gas , or petro leum 
products (Mah and Shacham, 1978). T y p i c a l l y a p ipe network problem has 
a predetermined general s t r u c t u r e and numer ical methods are used fo r 
s e n s i t i v i t y a n a l y s i s and des ign o p t i m i z a t i o n . S ince the same problem 
s t r u c t u r e i s repeated many t imes dur ing a s tudy , i t i s p r o f i t a b l e to 
op t im ize r i g h t at the beginn ing the s t r u c t u r e of the mat r i ces to be 
so lved n u m e r i c a l l y . L inear theory and graph theory methods are 
commonly used f o r these types of p ipe network a n a l y s i s (Kesavan and 
Chandrashekar, 1972; Isaacs and M i l l s , 1980). 

The numerical model presented here i s two -d imens iona l , and the 
rock mat r i x i s assumed impermeable. A node conductance mat r i x 1s f i r s t 
set up by app l y ing the mass balance c o n s t r a i n t to each node i n the 
network ( i . e . , the sum of f low ra tes at any f r ee node must equal 
z e r o ) . S ince t h i s computer code i s intended to be app l i ed to ac tua l 
f i e l d problems, i t must s imu la te the f r a c t u r e s i n a s l i c e of rock l a rge 
enough to be cons idered s t a t i s t i c a l l y homogeneous w i th respec t to the 
f r a c t u r e system. Moreover, the random f r a c t u r e genera t ion process 
produces a numerical mat r i x that i s very d i spe rsed i n s t r u c t u r e . By 
renumbering s y s t e m a t i c a l l y a l l the nodes and by us ing a 
va r iab le -bandw id th s torage scheme, the code presented here reduces 
cons ide rab l y the computer s torage requirement f o r a l a rge sparse 
m a t r i x . A d i r e c t method of s o l u t i o n based on the Cho lesk i a l go r i t hm i s 
then used to so l ve the set of equat ions i n a manner that i s e f f i c i e n t 
i n computing t ime. 
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3.2 Model Formula t ion 

For s t e a d y - s t a t e laminar f low of an i n c o m p r e s s i b l e , v i scous 
f l u i d between two smooth p a r a l l e l p l a t e s , the a n a l y t i c a l s o l u t i o n of 
the Nav ie r -S tokes equat ion y i e l d s the f o l l o w i n g r e l a t i o n s h i p f o r volume 
f low ra te per un i t width ( e . g . , H u i t t , 1956): 

q - - ^ ^ (3 1) ^ - 12y Ax -̂̂ ^ 

where W i s the p l a t e separa t ion [L] , y 1s the weight dens i t y of the 
f l u i d [ F / l 3 ] , y i s the dynamic v i s c o s i t y [ F T / L ^ ] , x i s the 
d i s t ance along the p la tes [L], and cp i s the h y d r a u l i c head [L]. In 
the s o l u t i o n of network f low problems, i t i s o f ten convenient to de f i ne 
the conductance of the f l u i d condu i t of length 1 a s : 

i . e . , the h y d r a u l i c c o n d u c t i v i t y m u l t i p l i e d by the c r o s s - s e c t i o n and 
d i v i d e d by the l eng th . 

I 

FIXED-HEAD BOUNDARIES 
I 

Figure 3 . 1 . F rac tu re network c o n s i s t i n g of f i v e 
connected segments. 

Using F igure 3.1 as an example, the f low ra te at node 1 i s 
expressed by: 

ea('P2-'Pl) = -^a (^-3) 

In t h i s conven t i on , f low i n t o the system i s p o s i t i v e and f low out i s 
nega t i ve . For the i n t e r n a l node 2, the mass balance c o n s t r a i n t 
requ i res that the sum of f low ra tes i n t o and out of that node equals 
ze ro : 
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Wri t ten i n mat r ix form, the equat ions (3.3) and (3 .4) f o r the complete 
system of F igure 3.1 g i v e : 

nodes 1 

1 

2 

3 

4 

5 

- a 

-e 
c 

0 

0 

0 

2 

-e 

- e . 

- e . 

3 

0 

- e . 

4 

0 

- e . 

5 

0 

0 

0 

0 

-e 

0 

( e ^ . e ^ . e ^ ) - e ^ 

-e 

(3 .5) 

The numerous methods of s imu l taneous ly s o l v i n g systems of 
equat ions l i k e (3 .5) can be d i v i d e d in d i r e c t methods and i t e r a t i v e 
methods ( e . g . , Jenn ings , 1977). D i r e c t methods are g e n e r a l l y f a s t e r 
but requ i re l a r g e r computer memory than i t e r a t i v e methods. For 
i n s t a n c e , Wi lson and Witherspoon (1970) used a mat r ix reo rde r ing scheme 
by which a l l the unknowns ( e . g . , <P2, v^, 94 . q i . and 
in Equat ion 3.5) are put i n the same vec tor and then solved a l l a t once 
wi th a d i r e c t method. The i r code requ i res the complete s torage of the 
square m a t r i x . 

In the code NETFLO, the mat r ix and vec tors of Equat ion 3.5 are 
rearranged and p a r t i t i o n e d accord ing to the degree of freedom of the 
nodes: 

nodes -> 
4. 

1 

2 
( ^ a ' ^ ' ^ d ) -% - d 1 0 

•̂ 2 0 

3 -^b - ^ c 0 0 
•̂ 3 0 

4 
-^d 

-e 
c 

(e^^e^^e^ ) l 0 -e 
e 

X % = 0 

1 - ^ a 0 0 1 ^a 0 
'^1 

5 0 0 
e 0 e 

e "5 ^5 

(3 .6 ) 

Th is mat r ix equat ion can be summarized by 

^f 
X 

Qc, 

Th is corresponds to two mat r i x equa t i ons : 

Eff<t)f + Efc<t>c = Qf 

and 

Ecf't'f * Ecc*c = Qc 

(3 .7) 

(3 .8) 

(3 .9) 
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Equat ion 3.8 can be used to compute the unknown head values (<t)f), 
whereas (3 .9) can g ive the f low ra te at the boundary nodes (Qc) . The 
approach taken in program NETFLO i s to compute the head at a l l the f r ee 
nodes us ing (3 .8 ) and then to compute the f low ra te i n a l l the segments 
i n d i v i d u a l l y us ing Equat ion 3 . 1 . Rearranging (3 .8) g i v e s : 

Eff4>f = Qf - Efc4>c = Qf ' (3.10) 

A f t e r setup of the augmented f l u x vec tor Q f ' , program NETFLO so lves 
f o r (t)f us ing the Cho lesk i a l go r i t hm ( e . g . , Jenn ings , 1977, p. 107). 

3.3 Program NETFLO 

The program NETFLO has been w r i t t e n to execute the 
mathematical opera t ions descr ibed i n the preceding s e c t i o n . The 
s t r u c t u r e of t h i s program i s shown in F igure 3 .2 . S e q u e n t i a l l y . NETFLO 
( F i g . 3.3) (1) reads in the boundary cond i t i ons and the l i n e network 
data generated by NETWRK, (2) de f ines the boundary c o n d i t i o n f o r every 
boundary node, (3) renumbers a l l the nodes to reduce the bandwidth of 
mat r ix E and determines the codes f o r mat r i x condensat ion and s to rage , 
(4) so lves f o r unknown head v a l u e s , and (5) computes the f low ra te i n 
every segment, the t o t a l f l ow at every boundary, and the cumula t ive 
f l ow parameters i n every ten-degree range of d i r e c t i o n . 

INPT1 
• C A L L 

• RETURN 

B O U N D 

^ '_ OPSTOR 

—A 

M 
A 
I 

N 

S E T U P 

O P T N U M 

SOLPHI SOLPHI SOLPHI 

—^1 

FORW 

B A C K 

1 F L O C A L 1 
k 
1 

0 U T P T 4 1 
i 
1 
1 

R O S E R O S E - 4 R O S E 

— -1 

M X M N A S 

MARK 

Figure 3 .2 . S t r u c t u r e of program NETFLO. 
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^ START J 

W X E L T , l«XNOD, MAXFRE — d e c l a r e d s i z e of 
ar rays r e l a t e d to e lements , to t o t a l 
nodes and to f r e e nodes r e s p e c t i v e l y 

MAXA — d e c l a r e d s i z e of node conductance 
. matr ix (A) to be so lved 

MAXCON — MAXNOD-^WXFRE 
V ise - f l u i d v i s c o s i t y 
NAPER —number of d i f f . aper ture d i s t r i b u t i o n s 

X 
READ: 
• NSET; number of f r a c t u r e se ts 
• IGEOM: code f o r model geometry 

NBO — number of f low boundar ies 

READ: 
• boundary geometry 
• boundary c o n d i t i o n ( IBC(I ) ) and h y d r a u l i c 

head 
(1 = 1 NBO) 

READ: 
NUMNPT: number of nodes 
NUMELT: number of elements 

READ node d a t a : 
• XORD(M), yO«D(M) : c o o r d i n a t e s 
• IB(M): boundary inc idence 
(M=l NUMNPT) 
(subrout ine INPTl) 

T 
READ element da ta : 
• NODl(N). N0D2(N): node inc idence 
• W(N): f r a c t u r e aper ture 
• ELLEN(N): element length 
(N-1 NUMELT) 
(subrout ine INPTl) 

T 
Def ine the boundary c o n d i t i o n (PHI) 
the nodes loca ted on a boundary 
(subrout ine BOUND) 

f o r a l l 

I 
•. Opt imize the node numbering 
• Def ine the matr ix condensat ion codes 
(subrout ine OPSTOR) 

JAP=1 NAPER 

I 
• Setup node conductance matr ix A 
• Solve f o r head value (PHI) at each f r e e 

node us ing the Cholesk i a lgor i thm 
(subrout ine SOLPHI) 

Calculate: 

•Flow rate and v e l o c i t y in each element 

•Total flow rate at each boundary 

•Directional flow parameters 

(subroutine FLOCAL) 

L _ J 

STOP ) 

Figure 3 . 3 . F lowchart of the main program In NETFLO. 

3.3.1 Preliminary Operations 

Since NETFLO Is app l i ed to l a rge problems In terms of number 
of f r a c t u r e s and number of I n t e r s e c t i o n s , the computer s torage 
requirement becomes a c r i t i c a l f a c t o r . For that reason , a maximum s i z e 
1s de f ined In d e c l a r a t i o n statements In the main program fo r a l l the 
v a r i a b l e s r e q u i r i n g a la rge a r r a y . A l s o , the same maximum values are 
ass igned to the v a r i a b l e s MAXELT, MAXNOD, MAXFRE, and MAXA, which are 
passed on to the var ious subrout ines by a COMMON statement . Th is 
system a l lows an easy adjustment of the a r ray s i z e when needed. 
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NETFLO reads i n f i r s t the data concern ing the boundary 
geometry and f low c o n d i t i o n s . With respect to f l u i d f l ow , a boundary 
can be s p e c i f i e d as e i t h e r a no- f low boundary (IBC=0) or a f i xed -head 
boundary ( I B O O ) . Then NETFLO reads i n the i n t e r s e c t i o n (or node) data 
generated by NETWRK, i . e . , the i n t e r s e c t i o n coord ina tes (XORD, YORD) 
and the boundary i nc idence ( IB) f o r a l l the i n t e r s e c t i o n s of a l i n e 
w i th a boundary. F i n a l l y , the element data a re read i n . These are 
simply the node inc idence (NODI and N0D2), and the l e n g t h , the 
o r i e n t a t i o n , and the aper tu re of each element. 

Q ENTER J 

lOIFF — waxlmun b a n d w i d t h i n i n i t i a l node 
numbering 

J K M ( M ) — number o f n o d e s c o n n e c t e d t o node M 
MEMJT(4x(M -1) +1 t o + 4 ) — number o f t h e 

nodes c o n n e c t e d t o node M (maximum 4 ) 
* 1 NUMNPT) 

s u b r o u t i n e SETUP) 

T 
P r i n t : 
• IDIFF 

• (J»CM(M). M - 1 , . . . , N U M N P T ) 
• (MEMOT(M), M - 1 , . . - . , 4 x NUMNPT) 

• NEWNOD(M) — o l d node number c o r r e s p o n d i n g 
t o new node M 

• NODNUM(M) — new node number c o r r e s p o n d i n g 
t o o l d node M 

(^^l NUMNPT) 
( s u b r o u t i n e OPTNUM) 

L C ( 1 ) - z e r o 
K D I A G ( l ) - 1 
M6 - 1B(NEWN0D(1)) 

L C ( 1 ) - 1 

M = 2 NUMNPT 

• M7 IB(NEWN00(M)) 
• K — z e r o 

> ! 
FROM NEXT 

PAGE 

TO NEXT 
PAGE 

Figure 3 .4 . F lowchart of subrout ine OPSTOR. 
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FROM PREVIOUS PAGE 

M7 = z e r o 
N O 

Y E S NO IBC(M7) Y E S 

> z e r o 

• NREL - JNEM (NEWNOD{M)) 
• MINREL - NOONUM(MEMJT(NEWNOO(M) X 4 - 3 ) ) 

N O 

Ml = 2 , . . . , NREL > 
NREL = 1 

IYET 

M2 - NEWNOO(M) x 4 - 4 + Ml 
M 8 - N00NUM(MEMJT(M2)) 

MINREL - M8 

M3 - M - LC(M) 

Y E S 

N O 

K D I A G ( M 3 ) - KDIAG(M3-1) + 1 

T 

KD1AG{M3) - KDIAG(M3-1) * (M-MINREL) 
- (LC{M) - LC{MINREL)) + 1 

TO PREVIOUS PAGE ( 100 

NA - K D I A G ( N F ) 

T 
P r i n t : 
• NA 
• ( L C ( I ) , 1=1, NUMNPT) 

K O I A G ( I ) , I - l , NF) 

( ABORT ^ 

( RETURN ) 

Figure 3 .4 . Cont inued. 

The f i r s t computat ional s tep i n NETFLO i s to a s s i g n the exact 
va lue of head (PHI) to every node loca ted on a f i xed -head boundary. 
This s tep i s c a r r i e d out by subrout ine BOUND, which cons ide rs whether 
the head i s constant a long a boundary (IBC=1), l i n e a r l y va ry ing 
(IBC=2), or l o g a r i t h m i c a l l y va ry ing (IBC=3). 

In order to apply NETFLO to problems tha t i nc lude a l a rge 
number of f r a c t u r e s , two measures are taken to i nc rease the s torage 
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e f f i c i e n c y of t h i s program: node renumbering and v a r i a b l e - b a n d w i d t h , 
one-dimens1onal a r ray s torage of the main f l ow m a t r i x . Th is 
o p t i m i z a t i o n step i s c a r r i e d out main ly by the subrout ine OPSTOR 
( F i g . 3 . 4 ) . 

Because of the random process used fo r l i n e network genera t ion 
(Chap. 2 ) , the node numbers are e s s e n t i a l l y randomly d i s t r i b u t e d in the 
model. In t h i s i n i t i a l numbering, two connected nodes can have a l a rge 
d i f f e r e n c e i n node numbers, which would produce a non-banded, very 
d i spe rsed f low mat r ix A. For that reason, OPSTOR renumbers 
s y s t e m a t i c a l l y a l l the nodes In the model, reduc ing cons ide rab l y the 
bandwidth of the mat r i x A that i s set up i n a subsequent s tep . The 
node renumbering scheme i s c a r r i e d out by two sub rou t i nes , SETUP and 
OPTNUM, based on a code w r i t t e n by C o l l i n s (1973) . M o d i f i c a t i o n s have 
been added to C o l l i n s ' code to make i t a p p l i c a b l e to cases of two or 
more unconnected but cont inuous f l owpa ths . In these c a s e s , separate 
and unconnected pathways can ca r r y the f l u i d from one model boundary to 
the o the r . 

OPSTOR ( F i g . 3.4) a l s o determines the va lue of the e n t r i e s i n 
the a r rays LC and KDIAG, both of which are used l a t e r i n address ing the 
e n t r i e s of the va r ious a r rays used i n the f low c a l c u l a t i o n s . LC i s 
used e s s e n t i a l l y f o r mat r i x p a r t i t i o n i n g : the value of LC(I) i s the 
number of cons t ra ined nodes that have an index sma l le r than or equal to 
I. In the example of F igure 3 . 1 , the values of LC fo r the 
cor responding node number ( index) a r e : 

LC(1) = LC(2) = LC(3) = LC(4) = 1 and LC(5) = 2 

KDIAG conta ins the address of the d iagona l e n t r i e s i n mat r ix A 
computed in a subsequent s t ep . A i s a symmetr ic, d i a g o n a l l y dominant 
mat r ix cor responding to the submatr ix E f f of Equat ion 3 . 7 . I t i s 
s tored in a v a r i a b l e - b a n d w i d t h , one-d imensional a r ray (see Jenn ings , 
1977, p. 97 ) . F igure 3.5 shows a 6 x 6 symmetric mat r ix tha t 
i l l u s t r a t e s the v a r i a b l e bandwidth s torage method. I f we s to re only 
the lower t r i a n g u l a r mat r i x of F igu re 3 . 5 , the number of elements to be 
kept i n memory f o r the s i x rows are 1, 1, 2 , 1, 5, and 4 r e s p e c t i v e l y . 
This mat r ix can be s tored i n the one-d imensional a r ray A: 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

A = {a^^ 1322^32 a33 |a^^ |a5^ 0 a53 a ^ ^ a^^ la^g a ^ ^ 0 a ^ ^ } (3.11) 

In order to I n te rp re t the a r ray 3 . 1 1 , the address of the s i x d iagona l 
elements i s s p e c i f i e d in the i n tege r a r r a y : 

KDIAG = {1 2 4 5 10 14} (3 .12) 

Var iab le -bandwid th s torage i s s u i t a b l e fo r mat r ix A s i n c e , 
even a f t e r the node renumbering c a r r i e d out p r e v i o u s l y , the i r r e g u l a r 
s t r u c t u r e of the l i n e pa t te rn produces many re -en t ran t s i n the 
r e s u l t i n g band ma t r i x . A regu la r band storage scheme would requ i re the 
s torage of more zero e lements . At the other extreme, the complete 
e l i m i n a t i o n of a l l the zero elements can a l s o be done, f o r i n s t a n c e , by 
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Figure 3 . 5 . A symmetric va r iab le -bandw id th m a t r i x . 

us ing two i n tege r a r rays of element addresses . The complete pack ing of 
a r ray A, however, n e c e s s i t a t e s a more complex computer code, and 
moreover, i t may not o f f e r a cons i de rab le sav ing i n memory s torage 
because of the ex t ra address a r ray r e q u i r e d . 

3.3.2 Fluid-flow Calculations 

In the f o l l o w i n g s t e p s , the program NETFLO ( F i g . 3.3) sets up 
the a r rays f o r f l u i d - f l o w computat ion us ing the s torage scheme de f ined 
p r e v i o u s l y , and so lves the system fo r the unknown head v a l u e s . Both 
opera t ions are executed by the subrout ine SOLPHI ( F i g . 3 . 6 ) . 

The va lue of the express ion Y/12y (see Equat ion 3.1) i s 
ass igned to the constant FLUID at the beginn ing of the sub rou t i ne . 
Then f o r each f r a c t u r e segment, the element conductance E i s computed 
accord ing to Equat ion 3.2 a s : 

e^ = X FLUID/a^ (3.13) 

where N i s the element i ndex , W i s the f r a c t u r e a p e r t u r e , and I i s 
the element l e n g t h . C l e a r l y , each one of the two nodes connected by 
the element N i s e i t h e r of f ree type (unknown head) or of cons t ra ined 
type ( f i x e d head) . I f at l e a s t one of the nodes i s of f ree t ype , the 
va lue of e i s entered in the app rop r ia te l o c a t i o n i n a r ray A. For a 
cons t ra ined node, e i s m u l t i p l i e d by the cor respond ing head v a l u e , and 
the r e s u l t i s entered d i r e c t l y i n t o the augmented f l u x vec tor (Qf 
i n Equat ion 3 . 1 0 ) . Th is l a t t e r vec to r 1s s tored i n the a r ray PHI. 
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The mat r i x system i s then so lved f o r a l l the unknown head 
values us ing three shor t subrout ines (DECOMP, FORW, and BACK) adapted 
from Jennings (1977) . DECOMP executes a Cho lesk i decomposi t ion of the 
mat r ix A (see Jenn ings , 1977, p. 107). FORW and BACK execu te , 
r e s p e c t i v e l y , a forward s u b s t i t u t i o n and a back s u b s t i t u t i o n i n the 
system of equa t ions . The ar ray PHI i s used again to s to re the s o l u t i o n 
i n each one of these l a s t two o p e r a t i o n s . This m u l t i p l e use of the 
ar ray PHI represents a s i g n i f i c a n t sav ing i n computer memory. 

ENTER ^ 

F L U I D - w e i g h t d e n s i t y / ( 1 2 x VISC) 
[ L - I T - 1 ] 

< 
T 

I = 1 , . . . , N U M N P T 

I 
> 

M i l - IB(NEWNOD(I)) 

P H I C ( L C ( I ) ) - PHI(NEWNOD(I)) 

P H I ( I ) - z e r o (1 = 1 , . . . , N F ) 

I 
< ^ N = 1 NUMELT FROM NEXT PA&E 

I I B C O ( l ) - z e r o 

IB{N0D1( 

I B C O ( l ) - I B C ( I B ( N 0 D 1 ( N ) ) ) 

INEH ( l ) — NOONUM(N001(N)) 
XI - X0RD(N0D1(N)) 
Y l - Y 0 R D ( N 0 D 1 ( N ) ) 
IBC0(2 ) - z e r o 

L—I IBC0(2 ) - I B C ( I B ( N 0 D 2 ( N ) ) ) 

INEW(2) - N0DNUM(N002(N)) 
XJ - X 0 R D ( N 0 D 2 ( N ) ) 
YJ - Y0RD(N002(N)) 

E ( N ) - W { N ) 3 X FLUID / [ ( X J - X I ) 2 + ( Y J - Y I ) 2 ] 1/2 
( e l e m e n t c o n d u c t a n c e ) 

182 - z e r o 

IB2 - 1 

IB2 - 2 

I I - m a x i m u m o f INEW(l) and INEW(2) 
J J — m i n i m u m o f INEW(l) and INEW(2) 

I < I = 1,2 

. . . > z e r o 

NO 

• M 4 - K D I A G ( I N E H ( I ) - LC( INEW( I ) ) ) 
• A ( M 4 ) - E ( N ) + A(M4) 

TO NEXT PAGE 

Figure 3 .6 . Flowchart of subrout ine SOLPHI. 
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FROM PREVIOUS PAGE 

M5 - K D I A G ( I I - L C ( I I ) ) - ( I I - J J ) 
{LC( I I ) - L C ( J J ) ) 

A ( M 5 ) - E ( N ) 

De te rmine which one i s the " f r e e " node 
M6 - I N E W ( f r e e ) - LC{ INEW(f ree ) ) 
M7 - L C ( I N E W ( f r e e ) ) 
P H I ( M 6 ) - E ( N ) X PHIC(M7) + PHI{M6) 

TO PREVIOUS 
PAGE 

P r i n t ( o p t i o n a l ) : 
• M a t r i x A 
• V e c t o r s PHI and PHIC 

E x e c u t e a C h o s l e s k i d e c o m p o s i t i o n on m a t r i x A 
A - [ / d V 2 ] « 

( s u b r o u t i n e DECOMP) 

I 
• E x e c u t e a f o r w a r d - s u b s t i t u t i o n to s o l v e f o r 

[ y ] i n [ / d ' / 2 ] [ y ] = PHI * 
• PHI — s o l u t i o n [ y ] 
( s u b r o u t i n e FORW) 

f : lower t r i a n g u l a r m a t r i x 
d : d i a g o n a l m a t r i x 

• E x e c u t e a back s u b s t i t u t i o n to s o l v e f o r 
[ x ] i n [ / d l / 2 ] T [ x ] = [ y ] » 

• PHI — s o l u t i o n [ x ] 
( s u b r o u t i n e BACK) 

* ~ ~ 
MM = 1 , „ . . N U M N P T ^ 

M — NUMNPT - MttH 
MIO —IB(NEWNOD(M)) 

> z e r o ^ 

J NO 

YES 

\ P H I ( M ) - PHIC(U; (M) ) 

R e o r d e r t h e nodes in the i n i t i a l number ing 

P r i n t : 
( I B ( M ) , PHI (M) , M = l , . . . . N U M N P T ) 

( ^ R E T U R N ) 

Figure 3 . 6 . Cont inued. 

A f t e r complet ing the head c a l c u l a t i o n s , SOLPHI renumbers a l l 
the nodes i n t h e i r i n i t i a l numbering, so tha t the r e s u l t s can be more 
e a s i l y i n t e r p r e t e d . In a f i n a l step before re tu rn ing the execu t ion to 
the main program, SOLPHI p r i n t s out the head va lue f o r each node. 

At t h i s s tage , the subrout ine FLOCAL ( F i g . 3 . 7 ) takes over to 
compute the f low ra te ( F R ) , the f low v e l o c i t y (VEL) , and the Reynold 
number (RE) in every f r a c t u r e segment us ing the f o l l o w i n g r e l a t i o n s h i p s : 

F R N = e î X (PHInode 1 - PHInode 2) ( 3 - 1 4 ) 

V E L N = F R N / W N ( 3 . 1 5 ) 

and 
R E N = I F R ^ / y l ( 3 . 1 6 ) 
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N=1 NUMELT :> 
M2{1)— NODl(N) 
M2{2)— N002(N) 
F R - {PHI(M2(1)) - PHI(M2(2))) x 

(element conductance, E(N)) 
VEL — FR/W(N) 
RE - ABS(FR/VISC) 

NO NO NO 

Add FR to EFR for boundary IB(M2(I)) 

Make a d d i t i o n s to c u m u l a t i v e v a l u e s of element 

l e n g t h , volume, f l o w v e l o c i t y and f l o w r a t e i n 

e v e r y t e n - d e g r e e range of d i r e c t i o n . 

C r e a t e a f i l e o f the t o t a l v a l u e s o f element 

p a r a m e t e r s i n e v e r y t e n - d e g r e e range of 

di r e c t i on 

( s u b r o u t i n e 0UTPT4) 

• T o t a l f l o w at the b o u n d a r i e s 

• L i s t and r o s e - d i a g r a m of d i r e c t i o n a l 

p a r a m e t e r s . 

( s u b r o u t i n e s CUTPT4 and ROSE) 

C RETURN 

Figure 3 . 7 . F lowchart of subrout ine FLOCAL. 

In the subprogram ELTDEF of NETWRK, the elements are de f ined i n such a 
way tha t f o r any element the node number 1 has the lower y - v a l u e . In 
t h i s conven t ion , the f low ra te c a l c u l a t e d by (3.14) i s p o s i t i v e i n the 
d i r e c t i o n of i n c r e a s i n g y and negat ive o the rw ise , the d i r e c t i o n w i th 
respec t to x being i m m a t e r i a l . During these f low c a l c u l a t i o n s , the 
cumulat ive f low ra te i s computed f o r a l l the elements w i th an ex t remi ty 
on a boundary. At the end of the f low c a l c u l a t i o n s , the t o t a l f l ow 
ra te i s p r i n t ed out f o r each boundary i n d i v i d u a l l y . 

The subrout ine FLOCAL a l s o computes the t o t a l va lue of a 
number of v a r i a b l e s i n each ten-degree range of d i r e c t i o n . The main 
d i r e c t i o n a l v a r i a b l e s computed i n FLOCAL are the sum of (1) the element 
length 1^, (2) the su r face area of f r a c t u r e s (W^ x 1^), (3) the 
element p e r m e a b i l i t i e s de f ined as W^ x 1^, and (4) the f l u i d 
v e l o c i t i e s VELjg and f l ow ra tes FRfj. In a d d i t i o n , the produc ts of 
v e l o c i t y and other parameters are a l s o computed i n every ten-degree 
range of d i r e c t i o n . These products are used i n the program NETRANS on 
an exper imenta l bas is to compute d i f f e r e n t weighted average v e l o c i t i e s 
us ing d i f f e r e n t we igh t ing f a c t o r s (Sec . 4 . 2 . 2 ) . 
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3.4 Program V e r i f i c a t i o n and Accuracy Eva lua t i on 

In order to v e r i f y the r e s u l t s of the program NETFLO, a s imple 
model has been used, c o n s t i t u t e d of two v e r t i c a l f r a c t u r e s 10 m long 
that are l i n k e d together by a set of n ine h o r i z o n t a l f r a c t u r e s 1 m apar t 
( F i g . 3 . 8 ) . Hydrau l i c heads of 0 and 100 m are Imposed on the bottom 
and the top boundaries r e s p e c t i v e l y . The t h e o r e t i c a l f low ra te i n each 
one of the f r a c t u r e s can e a s i l y be computed us ing the cub ic law f o r 
f l u i d f low between two smooth p a r a l l e l p l a t es (Equat ion 3 . 1 ) . In these 
c a l c u l a t i o n s , the va lues s e l e c t e d f o r f l u i d weight dens i t y (y) and 
dynamic v i s c o s i t y (y) are 9.800 x 10^ N/m^ and 1.002 x 10-3 
Pa.s r e s p e c t i v e l y . Assuming an aper tu re of 10 ym fo r a l l of the 
f r a c t u r e s , the f low ra te i n each one of the v e r t i c a l f r a c t u r e s i s 
-8.1503659 x 10-^ m^/s at e igh t d i g i t s accu racy . The minus s ign 
means downward f l ow . 

HEAD = 100 m 

2^20 4^22 
10 

0-

NODE NUMBERS 

BEFORE AND AFTER 

7-18 15-21 NODE NUMBERS 

BEFORE AND AFTER 8-16 16-19 
RENUMBERING 

9-14 17-17 

10-12 18-15 

5-10 6-13 

11-8 19-11 

12-5 20 -9 

13-3 21-6 

14-2 22 -4 

1-1 3 - 7 

0 x{m) ^ 10 

HEAD = 0 

Figure 3 . 8 . F rac tu re system used f o r eva lua t i ng the 
accuracy of the program NETFLO. 

Before s o l v i n g the f l u i d - f l o w problem dep ic ted i n F igure 3 . 8 , 
the program NETFLO must f i r s t rearrange the node numbering i n order to 
minimize the bandwidth of the node conductance mat r ix (Equat ion 3 . 5 ) . 
The node numbers before and a f t e r renumbering are g iven in F igure 3 . 8 . 
The i n i t i a l numbering has purposely been made i n e f f i c i e n t ; i t would 
y i e l d a bandwidth of 19 ( i . e . , 2 2 - 3 ) . Renumbering executed by the 
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subrout ine OPTNUM, which i s c a l l e d by the subrout ine OPSTOR, reduces 
the bandwidth to 4 , r e s u l t i n g i n a cons ide rab le economy i n memory 
requi rement . 

A f l ow ra te va lue has been computed by program NETFLO fo r 
each one of the f r a c t u r e segments between two consecu t i ve nodes i n 
F igure 3 . 8 . The computed values in the v e r t i c a l segments vary between 
-8.1501810 and -8.1506499 x 10-9 n,3/s. The re fo re , f o r t h i s 
s imple model , the maximum abso lu te e r r o r on f low ra te i s about 
3 X 10-13 i i i3 /s, cor responding to a r e l a t i v e e r r o r of about 
3.5 X 10-5 . 

S ince the aper tu re i s un i form in each f r a c t u r e and t he re fo re 
the c o n s t i t u t i v e f low law (Equat ion 3.1) i s l i n e a r , the numerical 
c a l c u l a t i o n s should t h e o r e t i c a l l y g i ve the exact s o l u t i o n . In f a c t , 
the smal l numerical e r r o r that i s observed i s not a " d i s c r e t i z a t i o n " 
e r ro r of the type most commonly encountered i n numerical a n a l y s i s . 
I ns tead , the observed e r r o r i s the r e s u l t of a number of round-of f 
e r r o r s generated because the memories of a l l computing machines are 
f i n i t e and only a f i x e d number of d i g i t s ( u s u a l l y between 7 and 12) can 
be re ta ined a f t e r each a r i t h m e t i c o p e r a t i o n . 

Thus any i r r a t i o n a l number and a l l numbers wi th more 
s i g n i f i c a n t d i g i t s than can be re ta ined that occur i n a sequence of 
c a l c u l a t i o n s must be approximated by rounded v a l u e s . De ta i l ed a n a l y s i s 
of accumulated round-of f e r ro r i n the f i n a l r e s u l t s of numerical 
c a l c u l a t i o n s i s g e n e r a l l y d i f f i c u l t because the magnitude and the s ign 
of the e r r o r i n each opera t ion i s u n p r e d i c t a b l e , p a r t i c u l a r l y i n a 
s t o c h a s t i c a l l y generated system. Even though p r o b a b i l i s t i c models can 
be app l i ed to the propagat ion of rounding e r ro r s ( H e n r i c i , 1962), the 
s imple e m p i r i c a l approach desc r ibed in the f o l l o w i n g paragraphs 
s u f f i c e s f o r the purpose of e v a l u a t i n g the accuracy of the r e s u l t s from 
the program NETFLO. 

In order to eva lua te the importance of the accumulated 
round-of f e r r o r produced by program NETFLO fo r l a r g e r systems, the 
number of nodes (NN) between f i xed -head boundaries in F igure 3.8 has 
been increased s u c c e s s i v e l y to 20, 50, and 100. The r e s u l t i n g e r r o r s 
i n head and f low ra te c a l c u l a t i o n s are shown i n F igure 3 . 9 . For an 
unknown reason , the e r r o r i n h y d r a u l i c head i s always p o s i t i v e f o r NN = 
10, 20, and 100, and always negat ive f o r NN = 50. I t i s a l s o 
i n t e r e s t i n g to note tha t at each v e r t i c a l d i s t a n c e , the e r r o r i n one 
v e r t i c a l f r a c t u r e i s , i n g e n e r a l , s l i g h t l y d i f f e r e n t from the e r r o r i n 
the other v e r t i c a l f r a c t u r e ; as a consequence there i s a very smal l 
f l ow i n each of the h o r i z o n t a l f r a c t u r e s , which should not be. These 
d i s c r e p a n c i e s , however, are r e l a t i v e l y smal l and cannot be shown in 
F igure 3 . 9 . The most important i m p l i c a t i o n of F igure 3.9 i s t h a t , 
con t ra ry to a d i s c r e t i z a t i o n e r r o r , a round-of f e r r o r i s inc reased by 
i n c r e a s i n g the number of nodes in a model. 

Obv ious l y , a model w i th a more complex geometry than the 
system of F igure 3.8 would produce e r r o r d i s t r i b u t i o n s tha t are l e s s 
smooth than the curves of F igu re 3 . 9 . Even i f i t i s s t r i c t l y 
a p p l i c a b l e only to the s imple model of F igure 3 . 8 , F igu re 3.9 
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i n d i c a t e s , n e v e r t h e l e s s , that the e r r o r i n f low ra te i s maximal near a 
f i xed -head boundary because of the s teeper s lope f o r the e r r o r i n 
h y d r a u l i c head t h e r e . Moreover, the e r r o r i n f low ra te i s of oppos i te 
s ign at the i n f l o w and at the ou t f low boundar ies . Therefore a s imple 
v e r i f i c a t i o n of the d i f f e r e n c e i n f low ra tes or mass balance between 

POSITIVE ERROR 
^, -NEGATIVE ERROR 

DISTANCE FROM BOTTOM BOUNDARY (m) 

Figure 3 . 9 . D i s t r i b u t i o n of a 
e r r o r f o r va r i ou 
between f i xed -head 
system of F igu re 
e r r o r on h y d r a u l i c 
e r r o r on h y d r a u l i c 
f l ow r a t e . 

cumulated round-of f 
number of nodes 

boundaries in the 
3 . 8 : (A) abso lu te 
head, (B) r e l a t i v e 
head, (C) e r ro r on 
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the i n f l o w and the out f low can prov ide a conse rva t i ve e v a l u a t i o n of the 
accuracy of the r e s u l t s f o r a p a r t i c u l a r model. F igure 3.10 i n d i c a t e s 
tha t a cons ide rab le i nc rease i n mass balance e r r o r r e s u l t s from an 
i nc rease in the number of nodes. F igure 3.10 a l s o shows that f o r a 
p a r t i c u l a r number of nodes in the system of F igure 3 . 8 , a d i f f e r e n t 
f r a c t u r e aper tu re y i e l d s a d i f f e r e n t r e l a t i v e mass balance e r r o r . 
However, t h i s d i f f e r e n c e i n r e l a t i v e e r r o r due to f r a c t u r e aper tu re i s 
r e l a t i v e l y smal l and, moreover, i t i s not s y s t e m a t i c a l l y i n the same 
d i r e c t i o n ( i . e . , a l a r g e r aper tu re can g ive e i t h e r a l a r g e r or a 
sma l le r e r r o r ) . In a rough approx imat ion , by e x t r a p o l a t i n g the t rend 
of F igure 3 .10 , one can es t imate that the r e l a t i v e mass balance e r r o r 
would be of the order of 10% fo r a f lowpath con ta i n i ng between 200 and 
500 nodes between the f i xed -head boundar ies . 

I t i s worth p o i n t i n g out tha t the cumulat ive round-of f e r r o r 
depends both on the computer hardware and on the so f tware . For 
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i n s t a n c e , a d i f f e r e n t s o l u t i o n technique as we l l as a d i f f e r e n t 
computer system would produce cumulat ive e r r o r s that are d i f f e r e n t from 
the ones obta ined i n t h i s s tudy . N e v e r t h e l e s s , one can presume tha t 
the d i s t r i b u t i o n of e r r o r s i n a s imple system l i k e the one dep ic ted in 
F igure 3.8 would be very s i m i l a r to what i s shown i n F igure 3 . 9 , even 
though the ac tua l va lues would be d i f f e r e n t . No comparison has been 
made i n t h i s study between d i f f e r e n t s o l u t i o n techniques and d i f f e r e n t 
computer systems. 

S ince the round-of f e r r o r i s due to the l i m i t e d s i z e of memory 
reserved f o r a number a f t e r each a r i t h m e t i c o p e r a t i o n , an obvious 
c o r r e c t i v e measure i s to i nc rease the s i z e of the memory reserved f o r a 
few se lec ted v a r i a b l e s . The program NETFLO w i th DOUBLE PRECISION 
s p e c i f i e d f o r the v a r i a b l e s used i n s o l v i n g the f l u i d - f l o w problem 
produces a r e l a t i v e mass balance e r r o r of the order of 10"^ f o r a l l 
the model s i z e s represented i n F igure 3 .10 . Cons ide r ing t h i s 
cons ide rab le improvement, DOUBLE PRECISION should be s p e c i f i e d f o r 
se lec ted a r rays ( p a r t i c u l a r l y a r rays A and PHI) when a computing 
machine w i th 3 2 - b i t words i s used. G e n e r a l l y , 6 0 - b i t machines l i k e the 
CYBER s e r i e s do not r equ i re DOUBLE PRECISION v a r i a b l e s . 

3.5 Conc lus ion 

The program NETFLO has been designed to be used j o i n t l y w i th 
the program NETWRK desc r ibed i n Chapter 2. The code i s r e l a t i v e l y f a s t 
and s imp le , and i t can handle problems con ta i n i ng more than 3500 
elements wi thout exceeding 1 megabyte i n computer s torage even w i th 
DOUBLE PRECISION s p e c i f i e d f o r se lec ted v a r i a b l e s . For these la rge 
networks, the computing t ime fo r n ine complete f low c a l c u l a t i o n s 
(cor respond ing to n ine d i f f e r e n t aper tu re d i s t r i b u t i o n s ) i s i n the 
order of 120 CPU seconds on an IBM 4341 machine. The re fo re , the 
program NETFLO i s cons idered as a reasonable compromise between code 
s i m p l i c i t y , on one s i d e , and e f f i c i e n c y i n computing t ime and memory 
s to rage , on the other s i d e . 
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C H A P T E R 4 

Stochastic Simulation of Particle Transport in a 
Fracture Network: Program NETRANS 

4.1 I n t roduc t i on 

The movement of so lu te through f r a c t u r e networks in rock has 
been i n v e s t i g a t e d w i t h p h y s i c a l models and w i th numer ica l models. 
K r i zek et al. (1973) (see a l s o C a s t i l l o , 1972) s imula ted the so l u te 
d i s p e r s i o n i n a numerical model of cont inuous f r a c t u r e s , us ing an 
approximate concen t ra t i on f u n c t i o n at each node. This concen t ra t i on 
f u n c t i o n could assume e i t h e r no-mix ing or complete mix ing at the 
nodes. The i r assumptions were p a r t l y based on the r e s u l t s of p h y s i c a l 
experiments on node mix ing and on d i s p e r s i o n i n a s i n g l e f r a c t u r e 
(K r i zek et al., 1972; see a l s o Soc ias et al., 1979) . Laboratory 
experiments on mix ing at f r a c t u r e i n t e r s e c t i o n s were a l s o repor ted by 
Wi lson and Witherspoon (1976) . 

Hu l l (1985) repor ted another s e r i e s of p h y s i c a l experiments 
i n v e s t i g a t i n g the so l u te mix ing at nodes and the d i s p e r s i o n in s i n g l e 
f r a c t u r e s . He a l s o desc r ibed two types of p h y s i c a l models of f r a c t u r e 
networks f o r d i s p e r s i o n s t u d i e s : (1) rec tangu la r networks of cont inuous 
openings in an impermeable mat r i x of p l e x i g l a s s (see a l s o Hu l l and 
Kuslow, 1982) and (2) a d u a l - p o r o s i t y model of a rec tangu la r network of 
d i scon t i nuous openings i n a porous po l ye thy lene m a t e r i a l . As pa r t of 
the same p r o j e c t , M i l l e r (1983) developed a m a r k e r - p a r t i c l e model tha t 
s imu la tes the so l u te d i s p e r s i o n in s imple networks of d i scon t inuous 
f r a c t u r e s and tha t accounts f o r f low i n the m a t r i x . 

Schwartz et al. (1983) used s t o c h a s t i c t r a c k i n g of p a r t i c l e s 
to s imu la te so l u te d i s p e r s i o n in or thogonal networks of f r a c t u r e s of 
d i s t r i b u t e d s i z e and semi-random l o c a t i o n . A numerical t r anspo r t model 
presented by Endo et al. (1984) cons ide rs the d e t a i l e d movement of 
f l u i d w i t h i n streamtubes through f r a c t u r e networks. F i n a l l y , Robinson 
(1984) developed computing a lgor i thms fo r both a mass-lumping approach 
and a p a r t i c l e - f o l l o w i n g approach. 

The numer ical model NETRANS presented here i s d i f f e r e n t from 
the models mentioned above. I t uses a second - l eve l s t o c h a s t i c process 
based on s t a t i s t i c s of d i r e c t i o n a l parameters computed in the program 
NETFLO (Chap. 3) to f o l l o w p a r t i c l e s in a v i r t u a l network of a r b i t r a r y 
s i z e (Rou leau , 1987) . Th is l a t t e r approach has some s i m i l a r i t i e s w i th 
the approx imat ion of the un i t hydrograph of a su r face dra inage bas in by 
assuming f low through random channel networks ( e . g . , Troutman and 
K a r l i n g e r , 1985). 
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4.2 Program NETRANS 

Program NETRANS ( F i g s . 4.1 and 4.2) uses the average va lue 
computed f o r each ten-degree range of d i r e c t i o n f o r the th ree 
parameters: f l ow r a t e , f low v e l o c i t y , and segment (or element) 
l e n g t h . NETRANS f o l l ows a number of p a r t i c l e s , one at a t ime , through 
a v i r t u a l f r a c t u r e network. At each step (or v i r t u a l node) i n the 
t r a c k i n g of a p a r t i c l e , the f low d i r e c t i o n i s determined s t o c h a s t i c a l l y 
by the r e l a t i v e importance of the average f low ra te i n each ten-degree 
range of d i r e c t i o n . A f t e r the f low d i r e c t i o n i s s e l e c t e d , the p a r t i c l e 
i s moved a d i s t a n c e equal to the average segment length i n tha t 
d i r e c t i o n . The p a r t i c l e v e l o c i t y i s equal to a weighted average 
v e l o c i t y (see Sec . 4 . 2 . 2 ) , a l s o i n tha t d i r e c t i o n . At the end of each 
s t e p , the new coord ina tes of the p a r t i c l e s , as we l l as the incremented 
t ime , a re recorded . The t r a c k i n g of a p a r t i c l e i s stopped a f t e r a 
s p e c i f i e d d i s tance has been reached. 

In the present v e r s i o n of NETRANS, the d i s t a n c e a p a r t i c l e 
moves in a g iven step i s s imply the mean of the length of a l l the 
elements w i th the f l ow i n the cor responding d i r e c t i o n . Fur ther 
developments of the program could i nc lude the s t o c h a s t i c de te rmina t ion 
of the d isp lacement d i s t a n c e i n a manner s i m i l a r to the f l ow 
d i r e c t i o n . The de te rmina t ion of the f low d i r e c t i o n i t s e l f and of the 
f l ow v e l o c i t y mer i t s f u r t h e r e x p l a n a t i o n s . 

4.2.1 Determining the Flow Direction 

At the end of execu t ion of the program NETFLO (Sec . 3 . 3 . 2 ) , 
one of the d i r e c t i o n a l parameters recorded i s the cumulat ive va lue of 
f low ra te over a l l the elements i n every ten-degree range of d i r e c t i o n 
(DFR). The program NETRANS computes the r a t i o of each one of these 
cumulat ive d i r e c t i o n a l f low ra tes over the sum of the f low ra tes i n a l l 

0UTPT5 

M 
A 
I 

N 

TTIMER 

MXMNAS 

HISTGR 

^ C A L L 

•* RETURN 

Figure 4 . 1 . S t r u c t u r e of program NETRANS. 

37 



R e a d : 
TRAVDIS: 
NPART : 

d i s t a n c e the p a r t i c l e s must t r a v e l 
number o f p a r t i c l e s 

NAPER.*—number o f a p e r t u r e d i s t r i b u t i o n s 

JAP = 1 , . . . ,NAPER 

R e a d : 
D i r e c t i o n a l p a r a m e t e r s computed i n 
s u b r . FLOCAL o f NETFLO 

C r e a t e the a r r a y IDIR(IOO) w i t h s u b d i v i s i o n s 
p r o p o r t i o n a l to d i r e c t i o n a l f l o w r a t e s . 

I 
Compute s t o c h a s t i c a l l y the t r a n s i t t ime o f 
p a r t i c l e s t h r o u g h a v i r t u a l network 

P r i n t a c u m u l a t i v e h i s t o g r a m o f p a r t i c l e 
a r r i v a l t i m e s 
( s u b r o u t i n e s TTIMER and HSTGR) 

C STOP 

Figure 4 . 2 . F lowchart of the main program i n NETRANS. 

d i r e c t i o n s . The r e s u l t i n g r a t i o va lues (ROFR) are then used to 
subd iv ide the range [ 0 ,100 ] : each s u b d i v i s i o n i s g iven a va lue of a 
d i r e c t i o n index IDIR (between 1 and 36 ) ; the s i z e of each s u b d i v i s i o n 
i s p ropo r t i ona l to the va lue of RDFR fo r the cor respond ing d i r e c t i o n 
range ( F i g . 4 . 3 ) . Subsequent ly , the subrout ine TTIMER ( F i g . 4.4) uses 
the ar ray IDIR, j o i n t l y w i th random numbers un i fo rmly d i s t r i b u t e d in 
the range [0 ,100 ] , to determine the d i r e c t i o n of f low at each step of 
the p a r t i c l e t r a c k i n g . 
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and in t r a v e l t ime (DT) based on the average 
e lement l e n g t h and the we igh ted average f low 
v e l o c i t y in d i r e c t i o n JDIR 

• Sum up t r a v e l d i s t a n c e and t r a v e l t ime 

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

P r i n t a c u m u l a t i v e h i s t o g r a m of p a r t i c l e 
a r r i v a l t imes 
( s u b r o u t i n e HSTGR) 

RETURN ) 
Figure 4 . 4 . F lowchart of subrout ine TTIMER, 
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4 . 2 . 2 Determining the Average Flow Velocity in Every Direction 

The s imple average d i r e c t i o n a l v e l o c i t y i s not n e c e s s a r i l y the 
v e l o c i t y the so lu te p a r t i c l e moves on average i n a g iven d i r e c t i o n . 
Presumably t h i s l a t t e r average p a r t i c l e v e l o c i t y i s a l s o a f f e c t e d by 
the f l ow ra te i n the elements and by the element l eng ths . For that 
reason I have t r i e d a number of d i f f e r e n t we igh t ing f a c t o r s to compute 
weighted average d i r e c t i o n a l v e l o c i t i e s . Comparisons of the r e s u l t i n g 
d i s t r i b u t i o n s of t r a n s i t t imes of s t o c h a s t i c p a r t i c l e s through the 
sample network of F igure 4 . 5 , w i th the d e t e r m i n i s t i c r e s u l t s of t r a n s i t 
t ime assuming p lug f l o w , are g iven i n F igure 4.6 f o r four d i f f e r e n t 
we igh t ing f a c t o r s f o r the average d i r e c t i o n a l v e l o c i t y . A we igh t ing 
f a c t o r of one i s app l i ed by c a l c u l a t i n g the cumula t ive va lue of the 
s imple f low v e l o c i t y f o r a l l the elements i n a d i r e c t i o n range, and 
d i v i d i n g tha t cumulat ive v e l o c i t y by the number of elements i n that 
d i r e c t i o n range. The three other we igh t ing f a c t o r s cons idered are the 
element length ( 1 ) , the f l ow v e l o c i t y i t s e l f ( v ) , and the product of 
the element length and the f low v e l o c i t y i n tha t element (1 x v ) . 

By comparing the 50% mass a r r i v a l t ime on the curves f o r the 
four we igh t ing f a c t o r s cons idered ( F i g . 4 . 6 ) , i t i s apparent tha t the 
f a c t o r that g ives the most accura te r e s u l t s i s the product (1 x v ) . 
C l e a r l y , eve ry th ing e l s e being e q u a l , a h igher f low v e l o c i t y i n a 
f r a c t u r e segment means a p r o p o r t i o n a l l y h igher f l ow r a t e , and t h e r e f o r e 
a h igher p r o b a b i l i t y that a p a r t i c l e i s t r a v e l l i n g at tha t v e l o c i t y . 
A l s o , the longer a f r a c t u r e segment, the more i n f l u e n c e the f low 
parameters of t h i s segment have on the o v e r a l l p a r t i c l e d i sp lacemen ts . 
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Figure 4 . 5 . F rac tu re system used f o r NETRANS 
v e r i f i c a t i o n . (The aper ture of a l l the 
f r a c t u r e s i s 5 ym.) 
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O.Ol - L - 1 I I ; 
0.0 1.0 2.0 3.0 4.0 5.0 Cx 10^) 

TIME Keel F O R P A R T I C L E S T O A R R I V E (• X) 

F O R A P L U G T O P A S S T H R O U G H A P A T H W A Y (o) 

Figure 4 . 6 . Comparison of d e t e r m i n i s t i c p lug f low 
and the s t o c h a s t i c t r a n s i t t ime of 
p a r t i c l e s w i th d i f f e r e n t we igh t ing 
f a c t o r s f o r the f low v e l o c i t y . 

A more comprehensive a n a l y s i s of p o s s i b l e we igh t ing f a c t o r s should 
i nc l ude the element aper tu re and f low r a t e , and t h e i r product w i th the 
element l e n g t h . 

4.2.5 Number of Particles Required 

Figure 4.6 a l s o shows the r e s u l t s of a t r i a l run w i th 500 
p a r t i c l e s ins tead of 50. The curve fo r 500 p a r t i c l e s i s not 
s i g n i f i c a n t l y d i f f e r e n t from the curve f o r 50, i n d i c a t i n g that 50 
p a r t i c l e s are enough to ob ta in a good est imate of t r a n s i t t imes . 

4 .3 Conc lus ion 

In i t s present v e r s i o n , the program NETRANS can be used to 
est imate the average t r a n s i t t ime of p a r t i c l e s over any d i s t a n c e i n a 
f r a c t u r e network. The d i s t a n c e t r a v e l l e d by the p a r t i c l e s can be much 
l a r g e r than the s i z e of the o r i g i n a l f r a c t u r e network generated by the 
program NETWRK and cons idered by the f l u i d - f l o w program NETFLO. 
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Obvious ly a number of s i m p l i f y i n g assumptions are i m p l i c i t l y 
inc luded in the program NETRANS, and these l i m i t a t i o n s must be 
cons idered when i n t e r p r e t i n g the r e s u l t s . For i n s t a n c e , we assume an 
impermeable mat r i x and we neg lec t d i s p e r s i o n w i t h i n each f r a c t u r e . 
A lso F igure 4.6 shows tha t the shape of the p a r t i c l e breakthrough 
curves i s s i g n i f i c a n t l y d i f f e r e n t (much l e s s d i s p e r s i o n ) from the shape 
of the d e t e r m i n i s t i c p l u g - f l o w breakthrough. Th is l a c k - o f - f i t 
i n d i c a t e s tha t the present ve rs i on of NETRANS cannot approximate the 
shape of so lu te breakthrough curves in f r a c t u r e networks. 
M o d i f i c a t i o n s to the program NETRANS tha t could improve the r e a l i s m of 
the s imula ted breakthrough curves i nc l ude the replacement of the 
average va lue by d i s t r i b u t e d va lues f o r the segment length and f o r the 
weighted f low v e l o c i t y i n every d i r e c t i o n range. 

The program NETRANS i n i t s present ve rs i on can be app l i ed only 
to rec tangu la r models. Attempts to develop other subrout ines to be 
used w i th c i r c u l a r models were faced w i th the problem of p a r t i c l e s tha t 
never reach the inner c i r c u l a r boundary i n the case of converg ing f l ow . 
Indeed, f o r many p a r t i c l e s , the v i r t u a l pathway went bes ide the inner 
boundary and missed i t comp le te l y . The case of d i v e r g i n g f l ow i s 
e a s i e r to hand le , and t h i s cou ld be done w i th minor m o d i f i c a t i o n s to 
the program; f o r i n s t a n c e , by express ing the t r a v e l l e d d i s t ance i n 
terms of r a d i a l c o o r d i n a t e s . 
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CHAPTER 5 

General Conclusion 

The s t o c h a s t i c d i s c r e t e f r a c t u r e (SDF) model presented here i s 
a p r a c t i c a l t oo l to i nco rpo ra te the s t a t i s t i c a l geometry of a f r a c t u r e 
system i n the i n v e s t i g a t i o n of ground-water f low and mass t ranspor t i n 
f r a c t u r e d rock masses. The f rac tu re -geomet ry parameters of i n t e r e s t 
are the f r a c t u r e d e n s i t i e s and the d i s t r i b u t i o n s of f r a c t u r e 
o r i e n t a t i o n s , s i z e s , and a p e r t u r e s . 

The computer programs NETWRK, APEGEN, NETFLO, and NETRANS have 
been developed us ing a modular approach. The i r execu t ion sequence must 
correspond to the order of p resen ta t i on in t h i s r epo r t . Each program, 
however, i s executed i n d i v i d u a l l y , and i t s r e s u l t s can be consu l ted 
before execut ing another program. This modular s t r u c t u r e g ives more 
f l e x i b i l i t y to the package. A l s o , the programs were designed to 
p rov ide a reasonable compromise between memory s to rage , computing t ime , 
and code comp lex i t y . Those f a c t o r s make t h i s SDF package s u i t a b l e f o r 
s i t e - s p e c i f i c s i m u l a t i o n s . 
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A P P E N D I X A 

List of the IVIain Variables Used in the Programs 
NETWRK (NW), APEGEN (AP), NETFLO (NF), 
and NETRANS (NT) 

A . l L i s t of Input Parameters 

AAP(I) and BAP(I) (NW.AP): f i r s t and second parameters of the 
d i s t r i b u t i o n of aper tu res f o r f r a c t u r e 
set I. For AP0STR=1, AAP i s the aper tu re 
va lue and BAP i s not used. For APDSTR=2, 
AAP and BAP are r e s p e c t i v e l y the mean and 
the standard d e v i a t i o n of the ( n a t u r a l ) 
log- t rans fo rmed ape r tu re . Note that the 
aper tu re i s expressed i n met res ; (m). 

ALE(I) and BLE(I) (NW): f i r s t and second parameters of the 
d i s t r i b u t i o n of t r ace lengths f o r the 
f r a c t u r e set I. For LDSTR=1, ALE i s the 
t r ace length and BLE i s not used. For 
LDSTR=2, ALE and BLE are r e s p e c t i v e l y the 
mean and the standard d e v i a t i o n of the 
( na tu ra l ) log- t rans fo rmed t r ace length 
v a l u e s ; (m). 

APOSTR(I) (NW, A P ) : type of d i s t r i b u t i o n f o r aper tu res of 
f r a c t u r e set I: (1) s i n g l e - v a l u e d 
v a r i a b l e , (2) log-normal d i s t r i b u t i o n ; 
see AAP and BAP. 

ATH(I) and BTH(I) (NW): f i r s t and second parameters of the 
d i s t r i b u t i o n of t r ace angles w i t h i n the 
s imu la t i on plane fo r f r a c t u r e set I. For 
THDSTR=1, ATH i s the angle va lue and BTH 
i s not used. For THDSTR=2, ATH and BTH 
are r e s p e c t i v e l y the mean and the 
standard d e v i a t i o n of the angle v a l u e s . 
ATH(I) should be w i t h i n the range 
C - I S O " . Angles are expressed coun te r ­
c lockw ise from the p o s i t i v e x - a x i s ; see 
F igure D . l ; (degree) . 

ATHP(I) and BTHP(I) (NW): f i r s t and second parameters of the 
d i s t r i b u t i o n of angles between the 
s imu la t i on plane and the f r a c t u r e s of set 
I; ATHP(I) should be w i t h i n the range 
O^- IBO". Angles are expressed as 
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BAP(I) (NW, A P ) : 

BLE(I) (NW): 

BTH(I) (NW): 

BTHP(I) (NW): 

COEF (NW): 

DAAP (NW.AP): 

DENS(I) (NW): 

HDB(I) and HDE(I) (NF) : 

IBC(I) (NW,NF): 

IGEOM (NW,NF,NT): 

lOR (AP) : 

measured w i t h i n the s imula ted rock s l i c e , 
on the r i gh t -hand s i de of the f r a c t u r e 
t r ace wh i l e l ook ing i n the d i r e c t i o n 
ATH( I ) ; see F igu re 0 . 1 ; (deg ree ) . For 
THDSTR=1, ATHP i s the angle va lue and 
BTHP i s not used. For THDSTR=:2, ATHP and 
BTHP are r e s p e c t i v e l y the mean and the 
standard d e v i a t i o n of the angle v a l u e s . 

see AAP( I ) . 

see A L E ( I ) . 

see ATH(I ) . 

see ATHP(I ) . 

c o e f f i c i e n t used to m u l t i p l y a 
p r e l i m i n a r y est imated number of f r a c t u r e s 
i n a s e t , i n order to get a value of 
ESTNFR (see subrou t ine GENLIN) l a rge 
enough fo r most r e a l i z a t i o n s ; t y p i c a l l y 
COEF should be i n the range 2.0 to 6 . 0 , 

increment between d i f f e r e n t va lues of the 
aper tu re d i s t r i b u t i o n parameter AAP. 

dens i t y of f r a c t u r e set I, de f ined as the 
su r face area of f r a c t u r e s per un i t volume 
of rock ; (m-^) . 

inpu t va lue of h y d r a u l i c head at the 
beginn ing and at the end po in t 
r e s p e c t i v e l y , of the boundary segment I; 
moving c l ockw ise along the boundary; not 
used f o r the no - f l ow boundar ies ; see 
F igure 0 . 3 ; (m). 

code f o r the boundary c o n d i t i o n f o r f low 
a long the boundary segment I; (0) no- f low 
b n d r . , (1) constant head a long the b n d r . , 
(2) l i n e a r l y decreas ing head along the 
b n d r . , (3) l o g a r i t h m i c a l l y decreas ing 
head a long the b n d r . ; i n the l a t t e r case , 
the bndr. must not c ross a zero a x i s ; see 
F igure D.3. 

code f o r the general geometry of the 
model ; (1) f o r a rec tangu la r model , (2) 
f o r a c i r c u l a r model ; see F igure D.3. 

code f o r the aper tu re genera t ion mode; 
(0) i f no use i s to be made of 
o r i e n t a t i o n d a t a , (1) i f the o r i e n t a t i o n 
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IPRT (NW.AP.NF.NT): 

ISHAP(I) (NW.NF): 

ISP (NW): 

ITERM ( I ) (NW): 

LDSTR(I) (NW): 

MPART(IO) (NW): 

NAAP (NW.AP.NF.NT): 

NAP (NW.AP.NF.NT): 

NMAP (NT): 

NPART (NT): 

i s to be c o n s i d e r e d ; the second op t ion i s 
not ope ra t i ona l ye t . 

code fo r the l e v e l of i n fo rma t ion d e s i r e d 
in the output f i l e s ; p o s s i b l e values are 
1, 2 , and 3. w i th i n c r e a s i n g l e v e l of 
d e t a i l (see Table B . 2 ) . A l s o . the 
f r a c t u r e and the node numbers are not 
w r i t t e n on the computer p l o t w i th 
IPRT = 1. 

code fo r the shape of the boundary 
segment I; (0) when i t s length i s z e r o , 
(1) f o r a l i n e a r segment. (2) f o r a 
c i r c u l a r segment; see F igu re D.3. 

code f o r the type of sampl ing f o r spac ing 
va lues between t races of f r a c t u r e s of the 
same s e t ; (0) i f no sampl ing i s d e s i r e d , 
(1) f o r sampl ing a long l i n e s 
pe rpend icu la r to the mean o r i e n t a t i o n of 
the t races (subrou t ine SPCNGl) , (2) f o r 
sampl ing a long randomly o r i en ted l i n e s 
(subrou t ine SPCNG2). 

t e rm ina t i on mode fo r f r a c t u r e set I; (0) 
f r ee e x t r e m i t i e s , (1) ex t remi ty one 
( i . e . , h igher y -va lue ) i s abu t t i ng on 
f r a c t u r e s of any set w i th index <I; 
ITERM(l) cannot equal 1. 

type of d i s t r i b u t i o n of t r ace lengths f o r 
the f r a c t u r e set I; (1) f o r a 
s i n g l e - v a l u e d v a r i a b l e , (2) f o r a 
log-normal d i s t r i b u t i o n ; see ALE and BLE. 

a r ray of p a r t i c l e numbers f o r which a 
d e t a i l e d record of the t rack i s d e s i r e d ; 
there are NMAP such p a r t i c l e s . 

number of d i f f e r e n t va lues of AAP to be 
used i n the aper tu re gene ra t i on . 

number of aper tu re d i s t r i b u t i o n s to be 
generated w i th the same d i s t r i b u t i o n 
parameters. 

number of p a r t i c l e s f o r which a d e t a i l e d 
record of the t rack i s des i r ed (see 
MPART). 

number of p a r t i c l e s to be t racked 
( g e n e r a l l y 50) . 
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NSET (NW.AP.NF): 

PLTSIZ (NW): 

R(I) (NW): 

SEED (NW.AP): 

THDSTR(I) (NW): 

TRAVDIS (NT) : 

XB(I) and YB(I) (NW.NF) 

XMAXI, XMINI, YMAXI 
YMINI (NW): 

XMAXO. XMINO, YMAXO 
and YMINO (NW): 

YB(I) (NW.NF): 

YMAXI and YMINI (NW) 

YMAXO and YMINO (NW) 

number of f r a c t u r e s e t s ; maximum = 5. 

length ( i n inches) of the longer ax i s of 
the p l o t to be genera ted ; i f PLTSIZ < 0 , 
no p l o t i s made. 

rad ius of the boundary segment I; i t i s 
used only f o r c i r c u l a r segment, i . e . , 
w i th ISHAP(I)=2; see F igure D.3 ; (m). 

seed number f o r the random number 
genera t ion r o u t i n e s ; double p r e c i s i o n 
number i n the range 1 to 2147483647. 

type of d i s t r i b u t i o n of angles f o r the 
f r a c t u r e set I; (1) f o r a s i n g l e - v a l u e d 
v a r i a b l e . (2) f o r a normal d i s t r i b u t i o n ; 
see ATH. BTH, ATHP, and BTHP. 

d i s t ance a p a r t i c l e must t r a v e l to make 
i t through the system (m); i t s va lue does 
not have to be the same as the s i z e of 
the model f o r the generated network. 

coord ina tes of the beginn ing of the 
boundary segment I, moving c l ockw ise 
along the boundar ies ; (m). 

inner boundaries of the rec tangu la r model; 
see F igure D.3; (m). 

outer boundar ies of the rec tangu la r model ; 
requ i red even fo r a c i r c u l a r geometry 
model ; see F igure D.3; (m). 

see X B ( I ) . 

see XMAXI. 

see XMAXO. 

A . 2 . L i s t of Parameters Used I n t e r n a l l y 

A(MAXA) (NF) 

ACTLEN (NW): 

submatr ix of the node conductance m a t r i x ; 
i t con ta ins in fo rmat ion only on elements 
that are f r ee at both ends; A i s 
symmetric and uses a va r iab le -bandw id th 
s torage scheme (see KDIAG). 

a c t u a l t o t a l length of the set being 
generated at the end of the genera t ion 
p r o c e s s ; (m). 
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AP(J) (NW): 

CUMX and CUMY (NT) : 

CUMT (NT): 

CUT1(J, I ) and CUT2(J, I ) 
(NW): 

OEAOLE(I) (NW): 

DEADVO(I) (NW): 

DEGRE(J) (NW): 

DE6REP(J) (NW): 

DESLEN (NW): 

DFR(K) (NF, NT): 

DK(K) (NF) : 

OLE(K) (NF, NT): 

DLE180(K) (NF) : 

aper tu re of f r a c t u r e J i n the set being 
p rocessed ; (m). 

cumula t ive t r a v e l l e d d i s t a n c e i n x - or 
y - d i r e c t 1 o n r e s p e c t i v e l y f o r the p a r t i c l e 
being t r a c e d ; (m). 

cumulat ive t r a v e l t ime fo r the p a r t i c l e 
being t r a c e d ; ( s ) . 

record of whether or not ex t remi ty 1 and 2 
r e s p e c t i v e l y of l i n e ( J , I ) i n t e r s e c t s a 
boundary (bndr . ) and a bndr. of what 
t ype : (0) does not cut a b n d r . , (1) cuts 
a no- f low b n d r . , (2) cuts a f i xed -head 
bndr. 

t o t a l length of dead segments i n f r a c t u r e 
set I; (m). 

t o t a l "volume" ( i . e . , length x aper tu re x 
1) of dead segments in f r a c t u r e set I; 
(m3). 

t r a c e ang le w i t h i n the s i m u l a t i o n p lane 
of f r a c t u r e J i n the set being p rocessed ; 
same convent ion as f o r ATH( I ) ; (degree) . 

angle between the s i m u l a t i o n plane and 
f r a c t u r e J i n the set being p rocessed ; 
same convent ion as f o r ATHP( I ) ; (deg ree ) . 

des i r ed t o t a l length of f r a c t u r e t r a c e s 
f o r the set being p rocessed ; (m). 

sum of f l ow ra tes i n the elements w i t h i n 
the range of d i r e c t i o n K, w i th K=l to 36; 
(m3/s) 

sum of (non -d i rec ted ) element "perme­
a b i l i t i e s " i n the d i r e c t i o n K, w i th K=l 
to 18; the p e r m e a b i l i t y of an element i s 
de f ined as the aper tu re squared, weighted 
by the element l e n g t h , i . e . , W^ X 
ELLEN; (m3). 

sum of ( d i r e c t e d ) element lengths (ELLEN) 
i n the range of d i r e c t i o n K, w i th K=l 
to 36; (m). 

sum of (non -d i rec ted ) element lengths 
(ELLEN) i n the range of d i r e c t i o n K, w i th 
K=l to 18; (m). 
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DLM(K) (NT): 

DLVEL(K) (NF.NT) : 

DLVEL2(K) (NF.NT) : 

DPOR(K) (NF) : 

DVEL(K) (NF.NT) : 

DVM(K) (NT): 

OWTVM(K) (NT): 

E(N) (NF) : 

EFF(L) (NW): 

EFFLE(I) (NW): 

EFFVO(I) (NW): 

mean length of ( d i r e c t e d ) elements i n the 
range of d i r e c t i o n K. w i th K=l to 36; (m). 

sum of the products ELLEN x VEL fo r a l l 
the elements in the range of d i r e c t i o n K, 
w i th K=l to 36; (m2/s ) . DLVEL i s used 
as the sum of the we igh t ing f a c t o r s i n 
the computat ion of the weighted average 
d i r e c t i o n a l v e l o c i t y DWTVM(K). 

sum of the weighted f low v e l o c i t i e s in 
the elements w i t h i n the range of 
d i r e c t i o n K. w i th K=l to 36. The 
weighted f low v e l o c i t y i n an element i s 
de f ined as the product (ELLEN x VEL) x 
VEL; (m3/s2) . 

sum of (non -d i rec ted ) element 
" p o r o s i t i e s " i n the range of d i r e c t i o n K. 
w i th K=l to 18; the p o r o s i t y of an 
element i s de f ined as the product ELLEN x 
W; (m2). 

sum of the f low v e l o c i t i e s in the 
elements w i t h i n the range of d i r e c t i o n K, 
w i th K=l to 36; (m /s ) . 

mean f low v e l o c i t y (unweighted) i n a l l 
the elements w i t h i n the range of 
d i r e c t i o n K. w i th K=l to 36; (m /s ) . 

weighted average f low v e l o c i t y i n a l l the 
elements w i t h i n the range of d i r e c t i o n K. 
w i th K=l to 36; (m /s ) . The we igh t ing 
f a c t o r f o r the v e l o c i t y i n each element 
i s the product ELLEN x VEL (see DLVEL). 

conductance of element N. de f ined as the 
element c o n d u c t i v i t y x ( c r o s s - s e c t i o n / 
l e n g t h ) . i . e . . (W^ x FLUID) x [(W x 
1 ) / E L L E N ] ; (m2/s) . 

" e f f e c t i v e n e s s " of i n t e r s e c t i o n L; 
l o g i c a l v a r i a b l e t ak ing value ( .TRUE.) i f 
the i n t e r s e c t i o n L can c o n t r i b u t e to 
f l o w , and ( .FALSE. ) i f i t cannot . 

t o t a l length of " e f f e c t i v e " segments i n 
f r a c t u r e set I; (m). 

t o t a l "volume" ( i . e . . ELLEN x AP x 1) of 
" e f f e c t i v e " segments in f r a c t u r e set I; 
(m3). 
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ELLEN(N) (NW.AP.NF): 

ELOR(N) (NW.AP.NF): 

ELORP(N) (NW.AP): 

ESTNFR (NW): 

FLUID (NF) : 

FR (NF) : 

I (NW.AP): 

I (NW,NF.NT): 

lAAP (NW.AP): 

lAP (NW.AP): 

IB(M) (NW.NF): 

IBCl (NT): 

IDIFF (NF) : 

IDIR(J) (NT): 

INC1(L,1) (NW): 

INC1(L,2) (NW): 

length of element N ; (m). 

angle of the element N w i t h i n the 
s imu la t i on p l a n e ; same convent ion as f o r 
A T H ( I ) . 

angle between the s i m u l a t i o n plane and 
the element N ; same convent ion as f o r 
A T H P ( I ) . 

est imated number of f r a c t u r e s requ i red 
f o r the set being p rocessed . 

constant equals to the weight dens i t y 
[ F / L 3 ] d i v i d e d by (12 x the dynamic 
v i s c o s i t y [ F T / L 2 ] ) ; (m-l s" " " ) . 

f l ow ra te i n the element being 
c o n s i d e r e d ; p o s i t i v e i n the d i r e c t i o n of 
i n c r e a s i n g y , because of the convent ion 
used to de f i ne the elements in subrout ine 
E L T O E F of the program N E T W R K ; (m3/s ) . 

index f o r the f r a c t u r e s e t s ; equ i va len t 
to J S E T . 

a l s o index f o r the boundary segments f o r 
the uni form random numbers R ( N T ) . 

counter of the number of d i f f e r e n t va lues 
of the d i s t r i b u t i o n parameter A A P . 

counter of the number of r e a l i z a t i o n s of 
aper tu re d i s t r i b u t i o n s w i th the same 
va lue of A A P . 

code f o r the l o c a t i o n of node M; (0) f o r 
an i n t e r n a l node, (1) to (8) mean tha t 
the node i s loca ted on the cor respond ing 
boundary segment. 

boundary c o n d i t i o n f o r boundary segment 
1; equals to I B C ( l ) . 

bandwidth of mat r ix A . 

d i r e c t i o n (1 to 36) that a p a r t i c l e s h a l l 
take f o r the cor responding value of 
random J (maximum J equals 100) . 

f i r s t f r a c t u r e set i nc idence of node L . 

f i r s t f r a c t u r e i nc idence of node L ; note 
tha t t h i s f r a c t u r e belongs to the set 
I N C 1 ( L , 1 ) . 
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INC2(L,1) (NW): 

INC2(L.2) (NW): 

ISET(N) (NW.AP.NF): 

J (NW): 

JO (NW): 

JAP (NF) : 

JFRA and JJFRA (NW) 

JMEM(M) (NF) : 

JOINT(MAXNOO) (NF) : 

JSET (NW): 

JT(2xMAXELT) (NF) 

K (NF.NT) : 

KDIAG (MAXFRE) (NF) 

L (NW): 

LC(MAXNOD) (NF) : 

second f r a c t u r e set i nc i dence of node L. 

second f r a c t u r e i nc idence of node L; note 
that t h i s f r a c t u r e belongs to the set 
INC2(L ,1 ) ; note a l s o that INC2(L. l and 2) 

0 f o r the nodes loca ted on the 
boundar ies . 

f r a c t u r e set that con ta ins the element N. 

index fo r the f r a c t u r e number; equ i va len t 
to JFRA. 

number of f r a c t u r e s t o t a l l y i n the bu f fe r 
margin (X I (J , I )=999 . ) encountered thus 
f a r i n the set being p rocessed . 

counter fo r the number of r e a l i z a t i o n s of 
aper tu re d i s t r i b u t i o n s ; the va lue of JAP 
i s w i t h i n the range 1 to (NAP x NAAP). 

index f o r the f r a c t u r e number; equ i va len t 
to J ( i n subrout ine CIRBDR). 

number of nodes r e l a t e d to node M 
(1 < JMEM(M) < 4 ) . 

work a r ray used i n the node renumbering 
subrout ine OPTNUM (see a l s o NEWJT). 

index f o r the f r a c t u r e s e t ; equ i va l en t 
to I. 

s i n g l e a r ray equ i va len t to the two a r rays 
NODI (MAXELT) and N0D2 (MAXELT) a t tached 
one at the end of the o the r ; JT i s used 
i n SETUP and i n OPTNUM o n l y . 

index fo r the range of d i r e c t i o n ; the 
va lue of K i s between 1 and 18 or between 
1 and 36 (degree ^ 10 ) . K r e f e r s to 
the range of d i r e c t i o n from l O ( K - l ) to 
lOK. 

secondary ar ray requ i red f o r the 
va r i ab le -bandw i th s torage of A; i t g i ves 
the address of a l l the d iagona l elements 
i n the submatr ix A. 

index f o r the f r a c t u r e i n t e r s e c t i o n s ; 
equ i va len t to LINT. 

condensat ion code used i n p a r t i t i o n i n g 
the head and the node conductance 
m a t r i c e s ; LC(I ) s p e c i f i e s the number of 
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cons t ra ined nodes that have an index 
sma l le r than or equal to I. 

LINT (NW): 

M (NW.NF): 

MAXA (NF) : 

MAXCON (NF) : 

MAXELT (NW.AP.NF): 

MAXFRA (NW): 

MAXFRE (NF) : 

MAXINT (NW): 

MAXNOD (AP .NF) : 

MEMJT(4(M-1)+1 to 4(M-l)+4) 
(NF) : 

index fo r the f r a c t u r e i n t e r s e c t i o n s ; 
equ i va len t to L. 

MEND (NW): 

N (NW.AP.NF): 

NAPER (NF.NT) : 

NBN (NW): 

NBO (NW.NF): 

index fo r the nodes, 
i n t e r s e c t i o n s . 

or " e f f e c t i v e " 

maximum number of e n t r i e s i n the mat r i x A. 

maximum number of cons t ra ined nodes 
( i . e . , w i th s p e c i f i e d head) f o r which 
memory space i s prov ided (MAXCON 
MAXNOD-MAXFRE). 

maximum number o f elements f o r which 
memory space i s p rov ided . 

maximum number of f r a c t u r e s f o r which 
memory space i s prov ided fo r a f r a c t u r e 
s e t . 

maximum number of f ree nodes ( i . e . . w i th 
n o n - s p e c i f i e d head) f o r which memory 
space i s p rov ided . 

maximum number of i n t e r s e c t i o n s f o r which 
memory space i s p rov ided . 

maximum number of nodes (or " e f f e c t i v e " 
i n t e r s e c t i o n s ) f o r which memory space i s 
p rov ided . 

node numbers of the nodes r e l a t e d to node 
M: t h e i r number v a r i e s between 1 and 4 
(see JMEM); the t o t a l d imension of MEMJT 
i s 4 X MAXNOD. 

record of which ex t remi ty ( e i t h e r 1 or 2) 
i s being trimmed in the f r a c t u r e t r ace 
being p rocessed ; i t i s used only i n the 
subrou t ines CHOPXY, CHOPC and BNODE. 

index f o r the e lements . 

t o t a l number of d i f f e r e n t r e a l i z a t i o n s of 
aper tu re d i s t r i b u t i o n ; NAPER=NAP x NAAP. 

number of nodes loca ted on a boundary f o r 
the f r a c t u r e set being p rocessed . 

number of d i f f e r e n t boundary segments i n 
the model. NBO i s 6 f o r a c i r c u l a r model 
and 8 f o r a rec tangu la r model. 
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NDl and ND2 (AP) : number of the f i r s t node and of the 
second node of the element being 
processed (see NODI and N0D2). 

NEWJT(MAXNOD) (NF) : work a r ray used In the node renumbering 
subrout ine OPTNUM (see a l s o JOINT). 

NEWNOD(M) (NF) : a f t e r node renumbering, 1t s p e c i f i e s the 
o ld node number cor responding to the new 
node M (see NODNUM). 

NFRAC(I) (NW): number of f r a c t u r e s In the set I a t the 
end of the genera t ion p rocess . 

NODl(N) & N0D2(N) (NW,AP,NF): number of the f i r s t node ( lower y -va lue ) 
and the second node (h igher y -va lue ) of 
the element N (see a l s o J T ) . 

NODNUM(M) (NF) : a f t e r node renumbering, i t s p e c i f i e s the 
new node number cor responding to the o ld 
node M (see NEWNOD). 

NSEG(K) (NF,NT) : number of elements In the range of 
d i r e c t i o n K, w i th K=l to 36. 

NT (NT): 

NUMELT (NW,AP,NF): 

NUMINT (NW): 

Index f o r the p a r t i c l e being t r a c k e d . 

number of elements In the model. 

t o t a l number of f r a c t u r e I n t e r s e c t i o n s In 
the model. I nc lud ing the I n t e r s e c t i o n s of 
f r a c t u r e s w i th boundar ies . 

NUMNPT (NW,AP,NF): number of nodes, or " e f f e c t i v e " 
I n t e r s e c t i o n s , 1n the model. 

P(N) (AP) : f i r s t d i r e c t i o n cos ine of element N; see 
a l s o Q(N) and R(N) ; the convent ions are 
g iven In F igure D.2. 

PHI(M) (NF) : h y d r a u l i c head value at node M; (m). In 
subrout ine SOLPHI, PHI i s used as a work 
a r ray to s to re var ious v e c t o r s . 

PHIC(MAXCON) (NF) : vec to r of cons t ra ined ( i . e . , s p e c i f i e d ) 
h y d r a u l i c head v a l u e s . 

Q(N) (AP) : second d i r e c t i o n cos ine of element N; see 
a l s o P(N) and R(N) . 

R(N) (AP) : t h i r d d i r e c t i o n cos ine of element N; see 
a l s o P(N) and Q(N). 

R(IOO) (NT): a r ray of un i fo rmly d i s t r i b u t e d random 
numbers. 
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RDFR(K) (NT): 

RF (AP) : 

SPGR (NF) : 

SUMLE (NW): 

TANTH(J,I) (NW) 

TH(J , I ) (NW): 

THP(J , I ) (NW): 

THR (AP) : 

TIM(NT) (NT): 

TRACE(J) (NW): 

TRAV(NT) (NT): 

VEL (NF) : 

VISC (NF) : 

W(N) (NW.AP.NF): 

X K J . I ) . Y I ( J . I ) (NW) 

r a t i o of the sum of f l ow ra te i n the 
range of d i r e c t i o n K. i . e . , DFR(K), over 
the t o t a l sum of f low ra tes in a l l the 
d i r e c t i o n s . 

r a d i a l coo rd ina te of the cent re po in t of 
the element being p rocessed , from the 
cen t re (0 ,0) of the model ; (m). 

weight dens i t y of the f l u i d ; (N/m^). 

sum of the lengths of the f r a c t u r e t races 
generated thus f a r fo r the set being 
p rocessed . 

equ i va len t to T H ( J , I ) . 

t r ace angle of f r a c t u r e J i n set I, 
w i t h i n the s i m u l a t i o n p l a n e ; same 
convent ion as f o r ATH( I ) ; i t i s expressed 
as the tangent i n most of the program 
NETWRK and in rad ian t s i n the output . 

angle between the s imu la t i on p lane and 
f r a c t u r e J i n set I; same convent ion as 
f o r ATHP(I ) . 

angular coord ina te of the cent re po in t of 
the element being p rocessed ; same 
convent ion 
as f o r ATH( I ) . 

t o t a l t r a v e l t ime fo r the p a r t i c l e NT to 
go through the s p e c i f i e d d i s t a n c e TRAVDIS 
( s ) . 

t r ace length of f r a c t u r e J i n the set 
being p rocessed ; (m). 

cumula t ive abso lu te d i s tance t r a v e l l e d by 
p a r t i c l e NT; (m). 

f l u i d v e l o c i t y i n the element being 
c o n s i d e r e d ; p o s i t i v e i n the d i r e c t i o n of 
i n c r e a s i n g y, l i k e FR; (m /s ) . 

dynamic v i s c o s i t y of the f l u i d ; 
( k g / ( m . s ) ) . 

aper tu re (width) of element N; (m). 

coord ina tes of ex t remi ty 1 ( lower y 
va lue) of f r a c t u r e J i n set I; (m). Note 
tha t X 1 ( J , I ) = 999.0 i f the f r a c t u r e 
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( J . I ) i s e n t i r e l y w i t h i n the bu f f e r 
marg in . 

X 2 ( J , I ) . Y 2 ( J , I ) (NW): coord ina tes of ex t remi ty 2 (h igher y 
va lue) of f r a c t u r e J i n set I; (m). 

XIE.YIE and X2E.Y2E (AP) : coord ina tes of the e x t r e m i t i e s 1 ( lower y 
va lue) and 2 (h igher y va lue) of the 
element being p rocessed ; (m). 

XC(J) and YC(J) (NW): coo rd ina tes of the cen t re po in t of the 
t r ace of f r a c t u r e J i n the set being 
p rocessed ; (m). 

XORO(L, or M) and YORD coord ina tes of the i n t e r s e c t i o n L or of 
(L or M) (NW.AP.NF): the node M; (m). 

XTRAV(NT) and YTRAV(NT) (NT): t o t a l d i s t a n c e t r a v e l l e d by p a r t i c l e NT 
i n the x - d i r e c t i o n and i n the 
y - d i r e c t i o n ; (m). 

Y l ( J . I ) (NW): see X 1 ( J , I ) . 

Y 2 ( J , I ) (NW): see X 2 ( J . I ) . 

YIE and Y2E (AP) : see X1E. 

YC(J) (NW): see X C ( J ) . 

YORD(L or M) (NW.AP.NF): see XORD (L or M). 

YTRAV(NT) (NT) : see XTRAV(NT). 
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APPENDIX B 

Input/Output Files 

Table B . l . L i s t of A l l the Input /Output F i l e s 

Un i t no. Mnemonic name D e s c r i p t i o n 

1 INPl General input d a t a . 

2 SUMNET Summary i n fo rma t ion on the generated 
l i n e network, on f r a c t u r e aper tu res 
( from the program NETWRK) and on 
p o r o s i t y . 

2 + SUMNET A l l the above p lus i n fo rma t ion on 
i n d i v i d u a l f r a c t u r e t r a c e s . 

3 SPACNGl Spacing data generated by the subrou t ine 
SPCNGl. 

4 SPCNG2 Spacing data generated by the subrou t ine 
SPCNG2. 

5 NODES Unformatted f i l e con ta i n i ng node d a t a . 

6 ELEM Unformatted f i l e con ta i n i ng element d a t a . 

7 APERl Unformatted f i l e con ta i n i ng aper tu re 
data generated by the program NETWRK. 

15 NODFO Formatted equ i va len t of the f i l e No. 5. 

16 ELEFO Formatted equ i va len t of the f i l e No. 6. 

17 APEFOl Formatted equ i va len t of the f i l e No. 7. 

21 INP2 Input data on aper tu re d i s t r i b u t i o n f o r 
the program APEGEN. 

22 APER2 Unformatted f i l e con ta i n i ng aper tu re 
data generated by the program APEGEN. 
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Table B . l . Cont inued 

Un i t no. Mnemonic name D e s c r i p t i o n 

23 APEF02 Formatted equ i va len t of the f i l e No. 22. 

31 SUMFLO Summary of the f low c a l c u l a t i o n s , 
i n c l u d i n g the d i r e c t i o n a l parameters . 

31 + SUMFLO The above p lus rose diagrams of f low 
r a t e s . 

3U+ . SUMFLO The above p lus rose diagrams of a l l the 
d i r e c t i o n a l parameters. 

32 DIRPAR Unformatted f i l e of d i r e c t i o n a l 
parameters. 

33 FLOALL Resu l t s of f low c a l c u l a t i o n s f o r a l l the 
e lements . 

34 FLOMAT De ta i l ed in fo rmat ion on node renumbering 
and on f low m a t r i c e s . 

41 TRANSIT S t a t i s t i c s and p l o t s of t r a n s i t t imes . _ 

68 



Table B . 2 . Input F i l e s and Opt ions of Output F i l e s f o r Each Program 

Output 
Un i t no . Program Input un i t no. IPRT Un i t no . 

NETWRK* 1 1 2 , 3 , 4 , 5 , 6 , 7 

2 or 3 2 + , 3 , 4 , 5 , 6 , 7 , 
15,16,17 

APEGEN 21 .5 .6 ,7 1 22 

2 or 3 22,23 

NETFLO 1 , 5 , 6 , 7 * * 1 31,32 

2 31+,32,33 

3 31++,32,33,34 

NETRANS 1,32 1, or 2 , or 3 41 

* NETWRK a l s o generates a p l o t t i n g f i l e i f the input parameter PLTSIZ 

* * In NETFLo!^the input un i t 7 must correspond to e i t h e r the output u 
7 from NETWRK (APERl) or the output un i t 22 from APEGEN (APER2). 
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APPENDIX C 

Format of Input Data 

c . l . General Input F i l e (Un i t 1) 

. Record 1 

Columns 1 to 80: TITLE (20A4). 

Record 2 : genera l i n f o r m a t i o n . 

Columns 1 to 5: NSET (15 ) . 
Columns 6 to 10: ISP (15 ) . 
Columns n to 15: COEF ( F 5 . 0 ) . 
Columns 16 to 20: SEED ( F 5 . 0 ) . 
Columns 21 to 25: PLTSIZ ( F 5 . 0 ) . 
Columns 26 to 30: IGEOM (15 ) . 
Columns 31 to 35: NAP (15 ) . 
Columns 36 to 40: NAAP (15 ) . 
Columns 41 to 50: DAAP (F IO .O) . 
Columns 51 to 55: IPRT (15 ) . 
Columns 56 to 60: NPART (15 ) . 
Columns 61 to 65: TRAVDIS ( F 5 . 0 ) . 
Columns 66 to 68: NMAP (13 ) . 

Record 3: l o c a t i o n of the rec tangu la r boundar ies . These are 
requ i red even f o r c i r c u l a r model. 

Columns 1 to 40: XMINO, YMAXO, XMAXO, 
YMINO, XMINI, YMAXI, 
XMAXI, YMINI ( 8 F 5 . 0 ) . 

( i n that c lockw ise order) 

Record 4 and f o l l o w i n g : other i n fo rmat ion on model boundar ies . 
One record f o r each on the NBO boundar ies : f o r a rec tangu la r 
model there are 8 boundar ies , f o r a c i r c u l a r model there are 6 
boundaries (I = 1 to NBO). 

Columns 1 to 5: ISHAP(I) (15 ) . 
Columns 6 to 10: R(I) ( F 5 . 0 ) . 
Columns 11 to 15: XB(I) ( F 5 . 0 ) . 
Columns 16 to 20: YB(I) ( F 5 . 0 ) . 
Columns 21 to 25: IBC(I ) (15 ) . 
Columns 26 to 30: HDB(I) ( F 5 . 0 ) . 
Columns 31 to 35: HDE(I) ( F 5 . 0 ) . 
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Fo l low ing r e c o r d s : f i r s t s e r i e s 
network. One record f o r each one 
to NSET). 

- Columns 1 to 10: DENS(I) 
- Columns 11 to 15: LDSTR(I) 
- Columns 16 to 20: THDSTR(I) 
- Columns 21 to 25: APDSTR(I) 
- Columns 26 to 30: ITERM(I) 

Fo l l ow ing r eco rds : parameters of 
the f r a c t u r e network. One record 
sets (I = 1 to NSET). 

- Columns 1 to 10: ALE(I) 
- Columns 11 to 20: BLE(I) 
- Columns 21 to 30: ATHP(I) 
- Columns 31 to 40: BTHP(I) 
- Columns 41 to 50: ATH(I) 
- Columns 51 to 60: BTH(I) 
- Columns 61 to 70: AAP(I) 
- Columns 71 to 80: BAP(I) 

Last r e c o r d : 

a r ray of NMAP p a r t i c l e numbers f o r 
to be p r i n ted (I = 1 to NMAP) 

- Columns 1 to 30: MPART(I) 

of i n fo rmat ion on the f r a c t u r e 
of the NSET f r a c t u r e sets ( 1 = 1 

( F I O . O ) . 

( 1 5 ) . 

( 1 5 ) . 

( 1 5 ) . 

( 1 5 ) . 

the s t a t i s t i c a l d i s t r i b u t i o n s f o r 
f o r each one of the NSET f r a c t u r e 

( F I O . O ) . 

( F I O . O ) . 

( F I O . O ) . 

( F I O . O ) . 

( F I O . O ) . 

( F I O . O ) . 

( F I O . O ) . 

( F I O . O ) . 

which the d e t a i l e d t r a j e c t o r y i s 

(1013) . 

C.2 Supplementary Input F i l e f o r the Program APEGEN (Un i t 21) 

. Record 1 

- Columns 1 to 80: TITLE (20A4). 
( I t i s suggested to make t h i s t i t l e 
s i m i l a r to the t i t l e on the genera l 
input f i l e , and to add an i d e n t i f i c a t i o n 
f o r the aper tu re genera t ion run. ) 

. Record 2 : general i n f o r m a t i o n . 

- Columns 1 to 5: IPRT 
- Columns 6 to 10: APDSTR 
- Columns 11 to 15: NAP 
- Columns 16 to 20: NAAP 
- Columns 21 to 30: DAAP 
- Columns 31 to 35: SEED 
- Columns 36 to 40: NSET 
- Columns 41 to 45: lOR 

( 1 5 ) . 

( 1 5 ) . 

( 1 5 ) . 

( 1 5 ) . 

( F I O . O ) . 

( F 5 . 0 ) . 

( 1 5 ) . 

( 1 5 ) . 
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Record 3 and the f o l l o w i n g : parameters of aper tu re d i s t r i b u t i o n s . 
One record f o r each one of the NSET f r a c t u r e sets (I = 1 to NSET). 

- Columns 1 to 10: AAP(I) (F IO .O) . 
- Columns 11 to 20: BAP(I) (F IO .O) . 
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A P P E N D I X D 

Conventions for Angles, Directions, and 
Boundary Geometry 

D.l Conventions f o r Angles 

F igure D.l exp la i ns the convent ion used to express the angles 
w i t h i n the s imu la t i on plane (ATH, TH, and ELOR) and the angles from the 
s imu la t i on plane (ATHP, THP, and ELORP). 

S I M U L A T I O N P L A N E 

1 ^ ^ ' ^ ^ . ' ^ ^ l 

• ~ ~ . ^ _ 3 _ ^ ^ / \ 

4 ^ ^ 
L E G E N D _ / \ 

J A N G L E WITHIN T H E ' 
S I M U L A T I O N P L A N E (ATH) 

4 A N G L E F R O M T H E 
— ' S I M U L A T I O N P L A N E (ATHP) 

O R I E N T A T I O N D A T A 

X 

F R A C T U R E A T H A T H P 
(degrees) (degrees) 

1 20 135 
2 20 45 
3 170 45 
4 170 135 

Figure D . l . Convent ions f o r angles 

D.2 Convent ions f o r the D i r e c t i o n Cosines Computed In the Program APEGEN 

The program APEGEN o f f e r s the p o s s i b i l i t y of genera t ing aper tu re 
va lues that are f unc t i ons of the f r a c t u r e o r i e n t a t i o n (Sec . 2 . 9 ) . For 
that purpose, APEGEN computes the d i r e c t i o n cos ines of every f r a c t u r e 
segment (or f low element) us ing the convent ions shown i n F igure D.2. 

79 



P L A N E X , Y S I M U L A T I O N P L A N E . P A R A L L E L T O X2 x, 
A T H A N G L E W I T H I N T H E S I M U L A T I O N P L A N E 
A T H P A N G L E F R O M T H E S I M U L A T I O N P L A N E 

Figure D.2. Convent ions f o r the d i r e c t i o n cos ines 
computed In the program APEGEN. 

The angles TH and THP of the f r a c t u r e In F igure D.2 correspond 
to the angles ATH and ATHP r e s p e c t i v e l y In F igure D . l , and to the angles 
ELOR and ELORP fo r the f r a c t u r e segments In the program APEGEN. 

In F igure D.2, OC Is the un i t vec tor normal to the f r a c t u r e 
p l ane . The three d i r e c t i o n cos ines are de f ined a s : 

p = cos GOC = OG 
q = cos EOC = OE = BC 
r = cos AOC = OA = CF 

Now, we must express p, q , r In terms of the angles TH and THP. 
From F igure D.2, p Is s imply cos THP. A l s o , we know t h a t : 

s i n BGC = BC/GC 
and 

s i n GOC = GC 

Then q = BC = GC s i n BGC = s i n GOC.sin BGC 
q = s i n THP.s1n(90-(TH-90)) 
q = s i n THP.s1n(180-TH) 
q = s i n THP.s in TH 
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We a l s o know t h a t : 

s1n CGF = CF/GC 

Then r = CF = GC s i n CGF = s i n GOC.sin CGF 
r = s i n THP.s in (TH-90) 
r = - s i n THP.cos TH 

In summary: 
p = cos THP 
q = s i n THP.s in TH 
r = - s i n THP.cos TH. 

D.3. Conventions and L i m i t a t i o n s on Boundary Geometry 

1. Every n o n - c i r c u l a r s ide of a model may be d i v i d e d i n two segments, 
each one having a d i f f e r e n t type of boundary c o n d i t i o n . 

2. Flow boundaries are numbered c l o c k w i s e , s t a r t i n g w i th the v e r t i c a l 
boundary on the l e f t - h a n d s ide of a model ( F i g . D.3) . A 
rec tangu la r model must have 8 f l ow boundar ies , a c i r c u l a r model 
must have 6. In a rec tangu la r model, f low-boundary numbers 1, 3, 
5, and 7 must always be present ( i . e . , ISHAP(I) > 0 ) . 
Flow-boundary numbers 2 , 4 , 6, and 8 may have a zero length ( i . e . , 
ISHAP(I)=0). In a c i r c u l a r model, the compulsory f low-boundar ies 
are numbers 1, 3 , 4, and 6; the op t i ona l boundaries are 2 and 5. 
Note tha t i f the f low-boundary I has zero length ( i . e . , 
ISHAP(I)=0), the f l ow boundary numbered I-l must apply to the 
e n t i r e length of the s ide of the model where i t i s l o c a t e d . 

C I R C U L A R M O D E L 

® H Y D R A U L I C B O U N D A R Y N U M B E R 

Figure D.3. Numbering of the f low boundar ies : (A) 
rec tangu la r model , (B) c i r c u l a r model. 
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3. The Input mean o r i e n t a t i o n (ATH) should be w i t h i n the range 0° to 
180». 

4. A l l r ec tangu la r boundaries ( i . e . , X M A X I . . . e t c . , and XMAXO. . .e t c . ) 
must be inc luded i n input data even fo r a c i r c u l a r model. 

5. A c i r c u l a r boundary must correspond to the upper r i g h t quadrant of 
a c i r c l e and be centred at the po in t (XMINI, YMINI). 

5. The present ve rs i on of NETRANS can be used only f o r rec tangu la r 
models. 
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A P P E N D I X E 

Array Dimensioning 

The f o l l o w i n g four pages reproduce the beginn ing of the four 
programs (NETWRK, APEGEN, NETFLO, and NETRANS) and of the subrout ine 
TTIMER i n NETRANS. Arrows i n d i c a t e the statements where changes may be 
made i f a r ray red imension ing i s d e s i r e d . Note tha t the program NETRANS 
(and the subrout ine TTIMER) should not requ i re any change i n a r ray 
dimensions (see Sec. 4 . 2 . 3 ) . I f one wishes to change the maximum 
number of p a r t i c l e s , however, the value of MAXNPRT must be changed i n 
the main program (NETRANS), as we l l as the dimension of the f o l l o w i n g 
a r rays in the subrout ine TTIMER: XTRAV, YTRAV, TIM, NSTEP, and TRAV. 
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c 
C P R O G R A M TO G E N E R A T E A T y O - O I M E N S I O N A L N E T W O R K O f F I N I T E L I N E S E G M E N T S 
C AND TO CO^.PUTE S E V E R A L S T A T I S T I C S ON T H E G E N E R A T E D L I N E N E T W O R K . 
C ( • ( < I T T £ N BY A . R O U L E A U / 1 9 8 3 / ' U P D A T E BY A . ROULEAU* JAN. 1 9 3 6 ) 
C 
c « * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 

: O U - , L E P P E C I S I O N S E E O / P I r P A D 
I N T E G E R T H D S T f t , A P D S T R 

C 
C D I M E N S I O N NSET = U , AND M A X F R A = 1 C 0 * 

D I M E N S I O N T H P C 1 0 0 # ' 4 ) 
D I M E N S I O N XI (1C:,4),Y1 ( K C 4 ) r X 2 ( 1 3 0 * 4 ) » 

•Y2(10G#4 ) /TH(1GC *A ) ,TANTH<1C0#4 ) * 
I N T E G E R C U T 1 C1O0*.<.)*CUT2(1D0*4) • 

C 
C D I M E N S I O N M A X F R A = 1 0 0 - * 

D I M E N S I O N X C ( 1 0 0 ) , Y C ( 1 0 0 ) * . T R A C E ( 1 0 0 ) i . D E G R E ( 1 0 0 ) * • * 
• D E G R E P d O O ) / A P E R C 1 0 0 ) 

C 
C D I M E N S I O N M A X I N T = 1 5 0 ; 2 * M A X I N T = 3 0 0 ( S E E D A T A S T A T E M E N T ) 

D I M E N S I O N X O R O d S O J ^ Y C R O d S O ) •* 
I N T E G E R I N C l ( I S O ^ ' Z J ^ I N C Z C I S O / Z ) / 

* I S { 1 5 0 ) 
L O G I C A L E F f ( 1 5 0 ) 

C 
C D I M E N S I O N H A X E L T = 200 

D I M E N S I O N E L O R ( 2 0 0 ) , E L O R P ( 2 0 0 ) , W ( 2 0 0 ) # E L L E N ( 2 0 0 ) * 
I N T E G E R N 0 0 l ( 2 O 0 ) / . N O D 2 ( 2 0 0 ) r I S E T ( 2 O 0 ) 

C 
COMMON / A R E A 1 A / X M I N O * Y M A X 0 # X M A X O / Y M I N O 
COMMON / A R E A i a / X M I N X / Y M A X I * X M A X I * V M I N I # I G E O M 
COMMON / A R E A 2 / NS E T * MAX FR A# M AX I NT / M AX ELT/NUHI N T / ' N U M N P T , N U M E L T * 

* N O I N T / I P R T 
COMMON / A R E A 3 A / S E E D / P I / R A O / C 0 £ F 
COMMON / A P E A 3 B / T I T L E ( 2 0 ) 
COMMON / A R E A * / A T H ( 5 ) / e T H { 5 ) / A T M P ( 5 ) / 5 T H P ( 5 ) / T H D S T R C 5 ) / N F R A C ( 5 > 
COMMON / A R E A S / D E N S ( 5 ) / A L E ( 5 ) / 3 L E ( 5 ) / L D S T R ( 5 ) / I T E R M ( 5 ) 
COMMON / A R E A 6 / A AP ( 5 ) / B A P ( 5 ) / A P D S T R ( 5 ) / DAAP/NAAP/IAAP/NAP/1AP 

C O M - O N / A R E A ? / R C 8 ) / X 9 ( S ) / Y 3 ( 3 ) / I S M A P ( S ) / I 9 C < 3 ) 

E Q U I V A L E N C E ( T H / T A N T H ) / ( D E G R E / A P E R ) / ( T R A C E / E F F / N O D 1> 
E Q U I V A L E N C E ( I B / N 0 D 2 ) / ( U / X C ) 

C 
C D I M E N S I O N M A X I N T = 1 5 0 < 2 * M A X I N T = 3 0 0 ) 

D A T A i a / 1 5 0 * 0 / / I N C 2 / 3 0 0 * 0 / 
C 
C A S S I G N V A L U E S T O SOME C O N S T A N T S 

M A X F R A = 1 0 0 
M A X I N T = 1 5 0 
M A X E L T = 2 G 0 * 
P I = 3 . U 1 5 9 2 6 5 3 6 
R A D = P I / 1 8 0 . 
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P S O G P t M A ^ - E C t S G E N £ 3 4 T £ S F f ( A C T U ? E A P £ « T U R £ V * L U £ S FOR T H E F R A C T U R E 
NETWOPIC G E N E R A T E D BY T H E P R O G » A M NETWOK 

•« = I T T £ N 5Y A . P C J L £ A U * D E C E * ' : 5 £ S 1 9 £ i ; ; U P D A T E 9Y A . P O U L E A U 
AND R . M A C L E O D * J U N E 1<?35. 

I N T E G E 3 t P O S T K . 
D O U B L E P R E C I S I O N S E E D 
COMMON / A R E A ! / T I T L E ( 2 0 ) 
COMMON / A R E A 2 / N U M N P T * N U M E L T * I P R T 
COMMON / A R E A 3 / A A P ( 5 ) * B A P ( 5 ) * S E E D * A P D S T R / N S E T 
C C » « ' ; S / A = £ 4 i , / C A A = , N A A P * S A P * : A A ^ r l A P 

c 
C D I M E N S I O N . ' * A X £ L T = 2 3 0 • 

I N T E G E R NODI ( 2 0 O ) * N O 0 2 { 2 0 O ) * I S E T ( 2 O 0 ) 
D I M E N S I O N W ( 2 O 0 ) * W W ( 2 O C } * E L L E N ( 2 0 0 ) * E L 0 R ( 2 0 0 ) * E L O R P ( 2 O 0 ) -
D I M E N S I O N P ( 2 0 0 ) * a ( 2 0 0 ) * R ( 2 0 0 ) 

C 
C D I M E N S I O N M A X N 0 D = 1 5 0 

D I M E N S I O N X 0 R D ( 1 5 0 ) * Y 0 R D ( 1 5 0 ) * 
C 
C C O N S T A N T S 

M A X E L T = 2 0 0 
M A X N 0 D = 1 5 0 • 

C 
R E A D ( 2 1 * 3 ) T I T L E 

3 F 0 R M A T C 2 0 A 4 ) 
C 
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p P C G ° i " N E ' F L 0 

r 

C T H E p K O G P t " ' . F T F L C i : A N u r £ = I C A L C C D E T H A T S O L V E S T ^ E S T E A D Y -
C S T A T E E U U A T I O N S FOR F L U I D F L O W IN T H E N t T y O ^ K O F F R A C T U R E S G E N E R A T E D 
C EJY T H E P P O G r i v N E T W F t f -
C 
C W i ? I T T £ N 3 Y A . S O U L E A U * 1 9 8 3 ; U P D A T E 3 Y A . R O U L E A U AND D . L E N T Z * 

C A P R I L 1 9 8 5 -

C 

c 
COMMON / A R E A 2 / M A X N O D * M A X E L T * N U M N P T * N U M E L T * N C * N F * N A * M A X A * 

* r A X C O N * M A X F R E * I P R T * J A P 

COMMON / A R E A A / X S ( 8 ) * r B ( 3 ) * H D B ( 8 ) * H D E ( 8 ) * I S H A P ( 8 ) * I B C ( 8 ) * I 6 E O M * N B O 
C O f ^ j N / A P E A 5 / » ' A > E L ? / ^ ' . 4 < N j ' i * l D I f F 
C O M « ' O N / A S E A c / T I T L E C Z O ) 
COMMON / A P E A S / V I S C * S P G P 

C 
C D I M E N S I O N = M A X E L T - 2 0 0 •* 

I N T E G E R NODI ( 2 0 0 ) * N C 0 2 ( 2 0 0 ) * I D U M M V ( 2 0 0 ) 
D I M E N S I O N W( 2 0 0 ) * E ( 2 0 0 ) * E L L E N ( 2 C 0 ) * E L O P ( 2 0 0 ) 

C 
C D I M E N S I O N = M A X E L 2 = 2 * M A X E L T = 4 0 0 * 

I N T E G E R J T ( 4 C 0 ) 

C 
C D I M E N S I O N = MAXNOD = 1 5C 

I N T E G E R I B ( 1 5 0 ) * L C { 1 5 O ) * J M E M { 1 5 C ) * N O D N U M { 1 5 O ) * N E H N O D ( 1 5 0 ) * 
* J O I N T d 5 0 ) * N E y j T ( 1 5 0 ) , 

D I M E N S I O N X O R D ( 1 5 0 ) * Y 0 R O ( 1 5 0 ) * P H I ( 1 5 0 ) 

L O G I C A L R E O R d S O ) 
C 
C D I M E N S I O N = M A X N 0 4 = 4 * MAXNOD = 6 0 0 

I N T E G E R M E M J T ( 6 0 0 ) 

C 
C D I M E N S I O N = M A X F R E = 1 1 0 

I N T E G E R K D I A G d I O ) 

C 
C D I ' » £ ^ S I O S = M A X C C N = MAXNOD - "tVfQi ~ 1 5 0 - 1 1 0 = 4 0 

D I M E N S I O N P H I C ( 4 C ) 

C 

C D I M E N S I O N = MAXA = 2 0 0 G 

D I M E N S I O N Acz:-::) 

C 
C M A X E L T *• 1 = 2 0 0 + 1 = 2 C 1 * 

E 3 U I V A L E N C E ( J T ( 1 ) , NO 0 1 ) * ( J T ( 2 0 1 ) * N O D 2 ) 

E Q U I V A L E N C E ( £ L C R * I DUMMY) 

C 
C C O N S T A N T S 
C 

M A X E L T = 2 0 0 

MAXNOD = 1 5 0 -* 

M A X A = 2 0 0 0 

M A X F R E = 1 1 0 
M A X C O N = M A X N O D - M A X F R ^ 
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^ - r :• - A " s • T . A N s 

Z * * * * . 

C P R C G S A " ' TO S I M U L A T E 5 T C C H A 5 T I C i L L Y T H E M I C a A T I D N OF P A R T I C L E S 
C T H R O U G H A F R A C T U R E NETWORK " • A S E O ON S T A T I S T I C S OF T H E D I R E C T I O N A L 
C P A 0 A » ^ £ T E S S 

C 
C W S I T T E S 3 Y A . P O U L E A U AND 0. L £ \ T Z * 1 < » 8 4 ; U P D A T E riY A . R O U L c A U r J A N U A R Y 1 9 5 G . 
C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C C - O S / A « E A 1 / C 0 £ T H ( 3 t ) ) , 3 I N T H { Z 5 ) , i ) L M ( 3 6 ) , D W T V ( 3 o ) , ' ' D F O { 3 t ) r 
• X L £ N * Y L E N / T R A V D I S / I D I R ( 1 0 J ) r M P A R T ( 1 0 ) / I B C l * I P R T / J A P 

C O M M O N / A R E A 2 / T 1 T L E 
D I M E N S I O N D V E L C 3 6 ) * D F R ( 3 c ) * D L E ( 3 6 ) * D L V £ L ( 3 6 ) / D L W £ L 2 ( 3 6 ) / N S E G ( 5 6 ) 
C H A R A C T E R T I T L E ( 2 0 ) * A * F M T ( 5 ) * 20 
D A T A ( F ' ' T ( I ) / : = 1 , 5 ) / ' ( 2 { / ) , 1 C I 3 ) % ' ( 4 ( / ) , i : i 3 ) ' / . ' ( t ( / ) > . i : i 3 ) ' / 

* ' ( = s ( / ) * i : : 3 ) « / ' ' ( i c ( / ) / . i c : ; ) ' / 
« ' A X N ? R T = 5 C 

C 

c 
: 3 i j f -= '0JT I N E T T I V E S C C P J T : : S T O C - i S T I C A L L Y T H E T P t ' . S I T T I « E C f 
C O A K T I C L E S T r t S G U G H T H E N £ T « : ; ^ U3I'.>. TwE S T t T I i T I C S C F T H E 
C D I R E C T I O N A L P A R A M E T E R S ( R E C T A N G U L A R M O D E L ) 
C 

i U s ' O J T I S c TTIMER (NP APT, •."> 

CO*"'ON / A R £ A 1 / C 0 S T H { 3 ^ ) * 3 I S T H ( 3 t ) * D L ^ ( 3 i S ) , 0 y T V ^ ' ( 3 6 ) * R D F B ( 3 f . > / 
• X L £ " , # Y L E \ ' i ' T R A v : i S / i : ' : » ( i j : ) / « ' p A = T ( i c ) , : r : n i p o ' ^ / . j A p 

C C - ' C N / * » E A 2 / T I T L E 

D I M E N S I O N R ( 1 0 0 ) * X T R A V ( 5 0 ) * - Y T R A V ( 5 0 ) » - T I M ( 5 C ) 
• , N S T E P ( 5 G ) * T R A V ( 5 0 ) •< 

OOUa iLE P R E C I S I O N D S E E D 
C H A R A C T E R T I T L E ( 2 0 ) • 4 * 3 C D 1 • 2 2 

C 
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APPENDIX F 

Sample Runs 

This appendix reproduces the input f i l e s and po r t i ons of the 
output f i l e s f o r three sample runs of the four programs NETWRK, APEGEN, 
NETFLO, and NETRANS. The f i r s t sample run ( r e a l i z a t i o n 990) shows a 
rec tangu la r model wi thout abu t t i ng f r a c t u r e s . R e a l i z a t i o n 991 uses the 
c i r c u l a r geometry. R e a l i z a t i o n 992 shows a rec tangu la r model a g a i n , 
but t h i s t ime w i th abu t t i ng f r a c t u r e s in se ts 2, 3, and 4 . 

F . l A Rectangular Model Without Abu t t ing F r a c t u r e s : R e a l i z a t i o n 990 

N O - F L O W B O U N D A R Y 

H E A D = 6 F L O W H E A D = 2 

D I R E C T I O N 

V 
N O - F L O W B O U N D A R Y 

Figure F . l . Boundary cond i t i ons f o r r e a l i z a t i o n 990. 
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F- ± 1 © I 1 — uit-i i t 1 

9 90 S A M P L E ^UH OF SOF ? A C < . : R E C T A N G U L A R MODEL 
1 3 . 0 9 9 0 . 2 5 . 1 1 1 2 5 0 1 0 0 . 0 

- 1 . 0 1 1 . G 1 1 . 0 - 1 . 0 G • 0 1 0 . 0 1 0 • G G . O 
1 0 . 0 G - G 1 6 . 0 

J 
1 
.•-1 

G . O 1 0 . 0 • J 

J 
1 1 G . 0 1 0 - 0 1 2 . 0 
G 
1 1 0 . G G . O 0 
0 

0 . 4 0 2 2 1 u 
O . o O -> 

<- 2 1 G 
0 . 3 0 2 2 1 0 
1 . O G -) 

C 2 1 Q 
1 . 4 0 . 3 G 1 5 . 0 1 0 . G 1 6 5 . G 1 0 . 0 G . G 0 G 0 0 5 
1 . 2 0 . 3 0 6 5 . 0 1 0 . 0 1 2 5 . C 1 0 . 0 0 . G G G 0 0 5 
1 - 0 0 . 3 0 12 5 . G 1 0 . C 5 5 . G 1 G . O 0 . G 0 G 0 0 5 

0 . 3 0 16 5 . G 1 0 . G 1 5 . G 1 0 . 0 0 . G 0 0 G 0 5 
1 1 3 44 

R990-1 FIRST SET OP APER. DATA FOR SAMPLE RUN ON RECT. MODEL 
2 2 1 3 0.5 990. 4 0 
- 1 3 . 0 0.8 
- 1 2 . 0 0.8 
- 1 1 . 0 0.8 
- 1 0 . 0 0.8 
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X-AXIS 

Figure F . 2 . Computer p l o t f o r r e a l i z a t i o n 990. The 
numbers sma l le r In s i z e r e f e r to the 
nodes, the l a r g e r numbers r e f e r to the 
f r a c t u r e s but wi thout I n d i c a t i o n of 
which f r a c t u r e s s e t ; these numbers are 
not p r i n t e d when NUMNPT>200 or IPRT = 1. 
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F i l e S U M N E T u n i t 

P<590 S * « 1 P L e PUN OF S D F P A C K . I 9 E C T A N G U L A R M O D E L 
F I L E I S U M N E T , U 0 2 

INPUT eruNrAPY DATA 

N U M B F P S H A P E R A D I U S XR YB I B C 

1 1 . O C . coo . c e o 1 
0 . C O . c o o . 0 0 0 0 

3 1 . C C . r a o I d . c o o 0 
C . C O . 0 0 0 . 0 0 0 0 

5 1 . C C 1 0 . c e o l O . O C O 1 
6 0 . O C . 0 0 0 . 0 0 0 0 
7 1 . C C l O . O O C . c o o 0 
8 f: . C O . C O C l . c c c 0 

I N P U T D A T * F O P F R A C T U R E NETWORK 

F R A C T U R E S E T t 1 2 

D E N S I T Y I 

D I S T R I B U T I O N T Y P E 
FOR T R A C E L E N G T H I 

F O P O R I E N T A T i n S I 

D I S T R I B U T I O N P A R A M E T E R S 

. 4 C C 

2 
2 

.600 

2 
2 

3 

. 8 0 0 

2 
2 

1 . 0 0 0 

2 
2 

FOR T R A C E L E N G T H 
A I 

3 I 
1 . 4 0 

. 8 0 
1 . 2 0 

. 9 0 

FOR O R I E N T A T I O N W I T H I N S I N G U L A T I O N P L A N E 
A : 1 6 3 . 0 0 1 2 9 . 0 0 
3 i I C . O C 1 0 . O C 

FOR O R I E N T A T I O N F P O H S I M U L A T I O N P L A N E 
A i 

a I 

1 5 . C C 
1 0 , 0 0 

6 5 . C O 
1 0 , 0 0 

1 . 0 0 
. 6 0 

6 9 . 0 0 
I b . O C 

125.00 
1 0 . 0 0 

. 8 0 

. 8 0 

1 5 . 0 0 
1 0 . 0 0 

1 6 5 . 0 0 
1 0 . C O 

FRACTURES OF SFT 

NUMPER 

AL LENGTH ANGLE XI Y l X2 Y2 

1 2 . 5 4 3 1 6 3 . 4 3 7 . 0 0 0 7 . 9 6 5 2 . 4 3 7 7 . 2 4 0 
2 1 . 6 4 4 1 6 8 . 0 8 6 . 6 6 4 6 . 0 6 0 2 . 4 7 3 5 . 7 2 0 
3 3 . 0 8 4 1 6 7 . 0 5 7 9 < ; 9 . C 0 C . 6 9 1 - . 7 8 8 . 0 0 0 
4 . 5 2 8 1 5 5 . 6 0 8 . C O O 4 . 9 3 4 . 4 8 1 4 . 7 1 6 
5 7 . 1 6 C 1 6 0 . 0 7 3 . 9 0 9 4 . 3 7 2 7 . 6 4 0 1 . 9 3 2 
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F - i l e S U M N E T — 

SUMMARY OF F R A C T U R E S E T 1 

D E N S I T Y OF F R A C T U R I N G . 1 0 3 5 L / L * * 2 
T M E C R E T I C A L ^•EAN T R A C E L E N G T H 5 . 5 6 4 5 
S U R F A C E A R E A OF T H F MODEL l O O . C O O C 
O E S I R F D T O T A L L E N G T H FCR T H E S E T 1 0 . 3 5 2 8 
A C T U A L T O T A L L E N G T H FOR T H E S E T 1 1 . 8 7 4 8 
E S T I M A T E D NUMPER OF F R A C T U R E S 5 
A C T U A L NUMPFR OF F R A C T U R E S G E N E R A T E D 5 
NUMBER OF F R A C T U R E S T O T A L L Y IN T H E B U F F E R M A R G I N 1 
NUMBER OF I N T E R S E C T I O N S W I T H A B O U N D A R Y 2 

F R A C T U R E S OF S E T 2 
N U M P E R 

A C T U A L L E N G T H A N G L E X I Y l X2 Y2 

1 2 . 0 2 7 1 2 7 , 6 6 7 , C 0 0 4 . 1 4 0 1 . 2 3 9 2 . 5 3 5 
2 1 . 1 3 5 1 2 8 . 3 0 3 3 . 2 0 6 . 9 9 4 3 . 9 0 9 . 1 0 3 
3 . 6 5 7 1 2 2 . 2 1 3 8 . 8 9 7 9 . 3 8 9 9 . 2 4 8 8 . 8 3 3 
4 4 . S ] 9 1 2 4 , 6 0 4 . 0 0 0 9 . 9 6 7 2 . 6 2 3 6 . 1 6 5 
5 . 1 3 9 1 3 2 . 4 0 5 1 . 0 0 9 . 1 0 3 1 . 1 0 3 . 0 0 0 
6 1 0 , 6 7 6 1 3 2 . 0 5 1 2 . 3 3 7 8 . 7 6 0 9 . 4 8 8 . 8 3 3 
7 1 . 5 2 5 1 0 9 . 2 1 1 8 . 6 9 1 9 . 6 2 7 9 . 1 9 2 8 . 1 8 7 
6 . 5 7 1 1 4 4 . 8 5 7 9 . 5 3 3 3 . 3 8 6 1 0 . 0 0 0 3 . 0 5 8 
<J 1 . 4 8 3 1 2 3 . 6 1 8 6 . 2 5 9 1 . 2 3 5 7 . 0 8 0 . 0 0 0 

1 0 1 . 8 8 8 1 3 1 . 4 7 1 8 . 7 5 0 9 . 2 9 3 1 0 . 0 0 0 7 . 8 7 8 
1 1 8 . 1 6 1 1 2 2 . 9 2 2 . C O O 6 . 8 9 0 4 . 4 3 9 . 0 0 0 
1 2 8 . 9 7 0 1 0 7 , 7 5 0 7 . 2 6 5 8 . 6 4 0 1 0 . 0 0 0 . 0 9 7 
1 3 1 . 3 7 0 1 2 1 . 5 0 5 . 1 6 6 7 . 7 3 9 . 8 8 2 6 . 5 6 7 
1 4 4 . 6 2 9 1 2 9 . 3 3 C 5 . 7 9 6 6 . 1 8 9 8 . 6 9 0 2 . 6 0 9 
19 3 , 5 5 3 1 2 3 . 0 0 7 4 . 9 2 3 1 0 . 0 0 0 6 . 8 9 8 7 . 0 2 1 
1ft 1 . 4 6 5 1 1 7 . 2 0 5 7 . 3 6 2 6 . 4 9 3 8 . 0 3 2 5 . 1 9 0 
1 7 5 , 9 8 0 1 1 1 , 6 8 0 3 . 1 0 1 8 . 7 7 6 5 . 3 1 0 . 3 . 2 1 9 

SUMMARY OF F R A C T U R E S E T 2 

O E N S I T Y O F F R A C T U R I N G , 5 4 3 8 L / L * * 2 
T H E O R I T I C A L MEAN T R A C E L E N G T H 4 , 5 7 2 2 
S U R F A C E A R E A OF T H E MODEL 1 0 0 . 0 0 0 0 
O E S I R F O T O T A L L E N G T H FOR T H E S E T 5 4 . 3 7 8 9 
A C T U A L T O T A L L E N G T H FOR T H E S E T 9 8 . 8 4 7 9 
E S T I M A T E D NUMPER OF F R A C T U R E S 35 
A C T U A L NUMBER OF P R A C T U R E S G E N E R A T E D 1 7 
NUMBER OF F R A C T U R E S T O T A L L Y IN T H E B U F F E R M A R G I N 0 
NUMBER OF I N T E R S E C T I O N S WITH A B O U N D A R Y 1 0 

F R A C T U R E S O F S E T 3 
NUMBER 

G N R T D A C T U A L L E N G T H A N G L E X I Y l X2 Y2 

- - . e t c 



F - i l e S U M N E T — u n i t 2 < e n c J ) 

APERTURE ANC POROSITY DATA 

INPl'T DATA FOR APERTURE D ISTRIBUTIONS 

FRACTURE SET i 

0 I S T R I < i U T I O N TYPE I 

DISTRIBUTION PARAMETERS 
A t 
B s 

1 

1 

l A A P - 1 

1 

5 . n C E - 0 6 9 . C O E - 0 6 5 . 0 C E - 0 6 5 . 0 0 E - 0 6 
.00 

NUMBER OF ELEMENTS (NUMELT) I 116 

.00 .00 .00 

SUMMARY GF POROSITY DATA 

SET LENGTH 

l A A P ' l A P -

1 
2 

3 
4 

E F F E C T I V E 

« . r 7 
3<5 .18 
3 1 . 5 8 
2 0 . 5 3 

OEAD 

3 . 8 1 
1 9 . 6 7 
3 7 . 6 6 

5 . 4 7 

VOLUME 
E F F E C T I V E DEAD 

4 . 0 3 E - 0 5 1 . 9 C E - C ? 
1 . 9 6 E - 0 4 9 . 8 3 E - 0 9 
1 . 5 8 E - 0 4 1 . 8 e E - 0 4 
1 . 0 3 E - 0 4 2 . 7 3 E - 0 5 

*********** 
III! END OF L I S T / / / / 
/ / / / END OF L I S T / / / / 
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R<J90 SAMPLE PUN CF SDF P A C K . : RECTANGULAR MODEL 
F I L E * S P A C I N G ! . U 0 3 

FRACTURE SET 1 

NUMB NTEN L INE XP 

1 1 7 . 2 5 
2 1 7 . 2 5 
3 2 4 1 . 7 7 

2 8 1.81 
5 4 6 1 . 1 3 
^ 9 7 1 . 3 9 
7 5 7 1 . 3 9 
6 5 6 3 . 1 1 
9 5 8 3 . 1 1 

10 5 9 1 . 9 7 
11 6 4 3 . 3 3 
12 6 4 3 . 0 3 
13 6 fc 1 . 8 5 
14 6 8 . 4 9 
15 7 4 1 . 7 9 
16 7 1 . 3 9 
17 8 1 . 5 0 
18 9 5 2 . 9 7 
19 9 6 2 . 0 6 
20 9 o . 8 8 
21 9 10 . 9 0 
22 IC 2 . 6 4 
23 I t 2 . 6 4 
24 10 10 1 .40 
25 12 8 . 3 4 
26 12 8 . 3 4 
27 13 1 1 . 39 
28 13 1 1 . 3 9 
29 13 2 . 9 9 
30 14 6 . 3 0 
31 14 6 . 3 0 
32 14 8 . 4 4 
33 14 10 . 9 5 
34 14 IC . 9 5 
35 15 5 . 1 1 
36 15 7 . 9 0 
37 15 7 . 9 0 
38 15 8 3 . 1 2 
39 15 9 1 . 4 7 
40 15 10 2 . 7 3 
41 16 10 1 .12 
42 17 4 . 0 8 
43 17 4 . 0 8 
44 18 1 . 4 6 
45 18 1 . 46 
46 18 3 . C 8 
47 18 6 2 . 8 9 
48 18 8 2 . 8 9 
49 18 9 1 .44 
50 21 1 1 . 9 7 

YP FR ACT SPACING 

1 . 1 9 2 1 . 0 8 
1 . 1 9 5 1 . 0 0 
4 . 7 6 5 1 . 1 4 
4 . 1 3 5 1 . 1 5 
9 . C O 4 1 . 8 9 
4 . 6 2 2 1 .10 
4 . 6 2 5 . 9 9 
9 . 8 1 2 1 .12 
9 . 8 1 5 . 9 8 
9 . 8 5 7 1 . 0 2 
9 . 6 6 2 1 . 1 2 
9 . 6 6 5 . 9 8 
9 . 6 7 2 1 . 0 3 
5 . 2 6 4 1 .92 
8 . 6 7 2 1 .02 
8 . 5 3 4 1 . 9 3 
5 .82 4 1 .91 
7 . 9 9 m 1 . 1 7 
9 . 9 3 2 1 .02 
7 . 7 6 4 1 . 9 0 
4 . 7 3 2 1 .01 
2 . 6 9 2 1 .08 
2 . 6 9 c 1 . 0 0 
9 . 1 6 4 1 .91 

. 9 6 2 1 . 0 9 

. 9 6 5 . 9 9 
4 . 9 4 2 1 . 0 9 
* . 9 4 5 . 9 9 
1 .31 5 1 . 1 5 
1 .88 2 1 . 0 7 
1 .88 5 1 .00 
5 .52 4 1 . 9 2 
2 . 2 7 2 1 .11 
2 . 2 7 5 . 98 
2 . 9 7 2 1 .02 
4 . 1 5 2 i . C 7 
4 . 1 5 5 1 .01 
9 . 3 2 5 1 .15 
3 . 0 5 1 .15 
7 . 6 8 5 1 .15 
5 . 2 5 2 l . O C 

. 4 4 2 1 .08 

. 4 4 5 1 .00 

. 3 4 2 1 .12 

. 3 4 5 . 9 8 
5 . 0 6 4 1 . 8 9 
9 . 0 1 2 1 .12 
9 . C I 5 . 9 8 
2 . 3 6 5 1 .16 
7 . 6 7 2 1 . 0 8 

- e t c ; 



F i l e N O D F " 0 — v a n i t 1 5 

R990 SAMPLE RUN OF SDF P A C K . I RECTANGULAR MODEL 
F I L E I N O D F O . U l ? 

INTERSECTION DATA 

NUMBER OF INTERSECTIONS 
E F F E C T I V E i 84 (NUMNPT) 
N O N - E F F E C T I V E i 34 (NQINT) 
MAXINT- 15C 

F ILE CTNTAINS i 

x n ^ D C M rhPT)> F 0 t . K 4 T { i . F l . 6 ) 
Y O R r C M yNPT ) , F p C M A T d C F l i . 6 ) 
IB( '" l !^ 'NPT), F n R » ' A T ( ' u l f ) 
I N C l ( M A V J N T * ? ) * FnRM4T(20I5) 

T N C 2 ( M A » 1 K T , L ' ) , Fr)rfMiT( cC 15 ) 
.ObOOOC .COOOCC. . 0 0 0 0 0 0 10 .S .C0CC0 . J t O O O C 

I J . C ' C O O O i . c o c o o c lO .COOOOO l O . O C O O C O .OCOOOO 
2 . 1 3 1 1 4 6 2 . 2 0 6 4 3 7 9 . 5 9 1 8 4 4 3 . 8 0 3 6 4 4 1 . 4 5 4 6 0 7 
2 . 4 5 9 3 1 3 . 3 5 1 1 6 8 2 . 0 2 2 1 5 6 3 . 7 1 3 9 5 2 3 . 1 6 8 0 9 0 
6 . 2 9 3 3 2 6 9 . 6 5 4 1 5 3 2 . 0 3 6 4 8 8 2 . 1 0 7 2 7 5 4 . 3 6 5 3 8 2 
2 . 2 3 7 2 5 4 9 . 9 9 1 7 3 3 8 . 8 2 0 2 8 1 8 . 4 2 5 7 1 0 9 . 6 9 9 2 2 3 
5 . 7 8 2 1 1 3 7 . C e 6 2 9 t 6 . 6 5 6 2 9 2 9 . 9 9 8 0 1 8 6 . 0 7 4 9 8 1 

. 2 2 6 5 9 2 . 0 1 1 0 5 7 5 . 0 8 4 3 6 4 9 . 3 0 1 4 8 8 8 . 3 3 1 6 2 6 
4 . 2 2 2 9 3 5 . 9 4 6 6 4 3 . 3 7 6 1 9 3 5 . 8 7 4 8 8 9 
7 . 9 6 5 3 7 2 4 . 1 3 9 8 6 5 9 . 9 6 6 7 7 1 3 . 0 5 7 6 4 8 6 . 8 5 0 1 3 4 
4 . 3 5 0 5 1 3 2 . 5 1 6 3 8 6 . 7 1 6 8 4 7 6 . 3 6 1 8 2 3 3 . 3 0 3 4 6 7 
3 . 9 2 8 7 2 8 3 . 9 0 1 4 3 4 2 . 6 7 4 1 3 3 3 . 3 2 2 4 0 3 4 . 1 7 3 9 9 2 
6 . 4 C 2 2 7 1 9 . 4 5 7 7 9 2 7 . C 3 5 8 8 1 7 . 2 3 4 3 4 9 7 . 8 3 9 9 0 1 
4 . 3 7 4 7 8 7 3 . 3 0 1 1 0 5 3 . 7 0 4 8 3 0 3 . 9 9 9 9 0 1 . 1 0 7 9 1 2 
3 . 3 9 4 7 5 2 . 1 2 2 7 8 8 3 . 7 8 2 3 4 7 5 . 0 1 4 9 7 1 1 . 0 3 6 9 7 9 
6 . 1 5 8 C 8 9 4 . 5 6 6 3 6 5 7 . 3 3 2 0 0 4 8 . 4 0 6 9 5 0 8 . 2 2 6 6 9 2 
3 . 3 7 3 2 8 3 2 . 8 5 6 8 5 4 6 . 3 2 0 1 9 4 6 . 3 8 9 7 0 3 4 . 8 6 7 2 8 9 
4 . 5 4 0 6 4 2 3 . 5 9 5 1 3 8 2 . 9 4 5 0 7 9 8 . 2 0 8 3 9 2 

1 1 1 5 1 5 5 1 1 5 5 1 5 5 1 5 1 0 0 0 0 0 0 0 0 
0 0 i 0 0 0 0 C> (1 0 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 2 2 2 2 2 3 3 3 3 
1 1 1 1 1 1 2 2 2 2 
2 2 2 2 2 2 2 2 2 2 
2 2 2 2 2 2 2 2 2 3 
3 3 3 3 3 2 2 3 2 3 
3 3 3 2 2 1 3 2 2 3 

10.OCOOOO li>.aOOtiOC .OOOCOC . O O O J O 10 .3COOOO 
l O . O O O C O O . 0 0 0 0 0 0 1 .737363 1 . 8 1 8 0 2 3 7 . 3 3 7 0 9 3 

3 . 0 9 7 4 3 2 . 3 9 4 7 4 2 . 6 6 6 7 3 9 . 9 2 1 6 0 9 . 6 3 6 4 7 7 
7 . 8 9 2 4 3 3 4 . 6 9 3 1 6 9 3 . 3 9 9 6 7 0 9 . 0 1 3 9 7 6 9 . 2 8 9 8 6 2 
3 . 2 7 6 2 4 9 1 . 6 1 4 6 4 2 •176498 3 . 9 4 2 9 1 4 1 . 9 1 4 4 4 1 
9 . 3 0 9 2 9 4 9 . 8 9 0 4 7 2 7 .968618 6 . 4 6 2 6 3 6 8 . 2 6 3 8 4 4 
3 . 3 3 7 1 1 8 3 . 4 7 8 6 1 4 4 . 4 6 3 6 6 2 4 . 9 7 7 1 7 3 1 . 8 6 7 6 3 7 
2 . 0 2 9 6 3 2 2 . 4 7 9 7 4 6 9 . 2 7 7 6 9 9 3 . 0 7 9 2 4 2 3 . 9 7 2 6 6 1 

. 0 9 6 9 6 1 . 1 3 6 4 4 8 6 .993638 2 . 8 3 0 3 6 1 1 . 5 3 7 4 0 4 
5 . 2 7 0 4 0 1 2 . 8 9 4 1 8 3 7 . 4 4 8 6 9 7 4 . 0 4 2 2 4 4 2 . 0 4 1 4 3 4 
3 . 9 9 2 9 2 9 3 . 6 8 0 3 3 3 3 .276172 3 . 4 6 4 1 7 9 3 . 0 9 6 2 9 4 
2 . 6 4 6 3 2 2 9 . 9 2 7 0 3 6 7 . 9 8 2 7 6 6 1 . 3 9 8 6 0 7 9 . 4 9 1 6 8 6 
1 . 7 9 0 0 9 7 4 . 3 9 6 3 6 0 6 . 9 7 7 5 9 8 1 .378192 3 . 6 9 3 3 2 6 
2 . 2 5 4 6 9 5 . 9 6 4 0 8 0 6 . 4 4 2 9 0 3 4 . 8 9 6 9 8 8 3 . 1 2 9 2 2 1 
8 . 1 8 2 2 9 0 7 . 8 2 6 3 2 4 9 . 2 9 8 1 7 9 4 . 0 9 6 7 7 6 3 . 3 0 5 4 4 4 
3 . 3 4 3 6 1 9 4 . 7 3 2 3 0 0 2 . 0 X 6 7 3 1 1 . 2 0 6 0 4 7 3 . 8 1 4 1 1 7 

0 0 0 0 0 0 0 0 0 0 0 0 C 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 

3 3 3 4 4 4 4 1 1 1 
2 2 2 2 2 2 2 2 2 2 
2 2 2 2 2 2 2 2 2 2 
3 3 3 3 3 3 3 3 3 3 
3 3 2 3 3 2 1 2 3 2 
3 3 3 3 1 3 3 2 0 xi 

. e t <r. 



F i l e E L E F - O — V * n i - t 1 €> 

R9<?0 SA^PLF RUK PF SDF PACK. I RfCTANGULAR MODEL 
FILE I ILEFD.Ulf 

ELEMENT DATA 

IJfBEP OF ELEMENTS i 116 (NUMELT) 

FILE CONTAINS i 
NODl(NUMELT), 
N0D2(NUMILT), 
I S E T ( K U « F L T ) , 
ELLENCNUMFLT) 
EL OP(NUMELT), 
FLORP(NUMELT) 

2C ?3 24 18 
37 
59 
72 
24 
17 
1 
34 
54 
71 
80 
72 
1 1 

3 3 
4 4 

34 
54 
71 
ec 
72 
23 
36 
58 
27 
61 
83 

I 1 
3 3 
4 4 

38 
60 
37 
81 
83 
24 
35 
62 
73 
68 
30 
1 1 

3 3 
4 4 

4 
62 
75 
12 
30 
26 
42 
61 
54 
83 
70 

2 2 
3 3 
4 4 

F0RMAT(20I5) 
FORMAT(20I5) 
FORMAT(5CI2 ) 

, FaRMAT(lP10E10.3) 
F0RMAT(1P10EIC.3) 

, F0RMAT(1P10E10.3) 
26 22 21 19 
45 49 46 51 
63 65 69 68 
54 
83 
70 
22 
49 
65 
74 
28 
76 
2 2 
3 3 
4 4 

55 
28 
76 
21 
46 
64 
If 
82 
51 

2 2 
3 3 
4 4 

76 
82 
51 
19 
51 
68 
44 
25 
26 
2 2 
3 3 

44 
25 
26 
25 
44 
34 
22 
47 
80 

2 2 
3 3 

30 
44 
34 
22 
57 
60 
28 
43 
67 
77 
13 
69 

2 2 
3 3 

28 
43 
67 
77 
73 
69 
29 
50 
66 
38 
84 
41 

2 2 
3 3 

1 . 8 1 3 E * 0 ( t l . e 5 6 E * C ' C 
2.731E-01 5.8P5E-01 7. 
1.761E+C0 4.692E-01 3. 
1.774F-01 3.742E-01 2, 
1.2ieE-01 1 .49OE*0t. 1. 
1.602E4^C0 3 . 8 2 2 E - 0 1 1. 
5.596E-01 3.327E-C1 4. 
2.56CE-01 9.435F-01 1. 
5.2C0E-01 7 .684F-01 8 . 
2.153E-ni 1.9(^2E*tC 6. 
1.13eF-02 3.756E-01 4 . 
8.158E-«:1 1.2eH*liC 1 . 

163.437 160.073 
127.657 127.667 
1 3 2 . 0 5 1 1 3 2 . C 5 1 

9C2E*i)D 7.937E-C1 9 . 0 5 2 E - 0 1 
698E-01 5.015E-01 2.441E*00 
4;7E-01 4.229E-01 1.513E+00 
646E+00 3.247E-01 2.712E-02 
85ec*00 2.058E+00 1.067E+00 
597E-a2 6.144E-01 7.946E-01 
372E-01 1.751E-C1 1.630E+00 
102E+0O 1.105E+00 8.309E-01 
OllE-01 5.703E-C1 4.405E-01 
991E-01 1.334E+00 4.983E-01 
735F-01 1.C61F+0C 1 . 6 2 5 E - 0 1 
35CE-01 1.5eiE4-CO 2.009E-01 
160.073 160.073 160.073 
124.604 124.604 124.604 
132.051 144.857 122.922 

29 
50 
31 
38 
84 
41 
27 
19 
35 
67 
64 
62 

2 2 
3 3 

27 
19 
35 
39 
48 
62 
2 

47 
66 
56 
33 
75 

2 2 
3 3 

8 . 0 0 9 E - 0 2 
6 . 1 8 4 E - 0 1 
4 . 907E-01 
4 . 634E-01 
2 . 1 4 7 E - 0 1 
6 . 344E-01 
9 .842E-01 
1.464E+00 
4 .244E-01 
l . e 4 9 E * 0 0 
2 . 1 7 7 E - 0 1 

i . 7 5 e E * o n 
160.073 
124.604 
122.922 

31 
47 
52 
9 6 
14 
75 
33 
48 
7 

42 
74 
59 

2 2 
3 3 

3 3 
48 
8 

4 2 
7 4 
59 
18 
5 

3 2 
11 
98 
16 

2 2 
3 3 

3.331E-01 
1.734E+00 
1.912Et00 
4.961E-01 
1.336E«00 
8.586E-01 
2.648E-01 
2.116E*00 
7.701E-01 
2.371E-01 
8.438E-01 

160.073 
132.051 
122.922 

1 8 3 2 3 9 3 6 4 1 4 0 
6 5 2 5 7 9 9 9 6 9 3 

2 0 3 6 6 0 7 0 4 3 9 
4 0 6 1 4 9 7 8 7 9 4 6 
7 9 4 9 1 9 7 1 2 9 8 2 
8 4 8 1 
3 2 3 3 6 4 1 4 0 3 7 
5 2 5 7 9 9 9 6 9 3 9 9 
3 6 6 0 9 3 4 3 2 1 7 2 
6 1 6 3 7 6 2 3 4 6 2 4 
4 9 7 8 7 1 2 9 8 2 9 0 
6 5 7 7 

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 

3 . 8 6 6 E - 0 1 2 . 7 7 8 E - 0 1 2 . 3 7 5 E - 0 1 
2 . 3 2 8 E 4 0 0 1 . 9 0 4 E > 0 0 9 . 8 6 3 E - 0 1 
2 . 3 9 2 E - 0 1 1 . 3 0 2 E - 0 1 2 . 2 4 6 E - 0 1 
1 . 2 7 9 E * 0 0 1 . 6 0 4 E > 0 0 1 . 1 7 2 E + 0 0 
2 . 0 8 4 E « 0 0 6 . 3 7 0 E - 0 1 3 • 8 3 O E - 0 1 
4 . 3 3 6 E - 0 1 2 . 4 3 1 E - 0 1 2 . 8 7 1 E - 0 2 
3 . 2 1 6 E - 0 1 8 . 7 3 4 E - 0 1 2 . 9 9 6 E + 0 0 
7 . 2 6 6 E - 0 1 6 . 1 7 6 E - 0 1 1 .621EV00 
2 . 4 2 6 E - 0 1 2 . 1 3 8 E - 0 1 2 . 0 4 7 E « 0 0 
3 . 0 8 7 E - 0 1 4 . 4 4 8 E - 0 1 1 . 0 1 3 E ^ 0 0 
9 . 4 1 6 E - 0 1 1 . 0 3 3 E * 0 0 1 . 3 9 4 E + 0 0 

1 6 0 . € 7 3 1 2 7 . 6 6 7 1 2 7 . 6 6 7 
1 3 2 . 0 9 1 1 3 2 . 0 5 1 1 3 2 . 0 9 1 
1 2 2 . 9 2 2 1 2 2 . 9 2 2 1 2 2 . 9 2 2 



F" i 1 e A F > E : F ' 0 1 — u n i t I T 

P 9 9 0 S A M P L F P U N DP S D F P A C K . « R E C T A N G U L A R MODEL 
F I L E l A P E F O l . U 1 7 

F R A C T U R E A P E R T U R E S 

NUMBER OF E L E M E N T S « 1 1 6 ( N U M E L T ) 
NUMBER OF D I F F . V A L . FOR F I R S T P A R A M ( A A P ) t 1 ( N A A P ) 
N U M B E R OF R E A L I Z A T I O N S FOR E A C H V A L . OF A A P I 1 ( N A P ) 

F I L E C O N T A I N S i N A A P * N A P A R R A Y S W ( N U M E L T ) , F O R M A T ( I P I O E I O . 3 ) 
5 . 0 0 0 E - 0 6 5 . 0 C 0 E - 0 6 ; . 0 0 0 E - 0 6 5 . 0 0 0 E - C 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 C E - 0 6 9 . 0 0 0 E - 0 6 
5 . 0 0 C E - 0 6 5 . C 0 C E - 0 6 5 . C C 0 E - 0 6 5 . 0 0 0 E - C 6 5 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 5 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 5 . 0 0 0 E - 0 6 
5 . 0 C C E - 0 6 5 . 0 C C E - 0 6 5 . C C 0 E - 0 6 5.00(^E - C 6 9 . 0 0 C E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 5 . 0 0 0 E - 0 6 9 . C 0 C E - 0 6 9 . 0 0 0 E - 0 6 
5 . C C 0 E - 0 6 5 . C 0 0 E - 0 6 5 . 0 0 0 E - 0 6 5 . C 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - U 6 
5 . 0 C 0 E - P 6 5 . t C ( E - 0 6 5 . 0 f P E - 0 6 SI.CCOE - C 6 3 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 C E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 
5 . 0 C C E - C 6 5 . t 0 0 E - 0 6 5 . C f O E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 
5 . 0 0 C E ' - 0 6 9 . C 0 C E - C 6 5 . 0 r C E - 0 6 5 . C O 0 E - 0 6 9 . 0 0 C E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 
5 . 0 0 0 E - 0 6 5 . 0 0 0 E - C 6 5 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 5 . 0 0 ( ; E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 
5 . 0 0 0 E - 0 6 5 . C 0 C E - 0 6 5 . C 0 C E - 0 6 5 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 
5 . 0 0 0 E ' - 0 6 5 . 0 C 0 E - 1 6 ! f . 0 C 0 E - 0 6 9 . C 0 G E - 0 6 7 . O 0 O E - 0 6 9 . 0 0 0 E - 0 6 9 .DOGE - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 C E - 0 6 
5 . 0 0 C E - 0 6 S . C O f E -Cfc 5 . C C 0 E - a 6 9 . O 0 0 E - 0 6 5 . 0 0 C E - 0 6 9 . 0 0 0 E - 0 6 ! . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 5 . 0 0 0 E - 0 6 
9 . C 0 0 E ' - 0 6 5 . C C C E - 0 6 5 . 0 0 0 E - 0 f c 9 . 0 C 0 E - 0 6 9 . 0 0 0 E - 0 6 9 . 0 0 0 E - 0 6 

*********** 
*********** 

nil END OF L I S T / / / / 
/ / / / END OF L I S T / / / / 



F i l e ? E F 0 2 — v j i n i t 2 3 

B P Q i , - l F I R S T S f T PF A P F ^ . O & T * ^ O R S A M P L E RUN HN R E C T . MODEL 
F I L E I A P 6 F n ? . U ? 3 

F R A C T U R E A P E R T U R E S 

NUMBER OF E L E M E N T S 1 1 1 6 ( N U M E L T ) 
D I S T R I B U T I O N T Y P E I 2 

INPUT DATA FOR APERTURE DISTRIBUTIONS lAAP- 1 IAP« 

FRACTURE SET 1 1 2 3 4 

DISTRIBUTION PARAMETERS 
A I -1.30E*01 -1.20E+01 -l.lOE+01 -l.OOE+01 
B i .60 .60 .60 .60 

A R R A Y I S E T , F 0 R M A T ( 5 0 I 2 ) 

1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

A R R A Y WW, FQRMAT(1P10E10.3) 

1.726E-06 7.523E-C6 
8.109E-06 7.618E-06 
1.325E-05 4.516E-06 
1.915E-06 1.194E-05 
5.322F-Of 5.74fE-06 
2.590E-05 1.493E-C5 
4.313E-05 7.731E-06 
1.3e4E-05 1.519E-05 
1.414E-05 4.9 ief -06 
1.458E-C5 3.C11F-C3 
fl.896E-05 6.721F-05 
2.572E-05 4.230E-05 

2.515E -06 1.228E -06 
1.762E -06 9.C02E -C6 
e.818E -06 9.216E -06 
1.469E -05 4.936E -06 
5.090F -06 1.272E -09 
4.256E -06 2.C56E -05 
1.462E -0 5 5.176E -06 
2.143E -05 1.485E -05 
4.021E -06 1.529E -C9 
3.233e -05 3.125E -05 
9.277E -05 5.282E -05 
1.320E -04 3.044E -05 

2.350E-06 3.985E-07 
2.603E-06 l .e i7E-05 
1.063E-05 2.093E-06 
1.O86E-09 9 . 7 6 C E - 0 6 
3.290E-09 3.372E-06 
3.5U2E-09 6.498E-06 
2.201E-09 1.C64E-09 
t . l36E-06 2.164E-09 
2.696E-09 9.e66E-06 
9.171E-05 7.124E-06 
4.236E-09 7.610E-05 
8.677E-05 3.222E-05 

3.890E-06 9.169E-07 
7.023E-06 2.22eE-05 
6.792E-06 1.304E-09 
4.494E-06 1.O27E-09 
9.441E-09 3.986E-06 
2.299E-09 6.069E-06 
1.250E-09 4.324E-06 
3.612E-09 2.499E-05 
8.824E-d6 3.273E-09 
3.941E-09 1.994E-09 
1.609E-04 2.749E-04 

2.006E-06 9.366E-06 
3.299E-06 1.917E-09 
1.86eE-06 1.790E-06 
2.099E-09 4.277E-06 
2.632E-09 5.011E^06 
3.106E-09 9.392E-09 
1.096E-09 1.167E-09 
3.176E-09 1.93CE-09 
2.19eE-09 1.103E-09 
4.392E-09 2.869E-09 
3.715E-09 3.626E-09 



F i l e S U M F L O — v j i n ± - t , 3 1 

P99C SAMPLE PUN OF STF P A C K , i RECTANGULAR MODEL 
F I L E l SUMFLD,U31 

OUTPUT FROM SUBROUTINE BOUND 

TOTAL NUMBER OF NODES 
NUMBER OF FREE NODES 
NUMBER CF CONSTRAINED NODES 

84 (NUMNPT) 
67 (NF) 
17 ( N O 

BDPY NO 

1 
2 
3 
4 
5 e 
7 
8 

IBC 

1 
C c 
c 
1 c 
0 

c 

BEG 

, 0 0 0 
. P C C 
, 0 0 0 
.'.'GO 
, 0 0 0 
. C C D 
, 0 0 0 
, 0 0 0 

END 

1 0 , 0 C 0 
.rcc 

10.ceo .ceo 
. 0 0 0 
. 0 0 0 
. 0 0 0 

.too 

• G R A D I E N T ' 

. 0 0 0 

. 0 0 0 

. 0 0 0 

. 0 0 0 

. 0 0 0 

. 0 0 0 

. 0 0 0 

. 0 0 0 

OUTPUT FROM SETUP 

I N I T I A L I D I F F - 71 

OUTPUT FROM OPTNUM 

F INAL I D I F F - 10 

RESULTS FROM DPSTOR 

S r Z F GF MATRIX A ( N * ) t 409 



F i l e S U M F L O — u i r i l - t . 3 1 < cr o in t i n \a e c£ ) 

S E L E C T E D PFSULTS OF FLOW CALCULATIONS FOR SEGMENTS LOCATED AT A BOUNDARY 

BDRY.NO 

o 

LEM.NO WIDTH(ri) LENGTH(N) V E L O C I T Y ( M / S E C ) FLOW R A T E ( M * » 3 / S E ( 

1 5 . 0 0 0 0 0 0 0 E - C 6 1 .6125744E+00 - 2 . 3 5 7 6 5 6 6 E - 0 6 1 . 1 7 8 9 2 9 3 E - 1 1 
12 5 . O O 0 0 0 0 0 E - 0 6 5 . 8 0 5 2 7 4 6 E - 0 1 - 2 . 6 9 5 9 6 9 6 E - 0 6 1 . 3 4 7 9 6 4 8 E - 1 1 
16 5 . C O C 0 O 0 0 E - C 6 6 . 1 6 3 6 6 2 3 E - 0 1 - 7 . 7 4 8 0 0 7 2 E - 0 7 3 . e 7 4 0 0 3 6 E - 1 2 
24 5 . 0 C 0 0 0 0 0 E - 0 6 4 . 2 2 9 4 3 9 4 E - 0 1 - 4 . 4 6 4 9 3 ( » 5 E - 0 6 - 2 . 2 3 2 2 6 9 a E - l l 
34 9 . 0 t r £ i O O O E - t 6 3 . 2 4 6 7 3 8 4 E - 0 1 - 5 . 2 3 5 2 5 7 9 E - 0 6 2 . 6 1 7 6 2 9 0 E - 1 1 
3*5 5 . C 0 0 0 0 0 0 E - 0 6 2 . 7 1 1 7 8 6 7 E - 0 2 - 3 . 0 0 7 6 5 4 2 E - 0 7 - 1 . 9 0 3 6 2 7 1 E - 1 2 
53 5 . U C 0 0 U 0 0 E - 0 6 1 . 5 9 6 6 9 4 3 E - 0 2 5 . 1 0 6 1 2 6 6 E - 0 7 - 2 , 5 5 4 0 6 3 3 E - 1 2 
54 5 . 0 0 0 0 0 0 0 E - 0 6 6 . 1 4 4 C 2 5 9 E - 0 1 7 . 7 9 8 0 1 6 5 E - 0 7 3 . 8 9 9 0 0 8 3 E - 1 2 
60 5 . O C O 0 C 0 O E - O 6 2 . 8 7 0 9 1 8 2 E - 0 2 1 . 9 2 9 5 4 9 5 E - 0 6 9 . 6 4 7 7 4 7 5 E - 1 2 
66 5 . C ( O O C 0 O E - C 6 5 . 8 4 2 0 9 9 6 E - 0 1 2 . 6 7 3 1 1 8 4 E - 0 6 - 1 . 4 3 6 5 5 9 2 E - 1 1 
74 5 . O C U O O 0 O E - C 6 1 . 1 0 4 9 2 8 9 E * 0 0 1 . 7 0 6 9 2 6 3 E - 0 6 - 6 . 9 4 4 6 4 1 9 E - 1 2 
64 9 . 0 0 0 0 0 0 0 E - 0 6 5 . 7 0 3 4 9 5 8 E - 0 1 3 . 3 4 4 1 9 0 6 E - 0 6 1 . 6 7 2 0 9 5 3 E - 1 1 
89 5 . 0 0 0 0 0 0 0 E - 0 6 2 . 1 3 7 6 7 2 0 E - 0 1 1 . 7 9 7 2 6 6 1 E - 0 6 - 8 . 9 8 6 4 3 0 6 E - 1 2 
93 5.crooocc>E-C6 6 . 9 9 0 6 6 6 6 E - 0 1 - 7 . 0 9 0 3 7 7 2 E - 0 6 - 3 . 9 4 9 1 6 8 6 E - 1 1 
97 5 . C O 0 0 0 0 O E - O 6 2 . 3 7 1 0 4 C 6 E - 0 ] 4 . 6 4 4 6 e 4 4 E - 0 6 2 . 3 2 2 4 4 2 2 E - 1 1 

1(1 5 . ( 6 0 0 C O O E - C 6 1 . 1 3 7 5 3 8 7 E - 0 2 4 . 8 6 9 6 2 4 1 E - 0 6 2 . 4 3 4 6 1 2 0 E - 1 1 
114 5 . 0 0 0 0 0 0 0 E - C 6 1 .5613977E+00 7 . 8 6 6 1 1 6 6 E - 0 6 - 3 . 9 4 3 0 9 9 3 E - 1 1 



F i l e S U M F L O — u i n ± t 3 1 ( c o n t i n u e o t ) 

SUMMARY OF FLOW CALCULATIONS FOR J A P - 1 

TOTAL FLOW ALONG THF BOUNOARILS 

BDRY NO FLOW ( M * * 3 / S E C ) ( - •>FLOW OUT) 

1 1 .3315<)ee603E- lO 
2 .OCOOCOCCOOE+CC 
3 .COOOOCOOOCE+OC 
4 . C C C O O ( J O C O C E * 0 0 
5 - 1 . 3 3 1 5 9 t 8 6 C 3 E - 1 0 
6 .C(.OOCf C C O C E * C O 
7 .OOOOCCOCOOE+OC 
8 . O f cr Of CiCC&E+30 

DIRECTIONAL POROSITY AND PERMEABIL ITY 

° D IRECTION LENGTH POROSITY P E R M E A B I L I T Y 
( D E 6 R / 1 0 ) (M) ( M * * 2 ) (M^^S) 

1 2 . 0 1 E - 0 1 1 . C 0 E - 0 6 5 . 0 2 E - 1 2 
2 1 .42E+01 7 . 1 0 E - 0 5 3 . 5 5 E - 1 0 
3 2 .35E+CO 1 .17E- ' 05 5 . 8 7 E - 1 1 
4 . c n E * o o . C 0 E 4 0 0 •OOE^OO 
5 4 . 9 5 E + 0 C 2 . 4 7 E - C 5 1 . 2 4 E - 1 0 
6 5 .31E+00 2 . 6 6 E - C 5 1 . 3 3 E - 1 0 
7 9 , 1 3 E * 0 0 4 . 5 f r E - 0 5 2 . 2 8 E - 1 0 
8 1 .22E+01 6 . 1 0 E - C 5 3 . 0 5 E - 1 0 
9 .OOE+CC • C O E ^ C O . O O E U O 

IC . 0 0 E * 0 0 .OOE+00 •OOE^OO 
11 6 . 6 6 E - » 0 0 3 . 3 3 E - C 5 1 . 6 7 E - 1 0 
12 4 . 4 4 F + 0 0 2 . 2 2 E - C 5 l . l l E - 1 0 
13 1 .89E+01 9 . 4 6 E - C 5 4 . 7 3 E - 1 0 
14 e . 7 3 E * 0 0 4 . 3 6 E - 0 5 2 . 1 8 E - 1 0 
15 * . 2 3 E - 0 1 2 . 1 1 E - 0 6 1 . 0 6 E - 1 1 
1^ . O C t * 0 0 .OOE+00 • C O E ^ C O 
17 e . C 7 E * 0 C 4 . 0 3 E - C 5 • 2 . 0 2 E - 1 0 
18 3 .79E+00 1 . 9 0 E - C 5 9 . 4 8 E - 1 1 



F - i l e S U M F - L O — uin ± t 3 1 < « = o n t i n 

OTHEP PIRECTIONAL PARAMETERS 

DIRECTION NSEG (l)VELOC (2)FL.RA (3)LEN6TH(3)X(1) ( 3 ) X ( 1 ) » « 2 
(DE6R/10) (M/S) (M**3/S) (M) 

1 1 8 . 35E - 07 4 . 18E-12 2.01E-01 1.68E-07 1.40E-13 
2 19 1 .21E-04 6 .03C - 10 1.42E+01 9.68E-05 7.68E-10 
3 2 3 . 91E -06 1 .96E-11 2.39E+00 5.56E-06 1.40E-11 

r .COE+GO .OCE+OC .OCE+00 .OCE+OC .OOE+OO 
5 9 4 . 11E-05 2 .06F-1C 4.95E+00 2.71E-05 1.75E-10 
6 6 1.76E -05 8 . 80E-11 3.85E+00 1.32E-05 5.28E-11 
7 12 2 .52E -05 1 . 26E-10 9.13E+00 2.24E-05 8.94E-11 
8 11 2 .93E-05 1 .47E-10 1.08E+01 2.90E-05 1.28E-10 
9 0 .OOE+00 .OCE+00 .Ct^E+00 .OCE+00 •OOE+OO 

16 0 .COE+00 .OOE+CO .OOE+OO .OOE+OO .OOE+OO 
11 3 7 .41E - 06 3.71E-11 2.79E+00 e.OOE-06 2.36E-11 
12 .OCE+OU .COE+00 .COE+00 .OOE+OO .OOE+OO 
13 0 ,00E+00 .OOE+OO .OOE+OO .OOE+OO .OOE+OO 
14 0 .OOE+00 .OOE+OO .OOE+OO .OOE+OO .OOE+OO 
15 c .C6E+00 .COE+CO .OOE+OO .OOE+OO .OOE+OO 
16 0 .CCE+OC .COF+CC .OOE+OO .OOE+OO .OOE+OO 
17 0 .OOE+00 .OCE+OC .OOE+CO .OOE+v>C .OOE+OO 
18 0 .OOE+OO .OOE+OO .OOE+OO .OOE+OO .OOE+OO 
19 c .OCE*0( i .OOE+OO .OOE+OO .OOE+OO .OOE+OO 
20 0 .OOE+OO .OOE+CO .OOE+OO .OOE+OO .OOE+OO 
21 c .CCE+OC .OCE+CC .OOE+OO .OOE+OO .OOE+OO 
22 0 .OOE+OO .OOE+OO .OOE+OO .OOE+OO .OOE+OO 
23 C .OCE+OO .OOE+CO .OOE+OO .OOE+OO .OOE+OO 
24 1 1 . 23E - 06 6 . 13E-12 1.46E+00 1.79E-06 2.20E-12 
25 0 .OOE+OO .OOE+OO .OOE+OO •OOE+OO •OOE+OO 
26 2 1 .43E-i16 7.13E-12 1.39E+00 9 .1CE-07 9 .69E-13 
27 c .COF+OC .OOF+CO .OOE+OO •OOE+OO •OOE+OO 
28 0 .OOE+OO .COE+00 .OOE+OO .OOE+OO .OOE+OO 
29 5 1 . 40E - 05 7.01E-11 3.87E+00 1.64E-05 7.93E-11 
30 4 9 . 5 e E - 0 6 4 . 79E-11 4.44E+00 8.98E-06 2.69E-11 
31 22 7 .14E-05 3 . 57E-10 1.89E+01 9.69E-09 2.10E-10 
32 7 3 .5eE-05 2 .79E-10 8.73E+0C 4 .S2E-05 2 .6CE-10 
33 1 4 . 46E-06 2 .23F-11 4.23E-01 1.89E-06 8.43E-12 
34 C .OOE+OC .OOE+OC .OOE+OO .OOE+OO .OOE+OO 
35 8 4 . t 2 E - 0 5 2.31E-10 8.07E+00 4.29E-05 2.67E-10 
36 3 1.30E-03 6 .49E-11 3.79E+00 1.42E-05 6.31E-11 



F - ± l e S U M F L O — v j m ± t 3 1 < e i i c i ) 

eO<?E OF FLOW RATES ( M * * 3 / S ) 

* 
* 

0* * 
* • 
• * 

• 

• 

*********** l l l l ENO OF L I S T / / / / 
/ / / / END OF L I S T / / / / 
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ROSE OF FLOW RATES ( M * * 3 / S ) 

9 0 ° 

2 70° 

Figure F . 3 . Rose diagram of f i l e SUMFLO completed by 
hand. 
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F ± l e F L O A L L — uii-i ± -t 3 3 

R990 SAMPLE RUN OF SOF PACK, t RECTANGULAR MODEL 
F I L E l FLOALL.U33 

RESULTS OF FLOW CALCULATIONS* JAP- 1 

HEAD AT NODAL POINTS 

F 0 R M A T ( 3 ( I I R ( I ) P H I ( I ) ) ) 

1 1 6.0tiOCC0CE*0O 2 1 6.0000000E-«^00 
5 1 6.CC00OCOE+OC 6 5 2.00000COE4^00 
9 1 6 . 0 0 C O O 0 n F * 0 0 10 5 2.0000000E400 

13 5 2.0CCOOfCE+30 14 5 2 . 0 e 0 0 0 C 0 E « 0 0 
17 1 6 . r o c o c c c E + o c 18 0 5.7902527E+00 
21 0 5.3714738E+00 22 f. 5.3368393E4^00 
25 0 5.55tO360E+O0 26 0 5.0879169E+00 
29 0 5.e6 83799E+t 0 30 0 5.7962460E+00 
33 0 5.6O3959eE*C0 34 c 4.7ed9931E+00 
37 0 4.i4eeie2F+oc> 38 0 4.8908655E4-00 
41 0 3.7675485E+00 42 c 2.0926704E+00 
45 0 4.73079fc4E+0C 46 0 4.8996332E+00 
49 0 4.8320554E+00 50 0 5.4697596E+00 
53 0 2.8055567E*rO 54 0 2.6033181E+00 
57 2.0188556F+OO 58 n 2.4127811E+CO 
ftl c> 3.P389775F+nc 62 0 3.3e i9204E*00 
65 0 3.9911807E+0& 66 c 4.9198695E+00 
69 0 4.4793778E+00 70 0 5.4206777E+00 
73 0 4.1225256E*Or 74 0 2.2432608E+00 
77 0 5.1269097E+00 78 c 4.56922C2E4^00 
61 c 4.8429t77E+C.C 82 c 5.7392669E+00 

3 1 6.0000000E+00 4 9 2.aOOOOOOEi-00 
7 9 2.0000000E+00 8 1 6.0000000E+00 

11 9 2 .0000000EO0 12 1 6.0000000E+00 
15 1 6.0000000E+00 16 9 2.0000000E+00 
19 0 9.4793321E+00 20 0 3.6606947E+00 
23 0 4.4447461E4-00 24 0 4.8707362E+00 
27 0 9 .9231899EO0 28 0 9.8299749E+00 
31 0 9.4960384E+00 32 0 9.9764863E*00 
39 0 4.9607461E400 36 0 3.3293996E4^00 
39 0 2.7432078E+00 40 0 3.9739966E+00 
43 0 9.3978611E+00 44 0 9.3634930E4^00 
47 0 9.9464932E+00 48 0 5.9169804E+00 
51 0 9.3127774E+00 92 0 2.0004003E+00 
99 0 2.0e23763E+0C 96 0 2.4264833E+00 
59 0 2.6120909E*00 60 0 3.1499411E+00 
63 0 3.9270029E+00 64 0 3.9992934E+00 
67 0 4.8789011E+00 66 0 4.7210369E+00 
71 0 9.9499499E+00 72 0 5.9972814E+00 
79 0 2.6916994E+00 76 0 9.3716782E+00 
79 0 4.e622327E+00 80 0 4.8396400E+00 
83 0 9.9063916E+00 84 0 3.9994167E+00 

FLOW IN ELEMENTS* J A P - 1 

NUMBER WIDTH(M) LENGTH(M) VELOC (M/SEC) FL .RATE(M»*3 /SEC) REYNOLD NO. DIRECTION TRANSIT TIME 

1 5 . C G 0 C C C r E - 0 6 
2 5 . 0 0 0 C 0 C C E - 0 6 
3 5 . 0 0 0 C C C C t - 0 6 
4 5 . 0 0 0 C 0 C ( E - t 6 
5 5 . 0 0 0 0 P O O E - C 6 
6 5 . C C ' C 0 C ( ( E - 1 6 

1.8129744E+00 -2 .3978986E-06 -1 .1789293E-1 
1 .89639«tE*C0 -8 .6036011E-06 -4 .3018006E-1 
1.9020807E+0C -4 .5633917E-06 -2 .2816956E-1 
7.9373426E-C1 -5 .5752250E-06 -2 .7876125E-1 
9 . 0 5 1 O 1 2 5 E - 0 1 -5 .6032684E-06 -2 .8016342E-1 
e.C'r.854eeE-C2 - e . 8 l l 9 6 3 9 E - 0 6 -4 .4C/99819E-1 

1.1765762E-06 
4.2932141E-08 
2.2771416E-0e 
2.7620484E-08 
2.796O421E-0e 
4.3971876E-08 

1.6343&80E+02 
1.6007307E+02 
1.6007307E+02 
1.6007307E+02 
1.60073C7E+02 
1.6O07307E+O2 

7.6973750E+09 
2.1976961E+05 
4.1681294E+09 
1.4236eilE+05 
1.6194701E+09 
9.0882679E4-03 



W±±& T R A N S I T — 

R990 SAMPLE RUN OF SDF PACK. 
FILE I TRANSIT,U41 

I RECTANGULAR MODEL 

AUXILIARY DIRECTIONAL PARAMETERS FOR JAP-

DIRECTION RDFR DLM DWTVM 

1 l.e8E-C3 2 . C 1 E - 0 1 8.35E-07 
2.72E-01 7.47E-01 7.93E-06 

3 8,83E - 03 1.17E+00 2.52E-06 
.OOE+OO .OOE+CO .OOE+OC 

5 9.28E-C2 5.5CE-01 6.48E-06 
6 3.97E-02 6.42E-01 3.99E-0t 
7 5.69E-02 7.61E-01 3.96E-06 
8 6.62E-02 9.8?E-fil 4.42E-06 
9 .OOE-fCO .OOE+OO .OOE+OC 

1 0 .OtE+OC .OOE+OO .OOE+OO 
11 1.67E-02 9.31E-01 2.95E-06 
12 .OOE+OO .OOE+OO .OOE+OC 
13 .CCE+Ot .ICE+tO . O O E + O C 
14 .COF+OO .OCE+00 .OOE+CC 
15 .OOE+OO .OCE+OC .OCE+OC 
16 .OCE+OC .OCE+CO .OOE+OC 
17 .OOE+OO .OOE+OO .OOE+OC 
18 .ocE+cr .OCf+00 .OOE+OC 

.OCE+00 .COE+00 .OOE+CC 

.C(=E+(\0 .rcE+oo .ocE+cr 

.OOE+OO .ocF+ro .OCE+OC 

.CCE+00 .OOE+OO .OOE+OC 

.OOE+OO .OOE+OO .OOE+OC 
2.77E-03 1 .46E+C0 1 .23E-06 
.OOE+OO .OOE+OO .OOE+OO 

3 .22E-i»3 6.93E-C1 1.C6E-06 
.CCE+On .CfE+or .DCE+OO 
.OOE+OC .OOE+OO .OCE+00 

3 .16E-02 7 .74E-01 4 .e3E-06 
2.16E-02 1 .ilE+OC 3 .COE-06 
1 .61E-01 e .6CE-01 3 .72E-06 
8 .t8E-P2 1 .25E+rc 5.76E-0fc 
1 .ClF-02 4 .23E-01 4 .46E-06 
.OOE+OO .OOE+OC .COE+00 
1 .04E-01 1 .OlE+OO 6 .23E-06 
2 .93E-n2 1 .26E+0C 4 .45E-06 

ARRAY IDIR 
FORMATi 10(J IDIR(J) ) 

1 2 2 2 3 2 4 2 5 2 6 
11 2 12 2 13 2 14 2 15 2 16 
21 2 22 ? 23 2 24 2 29 2 26 
31 5 32 5 33 5 34 5 35 5 36 
41 6 42 7 43 7 44 7 49 7 46 
51 8 52 8 53 8 54 8 59 11 56 
61 30 t i 31 63 31 64 31 69 31 66 
71 31 72 31 73 31 74 31 79 31 76 
81 32 82 32 83 3? 84 32 89 32 86 
91 35 92 3? 93 35 94 35 95 35 96 

2 7 2 8 2 9 2 10 2 
2 17 2 18 2 19 2 20 2 
2 27 2 28 3 29 5 30 5 
5 37 9 38 6 39 6 40 6 
7 47 7 48 8 49 8 50 8 

11 97 29 98 29 59 29 60 30 
31 67 31 68 31 69 31 70 31 
31 77 31 78 32 79 32 • 80 32 
33 87 39 88 35 89 39 90 39 
35 97 36 98 36 99 36 100 0 

S I Z E O F G E N F R A T E D N E T W O R K I 

X - L F N G T H - lO.COOO (M) 
Y - L E N G T H - 1 0 . 0 0 0 0 ( M ) 

P A K T I C L F S M.irT T R A V E L 1 0 0 . 0 0 (M) I N THE X DIRECTION 



F i l e T R A N S I T — u n i t ^ 1 < cr o n t i n xji e cJ ) 

STATISTICS CF ALL PARTICLES FOR J A P - 1 

NT XTRAV(M) YTRAV(M) TRAV(M) TIME(S) NSTEP 

1 1.CCE+C2 4.38E+C0 1.44E+02 2.95E+07 169 
2 l.CCE+02 -3.38E+00 1.49E+02 3.12E+C7 174 
3 l.COE+02 4.87E+00 1.48E+02 2.99E+07 176 

l.COE+02 4.91E+C0 1.51E+02 3.17E+07 177 
5 l.COE+02 - « . 8 8 F + 0 0 1.45E+02 2.91E+07 173 
fc l.CCiE+02 -1.39E+01 1.38E+02 2.68E+07 164 
7 1.C0E+02 -e.3CE+C0 1.51E+02 3.14E+07 178 
8 1.00E+C2 9.81E+C0 1.40E+02 2.74E+07 171 
9 l.OOE+02 3.61E+CC 1.53E+02 3.13E+07 181 

If l.COF+02 -1.69E+01 1.37F+02 2.74E+07 156 
11 l.OCE+02 -1.17E+01 1.52E+02 3.16E+07 175 
12 l.OCE+02 -1.95E+C0 1.41E+02 2.77E+07 166 
13 1.0CE+C2 8.32E-C1 1.37E+02 2.59E+07 164 
14 1.00c*02 4.92E+C0 1.37E+02 2.57E+07 164 
15 l.CCE+02 2.3eE+Ct 1.44E+02 2.90E+07 171 
16 1.C0E+C2 1.46F+01 1.47E+02 2.93E+07 175 
17 l.OfE+02 -4.74E+00 1.47E+02 2.95E+07 168 
18 l,00E+02 -9,15E+00 1.45E+02 2.89E+07 167 
19 1.00E+C2 -3.24E+00 1.42E+02 2.84E+07 167 
20 l.OOE+02 -2.31E+O0 1.45E+02 2.90E+07 176 
21 1.0CE+C2 t.346+00 1.50E+02 3.03E+07 184 
22 l.OOE+02 -7.57E-01 1.43E+02 2.78E+07 171 
23 l.OOE+02 -6.46E+fc0 1.46E+02 2.97E+07 172 
24 l.OOE+02 -1.35E+00 1.46E+02 2.90E+C7 174 
25 l.OrE+02 -2.66E+00 1.41E+02 2.77E+07 163 
26 l.OCE+02 -3.4aE+0C 1.49E+02 2.98E+C7 170 
27 l.COF+02 -4.B2E+r0 1.41E+02 2.81E+07 166 
28 l.COF+02 -2.97E+C0 1.38E+02 2.68E+07 164 
29 l.OOE+02 -1.61E+01 1.44E+02 2.90E+07 171 
30 l.t'DE+02 5.19E+C0 1.48E+02 2,94E+07 177 
31 1.00E+C2 4.20E-01 1.42E+02 2.78E+07 168 
32 1.C0E+C2 2.95E+C0 1.42E+02 2.78E+C7 166 
33 1.00E+ft2 4.25E+00 1.43E+02 2.77E+07 168 
34 l.CCE+02 -1.43E+01 1.41E+02 2.78E+07 165 
35 l.OCE+02 1.48E+00 i.42E+02 2.eOE+C7 170 
36 1.CCE+C2 2.49E+00 1.33E+02 2.50E+07 158 
37 l.r.t,E+'52 -1.34E+01 1.39E+02 2.61E+07 158 
38 1.0CE+C2 -3.90E-01 1.41E+C2 2.89E+07 172 
39 l.OOE+02 -1.21E+01 1.43E+02 2.88E+07 166 
40 l.OCE+02 -4.37E+00 1.42E+02 2.87E+07 163 
41 l.CCE+02 -4.58E+C0 1.43E+02 2.91E+C7 171 
42 l.COE+02 -9.2eE-Cl 1.46E+02 3.01E+07 173 
43 l.OCE+02 -1.2rE+Cl 1.45E+C2 3.09E+07 167 
44 1.005+0? -1.18E+01 1.39E+02 2.82E+07 162 
45 1.0&E+02 -5.55E+C0 1.41E+02 2.84E+07 165 
46 l.OOE+02 -1.54E+01 1.47E+02 3.05E+07 168 
47 l.CCE+02 l.OOE+01 1.43E+02 2.81E+07 173 
48 l.OfE+C2 -e.9eE+co 1.43E+02 2.82E+07 170 
49 1.CDE+C2 -3.46E+00 1.49F+02 3.01E+07 174 
50 l.OCE+02 7.e5E+C0 1.40E+02 2.79E+C7 175 

BASIC DESCRIPTIVE STATISTICS OF ABS.TRAV.OISTTRAV(M) 
NUMBER CF STANDARD 

DATA POINTS MEAN DEVIATION 1AXIMUH MINIMUM 

50 1.434E+02 4.390E+00 1.528E+02 1.328E+02 
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F - i l e T R A N S I X — u i n ± t ^ 1 < e n c i ) 

FREQUENCY D I A G R A M S OF TRANSIT TIME (S) 

BASIC DESCRIPTIVE STATISTICS OF TRANSIT TIME (S) 
NUMBER OF STANDARD 

DATA POINTS MEAN DEVIATION MAXIMUM MINIMUM 

50 2.e72E*07 1.519E+06 3.173E+07 2.501E+07 

MIDDLE FREQ CUM REL RELATIVE FREQUENCY CUM 
INTERV FRFO DIAGRAM 

2.52E + 1 7 1 2 1* 1* 
2.95E+C7 0 2 1 1* 
2.59E+07 2 6 1** 
2.62E+07 1 8 1* I**** 

2.65E+07 0 P 1 I**** 

2.69E+C7 2 12 1** 
2.72E+07 0 12 1 I****** 

2.75E+C7 5 22 I*********** 

2.79E+C7 6 34 I*************** 

2.82E+07 42 I*************** 

2.e5E+C7 5r 1***4 I*************** 

2 . 8 9 E * r 7 5 6r I***** I*************** 

2.92E+C7 5 70 I***** I*************** 
2.95E+t 7 3 7fc 1*** I*************** 

2.99E+C7 2 ec I** I*************** 

3.02E+C7 3 86 I*** I*************** 

3.C6E*(!7 1 88 1* I*************** 

3.09E+C7 1 9C 1* I*************** 

3.12E + C7 3 96 1*** I*************** 

3.16E+07 1 98 1* I*************** 

3.19E+C7 1 ICO 1* I*************** 

**** 
******* 
,******* 
********* 
************ 
************* 
************** 

*********** 
*********** 

l l l l END OF LIST / / / / 
/ / / / ENO OF LIST / / / / 



F,2 A Rectangular Model With Abu t t i ng F r a c t u r e s : R e a l i z a t i o n 992 

A l l Input data are the same as r e a l i z a t i o n 990, except f o r the 
value of ITERM,' which Is 1 f o r the f r a c t u r e sets 2 , 3 , and 4. 

F - i l e I N P l — u i i n ± t 1 

992 SAMPLE RUN OF SDF PAC<. : RECTANG. « C O E L ^ITH AlUT'-ENT 
1 3 . G 9 9 0 . 2 5 . 1 1 1 2 5 0 1 0 0 . 0 

1 1 . 0 11 . G - 1 . 0 0 . 0 1 0 . 0 1 0 . c o.c 
0 . 0 0 . 0 1 6 . 0 

G - G 1 0 . 0 0 

1 G . Q 1 0 . 0 1 2 . G 

1 0 . 0 G . G Q 

0 . 4 G 
-) 
C 2 1 0 

0 . 6 0 2 2 1 1 
0 . 30 2 2 1 1 
1 . 0 0 2 2 1 1 

1 . ^ C . ? 0 1 5 - 0 1 0 . c 1 6 5 . G 1 G . 0 0 . 0 0 0 0 0 5 
1 . 2 0 . 6 5 . 0 1 0 . 0 1 2 5 . 0 1 0 . 0 G . G G G G 0 5 
1 . C G . 30 1 2 5 . 0 1 0 . 0 6 5 . C 1 0 , 0 0 . G G G G G 5 
G . i 
LL 

Q . 3 G 1 6 5 . 0 1 0 . 0 1 5 . 0 1 n r-1 u • ^ G . C G 0 G G 5 
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REALIZATION 992 
o - i . O O 1.00 3 . 0 0 5 . 0 0 7 . 0 0 9 . 0 0 11 .0 ' 
° I I _J 1 I I I \ I I \ I L ' 

7 i 1 1 1 \ 1 1 1 1 1 1 r " T 7 
- 1 . 0 0 1.00 3 . 0 0 5 . 0 0 7 . 0 0 9 . 0 0 1 1 . 0 0 

X - A X I S 

Figure F .4 . Computer p l o t f o r r e a l i z a t i o n 992; see 
F igure F.2 f o r meaning of the numbers. 

115 



F.3 A C i r c u l a r Model : R e a l i z a t i o n 991 
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F i l e I N E ^ 1 — u n i t 1 

991 S A M P L E OF 33 F P A C K . : C I R C U L A R MODEL 

4 2 6 . 0 9 91 . 1 0 . 2 1 1 2 

- 1 . 0 1 1 . 0 1 1 . 0 - 1 . 0 0 . 0 1 0 . 0 1 3 . Q 0 . 0 
1 0 . 0 2 . 5 0 
0 
2 1 0 . 0 3 . 0 1 0 . 3 1 6 . 3 
1 1 Q . 0 0 . 0 0 
0 
2 2 . 5 2 . 5 0 . 0 1 2 . 0 

0 . 4 0 2 -> 1 0 
0.f>0 2 2 1 a 
0 . 5 0 > c 1 0 
1 . 0 0 2 2 1 0 

1 . 4 0 . 3 0 1 5 . 0 1 0 . 0 1 6 5 . 0 1 C . G 
1 . 2 0 . 3 0 6 5 . 0 1 0 . 0 1 2 5 . G 1 C . 0 
1 . 0 0 . 30 12 5 . 0 1 3 . 0 65 . 0 1 G . O 

0 . -5 G . ? 0 1 b 5 . J 1 0 . 0 1 5 . 0 1 C O 

3 . G 0 0 0 G 5 
0 . 0 G 0 G 0 5 
0 . G G 0 G 0 5 
0 . 3 0 0 0 3 5 

F i l e I 1 M P 2 — v j i n i t 2 1 

R 9 9 1 - 1 FIRST SET OF APER. DATA FOR SAMPLE RUN ON CIRC. MODEL 
2 2 1 3 0 . 5 9 9 1 . 4 0 

- 1 3 . 0 0 . 8 
- 1 2 . 0 0 . 8 
- 1 1 . 0 0 . 8 
- 1 0 . 0 0 . 6 
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REALIZATION 991 
- 1 • 30 C • CO i -30 2- 30 3̂ . 00 ^̂ . CO 5 - 00 6̂ . 00 7 . 00 QQ 9. 00 ip.QO n 

5.00 
X-AXIS 

Figure F .6 . Computer p l o t f o r r e a l i z a t i o n 991; see 
F igure F.2 f o r meaning of the numbers. 
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Appendix G 
Program Listings 



Program Listings 

G. l L i s t i n g of the Program NETWRK 
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NETWRK 

PROG^^AI NETWRK 
* * * * * * * * • * » * • • • • * * • * * * • • • * * * • * • * * * * 

c 
C P R O G R A M TO G E N E R A T E A T W O - D I M E N S I O N A L NcTWOPK Of F I N I T E L I N E S E G M E M T S 
C AND TO C O M P U T E S E V £ 3 A L S T A T I S T I C S ON T H E G E N E R A T E D L I N E N E T W O R K . 
C (WRITTEN 3Y A . R O U L E A U r 1 9 8 5 ; U P D A T E 9Y A . R O U L E A U * J A N . 1 9 3 6 ) 
C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 

D O U B L E P R E C I S I O N S E E D z - P I r R A D 
I N T E G E R T H D S T R r A P D S T P 

C 

C D I M E N S I O N N S E T - i* , AND M A X F R A = I C O 
D I M E N S I O N T H P { 1 0 0 / 4 ) 
D I M E N S I O N X l ( 1 0 0 , 4 ) , y i ( 1 0 C - r 4 ) x X 2 ( 1 0 0 , 4 ) , 

• Y 2 C 1 0 0 * 4 ) i ' T H ( 1 0 C r ' ; ) , T A N T H ( 1 C 0 / 4 ) 
I N T E G E R C U T 1 ( 1 0 C / 4 ) / ' C U T 2 ( 1 0 0 * 4 ) 

C 
C D I M E N S I O N M A X F R A = 1 0 0 

D I M E N S I O N X C { 1 0 0 ) r Y C ( 1 0 0 ) * T R A C E ( 1 0 0 ) / D E G R E ( 1 0 0 ) / . 
• D E G P E P d OO) * . A P E B C 1 0 0 ) 

C 
C D I M E N S I O N M A X I N T = 1 5 0 ; 2 * M A X I N T = 3 0 0 ( S E E D A T A S T A T E M E N T ) 

D I M E N S I O N X O R D ( 1 5 0 ) / . Y O R D ( 1 5 C ) 
I N T E G E R I N C l ( 1 5 0 , 2 ) / I N C 2 ( 1 50*. 2 ) r 

* I 9 ( 1 5 0 ) 
L O G I C A L E F F ( 1 5 0 ) 

C 
C D I M E N S I O N M A X E L T = 2 0 0 

D I M E N S I O N E L C R < 2 a O ) / E L 0 P = ( 2 0 0 ) , W ( 2 0 0 ) / E L L E N ( 2 a O ) 
I N T E G E R NODI { 2 0 C ) / N O 0 2 ( 2 0 0 ) / I S £ T ( 2 DO) 

r 

COMMON / A S E A 1 A / X M I N O / Y M AXO/XMAX O / Y M I N O 
COMMON / A R E A i a / XMIN I / Y M A X I /XM AX I / Y M I N I / I 6EOM 
COMMON / A R E A 2 / NSET/MA XFo A,MAX I N T / M A X E L T / N U M I N T /N U M N P T / NU M E L T / 

• N O I N T , I P R T 
COMMON / A f t E A 3 A / S E E D / P 1 / A O / C 0 E F 
COMMON / A R E A 3 3 / T I T L £ ( 2 0 ) 
COMMON / A R E A 4 / A T H ( 5 ) / S T H ( 5 ) / A T H P ( 5 ) / 3 T H P ( 5 ) / T H D S T R ( 5 ) / N F R A C ( 5 ) 
COMMON / A R E A S / D £ N S ( 5 ) / A L £ ( 5 ) / ^ L E ( 5 ) / L D S T R C 5 ) / I T E R M ( 5 ) 
COMMON / A R E A 6 / A AP ( 5 ) / B Ao ( 5 ) / A » D S T P ( 5 ) / D A A P / N A A P / I A A P / N A P / I AP 
COMMON / A R E A ? / S ( 3 ) / X 9 ( 3 ) / Y 3 ( 3 ) / 1 S H A P ( 3 ) / I 9 C ( 3 ) 

r 

£ 3 U I V A L E N C E ( T H / T A N T H ) / O £ G R E / A P E R ) / ( T R A C E / E F F / N 0 D 1 ) 
E Q U I V A L E N C E ( I 3 / N 0 0 2 ) / ( W /XC ) 

C 
C D I M E N S I O N 1 A X I N T = 1 5 0 ( 2*MA X I NT = 3 0 0 ) 

D A T A I 3 / 1 5 0 * 0 / / I N C 2 / 3 0 0 * 0 / 

C A S S I G N V A L U E S TO SOME C O N S T A N T S 
M A X F R A = 1 0 0 
M A X I N T = 1 5 0 
M A X £ L T = 2 0 0 
P I = 3 . U 1 5 9 2 6 5 3 6 
R A D = P I / 1 3 0 . 
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NtTWR< 

C 
C R E A D IN DATA 

C 

R E A 0 ( 1 , 3 ) T I T L E 
3 F 0 R M A T ( 2 G A 4 ) 

R E A D d / 5 ) N S E T / I S P / C O E F / S E £ 0 / ? L T S I 2 / I G £ O M / N A P / N A A P / O A 4 P / I P R T 
5 F O R M A T(215/3F 5 . G /315/F I D . 0/15) 

R E A 0 ( 1 / 7 ) X M I N O / Y M A X O / X M i X O / Y M I N O / X M I N I / y i A X I / X M A X I / Y M I M 
7 F O R M A T ( 3 F 5 . 0 ) 

r 
C CHECK FOR M I X E D U P R E C T A N G U L A R B O U N D A R I E S 

I F ( X M I N I . G T . XMINO . A N D . X M A X I . L T . XMAXO . A N D . Y M I N I . G T . Y M I N O 
• . A N D . Y M A X I . L T . Y M A X O ) GO TO 19 

W R I T S { 2 / S ) 
3 F O R M A T { / / / ' I * * ERROR IN I N ' U T D A T A : M I X E D R E C T A N G U L A R S C U N O A a i E S ' ) 

S T O P 
C 

1 9 I F d G E O M .EQ. 1 ) N30 = 3 
I F d G t O M . E a . 2) N 9 0 = 6 

P E A O ( 1 / 2 2 ) ( I S H A P ( I ) / R ( I ) / X 3 ( I ) / y 3 ( I ) / I B C ( I > / I = 1 / N a O ) 

22 F O R M A T ( I 5 / 3 F 5 . G / 1 5 ) 
R E A D ( 1 / 2 5 ) ( D £ N S ( I ) / L D S T « ( I ) / T H O S T R ( I ) / A P D S T R ( I ) / I T E R M ( I ) , I = 1 / N S £ T ) 

25 F O R M A T C F I 0 . G / 4 I 5 ) 
R £ A 0 ( 1 / 2 9 ) ( A L £ ( I ) / 3 L E ( I ) / A T H P ( I ) , 3 T H P ( I ) / 

* A T H ( I ) / a T H ( I ) / A A P { I ) / 9 A P { I ) / I = 1 / N S E T ) 
29 F O S M A T ( 8 F 1 0 . C ) 

W R I T E ( 2 / 3 4 ) T I T L E 
5 4 F O P M A T C ' 1 ' / / / I X / 2 0 A 4 / / / ' F I L E : S U M N E T . U Q 2 ' ) 

C O R I N T CUT B O U N D A R Y DATA 

C 

W R i r E ( 2 / 7 G ) 
7 0 F 0 R M A T C / / / / 1 C X / ' I N P U T B O U N D A R Y DATA'////" NUMBER S H A P E R A D I U S ' / 

* 6 X / * X 3 " / 3 X / « Y 3 « / 2 X / ' I 3 C ' / / ) 
J R I T E ( 2 / 7 1 ) ( I / I S H A P ( I ) / R { I ) / X 3 ( I ) / Y 3 ( I ) / I 3 C ( I ) / I = 1 / N 9 0 ) 

71 F 0 R M A r ( I 5 / I 7 / F 3 . 2 / 2 F 1 0 . 3 / i ; ) 

C 

C P R I N T I N P U T D A T A FOR F R A C T U R E NETWORK 
C 

W R I T E ( 2 / 8 0 ) ( I / I = 1 / N S E T ) 
30 F O R M A T C / / / / I G X / ' I N P U T D A T A FOR F R A C T U R E NETWORK* / / / / • F R A C T U R E ' / 

* ' 3 E T : ' / T 2 5 / 5 I 1 G ) 
- R I T E ( 2 / 3 5 ) ( D E N S ( I ) / I = 1 / N 3 E T ) 

35 F O R M A T ( / ' D E N S I T Y :'/T25/5F10.5//) 
W R I T E (2/37 ) ( I T E R M d ) / 1=1 / N S E T ) 

37 F O R M A T ( / / ' T E R M I N A T I O N MODE : ' / T 2 5 / 5 I 1 0 ) 
W R I T E ( 2 / 9 5 ) ( L D 3 T R ( I ) / I = 1 / N S E T ) 

95 F O H M A T ( / * 0 I S T R I 3 U T I O N T Y P E ' / / / * FOR T R A C E L E N G T H : ' / 
* T 2 5 / 5 I 1 0 / / ) 

W R I T E ( 2 / 1 0 0 ) ( T H D S T P ( I ) / I = 1 / N S E T ) 
1 0 0 F O R M A T C FCR O R I E N T A T I O N : ' / T 2 5 / 5 I 1 0 ) 

C 

W R I T E ( 2 / 1 0 3 ) ( A L E ( I ) / I = 1 / N 3 E T ) 
1 0 3 F O R M A T C / ' D I S T R I B U T I O N P A R A M E T E R S ' / / / / ' FOR T R A C E L E N G T H ' / / / 1 0 X / 

• • A : ' / T 2 5 / 5 F 1 0 . 2 ) 

W R I T E ( 2 / 1 1 0 ) ( 3 L E < I ) / I = 1 / N S £ T ) 
1 1 0 F O R M A T d O X / ' e : • / T 2 5 / 5 F 1 0 . 2 ) 
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NETWRK 

k R I T E ( 2 / 1 1 2 ) ( A T H ( I ) , I = 1 # N S E T ) 
1 1 2 F O R M A T C / / ' F O R O R I E N T A T I O N W I T H I N S I M U L A T I O N f>L A NE ' / / / 1 OX / 

* ' A : ' / T 2 5 / 5 F 1 0 . 2 ) 
W R I T E ( 2 / 1 1 5 ) ( B T H ( I ) / I = 1 / N S E T ) 

l i s F 0 9 M H T C 1 0 X / ' e : ' / T 2 5 / 5 F 1 0 . 2 ) 
W R r T E C 2 / 1 1 7 ) C A T HP C I ) / 1 = 1 / N S E T ) 

1 1 7 F O R M A T C / / ' F O P O R I E N T A T I O N FROM S I M U L A T I O N PL AN £ ' , / , 1 0 X / 
* ' A : • / T 2 5 / 5 F 1 G . 2 ) 

W R I T E C 2 / 1 1 9 ) C 2 T H P C I ) / I = 1 / N S E T ) 
1 1 9 F O R M A T C I O X / ' e : ' / T 2 5 / 5 F 1 D . 2 ) 

r 
C G E N E R A T E T H E F R A C T U R E T R A C E S . 

C 
C A L L 5 E N L I N C X l / Y l / X 2 / y 2 / X C / Y C / T R A C E / D E G R E / 0 £ G ' ^ E P / 

* T H / T H P , I 9 / X 0 R D / Y 0 R D / I N C 1 / C U T 1 / C U T 2 ) 
C 

I F C I S P - 1 ) 1 3 0 / 1 2 5 / 1 2 6 

C 
C S A M P L E T H E L I N E N E T W O R K FOR S P A C I N G V A L U E S . 

C 
1 2 5 C A L L S ° C N G l C T A N r H / X l / Y l / X 2 / Y 2 ) 

GO TO 1 3 0 
1 2 6 C A L L 3 P C N G 2 C T A N T H / X l / Y l / X 2 / Y 2 ) 

C 
c 
C L O C A T E A L L THE I N T E R S E C T I O N S . 

C 
1 3 0 C A L L I N T E R S C T A N T H / X 1 / Y l / X 2 / Y 2 / I N C 1 / I N C 2 / X 0 R i ) / Y O R 0 / I 8 ) 

C 
C 
C F I N D O U T T H E E F F E C T I V E N E S S O F E V E R Y I N T E R S E C T I O N . 

C 
C A L L £ F F I N T C X l / I N C 1 / I N C 2 / E F F / X 0 f l D / Y 0 P D / I 3 ) 

C 
I F C P L F S I Z . L T . 0 . 0 ) GO TO U C 

C 

C MAKE A P L O T O F T H E F R A C T U R E N E T W O R K . 

C 
C A L L P L O T F 3 C P L T S I Z / T A N T H / X l / Y 1 / X 2 / Y 2 / X O R D / Y O R O ) 

C 

C D E F I N E T H E E L E M E N T S . 
C 

1 4 0 C A L L £ L T O E F ( X 1 / Y 1 / X 2 / Y 2 / I N C 1 / I N C 2 / X O R D / Y O « D / A P E R / C U T 1 / C U T 2 / 
* T H / T H P / E L 0 R / E L 0 R P / E L L E N / W / N 0 D 1 / N 0 0 2 / I S E T ) 

C 
S T O P 
E N D 
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2 E N L IN 

c 
C THE 3 U 3 R 0 J T I N E G E N L I N G E N E R A T E S T H E L I N E T R A C E S FOR A L L T H E 
C F R A C T U R E S E T S / ONE S E T A F T E R T H E O T H E R . G E N L I N C A L L S T H E S U B R O U T I N E S 
C R E C e O R AND C I R B D R . 
C 

S U B R O U T I N E G E N L I N C X 1 / Y l / X 2 / y 2 / X C / Y C / T R A C E / D E 3 R E / D £ G R E P / 
• T H / T H P / I B / X O R D / Y O R D / I N C I / C U T I / C U T Z ) 

C 
D O U B L E P R E C I S I O N 5 E E D / P I / R A D 
I N T E G E ' E S T N F R / T H D S T R 
COMMON / A R E A I A / XMI N O / Y M A X O / X M A X 0 / Y M I N 0 
COMMON / A R E A 1 3 / XM I N I / Y M A X I / X M A X I / Y M I N I / I G E O M 
COMMON / A R t A 2 / N S E T / M A X F o A / M A X I N T / « A X E L T / N U M I N T / N U M N P T / N U M E L T / 

* N O I N T / I P R T 
COMMON / A R E A S A / S E E D / P 1 / R A D / C 0 E F 
COMMON / A R E A 4 / A T H ( 5 ) / 9 T H ( 5 ) / A T H P ( 5 ) / 3 T H P ( 5 ) / T H 0 S T R ( 5 ) / 

• N F R A C ( 5 ) 
COMMON / A R E A 5 / D E N S ( 5 ) / A L E ( 5 ) / 3 L E ( 5 ) / L 0 S T R ( 5 ) / I T E R M ( 5 ) 
COMMON / A R E A ? / R ( 8 ) / X B ( 3 ) / Y B ( 8 ) / I S H A P { 8 ) / I 3 C ( 3 ) 
COMMON / A R E A 9 / D E S L E N / S U M L E / E S T N F R 
COMMON / A R E A 1 5 / J S E T / J F R A / J 0 / N 3 N / I 9 L ( 2 ) 
COMMON / A R E A 1 6 / L I N T 

C 
I N T E G E R I 3 { M A X I N T ) / I N C 1 ( M A X I N T / 2 ) 
I N T E G E R C U T 1 ( M A X F R A / N S E T ) / C U T 2 C M A X F R A / N S E T ) 
D I M E N S I O N T H ( M A X F R A / N S £ T ) / T H P ( M A X F R A / N S E T ) / 

• X 1 ( K A X F R A / N S E T ) / Y 1 ( M A X F R A / N S £ T ) / X 2 ( M A X F R A / N S E T ) / Y 2 ( M A X F R A / N S E T ) 
D I M E N S I O N X C ( M A X F R A ) / Y C ( M A X F R A ) / T R A C £ ( M A X F R A ) / D E G R E ( M A X F R A ) / 

* O E G R £ P ( M A X F R A ) 
D I M E N S I O N X O R D C M A X I N T ) / Y O R D ( M A X I N T ) 

C 
C 
C C O M P U T E S U R F A C E A R E A OF MODEL 

I F d G E O M . E J . 1) T H E N 
A R E A = ( X M A X I - X M I N I ) * ( Y M A X I - Y M I N I ) 

E L S E 
R 0 = « ( 3 ) 
flI=R{e) 

A R E A = P I * ( R C - R I ) * ( R 0 > R I ) / 4 . 
END I F 

C 
L I N T ^ O 

C 
DO 22J. J S E T = 1 / N S E T 

C 
C C A L C U L A T E 0 £ , S I » E D T O T A L T R A C E L E N G T H ( D E S L E N ) AND E S T I M A T E D N U M a E R OF 
C T R A C E S ( E S T N F R ) FOR T H E S E T . 

I = J S E T 
A l = A T H P d ) * R A D 
0 £ N S ( I ) = D £ N S ( I ) * S I N ( A 1 ) 
D E S L E N = D E N S C I ) * A R E A 
I F ( L D 3 T R d ) . E Q . 2 ) GO TO 1 6 
A M E A N = A L E d ) 
GO TO 13 
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G E N L I N 

16 AMEAN = E X P ( A L E ( I ) + 8 L E ( I ) *BLE { I ) * 0 - 5 ) 
1 3 E S T N F R = ( D E S L E N / A M E A N ) * C O E F 

I F ( E S T N F R . L T . M A X F R A ) GO TO 2 4 
M R I T £ ( 2/.20) E S T N F R / I / M A X F R A 

20 F 0 R H » T ( » 1 E R R O R - C O N C E R N I N G " A X F R A * * * * * * • * * • • , / / , 
* • E S T N F R = ' / I 4 / ' FOR SET ' / U / ' . T H I S I S MORE T H A N THE M A X I M U M ' 
* / / ' F O R WHICH MEMORY S P A C E I S A V A I L A B L E / I . E . • / I 4 / * ( M A X F R A ) ' 
* / / ' D E C R E A S E C O E F OR I N C R E A S E THE V A L U E OF M A X F R A I N T H E P R O G R A M ' ) 

STOP 
24 I F d P R T . E G . D G O TO 2 6 

W R I T E ( 2 / 2 5 ) I 

25 F 0 R M A T ( / / / / / 1 0 X / 'F R A C T U R E S OF S E T ' / I 4 / / 4 X / ' NU M B £ R ' / / / 

* ' GNRTD A C T U A L ' / 4 X / ' L E N G T H ' / 5 X / ' A N G L E ' / 6 X / ' X I ' / S X / ' Y 1 ' / 3 X / ' X 2 ' / 

* 3 X / • Y 2 • / / ) 
C 
C G E N E R A T E F R A C T U R E C E N T E R S . 
C 

26 C A L L G G U 3 S ( 5 E £ 0 / E S T N F R / X C ) 
C A L L G G U B S ( S E E D / £ S T N F R , Y C ) 

C 
C G E N E R A T E F R A C T U R E T R A C E L E N G T H S . 
C 

I F ( L O S T R ( I ) . E Q . 2 ) GO TO 30 
DO 27 J = 1 / t S T N F R 

27 T R A C E ( J ) = A L E ( I ) 
GO TO 45 

30 C A L L G G N L G ( 3 £ E D / E S T N F R / A L E ( I ) / a L £ ( I ) / T R A C E ) 
C 
C GENERATE FRACTURE O R I E N T A T I O N S . 
C 

45 I F ( T H D S T R ( I ) . E Q . 2 ) GO TO 55 
DO 52 J = 1 / E S T N F R 
T H P C J / I ) = A l 

5 2 D E G R E ( J ) = A T H ( I ) 
GO TO 60 

5 5 C A L L G G N M L C S E E O / E S T N F R / D E G R E ) 
C A L L G G N M L ( S E E O / £ S T N F R / O E G R £ P ) 
0 0 5 3 J = 1 / E S T N F R 
T H P ( J / I ) = ( D E G R E P ( J ) * a T H P ( I ) * A T H ? ( I ) ) * R A O 

58 0 £ G R E ( J ) = D E G R E ( J ) * a T H ( I ) A T H ( I ) 
C 
C COMPUTE C O O R D I N A T E S OF E X T R E M I T I E S OF A L L F R A C T U ' E S I N SET I . 
C 

60 DO 70 J = 1 / E S T N F R 
T H L = O E G R E ( J ) 

C 
C TO A V O I D S I N G U L A R I T Y AND E V E N T U A L D I V I S I O N BY 0./ MAKE S U R E THL I S 
C NOT E X A C T L Y - 9 0 . 0 / 0 . 0 / 9 0 . 0 / 1 8 0 . 0 0 " 2 7 0 . 0 . 

I F ( ( T H L . G E . 0.50 . A N D . T H L . L E . 179.50) . O R . ( T H L . L E . -0.50) 
* . O R . ( T H L . G E . 1 8 0 . 5 0 ) ) GO TO 62 

I F ( ( T H L . L E . 0 . 5 . A N D . THL -GE. 0-0) - O R . 
* ( T H L . L E . 1 8 0 . 5 . A N D . T H L . G E . 1 3 0 . 0 ) ) T H E N 

T H L ^ O . 5 
E L S E I F ( ( T H L . L E . 0 . 0 . A N D . THL - G E . -0.5) . O R . 

* ( T H L . L E . 1 3 0 . 0 . A N D . T H L . G E . 1 7 9 . 5 ) ) T H E N 
T H L = - 0 . 5 

ENO I F 
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G E N L I N 

6 2 

G E . 9 0 . 0 
- 9 0 . 0 . 

T H L . 
T H L . 
T H L , 

T H L 

. A N D . 
AND 

G E . 
L E . 
L E . 
. L E , 

THL 
THL . 

- 3 9 . 5 ) . O R . 
2 6 9 . 5 ) ) GO TO 
9 0 . 0 ) . O R . 

, 2 7 0 . 0 ) ) T H E N 

. L E . 9 0 . 5 ) . O R . 
L E . - 3 9 . 5 ) ) T H E N 

GO TO 6 3 
I F { ( T H L . L E . 3 9 . 5 . A N D . 

k ( T H L . G E . 9 0 . 5 . A N D . 
I F ( ( T H L . G E . 8 9 . 5 . A N D . 

• ( T H L . G E . 2 6 9 . 5 . A N D , 
T H L = 3 9 . 5 

E L S E I F ( ( T H L 
• ( T H L . G E . 

T H L = 9 0 . 5 
ENO I F 

T H L = T H L * R A O 
X C J = X C ( J ) * X H A X O 
Y C J = y C ( J ) * Y f A X O + 
T R L = T R A C E ( J ) 
OY = T R L * S I N ( T H L ) * 
OX = T R L * C O S ( T H L ) • 
X I L = X C J • OX 
Y 1 L = Y C J •»• DY 
X 2 L - X C J - DX 
Y 2 L = Y C J - OY 

TO S I M P L I F Y C O M P U T A T I O N S / MAKE S U R E Y 2 I S LT Y l 

63 

6 3 
( 1 - X C ( J ) ) * X M I N O 
( 1 - Y C ( J ) ) * Y M I N 0 

0 . 5 
0 . 5 

Y 1 L ) GO TO 65 

C 
C 
c 
c 
c 

I F ( Y 2 L . L T . 
X3= X I L 
Y3= Y 1 L 
X I L = X 2 L 
Y l L = y 2 L 
X 2 L = X3 
Y 2 L = Y 3 

ARE THE F R A C T U R E S OF T H I S SET A B U T T I N G ON F R A C T U R E S OF OTHER S E T S ? 
65 W f i I T E ( 2 / 5 5 5 ) I / I T E R M ( I ) 
5 5 5 F O R M A T C 3 E F 0 R E T E R M : 1 / I T E R M ( I ) : ' / 21 5 ) 

I F ( I T E R M d ) . E J . 1 ) T H E N 
C A L L T E R M ( J S E T / T H L / X I L / Y 1 L / X 2 L / Y 2 L / T H / X 1 / Y 1 / X 2 / Y 2 ) 

END I F 

C O N V E R T THE V A L U E OF T H L FROM A N G L E TO T A N G E N T AND E N T E R V A L U E S IN 
C O R R E S P O N D I N G A R R A Y . 

T H ( J / I ) = T A N ( T H L ) 
X I ( J / I ) = X 1 L 
Y l ( J / I ) = Y 1 L 
X 2 ( J / I ) = X 2 L 
Y 2 ( J / I ) = Y 2 L 

7 0 C O N T I N U E 

C H E C K FOR ANY CF THE E X T R E M I T I E S GOING O U T S I D E THE MODEL B O U N D A R I E S 
AND MAKE A D J U S T M E N T FOR THE T R A C E L E N G T H AND FOR THE C O O R D I N A T E S 

OF THE C H O P P E D OUT E X T R E M I T Y . 

N3N=0 
S U M L E = 0 . 
J 0 = 0 
I F d G E O M . E Q . 2 ) G 0 TO 30 
C A L L R E C 3 D R ( X 1 / Y 1 / X 2 / Y 2 / T R A C E / T H / 0 E G R E / I 3 / X 0 R D / Y 0 R D / I N C 1 / 
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G E N L I N 

• C U T 1 , C U T 2 ) 
GO TO 90 

8 0 C A L L C I P B D R C X I / Y l / X 2 / Y 2 / T R A C E , T H / O E G P E / I 8 / X 0 R D / Y 0 R D / I N C 1 / 
* C U T 1 / C U T 2 ) 

C 
C P R I N T SUMMARY OF F R A C T U R E S E T I. 
C 

9 0 I F ( S U M L E . G T . D E S L E N ) GO TO 1 3 0 
• W R I T £ ( 2 / 1 7 5 ) D E S L E N / S U M L E / E S T N F R 

1 7 5 F O R M A T ( / / / • 1 * * • • ERROR I N S U B R O U T I N E G E N L I N * * * * * , ! / , 
* • E S T I M A T E D NUMBER OF F R A C T U R E S I S TOO S M A L L ' / / / / 
* ' I N C R E A S E THE V A L U E OF C O E F . ' / / / / 
• l O X / ' D E S L E N = ' / F I O . A / ' S U M L E = ' / F I O . A / ' E S T N F R = ' / l A ) 

S T O P 
1 3 0 A C T L E N = S U M L E 

N F R A C ( I ) = J F R A 
W R I T E ( 2 / 2 1 4 ) 1 / D E N S C I ) / A M E A N / A R E A / O E S L E N / A C T L E N / E S T N F R / N F R A C ( I ) / 

• J C / N B N 
2 1 4 F 0 P M A T C / / / / / / / / 2 0 X / ' S U M M A R Y OF F R A C T U R E 3 E T ' / I 4 / 

* / / / 2 X / ' D £ N S I T Y OF F R A C T U R I N G ' / F 1 0 . 4 / ' L / L * * 2 ' / / 
* / 2 X / ' T H £ 0 R E T I C A L M E A N T R A C E L E N G T H ' / F 1 0 . 4 / / 
* / 2 X / ' S U R F A C E A R E A OF THE MO0 £ L ' / F 1 0 . 4 / / 
* / 2 X / ' D E S I R E D T O T A L L E N G T H FOR THE S E T ' / F 1 0 . 4 / / 
* / 2 X / ' A C T U A L T O T A L L E N G T H FOR THE S E T ' / F I O . A / / 
* / 2 X / ' E S T I M A T E D NUMBER OF F R A C T U R E S ' / I 4 / / 
* / 2 X / ' A C T U A L NUM3ER O f F R A C T U R E S G E N E R A T E D ' / l A / / 
* / 2 X / ' N U M 9 E R OF F R A C T U R E S T O T A L L Y I N T H E B U F F E R M A R G I N ' / I 4 / / 
* / 2 X / ' N U M B E R OF I N T E R S E C T I O N S WITH A S O U N D A R Y * / I 4 ) 

2 2 0 C O N T I N U E 
C 

R E T U R N 
ENO 
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T E R M 

3 U 3 R 0 U T I N E T E R M ( j S E T / T H L r X l L / Y 1 L / X 2 L r Y 2 L / ' T A N T H r X 1 / Y 1 , X 2 / Y 2 ) 

C 

c 
C T H I S S U B R O U T I N E E N S U R E S T H A T T H E E X T R E M I T Y 1 ( H I G H E R Y - V A L U E ) A L W A Y S 
C T E R M I N A T E S ON ANOTHER F R A C T U R E / I F T H E F R A C T U R E 0 0 E 3 I N T E R S E C T 
C A N O T H E R F R A C T U R E . 
C 

c 
COMMON / A R E A 2 / N S £ T / M A X F R A / M A X I N T / M A X £ L T / N U M I N T / N U M N P T / N U M E L T / 

* N O I N T / I P P T 
COMMON / A R E A 4 / A T H ( 5 ) / 3 T H ( 5 ) / A T H P ( 5 ) / B T H P ( 5 ) / T H D S T R ( 5 ) / N F R A C ( 5 ) 
COMMON / A R E A S / D E N S ( 5 ) / A L E ( 5 ) / 3 L £ ( 5 ) / L D S T R ( 5 ) / I T E R M ( 5 ) 
D I M E N S I O N T A N T H ( M A X F R A / N S £ T ) / X 1 ( M A X F R A / N S £ T ) / Y 1 ( M A X F R A / N S E T ) / 

* X 2 ( M A X F R A / N S E T ) / Y 2 ( M A X F R A / N S E T ) 
C 

W R I T E ( 2 / 5 ) J S E T / X 1 L / Y 1 L / X 2 L / Y 2 L 
5 F O R M A T C O L D : J S E T / XI L / Y 1 L / X 2 L / Y 2 L : * / I 5 / 4 F 1 0 . 2 ) 

I F ( J S E T . E a . 1 ) T H E N 

U R I T E ( 2 / 1 0 ) 
1 0 F 0 R M A T ( / / / / ' • • * * W A R N I N G * * * * ' / / / 

* • F R A C T U R E S E T 1 CANNOT H A V E A B U T T I N G F R A C T U R E S / * / / / 
* • I . E . I T E R M ( 1 ) = 1 I S NOT P E R M I T T E D . * / / / / ) 

R E T U R N 
ENO I f 

C F I N D A L L I N T E R S E C T I O N S OF THE F R A C T U R E C O N S I D E R E D WITH THE 
C F R A C T U R E S OF THE S E T S A L R E A D Y G E N E R A T E D . T H I S S E C T I O N I S S I M I L A R 
C TO A P O R T I O N OF S U B R O U T I N E I N T E R S . 
C 

r A N 1 = 1 / T A N ( T H L ) 
Y M A X = 0 . 
D O 1 1 0 I = 1 / J S E T - 1 

N F R A C I = N F R A C ( I ) 
D O 1 3 C J = 1 / N F R A C I 

T A N 2 = 1 / T A N T H ( J / I ) 

C C O M P U T E I N T E R S E C T I O N O R D I N A T E Y l AND C H E C K FOR Y l I N S I D E THE R A N G E 
C FOR BOTH F R A C T U R E S . 

I F ( ( T A N 1 - T A N 2 ) . E Q . 0 . 0 ) TAN I = T A N 2 • • Q . 0 0 0 0 0 1 
Y I = ( ( Y l L * T A N 1 ) - ( Y l ( J / I ) * T A N 2 ) - X 1 L * X 1 ( J / I ) ) / ( T A N 1 - T A N 2 ) 
I F ( Y l . L T . Y 2 L . O R . Y l . G T . Y l L ) GO TO 1 0 0 
I F ( Y l . L T . Y 2 ( J / I ) . O R . Y l . G T . Y 1 ( J / I ) ) GO T O I O C 

C C H E C K FOR L A R G E S T Y - V A L U E OF I N T E R S E C T I O N 
I F ( Y l . G £ . Y M A X ) Y M A X = Y I 

C 
1 0 0 C O N T I N U E 
1 1 0 C O N T I N U E 

I F C Y M A X . L E . 0 . ) R E T U R N 
C 
C CUT E X T R E M I T Y 1 

X M A X = ( Y M A X - Y 1 L ) * T A N 1 • X I L 
0 Y = Y 1 L - Y M A X 
D X = X 1 L - X M A X 
Y l L = Y M A X * C . 0 C 0 0 1 
X I L = XMAX + 0 . 0 C 0 0 1 * T A N 1 
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* • * » * * » » * * * • * * * * * * » * • * * * * * • • * • • * * • » * * * • • * * * * * * * * * * * * * * * * * * * * * * * * * * 

THE S U B R O U T I N E R E C B D R , FOR R E C T A N G U L A R B O U N D A R I E S / C H E C K S FOR ANY L I N E 
E X T R E M I T Y G O I N G O U T S I D E T H E MODEL B O U N D A R I E S AND M A K E S A D J U S T M E N T FOR 
T R A C E L E N G T H AND FOR THE C O O R D I N A T E S OF T H E C H O P P E D OUT E X T P E M I T Y ( I E S ) 
R E C B D R C A L L S T H E S U B R O U T I N E S C H O P X Y AND B N O D E . 

S U B R O U T I N E R E C B D R ( X 1 / Y 1 / X 2 / Y 2 / T R A C E / T H / O E G R E / I 3 / X O R O / Y O R D / I N C 1 / 
* C U T 1 / C U T 2 ) 

I N T E G E R E S T N F R / C U T L C 2 ) 
L O G I C A L E L I M 
COMMON / A R E A 1 9 / X M I N I / Y M A X I / X M A X 1 / Y M I N I / 1 G E O M 
COMMON / A R E A 2 / N S E T / M A X F R A / M A X 1 N T / M A X E L T / N U M I N T / N U M N P T / N U M E L T / 

* N O I N T / I P R T 
COMMON / A R E A ? / R ( 8 ) / X 8 ( 8 ) / Y B ( 8 ) / I S H A P ( 8 ) / I 9 C C 3 ) 
COMMON / A R E A 9 / D E S L E N / S U M L E / E S T N F R 

COMMON / A R E A 1 2 / X 1 L / Y l L / X 2 L / Y 2 L / T R L / T H L / C U T L 
COMMON / A R E A 1 5 / J S E T / J F R A / J 0 / N B N / I 3 L < 2 ) 
COMMON / A R E A 1 6 / L I N T 

I N T E G E R I B (MAX I N T ) / I N C K M AX I N T / 2 ) 
I N T E G E R CUT1 ( M A X F R A / N S E T ) / C U T 2 ( M A X F R A / N S E T ) 
D I M E N S I O N X 1 ( M A X F R A / N S £ T ) / Y 1 ( M A X F R A / N S E T ) / X 2 ( M A X F R A / N S E T ) / 

* Y 2 ( M A X F R A / N S £ T ) / T H ( M A X F f i A / N S E T ) 
D I - ' E N S I O N 0 £ G R E ( M A X F R A ) , T R A C £ ( M A X F R A ) 
D I M E N S I O N X O f t D ( M A X I N T ) / Y O R D ( M A X I N T ) 
E Q U I V A L E N C E ( L I N T / L ) / ( J S E T / I ) / ( J F R A / J ) 

00 1 7 0 J F R A = 1 / £ S T N F R 

E L I M = . F A L S E . 
C U T L ( 1 ) = 0 
C U T L C 2 ) = 0 
X 1 L = X 1 ( J / I ) 
Y l L = Y 1 ( J / I ) 
X 2 L = X 2 ( J / I ) 
Y 2 L = Y 2 ( J / I ) 
T « L = T R A C E ( J ) 
T H L = T H ( J , I ) 
I F ( Y 2 L . G E . Y M A X I . O R . Y 1 L . L E . Y M I N D G O TO 1 6 0 

C A S E S OF I N T E R S E C T I O N WITH A Y - 9 0 U N p A R Y 
I F ( y l L - L E . Y M A X D G O TO 3 0 

C A S E OF I N T E R S E C T I O N WITH U P P E R B O U N D A R Y 
C A L L C H 0 P X Y ( 1 / 2 / Y M A X I ) 

I F ( I S H A P ( 4 ) - E Q . 0 ) T H E N 
I 3 L ( 1 ) = 3 

E L S E 
I F ( X 1 L . L E . X e ( 4 ) ) T H E N 

I 9 L ( 1 ) = 3 
E L S E 

I B L d )=4 
END I F 

END I F 

131 



3 E C 3DR 

C 
SO I F ( Y 2 L - G E . Y M I N D G O TO 35 

C C A S E Of I N T E R S E C T I O N WITH LOWER B O U N D A R Y 
C A L L C H 0 P X Y ( 2 / 2 / Y M I N I ) 
I F < I 3 H A P ( 8 ) . E Q . 0 ) T H E N 

I B L ( 2 ) = 7 
E L S E 

I F ( X 2 L . L E . X e C 3 ) ) T H E N 
I 3 L ( 2 ) = 3 

E L S E 
I B L ( 2 ) = 7 

END I F 
ENO I F 

C 
8 5 I F ( T H L . L E . G . 0 ) G 0 TO 1 0 5 

C 
C C A S E X 2 L . L T . X I L ( I . E . T H L I S P O S I T I V E ) 

I F { X 2 L . G E . X M A X I . O R . X I L . L E . X M I N D G O TO l o O 
I F ( X 1 L . L E . X M A X D G O TO 1 0 0 

C C A S E OF I N T E R S E C T I O N WITH R I G H T B O U N D A R Y 
C A L L C H O P X Y d / l / X M A X I ) 
I F ( I S H A P ( 6 ) . E Q . 0 ) THEN 

I B L ( 1 ) = 5 
E L S E 

I F ( Y 1 L . L E . Y B ( 6 ) ) T H E N 
I 3 L ( 1 ) = 6 

E L S E 
I d L ( 1 ) = 5 

END I F 
ENO I F 

C 
1 0 0 I F { X 2 L . G E . X M I N D G O TO 165 

C C A S E OF I N T E R S E C T I O N WITH L E F T BOUNDARY 
C A L L C H 0 P X Y ( 2 / 1 / X M I N D 
I F ( I S H A P ( 2 ) . E Q . 0 ) T H E N 

I 8 L ( 2 ) = 1 
E L S E 

I F ( Y 2 L . L E . Y 8 ( 2 ) ) T H E N 
I 8 L ( 2 ) = 1 

E L S E 
I ? L ( 2 ) = 2 

END I F 
END I f 

C 
GO TO 1 6 5 

C 
C C A S E X 2 L . G T . X l L ( I . E . T H L I S N E G A T I V E ) 

1 0 5 I F ( X 2 L . L E . X M I N I . O R . X l L . G E . X M A X D G O TO 1 6 0 
I F ( X 1 L . G E . X M I N D G O TO 1 15 

C C A S E OF I N T E R S E C T I O N WITH L E F T BOUNDARY 
C A L L C H O P X Y ( 1 , 1 / X M I N I ) 
I F ( I S H A P ( 2 ) . E Q . 0 ) T H E N 

I 3 L ( 1 ) = 1 
E L S E 

I F ( Y 1 L . L E . Y 3 ( 2 ) ) THEN 
I B L d )=1 

E L S E 
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R E C 9 D R 

I D L C I ) = 2 
tNO I F 

ENO I F 
C 

1 1 5 I F ( X 2 L . L E . X H A X D G O TO 1 6 5 
C C A S E OF I N T E R S E C T I O N y i T H R I G H T B O U N D A R Y 

C A L L C H 0 P X Y ( 2 / 1 , X M A X I ) 
I F { I S H A P ( 6 ) . E 3 . 0 ) T H E N 

I 3 L ( 2 ) = 5 
E L S E 

I F ( Y 2 L . L E . Y B ( L ) ) T H E N 
I 8 L ( : ) = 6 

E L S E 
I 5 L ( 2 ) = 5 

END I F 
END I F 

C 
GO TO 1 6 5 

C 
1 6 0 E L I M = . T R U £ . 

X 1 L = 9 9 9 . 
J 0 = J 0 > 1 

1 6 5 I F d P R T . E Q . D G O TO 1 6 7 
w a i T E C 2 r 1 6 6 ) J , T R L , D E G R E ( J ) , X 1 L , Y 1 L , X 2 L , Y 2 L 

1 6 6 F O R M A T d l 2 , 2 X , 6 F 1 0 . 3 ) 
1 6 7 X I ( J , I ) = X 1 L 

I F ( E L I M ) GO TO 1 7 0 
C 
C R E E N T E R V A L U E S I N CO R R E 3 !> 0><0 I NG A R R A Y S . 

3Uf«LE = 3 U M L E + T R L 
Y l ( J , I ) = Y 1 L 
X 2 C J , I ) = X 2 L 
Y 2 ( J , I ) = Y 2 L 
T R A C E ( J ) = T R L 

C 
C D E F I N E B O U N D A R Y N O D E ( S ) 

DO 1 6 3 f«EN0 = 1 , 2 
I F ( C U T L ( M E N D ) . E Q . 1 ) THEN 

C A L L % NODE ( M E N D , I 3 , X O R O , Y O R D / . I N C l ) 
END I F 

1 6 8 C O N T I N U E 
C 

CUT1 ( J , D = C U T L ( 1 ) 
C U T 2 ( J , I ) = C U T L ( 2 ) 
IF (SU»1LE . G E . D E S L £ N ) G O TO 2 0 0 

1 7 0 C O N T I N U E 
2 0 0 P E T U R N 

ENO 
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cisaoR 

c 
C THE S U B R O U T I N E C I R B D R , FOR C I R C U L A R B O U N D A R I E S , C H E C K S FOR ANY L I N E 
C E X T R E M I T Y G O I N G O U T S I D E T H E MODEL B O U N D A R I E S AND M A K E S A D J U S T M E N T 
C FOR T R A C E L E N G T H AND FOR THE C O O R D I N A T E S OF THE C H O P P E D C U T 
C E X T R E M I T Y C I E S ) . C I R B D R C A L L S THE S U B R O U T I N E S C I R C L 2 , C H O P X Y , CHOPC 
C AND B N O D E . 
C 
C L O C A L V A R I A B L E S ( I N C I R B D R AND C I R C L 2 ) 

C C I R C L 1 : L O G I C A L S T A T E M E N T F U N C T I O N THAT T A K E S V A L U E . T R U E . I F A G I V E N 
C P O I N T I S O U T S I D E A G I V E N C I R C L E . 
C I N T C 1 5 I N T C 2 : 
C L O G I C A L V A R I A B L E S T H A T T A K E V A L U E . T R U E . I F A G I V E N L I N E 
C I N T E R S E C T S A G I V E N C I R C L E (TWO P O S S I B L E I N T E R S E C T I O N S ) . 
C 0 U T C 1 S 0 U T C 2 : 
C L O G I C A L V A R I A B L E S WHOSE V A L U E I S A S S I G N E D BY THE S T A T E M E N T 
C F U N C T I O N C I R C L 1 , FOR E X T R E M I T I E S 1 8 2 R E S P E C T I V E L Y OF A 
C G I V E N L I N E . 
C S E P A R : L O G I C A L V A R I A B L E T H A T T A K E S V A L U E . T R U E . I F A L I N E I S CUT I N 
C TWO S E G M E N T S I N S I D E THE MODEL I T S E L F BY T H E I N N E R C I R C L E . 
C X C E N T & Y C E N T : 
C C O O R D I N A T E S OF T H E C E N T E R OF THE C I R C L E S F O R M I N G A B O U N D A R Y . 
C X C 1 , YC1 i X C 2 , Y C 2 : 
C C O O R D I N A T E S OF T H E I N T E R S £ C T I O N ( S ) OF A L I N E AND A C I R C L E 
C ( P O S S I B I L I T Y OF TWO I N T E R S E C T I O N S ) . 
C 

S U B R O U T I N E C I R 3 D R ( X 1 , Y 1 , X 2 , Y 2 , T R A C E , T H , 0 £ G R £ , I B , X O R D , Y O R D , I N C 1 , 
* C U T 1 , C U T 2 ) 

I N T E G E R E S T N F R , C U T L ( 2 ) , C U T £ M P 
L O G I C A L 0 U T C 1 , 0 U T C 2 , I N T C 1 , I N T C 2 , C I R C L 1 , S E P A R , £ L I M 
COMMON / A R E A 1 8 / X M I N I , Y M A X I , X M A X I , Y M I N I , I G E O M 
COMMON / A R E A 2 / N S E T , M A X F R A , M A X I N T , M A X E L T , N U M I N T , N U M N P T , N U M £ L T , 

• N O I N T , I P R T 
COMMON / A R E A ? / R ( 8 ) , X 3 ( 8 ) , Y 3 ( 3 ) , I S H A P ( 8 ) , I B C ( 3 ) 
COMMON / A R E A 9 / O E S L E N , S U M L E , £ S T N F R 
COMMON / A R E A 1 2 / X 1 L , Y 1 L , X 2 L , Y 2 L , T R L , T H L , C U T L 
COMMON / A R E A 1 4 / X C E N T , Y C E N T 
COMMON / A R E A 1 5 / J S E T , J F R A , J 0 , N 3 N , I B L ( 2 ) 
COMMON / A R E A 1 6 / L I N T 

C 
I N T E G E R I B C M A X I N T ) , I N C l ( M A X I N T , 2 ) 
I N T E G E R CUT1 ( M A X F R A , N S E T ) , C U T 2 ( M A X F R A , N S E T ) 
D I M E N S I O N X 1 ( M A X F R A , N S E T ) , Y 1 ( M A X F R A , N S £ T ) , X 2 ( M A X F R A , N S E T ) , 

* Y 2 ( M A X F R A , N S E T ) , T H ( M A X F R A , N S E T ) 
D I M E N S I O N D E G R t ( M A X F R A ) , T R A C E ( M A X F R A ) 
D I M E N S I O N X O R D ( M A X I N T ) , Y O R D ( M A X I N T ) 
E Q U I V A L E N C E ( L I N T , L ) , ( J S E T , I ) , ( J F R A , J J ) 

C 
C C I P C L 1 I S A S T A T E M E N T F U N C T I O N THAT F I N O S OUT I F A P O I N T I S O U T S I D E 
C A G I V E N C I R C L E OR N O T . 

C I R C L 1 ( X 4 , Y 4 , R 2 ) = ( ( X 4 - X M I N I ) * * 2 • ( Y 4 - Y M I N I ) * • 2 ) . G E . R2 
C 
C I N I T I A L I Z E OR SET THE V A L U E OF SOME V A R I A B L E S . 

X C E N T ^ X M I N I 
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Y C E N T = Y M I N I 
J = 0 
J J = 0 
S I 2 = R ( 6 ) * » 2 
» 0 2 = R ( 3 > * * 2 

C 
1 5 S £ P A R = . F A L S E . 

J = J + 1 
J J = J J + 1 
E L I M = . F A L S E . 
C U T L d ) = 0 
C U T L { 2 ) = 0 
X I L = X 1 ( J J , I ) 
Y 1 L = Y 1 ( J J , I ) 
X 2 L = X 2 ( J J , 1 ) 
Y 2 L = Y 2 C J J , I ) 
T R L = T R A C E C J J ) 
T H L = T H ( J J , I ) 

C 
C F I N D OUT I f P O I N T S A R E O U T S I D E O U T E R C I R C L E 

0 U T C 1 = C I R C L 1 { X 1 L , Y 1 L , R 0 2 ) 
0 U T C 2 = C I R C L 1 ( X 2 L , Y 2 L , R 0 2 ) 

C C A S E BOTH P O I N T S ARE I N S I D E OUTER C I R C L E 
I F ( . N O T . 0 U T C 1 . A N D . . N O T . 0 U T C 2 ) G 0 TO 30 

C 
C L O C A T E I N T £ R S E C T I 0 N ( S ) WITH OUTER C I R C L E 

C A L L C I R C L 2 ( R 0 2 , I N T C l « ' I N T C 2 / X C 1 / Y C 1 , X C 2 i ' Y C 2 > 
I F ( C U T C 1 . A N D . 0 U T C 2 ) T H E N 

C C A S E BOTH P O I N T S ARE O U T S I D E OUTER C I R C L E 
I F ( . N O T . I N T C 1 . A N D . . N O T . I N T C 2 ) THEN 

GO TO 1 6 C 
E L S E 

C A L L C H O P C d , X C 1 r Y C I ) 
I 3 L ( 1 ) = 3 
C A L L C H O P C ( 2 , X C 2 # - Y C 2 ) 
I 3 L ( 2 ) = 3 

ENO I F 
E L S E 

C C A S E S ONE P O I N T I N AND ONE P O I N T OUT O U T S I D E C I R C L E 
I F ( O U T C I ) THEN 

C A L L C H 0 P C ( 1 , X C 1 / ' Y C 1 ) 
I B L ( 1 ) = 3 

E L S E 
C A L L C H O P C < 2 , X C 2 , Y C 2 ) 
I 3 L ( 2 ) = 3 

ENO I F 
ENO I F 

C 
C C H E C K FOR I N T E R S E C T I O N WITH LOWER B O U N D A R Y 
C 
C C A S E OF L I N E T O T A L L Y I N BOTTOM M A R G I N 

30 I F ( Y 1 L . L c . Y M I N D G O TO 1 6 0 
I F ( y 2 L . L E . Y M I N I ) T H E N 

C C A S E OF L I N E O V E R L A P P I N G L O W E " BOUNDARY 
C A L L C H O P X Y ( 2 , 2 , Y M I N I ) 
I F ( I S H A P ( 5 ) . £ 3 . 0 ) T H E N 

i a L ( 2 ) = 4 
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C I R B D R 

E L S E 
I F ( X 2 L . L E . X a ( 5 ) ) T H E N 

I 9 L ( 2 ) = 5 
E L S E 

I S L ( 2 ) = A 
END I F 

END I F 
END I F 

C 
C C H E C K FOR I N T E R S E C T I O N W I T H L E F T B O U N D A R Y 
C 
C C A S E OF L I N E T O T A L L Y I N L E F T M A R G I N 

I F ( X 1 L . L E . X M I N I . A N D . X 2 L . L E . X M I N D G O TO 1 6 0 
C C A S E OF L I N E T O T A L L Y TO T H E R I G H T OF L E F T BOUNDARY 

I F ( X 1 L . G E . X M I N I . A N D . X 2L . G E . X M I N D G O TO 4 0 
C C A S E S OF L I N E O V E R L A P P I N G L E F T BOUNDARY 

I F ( X 1 L . L E . X M I N I ) T H E N 
C A L L C H 0 P X Y ( 1 , 1 , X M I N I ) 
I F < I S H A P ( 2 ) . E Q . 0 ) THEN 

I 3 L ( 1 ) = 1 
E L S E 

I F ( Y 1 L . L E . Y B { 2 ) ) T H E N 
I 3 L ( 1 ) = 1 

E L S E 
I 9 L ( 1 ) = 2 

ENO I F 
END I F 

E L S E 
C A L L C H 0 P X Y C 2 , 1 , X M I N I ) 
I F ( I S H A P ( 2 ) . E O . 0 ) T H E N 

I B L ( 2 ) = 1 
E L S E 

I F { Y 2 L . L E . Y 3 ( 2 ) ) T H E N 
I 3 L ( 2 ) = 1 

E L S E 
I 3 L ( 2 ) = 2 

END I F 
END I F 

END I f 
C 
C F I N D OUT I F P O I N T S ARE O U T S I D E I N N E R C I R C L E . 
C ( N . B . L I N E S A R E NOW L I M I T E D TO F I R S T Q U A D R A N T ) 

4 0 0 U T C 1 = C I R C L 1 ( X 1 L , Y 1 L , R I 2 ) 
0 U T C 2 = C I R C L 1 ( X 2 L , Y 2 L , R I 2 ) 

C C A S E S a O T H P O I N T S I N S I D E OR BOTH P O I N T S O U T S I D E I N N E R C I R C L E 
I F C . N O T . 0 U T C 1 . A N D . . N O T . 0 U T C 2 ) THEN 

GO TO 1 6 0 
E L S E 

I F ( 0 U T C 1 . A N D . 0 U T C 2 . A N D . T H L - G E . 0 . 0 ) G O TO 1 6 5 
ENO I F 

C 
C L O C A T E I N T E R S E C T I O N WITH I N N E R C I R C L E 

C A L L C I R C L 2 ( R l 2 , I N T C l , I N T C 2 , X C 1 , Y C 1 r X C 2 r Y C 2 ) 
I F ( 0 U T C 1 . A N D . 0 U T C 2 ) T H E N 

C C A S E 3 0 T H P O I N T S O U T S I D E I N N E R C I R C L E 
I F ( . N O T . I N T C 1 ) T H E N 

GO TO 1 6 5 
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C I R B D R 

E L S E 
GO TO 5 0 

END I F 
END I F 

C C A S E S ONE P O I N T I N AND THE O T H E R OUT I N N E R C I R C L E 
I F ( 0 U T C 1 ) T H E N 

CALL CHOPC ( 2 , X C 1 , Y C 1 ) 
I 8 L ( 2 ) = 6 

E L S E 
C A L L CHOPC ( 1 x X C 2 y Y C 2 ) 
I 8 L ( 1 ) = 6 

END I F 
C 

GO TO 1 6 5 
C 
C C A S E OF BOTH P O I N T S O U T S I D E I N N E R C I R C L E AND E X I S T E N C E OF I N T E R S E C T I O N 
C WITH T H I S C I R C L E ( I . E . L I N E S E P A R A T E D I N TwO S E G M E N T S ) . 

5 0 S E P A R = . T R U £ . 
X T E M P = X 2 L 
Y T E M ? = Y 2 L 
C U T E M P = C U T L ( 2 ) 
I 9 T E M P = I 3 L ( 2 ) 

X 2 L - X C 1 
y 2 L = Y C 1 
C U T L ( 2 ) =1 
I 3 L ( 2 ) = 6 
GO TO 60 

C 
5 5 C O N T I N U E 

C ( N . 3 . THE E N T R I E S O R I G I N A L L Y I N L O C A T I O N J J ARE W R I T T E N OVER 3Y THE 
C E N T R I E S R E L A T E D TO T H E S E C O N D S E G M E N T OF L I N E J ) 

S £ P A P = . F A L S E . 
J J = J J + 1 
XIL=XC2 
Y 1 L = Y C 2 
X 2 L = X T £ M P 
Y 2 L = Y T E M P 
C U T L ( 2 ) = C U T £ M P 
r 3 L ( 2 ) = I 3 T E M P 
C U T L d ) =1 
I B L d ) = 6 

C 
6 0 T R L = S Q R T ( ( X 1 L - X 2 L ) * » 2 + ( Y 1 L - Y 2 L ) * * 2 ) 

GO TO 165 
C 

1 6 0 E L I M ^ . T P U E . 
X 1 L = 9 9 9 . 
J 0 = J 0 * 1 

1 6 5 I F d P R T . E : . D G O TO 1 7 0 
W R I T E ( 2 / 1 6 6 ) J , J F R A / T R L / D £ G R £ ( J ) / X 1 L / Y 1 L / X 2 L / Y 2 L 

1 6 6 F 0 R M A T ( 2 I 6 / 2 X / 6 F 1 0 . 3 ) 
1 7 0 X1 ( J J / I ) = X 1 L 

I F ( E L I M ) GO TO 1 9 0 
C 
C R E E N T E R V A L U E S I N C O R R E S P O N D I N G A R R A Y S . 

S U M L E = S U M L E * T R L 
Y l ( J J / D = Y 1 L 
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C I R 3 0 R 

X 2 ( J J / I ) = X 2 L 
Y 2 C J J / I ) = Y 2 L 
T R A C E ( J J )=T(»L 
T H ( J J / I ) = T H L 

C 
C O E f l N E d O U N O A R Y N O D E S . 

DO I S O M E N D = 1 / 2 
I F ( C U T L C M E N D ) . E Q . 1) T H E N 

C A L L B N O D E ( M E N D , I 8 / X 0 R 0 / Y O R D , I N C l ) 
END I F 

1 3 0 C O N T I N U E 
C 

C U T 1 ( J J , I ) = C U T L ( 1 ) 
C U T 2 ( J J , I ) = C U T L ( 2 ) 
I F ( S U M L E . 3 £ . D £ S L E N ) G O TO 2 0 0 
I F ( S E P A R ) G O TO 55 

1 9 0 I F ( J J . L T . £STNFR)GO TO 1 5 
C 

2 0 0 R E T U R N 
END 

1 3 8 



C I R C L 2 

C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
C THE S U B R O U T I N E C I R C L 2 , U S E D f C R C I R C U L A R B O U N D A R I E S / C H E C K S I F 
C I N T E R S E C T I O N C S ) CF A L I N E AND A C I R C L E E X I S T W I T H I N T H E R A N G E OF THE 
C F I N I T E L I N E / AND C A L C U L A T E S THE C O O R D I N A T E S OF T H I S ( T H E S E ) 
C I N T E R S E C T I O N C S ) . C I R C L 2 F I N O S THE S O L U T I O N S OF A Q U A D R A T I C E Q U A T I O N 0 
C THE FORM : A * X * * 2 • 3 * X C = 0 . 
C 
C L O C A L V A R I A B L E S 
C 
C 3 ? C : V A L U E OF 8 & C I N THE Q U A D R A T I C E Q U A T I O N 
C D I S C R : V A L U E OF THE D I S C R I M I N A N T / I . E . B * * 2 - 4 * A * C / I N THE S O L U T I O N 
C F O U P A C : V A L U E OF THE E X P R E S S I O N 4 * A * C . 
C OF T H E Q U A D R A T I C E Q U A T I O N . 
C C T A N : V A L U E OF 1 / T H ( J / I ) FOR F R A C T U R E J I N S E T I . 
C TWOA : V A L U E OF THE E X P R E S S I O N 2 * A 
C YOTAN : V A L U E OF Y 1 ( J / I ) / T H ( J / I ) FOR F R A C T U R E J I N SET I . 
C 

S U B R O U T I N E C I R C L 2 ( R 2 / I N T C 1 / I N T C 2 / X 1 / Y 1 / X 2 / Y 2 ) 
C 

I N T E G E R C U T L ( 2 ) 
L O G I C A L I N T C 1 / I N T C 2 
COMMON / A R E A 1 2 / X 1 L / Y 1 L / X 2 L / Y 2 L / T R L / T H L / C U T L 
COMMON / A R E A U / X C E N T / Y C E N T 

C 
I N T C 1 = . F A L S E . 
I N T C 2 = . F A L S E . 
0 T A N = 1 / T H L 
T U O A = 2 * 2 * O T A N * O T A N 
Y 0 T A N = Y 1 L » 0 T A N 
S = 2 * 0 T A N * ( X 1 L - Y O T A N - X C E N T ) - 2 * Y C E N T . 
3 2 = 3 * 9 
C = 2 " Y O T A N * ( X C E N T - X 1 L ) - 2 * X 1 L * X C E N T * X 1 L * X 1 L + X C E N T * X C E N T 

* + Y C E N T * Y C E N T * Y 0 T A N * Y 0 T A N - R 2 
F 0 U R A C = 2 * T W 0 A * C 
0 I S C R = 3 2 - F 0 U R A C 
I F ( D I S C R . L E . 0 . 0 ) G 0 TO 2 0 0 
D I S C R = S Q R T ( 0 I S C R ) 

C 
C C O M P U T E T H E C O O R D I N A T E S OF T H E F I R S T I N T E R S E C T I O N AND C H E C K I F W I T H I N 
C THE R A N G E OF THE F I N I T E L I N E . 

Y l = ( - a 4 - 0 I S C R ) / T W 0 A 
I F ( Y 1 . G E . Y 1 L . O R . Y1 . L E . Y 2 L ) G 0 TO 50 
XI = X 1 L < - 0 T A N * ( Y 1 - Y 1 L ) 
I N T C 1 = . T R U E . 

C a 
C DO T H E SAME FOR S E C O N D I N T E R S E C T I O N 

5 0 Y 2 = ( - 3 - D I S C R ) / T w O A 
I F ( Y 2 . G E . Y 1 L . O R . y 2 . L E . Y 2 L ) G 0 TO 2 0 0 
X 2 = X 1 L * 0 T A N * ( Y 2 - Y 1 L ) 
I N T C 2 = . T R U E . 

C 
2 30 R E T U R N 

END 
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aNODE 

( ; * • * • * » * » * * * » » * * * * * * * » * * » * » * • * * • • * * • * • * » * • * » • « * • • • * » * * * * * * * * * • » * » • • * * • 

C 
C THE S U B R O U T I N E BNOOE I S C A L L E D SY THE S U B R O U T I N E S :?ECBDR OR C I R B D R 
C TO SET THE V A L U E OF NBN AND OF THE I N T E R S E C T I O N NUMBER ( L ) , AND TO 
C RECORD T H E C O O R D I N A T E S AND I N C I D E N C E OF I N T E R S E C T I O N L . 
C 

S U B R O U T I N E 9 N 0 D £ ( M E N D / I 3 / X 0 R 0 / . Y 0 R 0 , I N C 1 ) 
C 

I N T E G E R C U T L < 2 ) 
COMMON / A R E A 2 / N S E T , M A X F R A , M A X I N T , M A X E L T , N U M I N T , N U M N P T / N U M E L T , 

• N O I N T , I P P T 
C O - W O N / A R E A ? / R ( £ ) , XB ( 8 ) , Y 9 ( d ) , I S H A P C 3 ) , I B C ( 3 ) 
COMMON / A R E A 1 2 / X 1 L , Y 1 L , X 2 L , Y 2 L , T R L , T H L , C U T L 
COMMON / A R E A 1 5 / J S E T , J F R A , J 0 , N 3 N , I B L ( 2 ) 
COMMON / A R E A 1 6 / L I N T 
D I M E N S I O N X O R D ( M A X I N T ) , Y O R O ( M A X I N T ) 
I N T E G E R I N C l (M AX I N T , 2 ) , A X I N T ) 
E Q U I V A L E N C E ( L I N T , L ) 

C 
I F ( I B C ( I 3 L ( M E N D ) ) . G T . 0 ) C U T L ( M E N 0 ) = 2 

C 
L = L+1 
N3N = NaN*-1 
I F ( M E N D . E Q . 1 ) T H E N 

X L = X 1 L 
Y L = Y 1 L 

E L S E 
X L = X 2 L 
Y L = Y 2 L 

END I F 
X O R D ( L ) = X L 
Y O R O ( L ) = Y L 
I N C l ( L , 1 ) = J S E T 
I N C l ( L , 2 ) = J F » A 
I 3 ( L ) = I B L ( M E N D ) 

C 
R E T U O N 
ENO 

140 



C H O P C 

C 

r 
w 

C T H E S U B R O U T I N E C H O P C I S C A L L E D B Y T H E S U B R O U T I N E C I R B D R T O C O M P U T E 
C T H E C O R R E C T E D L E N G T H A N D T H E NEW C O O R D I N A T E S O F T H E C H O P P E D O U T 
C E X T R E M I T Y O F A L I N E G O I N G A C R O S S A C I R C U L A R B O U N D A R Y . 
C 

S U B R O U T I N E C H O P C ( M E N 0 , X I , Y I ) 
C 

I N T E G E R C U T L ( 2 ) 

C O M M O N / A R E A 1 2 / X 1 L , V 1 L , X 2 L , Y 2 L , T R L , T H L , C U T L 
C 

C U T L ( M E N O ) = 1 
I F ( M E N D . E a . 1 ) T H E N 

X = X 1 L 
Y = Y 1 L 

E L S E 
X = X 2 L 
Y = Y 2 L 

E N D I F 

D I F L E = 3 Q R T ( ( X - X I ) * * 2 * ( Y - Y I ) * * 2 ) 
T R L = T R L - O I F L E 

C 

I F ( M E N 0 . E Q . 1 ) T H E N 
X 1 L = X I 
Y 1 L = Y I 

E L S E 
X 2 L = X I 

Y 2 L = Y I 
E N D I F 

C 
R E T U R N 
E N D 
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CHOP XY 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
C THE S U 3 R 0 0 T I N E C H O P X Y I S C A L L E D BY THE S U B R O U T I N E S R E C B D R OR C I R B D R 
C TO C O M P U T E THE C O R R E C T E D L E N G T H AND THE NEW C O O R D I N A T E S OF THE 
C C H C P P E O - O U T E X T R E M I T Y OF A L I N E G O I N G A C R O S S A MODEL B O U N D A R Y . 
C 
C L O C A L V A R I A B L E S 
C 
C I X Y : KEY D E S I G N I N G WHICH A X I S THE C O N S I D E R E D B O U N D A R Y I S C R O S S I N G 
C ^r FOR A B O U N D A R Y C R O S S I N G T H E X - A X I S , 
C 2 , FOR A B O U N D A R Y C R O S S I N G T H E Y - A X I S . 
C 

S U B R O U T I N E C H O ^ X Y ( M E N D , I X Y , E X T R ) 
f 

I N T E G E R C U T L ( 2 ) 
COMMON / A R E A 1 2 / X 1 L , Y 1 L , X 2 L , Y 2 L , T R L , T H L , C U T L 

C 
C U T L ( M £ N D ) = 1 
I F ( M E N D . E Q . 1 ) T H E N 

X=X1 L 
Y = Y1 L 

E L S E 
X = X 2 L 
Y = Y 2 L 

ENO I F 
I F d X Y . E Q . 1 ) T H E N 

D I F X = X - £ X T R 
X = E X T R 
D I F Y = D I F X » T H L 
Y = Y - O I F Y 

E L S E 
D I F Y = Y - £ X T R 
Y = E X T f i 
D I F X = O I F Y / T H L 
X = X - O I F X 

END I F 
T R L = T R L - S Q R T { D I F X * D I F X + D I F Y * O I F Y ) 

C 
I F ( M E N O . E Q . 1 ) T H E N 

X 1 L = X 
Y 1 L = Y 

E L S E 
X 2 L = X 
Y 2 L = Y 

END I F 
R E T U R N 
ENO 
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S P C N G l 

c 
C L O C A L V A P I A 3 L E S (FOR S P C N G l i S P C N G 2 ) 
C 
C CORR : C O R R E C T I O N F A C T O R A C C O U N T I N G FOR R E L A T I V E O R I E N T A T I O N OF MODEL 
C P L A N E ( A L S O S A M P L I N G L I N E I N S P C N G 2 ) AND F R A C T U R E SET 8 E I N G 
C S A M P L E D . 
C I L : C O U N T I N G I N D E X FOR S A M P L I N G L I N E . 
C I N T : I N D E X FOR C O U N T I N G THE I N T E R S E C T I O N S ON T H E C U R R E N T S A M P L I N G 
C L I N E WITH THE C U R R E N T F R A C T U R E S E T . 
C I R ( I N T ) : P E R M U T A T I O N MADE ON T I N T d N T ) 3Y S U B R O U T I N E V S R T R . 
C J F R A C ( I N T ) : F R A C T U R E NUMBER I N T H E S E T B E I N G S A M P L E D , C O R R E S P O N D I N G 
C TO THE I N T E R S E C T I O N INT ON T H E C U R R E N T S A M P L I N G L I N E . 
C M A X I L : M A X I M U M NUMBER OF I N T E R S E C T I O N S OF A S A M P L I N G L I N E WITH 
C F R A C T U R E S OF THE SAME S E T . 
C NSP : NUMBER OF S P A C I N G V A L U E S G E N E R A T E D T H U S FAR FOR THE F R A C T U R E 
C SET B E I N G S A M P L E D ( N S P ( I ) FOR S E T I I N S P C N G 2 ) . 
C N T E N : NUMBER OF T I M E S 10 S A M P L I N G L I N E S H A V E B E E N G E N E R A T E D ( FOR 
C THE C U R R E N T F R A C T U R E S E T I N S P C N G l ) . 
C S P A C ( N S P ) : S P A C I N G V A L U E . 
C T A N L I N : T A N G E N T OF T H E A N G L E OF T H E C U R R E N T S A M P L I N G L I N E . 
C X I N T ( I N T ) i T I N T ( I N T ) : C O O R D I N A T E S OF I N T E R S E C T I O N I N T ON THE 
C C U R R E N T S A M P L I N G L I N E ( WITH THE C U R R E N T F R A C T U R E S E T I N 
C 3 P C N G 2 ) 
C X P ( I L ) % Y P ( I L ) : C O O R D I N A T E S OF THE P O I N T U S E D TO G E N E R A T E T H E 
C S A M P L I N G L I N E I L . 
C 
C 

C 
C T H E S U B R O U T I N E S P C N G l C O M P U T E 1 5 0 S P A C I N G V A L U E S FOR E A C H F R A C T U R E 
C S E T . THE S A M P L I N G L I N E S A R E W I T H I N THE S I M U L A T I O N P L A N E . T H E Y A R E 
C P E R P E N D I C U L A R TO THE A V E R A G E O R I E N T A T I O N OF THE L I N E S OF I N T E R S E C T I O N 
C OF THE F R A C T U R E S OF THE S E T B E I N G S A M P L E D . 
C 

S U B R O U T I N E S P C N G 1 ( T A N T H , X 1 , Y 1 / X 2 , Y 2 ) 
r 

D O U B L E P R E C I S I O N S E E D , » ! , R A D 
I N T E G E R T H D S T R 
COMMON / A R E A 1 B / X M I N I , Y M A X I , X M A X I , Y M I N I , I G E O M 
COMMON / A R E A 2 / N S E T , M A X F P A , M A X I N T , M A X E L T , N U M I N T , N U M N P T , N U M E L T , 

• N O I N T , I P R T 
COMMON / A R E A 3 A / S E E D , P I , R A O , C 0 E F 

"COMMON / A R E A 3 9 / T I T L E ( 2 0 ) 
COMMON / A R E A 4 / A T H ( 5 > , 9 T H ( 5 ) , A T H P ( 5 ) , B T H P ( 5 ) , T H 0 S T R ( 5 ) , N F R A C ( 5 ) 
D I M E N S I O N T A N T H ( M A X F R A , N S E T ) , X 1 ( M A X F R A , N S E T ) , Y l ( M A X F R A , N S E T ) , 

• X 2 ( M A X F R A , N S E T ) , Y 2 ( M A X F R A , N S E T ) 
D I M E N S I O N X P ( 1 0 ) , Y P ( 1 0 ) , X I N T ( 7 0 ) , Y I N T ( 7 Q ) , J F R A C ( 7 0 ) , I R ( 7 0 ) 
DATA M A X I L / 7 C / 

C 
W R I T E ( 3 , 1 0 ) T I T L E 

10 F 0 R M A T ( * 1 ' , / , 1 X , 2 0 A 4 , / , ' F I L E : S P A C I N G 1 . U 0 3 ' ) 
DO 2 5 0 1 = 1 , N S E T 
A = A T H P ( I ) * RAO 
C O R R = S I N ( A ) 
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T H S L = A T H d ) + 9 0 . 0 
C 
C MAKE SURE T H A T S A M P L I N G L I N E IS NOT S U B - P A R A L L E L TO X - A X I S 

I F < ( T H S L . G E . 0 . 0 1 . A N D . T H S L . L E . 1 7 9 . 9 9 ) . O R . ( T H S L . L E . - 0 . 0 1 ) 
* . 0 R . ( T H S L . G E . 1 3 0 . 0 1 ) ) G O TO 1 5 

T H S L = 0 . 0 1 
15 T H S L = T H S L * R A D 

T A N L I N = 1 / T A N ( T H S L ) 
N F R A = N F P A C ( I ) 
N S P = 1 
N T E N = 1 
W R IT E ( 3 , 2 0 ) I 

2 0 F O R M A T ( / / / / , • F R A C T U R E S E T * , \ K , l l r * N U M B ' , ' N T E N ' , ' L I N E ' , 
• 4 X , ' X P ' , 6 X , ' y 3 ' , 3 X , ' F R A C T ' , ' S P A C I N G ' , / ) 

C 
C G E N E R A T E 10 RANDOM P O I N T S IN THE M O D E L . 
C 

30 C A L L G G U 3 S ( S E E D , 1 0 , X P ) 
C A L L G G U a S ( S E E D , 1 0 , y p ) 
DO 1 9 0 I L = 1 , 1 0 
X P ( I L ) = X P ( I L ) * X M A X I • ( 1 - X P ( I L ) ) » X M I N I 
Y P ( I L ) = Y P ( I L ) * y M A X I • ( 1 - y P ( I L ) ) * y M I N I 
I N T = 1 
00 1 5 0 J = 1 , N F R A 
I F ( X 1 ( J , I ) . G E . 9 9 9 . 0 ) GO TO 1 5 0 
T A N F R = 1 / T A N T H ( J , I ) 

C 
C C O M P U T E I N T E R S E C T I O N O R D I N A T E Y l , AND C H E C K FOR Y l I N S I D E THE RANGE 
C FOR THE F R A C T U R E ( J , I ) . 
C 

Y l = ( ( Y l ( J , I ) * T A N F R ) - ( Y P ( I L ) * T A N L I N ) - X 1 ( J , I ) + X P ( I L ) ) 
* / ( T A N F R - T A N L I N ) 

I F ( Y I . L T . y 2 ( J , I ) . O R . Y l . G T . Y 1 ( J , I ) ) GO TO 1 5 0 
C 
C C O M P U T E I N T E R S E C T I O N A B S C I S S A AND PUT THE C O O R D I N A T E S IN X I N T ( 4 0 ) 
C 3 Y I N T ( 4 0 ) A R R A Y S . 
C 

X I = ( Y I - Y 1 ( J , I ) ) * T A N F R • X 1 ( J , I ) 
X I N T ( I N T ) = X I 
Y I N T C I N T ) = Y l 
J F R A C ( I N T ) = J 
I R ( I N T ) = I N T 
I N T = INT<-1 
I F d N T . L E . M A X I L ) GO TO 1 5 0 
W R I T £ ( 2 , 1 4 5 ) I N T , N T E N , I L , I 

1 4 5 F O R M A T C / / / / , ' ERROR I N S U B R O U T I N E S P C N G 1 * • * * ' , / , 
* • T H E R E ARE AT L E A S T ' , 1 4 , ' I N T E R S E C T I O N S ON S A M P L I N G L I N E ' , 
* I 4 , ' " 1 0 - » - ' , I 4 , ' OF S E T ' , 1 4 , / , ' I N C R E A S E THE V A L U E OF M A X I L ' 
• , ' A N D T H E D I M E N S I O N OF X I N T , Y I N T , J F R A C AND I R ' ) 

S T O P 
1 5 0 C O N T I N U E 

I N T = I N T - 1 
I F d N T . L E . 1 ) GO TO 1 9 0 

C 
C ORDER THE I N T E R S E C T I O N S 3Y I N C ' E A S I N G Y V A L U E S . 
C 

C A L L V S R T P ( Y I N T , I N T , I R ) 
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0 0 1 6 0 « 1 = 1 , I N T 
J T E « P = J F ' ? A C C f l l ) 
J F R A C { M 1 ) = J F 3 A C { I P ( M 1 ) ) 

1 6 0 J F R A C ( I R ( f « 1 ) ) = J T E « P 
DO 1 6 5 M 1 = 1 / . I N T 
)(TEMP = X I N T ( I » 1 ) 
X I N T ( M 1 ) = X I N T ( I R ( M 1 ) ) 

1 6 5 X I N T ( I R ( K l ) ) = X T c * ! P 
C 
C C A L C U L A T E S P A C I N G a E T W E E N C O N S E C U T I V E I N T E R S E C T I O N S . 
C 

DO 1 7 5 I S P = 2 , I N T 
DX = X I N T ( I S P ) - X I N T ( I S P - I ) 
DY = Y I N T C I S P ) - Y I N T d S o - l ) 
S P A C = S 3 R T ( D X * D X • 0 Y * D Y ) * CORR 
W R I T E ( 3 r 1 7 0 ) N S P / - N T E N , I L , X P ( I D , Y P ( I L ) , J F R A C ( I S P ) / S P A C 

1 7 0 F O R M A T ( 3 l 5 x 2 F 8 . 2 / I 5 / . F 1 u . 2 > 
N S P = NSP+1 

1 7 5 C O N T I N U E 
I F ( N S P - 1 5 1 ) 1 9 0 , 2 5 0 , 2 5 0 

1 9 0 C O N T I N U E 
I F ( N S P - 1 5 1 ) 1 9 5 , 2 5 0 , 2 5 0 

1 9 5 N T E N = NTEN>1 
GO TO 30 

2 5 0 C O N T I N U E 
R E T U R N 
END 
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Q ************************** 

C THE S U B R O U T I N E S P C N G 2 C O M P U T E S 1 5 0 S P A C I N G V A L U E S FOP E A C H F R A C T U R E 
C S E T . THE S A M P L I N G L I N E S ARE R A N D O M L Y O R I E N T E D W I T H I N THE S I M U L A T I O N 
C PLANE. 
C 

S U B R O U T I N E S P C N G 2 { T A N T H / X U Y l / ) ( 2 / Y 2 ) 
C 

D O U B L E P R E C I S I O N S E E D / P I / R A D 
I N T E G E R T H D S T R 
COMMON / A R E A i a / X M I N I / Y M A X I / X M A X I / Y M I N I / 1 G E O M 
COMMON / A R E A 2 / N S E T , M A X F R A , M A X I N T / M A X E L T / N U M I N T / N U M N P T / N U M E L T , 

* N O I N T / I P R T 
COMMON / A R E A 3 A / S E E D / P I / R A O / C O E F 
COMMON / A R E A 3 3 / T I T L E { 2 0 ) 
COMMON / A R E A 4 / A T H { 5 ) / f i T H ( 5 ) / A T H P ( 5 ) / 3 T H P ( 5 ) / T H 0 S T R ( 5 ) / N F R A C ( 5 ) 
D I M E N S I O N T A N T H ( M A X F R A / N S E T ) / X 1 C M A X F R A / N S E T ) / Y 1 ( M A X F R A / N S E T ) / 

* X 2 ( M A X F R A / N S £ T ) / Y 2 ( M A X F R A / N S E T ) 
D I M E N S I O N X P ( I O ) / Y P ( 1 0 ) / T H S L ( 1 0 ) / N S P ( 5 ) 
D I M E N S I O N X I N T ( 7 0 ) / Y I N T ( 7 0 ) / J F R A C ( 7 0 ) / I R ( 7 0 ) 
DATA M A X I L / 7 C / / N S P / 5 * 1 / 

C 
W R I T E ( 4 / 1 0 ) T I T L E 

10 F O R M A T C I ' / / / I X / 2 0 A 4 / / / ' F I L E : S P A C I N 6 2 . U 0 4 ' > 
N T E N = 1 • 

C 
W R I T E ( 4 / 2 0 ) 

2 0 F O P M A T ( / / / / / ' N T E N ' / * LI N E ' / • 4X / ' X P ' / 6X / ' Y P ' / ' O R I E N T A T I O N ' / 
• • S E T ' / 3 X / ' A N G L £ ' / 3 X / ' N U M B ' / ' F R A C T ' / ' S P A C I N G ' / / ) 

r 

C G E N E R A T E 10 RANDOM P O I N T S AND 10 RANDOM O R I E N T A T I O N S . 
C 

3 0 C A L L G G U a 3 { S E E D / 1 0 / X P ) 
C A L L G G U B S ( S £ E D / 1 0 / Y P ) 
C A L L G G U 3 S ( S E E D / 1 0 / T H S L ) 

C 
c 

0 0 3 0 0 I L = 1 / 1 0 
X P I L = X P ( I L ) * X M A X I • ( l - X P ( I L ) ) * X M I N I 
Y P I L = Y P ( I L ) * Y M A X I • (1 - Y P ( I L ) ) * Y M I N I 
T H = T H 3 L ( I L ) * 1 3 0 . 

C 
C MAKE S U R E T H A T S A M P L I N G L I N E IS NOT S U B - P A R A L L E L TO X - A X I S 

I F ( ( T H . G E . 0 . 0 1 . A N D . TH . L E . 1 7 9 . 9 9 ) . O R . (TH . L E . - 0 . 0 1 ) 
• . O R . (TH . G E . 1 3 0 . 0 1 ) ) GO TO 3 5 

T H = 0 . 0 1 
35 TH=TH*RA0 

T A N L I N = 1 / T A N ( T H ) 
C 
c 

0 0 2 5 0 I = 1 / N S £ T 
I F ( N S P ( I ) . G E . 1 5 0 ) G 0 TO 2 5 0 

I N T = 1 
N F R A = N F R A C ( I ) 
A N G L E = A 8 S ( T H S L C I L ) - A T H ( I ) ) 
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A l = A N G L E * a A D 
A 2 = A T H P ( I ) * RAO 
CORR = 3 I N ( A 1 ) • S I N ( A 2 ) 
0 0 1 5 0 J = 1 / N F R A 
I F ( X 1 ( J , I ) . G E . 9 9 9 . 0 ) GO TO 1 5 0 
T A N F R - 1 / T A N T H ( J / I ) 
X X 1 = X 1 < J # I ) 
y Y 1 = Y 1 ( J / I ) 

C 
C C O M P U T E I N T E R S E C T I O N O R D I N A T E Y l / AND C H E C K FOR Y l I N S I D E THE R A N G E 
C FOR THE F R A C T U R E ( J / I ) . 
C 

Y l = ( ( Y Y 1 * T A N F R ) - ( Y P I L * T A N L I N ) - X X I • X P I L ) 
* / ( T A N F R - T A N L I N ) 

I F ( Y I . L T . Y 2 ( J / I ) . O R . Y l . G T . Y Y 1 ) GO TO 1 5 0 
C 
C C O M P U T E I N T E R S E C T I O N A 3 S C I S S A AND PUT T H E C O O R D I N A T E S I N X I N T ( 4 0 ) 
C i Y I N T ( 4 0 ) A R R A Y S . 
C 

X I = ( Y I - Y Y l ) * T A N F R + X X I 
X I N T ( I N T ) = X I 
Y I N T ( I N T ) = Y l 
J F R A C C I N T ) = J 
I R ( I N T ) = I N T 
I N T = INT+1 
I F d N T . L E . M A X I L ) GO TO 1 5 0 
W R I T E ( 2 / 1 4 5 ) I N T / I / N T E N / I L 

1 4 5 F O R M A T ( / / / / / * * * * * ERROR I N S U B R O U T I N E S P C N G 2 * * * * ' / / / 
T H E R E ARE AT L E A S T ' / I 4 / * I N T E R S E C T I O N S W I T H F R A C T U R E S OF S E T ' 

* / I 4 , « ON S A M P L I N G L I N E • / I 4 / « " l O • • • / I 4 / / / ' I N C R E A S E THE V A L U E OF 
* M A X I L AND THE D I M E N S I O N OF X I N T / Y I N T / J F R A C AND I R ' ) 

S T O P 
1 5 0 C O N T I N U E 

I N T = I N T - 1 
I F d N T . L E . 1 ) GO TO 25G 

C 
C ORDER THE I N T E R S E C T I O N S 3Y I N C R E A S I N G Y V A L U E S . 
C 

C A L L V 3 R T R ( Y I N T / I N T / I R ) 
DO l o O M 1 = 1 / I N T 
J T £ M P = J F R A C ( M 1 ) 
J F R A C ( M l ) = J F R A C d R ( M 1 ) ) 

1 6 0 J F R A C ( I R C M I ) ) = J T £ M P 
DO 1 6 5 M 1 = 1 / I N T 
X T E M P = X I N T ( M 1 ) 
X I N T ( M l ) = X I N T d P ( M 1 ) ) 

1 6 5 X I N T ( I R ( M 1 ) ) = X T E M P 
C 
C C A L C U L A T E S P A C I N G B E T W E E N C O N S E C U T I V E I N T E R S E C T I O N S . 
C 

0 0 1 7 5 I S P = 2 / I N T 
DX = X I N T d S P ) - X I N T ( I S P - I ) 
OY = Y I N T d S P ) - Y I N T d S P - l ) 
S P A C = CORR * S a R T ( 0 X * 0 X • O Y * D Y ) 
W R I T E ( 4 / 1 7 0 ) N T E N / I L / X P I L / Y P I L / T H S L C I D / I / A N G L E / N S P d ) / 

• J F R A C ( I S P ) / S P A C 
1 7 0 F O R M A T ( 2 1 5 / 2 F 8 . 2 / F 8 . 1 / 3 X / 1 5 / 3 X / F 5 . 1 / 2 X / I 5 / I 5 / F 1 0 . 2 ) 
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1 7 5 N S P ( I ) = N S P ( n + 1 
2 5 0 C O N T I N U E 

c 
C CHEC< I F A L L N S P ( I ) A P E . G E . 1 5 0 

0 0 2 6 0 I = 1 - . N S E T 
2 6 0 I F ( N S P ( I ) . L T . 1 5 0 ) G 0 TC 3 0 0 

GO TO 3 50 
3 0 0 C O N T I N U E 

N T E N ~ NTEN+1 
GO TO 50 

3 5 0 R E T U R N 
ENO 
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Q ********************************************************************* 
c 
C THE S U 3 » 0 U T I N E I N T E R S F I N O S A L L T H E I N T E R S E C T I O N S (OR N O D E S ) B E T W E E N 
C THE L I N E S E G M E N T S , C O M P U T E T H E C O O R D I N A T E S OF T H E S E NODES AND R E C O R D 
C THEI3 I N C I D E N C E . 
C 

S U B R O U T I N E I N T E R S ( T A N T H , X 1 / y i , X 2 / Y 2 , I N C 1 / I N C 2 / X O R D , Y O R D , I B ) 
C 

I N T E G E R T H D S T R 
COMMON / A 3 E A 1 B / X M I N I , Y M A X I / X M A X I , Y M I N I / - I G E O M 
COMMON / A R E A 2 / N S E T , M A X F ? A , M A X I N T , M A X E L T r N U M I N T r N U M N P T / N U M E L T , 

* N 0 I N T , I P R T 
COMMON / A R E A 4 / A T H < 5 ) / S T H ( 5 ) / A T H P ( 5 ) , 3 T H P ( 5 ) r T H O S T R ( 5 ) 

* / N F R A C ( 5 ) 
COMMON / A R E A 1 6 / L I N T 
D I M E N S I O N TAMTHCM AX F P A / . N S ET ) , X 1 ( M A X F R A , N S E T ) , Y l ( M A X F R A / N S E T ) , 

* X 2 ( " ' A X F R A , N S £ T ) / Y 2 ( M A X F R A , N S E T ) 
D I M E N S I O N X O R D C M A X I N T ) , Y O R D ( M A X I N T ) 
I N T E G E R I N C 1 ( M A X I N T , 2 ) , I N C 2 ( M A X I N T , 2 ) , I 3 ( M A X I N T ) 
E Q U I V A L E N C E ( L I N T / L ) 

C 
C N . f l . BOUNDARY NODES H A V E A L R E A D Y B E E N D E F I N E D I N S U B R O U T I N E G E N L I N AND 
C THE OTHER S U B R O U T I N E S C A L L E D BY G E N L I N . 
C 

0 0 2 0 0 1= 1 , N S E T 
N F R A C 1 - N F R A C ( I ) 
I F ( T H O S T R ( I ) . E Q . 2 ) GO TO S 

I 3 EG = 1+1 
I F ( I 3 £ G . G T . NS£T)GO TO 2 0 0 
GO TO 9 

3 I 3 E G = I 
9 0 0 1 9 5 J = 1 , N F R A C 1 

I F ( X 1 ( J , I ) . G E . 9 9 9 . 0 ) GO TO 1 9 5 
X 1 L = X1 (J,1) 
Y 1 L = Y 1 ( J , I ) 
X 2 L = X 2 ( J ,1) 

Y 2 L = Y 2 ( J , I ) 
T A N I = 1 / T A N T H ( J , I ) 

C 
C C H E C K A L L THE L I N E S I N THE NETWORK FOR ANY P O S S I B L E I N T E R S E C T I O N WITH 
C L I N E ( J / I ) . 
C 

00 1 3 3 I I = I 3 £ G , N S £ T 
N F R A C 2 = N F ' A C ( I I ) 
I F C I I . G T . I ) GO TO 24 
J B E G = J+1 
I F ( J 3 E G . L £ . N F R A C 2 ) G O T 0 2 S 
GO TO 1 3 8 

2 A J 3 EG = 1 
2 5 00 1 3 5 J J = J 8 E G , N F R A C 2 

I F ( X 1 ( J J , I I ) . G E . 9 9 9 . 9 ) GO TO 1 8 5 
T A N 2 = 1 / T A N T H ( J J , I I ) 
I F ( A 3 S ( T A N 1 - T A N 2 ) . L E . 1 0 E - 6 ) 6 0 TO 1 3 5 

C 
C C O M P U T E I N T E R S E C T I O N O R D I N A T E ( Y D , AND CHECK. FOR Y l I N S I D E THE 
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C R A N G E FOR B O T H F R A C T U R E S . 
C 

Y l = ( ( Y 1 L * T A N 1 ) - ( Y 1 ( J J / I I ) * T A N 2 ) - X 1 L * X 1 ( J J , I I ) ) 
* / ( T A N I - T A N 2 ) 

I F C Y I . L T . Y 2 L . 0 8 . Y l . G T . Y 1 L ) GO TO 1 3 5 
I F ( Y I . L T . Y 2 ( J J , I I ) . O R . Y l . G T , Y 1 ( J J , 1 1 ) ) GO TO 1 8 5 

C 
C C O M P U T E I N T E R S E C T I O N A B S C I S S A ( X I ) . 
C 

X I = ( Y I - Y 1 L ) * T A N I + X I L 
C 
C P U T THE I N T E R S E C T I O N C O O R D I N A T E S I N T O T H E XORD & YORD A R R A Y S , 
C AND R E C O R D T H E I N C I D E N C E OF T H I S I N T E R S E C T I O N . 

L = L * 1 
X O R D C L ) = X I 
Y O R D ( L ) = Y l 
I N C 1 ( L , 1 ) = I 
I N C 1 ( L , 2 ) = J 
I N C 2 ( L , 1 ) = I I 
I N C 2 ( L , 2 ) = J J 

1 8 5 C O N T I N U E 
1 8 3 C O N T I N U E 
1 9 5 C O N T I N U E 
2 0 0 C O N T I N U E 

N U M I N T = L 
C 

I F C N U M I N T . L T . M A X I N T ) GO TO 2 1 G 
W R I T E ( 2 , 2 0 6 ) N U M I N T , M A X I N T 

2 G 6 F O R M A T C M * • * * ERROR C O N C E R N I N G M A X I N T * * * • * , / / , 
* • T H E R E A R E ' , 1 4 , ' I N T E R S E C T I O N S AND T H E R E I S MEMORY S P A C E ' , 
* / , ' A V A I L A B L E F O P ' , 1 4 , ' ( « A X I N T ) * ) 

S T O P 
2 1 0 R E T U R N 

ENO 
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c 
C TH£ S U B R O U T I N E E F F I N T D E T E R M I N E S T H E F L O W - E F F E C T I V E N E S S OF E V E R Y 
C I N T E R S E C T I O N AND RECORD THE A P P R O P R I A T E V A L U E ( I . E . 0 OR 1 ) 
C I N THE A R R A Y N O E F F . 
C 
C L O C A L V A R I A B L E S 
C 
C I I : NUMBER OF I T E R A T I O N S OF THE C O M P L E T E LOOP OVER A L L THE F R A C T U R E S 
C I N T E R : NUMBER OF THE L A S T E F F E C T I V E I N T E R S E C T I O N FOUND ON A F R A C T U R E 
C N O I N T : SUM OF A L L T H E N O N - E F F E C T I V E I N T E R S E C T I O N S A F T E R T H E P R E V I O U S 
C I T E R A T I O N . 
C N 0 I N T 2 : SUM OF A L L T H E N O N - E F F E C T I V E I N T E R S E C T I O N S AT THE ENO OF 
C C U R R E N T I T E R A T I O N . 
C 

S U B R O U T I N E E F F I N T ( X l > . I N C l / I N C 2 r E F F , X 0 R D , Y 0 R D , I B ) 
I N T E G E R T H D S T R 
COMMON / A R E A 1 9 / X M I N I , Y M A X I , X M A X I , Y M I N I / I G E O M 
COMMON / A P E A 2 / N S E T , M A X F R A , M A X I N T x M A X E L T , N U M I N T , N U M N P T , N U M E L T , 

* N O I N T , I P R T 
COMMON / A R E A 4 / A T H { 5 ) , B T H ( 5 ) , A T H P ( 5 ) , B T H P ( 5 ) , T H D S T R ( 5 ) , 

• N F R A C ( 5 ) 
COMMON / A R E A ? / R ( 8 ) , X 9 ( 8 ) , Y B ( S ) , I S H A P ( 3 ) , I S C ( 3 ) 
D I M E N S I O N X I ( M A X F R A , N S E T ) , X O R D ( M A X I N T ) , Y O n D { M A X I N T ) 
I N T E G E R I N C 1 (MAX I N T , 2 ) , I N C 2 ( M A X I N T , 2 ) , I 9 ( M A X I N T ) 
L O G I C A L E F F ( M A X I N T ) , £ F L 

C 
I 1=1 
N O I N T = 0 

C 
C I N I T I A L I Z E E F F A R R A Y . 

DO 1 0 L L = 1 , N U M I N T 
I F ( I 3 ( L L ) . E Q . 0 ) T H E N 

E F F ( L L ) = . T R U E . 
E L S E 

I F ( I j C ( I 3 ( L L ) ) . E Q . 0 ) THEN 
E F F ( L L ) = . F A L S E . 

E L S E 
E F F ( L L ) = . T R U E . 

ENO I F 
ENO I F 

1 0 C O N T I N U E 
C 
C B E G I N N I N G OF 3 N E S T E D D O - L O O P S ( S E T S > F R A C T U R E S > I N T E R S E C T I O N S ) . 

20 DO 1 0 0 1 = 1 , N S E T 
N F R A = N F R A C C I ) 

0 0 95 J = 1 , N F ?A 
I F ( X 1 ( J , I ) . G E . 9 9 9 . 0 ) GO TO 95 

r 

C COUNT THE NUMBER OF E F F E C T I V E I N T E R S E C T I O N S (M) ON F R A C T U R E ( J , I ) , 
C U N T I L M = 3 . 
C 

M = 1 
DO 4 0 L L = 1 , N U M I N T 
I F ( I N C l ( L L , 2 ) . N E . J . A N O . I N C 2 ( L L , 2 ) . N E . J ) GO TO 40 

151 



E F F I N T 

I F C M . E Q . 3) GO TO 95 
I F ( . N O T . E F F { L L ) ) G O TO 40 
I F C C I N C I ( L L , 1 ) . E Q . I . A N D . I N C 1 ( L L / 2 ) . E Q . J ) 

* . 0 R . ( I N C 2 ( L L r 1 ) . E Q . I - A N D . ! N C 2 ( L L > . 2 ) . E Q . J ) ) T H E N 
I N T E R = L L 
H = M + 1 

END I F 
4 0 C O N T I N U E 

I F C * . N E - 2 ) GO TO 95 
C 
C A S S I G N THE V A L U E - F A L S E . I N ARRAY E F F FOR AN I N T E R S E C T I O N THAT I S 
C H Y D R A U L I C A L L Y I N E F F E C T I V E / I . E . WHEN THE C O N S I D E R E D I NT £RSECT I ON 
C I S THE ONLY I N T E R S E C T I O N WITH E F F = . T R U E . FOR ANY ONE OF T H E TWO 
C I N T E R S E C T I N G F R A C T U R E S . 
C 

L L = I N T E R 
E F F { L L ) = . F A L S E . 

9 5 C O N T I N U E 
1 0 0 C O N T I N U E 

C 
C SUM UP THE N O E F F A R R A Y AND C H E C K FOR I N C R E A S E W I T H R E S P E C T TO 
C P R E V I O U S I T E R A T I O N . 
C 

N 0 I N T 2 = 0 
DO 1 1 0 L L = 1 / N U M I N T 

1 1 0 I F C . N O T . £ F F ( L L ) ) N 0 I N T 2 = N 0 I N T 2 + 1 
I F ( N O I N T . E Q . N 0 I N T 2 ) G 0 TO 1 4 0 

1 2 0 N O I N T = N 0 I N T 2 
I I = 1 1 * 1 

GO TO 20 
1 4 0 W R I T E ( 2 / 1 4 5 ) I I / N O I N T 
1 4 5 F O R M A T C / / / / ' A F T E R I T E R A T I O N ' / I 3 / ' OF C O M P L E T E L O O P I N G OVER A L L 

* T H E F R A C T U R E S / ' / ' THE T O T A L NUMSER OF N O N - E F F E C T I V E I N T E R S E C T I O N S 
• I S FOUND TO 6E • / I 4 ) 

C 
C R E A R R A N G E THE I N T E R S E C T I O N S A R R A Y S / P L A C I N G THE E F F E C T I V E 
C I N T E R S E C T I O N S F I R S T . 

M=1 
DO 2 5 0 L L = 1 / N U M I N T 
I F C . N O T . E F F C L L ) ) G O TO 2 5 0 
I F C M . E Q . L L ) GO TO 2 4 0 
I 3 L = I B ( L L ) 
X L = X 3 R D C L L ) 
Y L = Y O R D C L L ) 
I 1 1 L = I N C 1 C L L / 1 ) 
I 1 2 L = : N C 1 C L L / 2 ) 
I 2 1 L = I N C 2 C L L / 1 ) 
I 2 2 L = I N C 2 C L L / 2 ) 
E F L = E F F C L L ) 

C 
I 3 C L L ) = I 3 C M ) 
X O R O ( L L ) = X C R D C M ) 
Y O R D C L L ) = Y O R O C M ) 
I N C 1 ( L L / 1 ) = I N C 1 C M / 1 ) 
I N C l C L L / 2 ) = I N C l C M / 2 ) 
I N C 2 C L L / 1 ) = I N C 2 C M / 1 ) 
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I N C 2 ( L L / 2 ) = I N C 2 ( M , 2 ) 
E F F ( L L ) = E F F ( « ) 

C 
I3(M) = IBL 
XOPD(M) = XL 
YORDCM) = YL 
I N C K M / D = I11L 
I N C 1 ( M / 2 ) = I12L 
I N C 2 ( » « . , 1 ) = I21L 
I N C 2 ( 1 , 2 ) = I22L 
EFFCM) = EFL 

C 
240 ^ = M+l 
250 CONTINUE 

NUMNPT = M-1 
C 
C PRINT OUT INTERSECTION DATA. 

CALL OUT PT1 ( XORD, YORD- 18*. INCl X INC 2) 
r 
c 

RETURN 
END 
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0 U T P T 1 

C 

c 
C TH£ S U 8 S C U T I N E O O T P T I C S E A T E S B O T H A F O R M A T T E D ANO AN U N F O R M A T T E D 
C F I L E C O N T A I N I N G THE I N T E R S E C T I O N D A T A . 
C 

S U a R O U T I N E 0 U T P T 1 ( X 0 R D , Y 0 R D r I 3 , I N C 1 < ' I N C 2 ) 
C 

COMMON / A R E A 2 / N S E T / M A XFR A , MAX I N T / - M A X E L T , N U M I N T , N U " ^ N P T , N U M E L T , 
* N O I N T , I P R T 

COMMON / A R E A 3 3 / T I T L E ( 2 0 ) 
D I M E N S I O N XORD ( N U M N P T ) , Y O R D ( N U M N P T ) 
I N T E G E R I N C l ( M A X I N T , 2 ) , I N C 2 ( M A X I N T , 2 ) , i a ( N U M N P T ) 

C ( N . B . I N C l AND I N C 2 H A V E TWO C O L U M N S : F I R S T COLUMN C O N T A I N S 
C F R A C T U R E S E T N U M B E R , S E C O N D ONE THE F R A C T U R E N U M B E R . 
C S T O R A G E I S BY C O L U M N ) 
C 

W R I T E ( 5 ) N U M N P T , M A X I N T 
W R I T E ( 5 ) XORD 
W R I T E ( 5 ) Y O R C 
W P I T £ ( 5 ) 10 
W f i l T E C S ) I N C 1 
' W R I T E ( 5 ) I N C 2 

C 
W P I T E C 2 , 1 0 ) N U M I N T , N U M N P T 

10 F 0 R M 4 T ( / / / , ' T O T A L NUMBER OF I N T E R S E C T I O N S ( N U M I N T ) : ' , I 5 , / , 
NU -^3ER C F E F F E C T I V E I N T E R S E C T I O N S ( N U M N P T ) : * , I 5 ) 

I F d P R T . E Q . D G O TO I O C 

• R I T E ( 1 5 , 1 < J ) T I T L E 
1 5 F O P M A T C I • , / , 1 X , 2 C A 4 , / , * F I L E : N O D F O . U 1 5 * ) 

W R I T E d 5 , 2 0 ) N U M N P T , NO I N T , M A X I NT 
2C F O R M A T ( / / / / , 2 5 X , • I N T E R S E C T I O N D A T A ' , / / , ' NUMBER OF I N T E R S E C T I O N S ' , 

• / l u X , ' E F F E C T I V E : * , T 3 0 , I 5 , ' ( N U M N P T ) ' , / , 1 O X , ' N O N - E F F E C T I V E : ' , T 3 0 , 
• 1 5 , ' C I C I N T ) ' , / , 1 0 X , ' M A X I N T = ' , T 3 0 , l 5 , / / , ' F I L E C O N T A I N S : ' , / 
* 1 C X , ' X O R O ( N U M N P T ) , F O R M A T ( 1 0 F 1 0 . 6 ) ' , / , 1 O X , • Y O R 0 ( N U M N P T ) , F O R M A T ( 1 0 
• F 1 0 . 6 ) ' , / , 1 O X , ' I B ( N U M N P T ) , F O R M A T ( 5 0 I 2 ) ' , / , 1 O X , ' I N C l ( M A X I N T , 2 ) , ' 
* , ' F O R M A T ( 2 0 1 5 ) ' , / , ! O X , ' I N C 2 ( M A X I N T , 2 ) , F O R M A T ( 2 0 I 5 ) ' ) 

W R I T E ( 1 5 , 2 5 ) XOPO 
W R I T E ( 1 5 , 2 5 ) YORD 

2 5 F O R M A T d G F 1 0 . 6 ) 
W R I T E ( 1 5 , 3 0 ) 13 

3 0 F 0 R M A T ( 5 0 I 2 ) 
w R I T E d 5 , 3 5 ) I N C l 
W R I T E d 5 , 3 5 ) I N C 2 

35 F 0 P M A T ( 2 G I 5 ) 
C 

1 0 0 R E T U R N 
END 
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c 
C T H E S U 3 = 0 U T I N 5 P L O T F R C R E A T E S A P L O T OF T H E L I N E N E T W O R K . 
C 

S U d ' = 0 U T I N 6 P L O T F R ( P L T S I Z / T A N T H , X l r y l , X 2 r r 2 r X 0 R 0 r Y O R D ) 
C 

I N T E G E R T H D S T R 
COMMON / A R E A I A / X MI N 0 / Y M A XO # X M AX 0/• Y MIN 0 
C O M * O N / A R E A 1 3 / XMIN I / Y M A X I / X M A x I , Y M I N I / I G E O M 
COMMON / A P E A 2 / N S E T / M A X F R A / M A X I N T / M A X E L T / N U M I N T / N U M N P T r N U M E L T / 

• N O I N T , I P R T 
COMMON / A R E A 3 B / T I T L E ( 2 0 ) 
COMMON /APEA4/ A T H ( 5 ) , 3 T H < 5 ) r A T H P ( 5 ) , B T H P ( 5 J , T H D S T R ( 5 ) , 

• N F R A C ( 5 ) 
COMMON / A R E A ? / R ( 3 ) / XB { 3 ) / Y 8 ( 3 ) , I S H A P ( 3 ) / I 3 C ( S ) 
D I M E N S I O N T A N T H ( M A X F R A / N 5 E T ) r X 1 ( M A X F R A / N S E T ) / . 

* Y 1 ( M A X F O A / N S E T ) , X 2 (MAX F R A / . N S E T ) , Y 2 ( M A X F R A / N S E T ) 
D I M E N S I O N X 0 R 0 ( M A X I N T ) / Y O R D ( M A X I N T ) 
C H A R A C T E R Z ^ 3 

C 
C I N I T I A L I Z E AND S C A L E T H E P L O T . 
C 

y R I T £ ( I / 5 ) T I T L E d ) 
5 F O R M A T d A A ) 

R E A D ( Z / 7 ) RNUM 
7 F O R M A T d X / F 3 . 3 ) 

C 
X L E N = ( X M A X C - X M I N O ) 
Y L E N = ( Y M A X C - Y M I N O ) 
F C T P = ( P L T S I Z - 3 . ) / X L E N 

r 

O E L T A V = 1 . 0 
X O R = 2 . 3 - X M I N O ^ F C T R 
Y O R = 2 . 3 - Y M I N O ^ F C T R 

C 
C A L L P L 0 T S ( 0 , D / 9 9 ) 
C A L L ? L 0 T ( X 0 R / Y 0 R / - 3 ) 
C A L L F A C T O R ( F C T R ) 

C 
X T I T L E = ( X M A X O + X M I N O ) * G . 5 - 0 . 1 5 • P L T S I Z / F C T R 
Y T I T L E = YMAXO • 0 . 0 5 • P L T S I Z / F C T R 
S I : E = Q . 0 2 5 ^ P L T S I Z / F C T R 
C A L L S Y M B 0 L ( X T I T L E / Y T I T L E / 3 I Z E / ' R E A L I Z A T I O N • / 0 . 0 / 1 2 ) 

C A L L N J M 3 E R ( 9 9 9 . 0 / 9 5 9 . 0 / S I Z t / R N U M / 0 . 0 / - 1 ) 

C 
C DRAW T H E E X T E R N A L B O U N D A R I E S . 
C 

C A L L A X I S ( X M I N O / Y M I N O / ' X - A X I S ' / - 6 / X L c N / O . O / X M I N O / D t L T A V ) 
C A L L A X I S ( X M A X 0 / Y M I N 0 / 6 H / - 1 / Y L E N / 9 0 . 0 / Y M I N 0 / D t L T A V ) 
C A L L A X I i ( X M I N 0 / Y M I N O / ' Y - A X I S ' / f c / Y L E N / 9 Q . 0 / Y M I N O / D E L T A V ) 
C A L L A X I S ( X M I N 0 / Y M A X 0 / 6 H / 0 / X L E N / 0 . 0 / X M I N 0 / 0 E L T A V ) 

C 
C DRAid THE I N T E R N A L B O U N D A R I E S . 
C 

I F C I G E O M . E Q . 1 ) T H E N 
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C A L L P L 0 T < X M I N I , Y « I N I / 3 ) 
C A L L P L 0 T { X M A X I , Y * I I N I / ' 2 ) 
C A L L P L O T C X M A X I / Y M A X ! / • ? ) 
C A L L P L O T C X M I M r Y M A X 1 /2 ) 
C A L L P L 0 T ( X M I N r / Y M I N I , 2 ) 

E L S E 
« R I T E ( 2 / 2 5 ) 

25 F O R M A T C I * * * • * • A V c R T I SS EMENT DE P L O T F R * * * • * * ' , / / , 
• ' L A S C U S - R C U T I N E C I R C L N " E X I S T E P A S A L " U 3 A C 
* ' L E S L I M I T E S C I R C U L A I R E S NE 3CNT P A S T R A C E E S ' / / / ) 

X = X 8 ( 1 ) 
Y = Y B ( 1 ) 
C A L L P L 0 T < X / Y / 3 ) 
X = X 3 ( 3 ) 
Y = Y e ( 3 ) 
C A L L P L 0 T ( X / Y / 2 ) 

C R A 0 I U S = R ( 3 ) 
C C A L L C I R C L ( X / Y / 9 0 . / 0 . / P A O I I J S / R A D I U S / . 0 . 5 ) 

x = x e ( 4 ) 
Y = Y 3 ( H ) 
C A L L P L C T { X / Y / 3 ) 

X = X 9 { e ) 
Y = Y 3 ( 6 ) 
C A L L P L 0 T ( X / Y r 2 ) 

C R A D I U S = R ( 6 ) 
C C A L L C I R C L ( X / Y / 0 . / 9 0 , , R A D I U S / R A D I U S / 0 . 5 ) 

END I F 
C 
C DRAW A L L THE L I N E S E G M E N T S ( A N D / O P T I O N N A L L Y / W R I T E DOWN T H E I R N U M 3 E R 
C 

S I Z E = 0 . 2 5 / F C T R 
* ' E S S 1 = 51 
M E S 3 2 = 50 
DO 1 0 0 I = 1 / N S E T 

N F ^ A = N F P A C ( I ) 
00 90 J = 1 , N F R A 

I F ( X 1 ( J / I ) . G E . 9 9 9 . : ) GO TO vO 
XX1 = XI ( J / I ) 
YY1 = Y l ( J / I ) 
X X 2 = X 2 ( J / I ) 
Y Y 2 = Y 2 C J / I ) 
C A L L P L 0 T ( X X 1 / Y Y 1 / 3 ) 
C A L L P L O T ( X X 2 / Y Y 2 / 2 ) 
I F ( N U M N P T . G T . 2 0 0 - O R . I P P T D G O TO ?0 

C 
P J = F L O A T ( J ) 
X = { ( X X I • X X 2 ) * 0 . 5 ) 
Y = ( ( Y Y 1 • Y y 2 ) * 0 . 5 ) - S I Z E 
I F ( A 3 S ( T A N T H ( J / I ) ) . L T . 1 ) GO TO 30 
C A L L S Y M a O L ( X / Y / S I Z E / M E S S l / O . C / - D 
GO TO 4C 

3D C A L L £ Y M 3 O L ( X / Y / S I Z E / M £ S S 2 / 0 . C / - 1 ) 
40 C A L L N U M 3 E R ( 9 9 9 . 0 / 9 9 9 . 0 / 5 I Z E / R J / 0 . D / - 1 ) 

C 
90 C O N T I N U E 

1 0 0 C O N T I N U E 
C 
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C C I 9 C L E ( A N D , O P T I O N N A L L Y , w P I T E T H E N U M B E R ) OF T H E E F F E C T I V E 
C I N T E R S E C T I O N S / OR N O D E S . 

J - E S S = 1 
S I Z E = 0 . 1 5 / F C T R 
DO 2 0 0 tC = 1 / N U M N P T 
RNUM = K 
X = X 0 R 0 ( < ) 
Y - Y O R O ( K ) 
C A L L S Y M B O L ( X / Y , S I Z E / M E 5 S / 0 . 0 / - 1 ) 
I F ( N U M N P T . G T . 2 0 0 . O R . I P P T . E Q . 1 ) G 0 TO 2 0 0 

C 
XN = X + S I Z E 
YN = Y • S I Z E 
C A L L N U M 3 E R ( X N / Y N / S I Z E / R N U M / 0 . 0 / - 1 ) 

C 
2 0 0 C O N T I N U E 

C 
C 

ENDX = X » « A X 0 * 2 . 
E N D Y = - Y O R / F C T R 
C A L L P L O T ( E N D X / 0 . 0 0 / 9 9 9 ) 
R E T U R N 
END 
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******* * 

T H E S u a R O U T I N E E L T D E F D E F I N E S T H E E L E M E N T S I N A L L T H E F R A C T U R E S 
WITH MORE T H A N ONE E F F E C T I V E I N T E R S E C T I O N S . 

L O C A L V A R I A B L E S 

A P E R ( J ) : A P E R T U R E OF F R A C T U R E J I N THE S E T 3 E I N 5 P R O C E S S E D . 
I N T E R ( M ) : N U 1 8 E R OF THE I N T E R S E C T I O N ( G E N E R A L N U M B E R I N G ) 

C O R R E S P O N D I N G TO I N T E R S E C T I O N M IN THE C U R R E N T L Y 
P R O C E S S E D F R A C T U R E . 

M A X E F F : M A X I M U M N U M B E R OF E F F E C T I V E I N T E R S E C T I O N S ON A S I N G L E 
F R A C T U R E 

ML : C O U N T E R FOR F L O W - E F F E C T I V E I N T E R S E C T I O N S ON L I N E C U R R E N T L Y 
P R O C E S S E D . 

N I N T F R : NUMBER OF E F F E C T I V E I N T E R S E C T I O N S ON THE C U R R E N T L Y 
P R O C E S S S E D F R A C T U R E . 

S U B R O U T I N E E L T D E F ( X 1 / Y 1 / X 2 / Y 2 , I N C 1 , I N C 2 / X O R O , Y O R D , A P E R / C U T 1 , C U T 2 , 
* T H , T H P , E L O R / . E L O R P , E L L E N , W , N 0 D 1 , N 0 D 2 , I S £ T ) 

D O U B L E P R E C I S I O N S £ E O / P I , R A D 
I N T E G E R A P D S T R , T H D S T R 
COMMON / A R E A 1 3 / X M I N I , Y M A X I , X M A X I , Y M I N I , I G E O M 
COMMON / A R E A 2 / N S E T , M A X F R A , M A X I N T , M A X E L T , N U M I N T , N U M N P T , N U M E L T , 

* N O I N T , I P R T 
COMMON / A R £ A 3 A / S £ E D , P I , R A D , C 0 E F 
COMMON / A R E A A / A T H ( 5 ) , 3 T H ( 5 ) , A T H P ( 5 ) , 8 T H P ( 5 ) , T H D S T R ( 5 ) , 

* N F R A C ( 5 ) 
COMMON / A R E A f t / A AP ( 5 ) , 3 At> ( 5 ) , A PO ST R ( 5 ) , 0 A A P , N A A P , I A A P , N A P , I AP 

D I M E N S I O N E F F L E ( 5 ) , £ F F V C ( 5 ) , 0 £ A D L E ( 5 ) , D E A D V O ( 5 ) 
D I M E N S I O N Y I N T ( I O O ) , I N T E R ( 1 0 0 ) 
I N T E G E R C U T 1 ( M A X F R A , N S E T ) , C U T 2 ( M A X F R A , N S E T ) 
D I MENS ION T H ( M A X F R A , N S E T ) , T H P ( M A X F R A , N S E T ) 
D I M E N S I O N X 1 ( M A X F R A , N S E T ) , Y 1 ( M A X F R A , N S E T ) , X 2 ( M A X F R A , N S E T ) , 

* Y 2 ( M A X F R A , N S E T ) 
D I M E N S I O N A P E R C M A X F R A ) 
D I M E N S I O N X O R D ( M A X I N T ) , Y O R D ( M A X I N T ) 
I N T E G E R I N C l ( M A X I N T , 2 ) , I N C 2 ( M A X I N T , 2 ) 
D I M E N S I O N E L L E N ( M A X E L T ) , W ( ' ' A X £ L T ) , £ L O R ( M A X £ L T ) , £ L O R P ( M A X E L T ) 
I N T E G E R N001 (MA X £ L T ) , N 0 0 2 ( M A X E L T ) , I S E T ( M A X E L T ) 
D A T A M A X E F F / 1 0 0 / 

R A D I = 1 . / R A O 
DO 3 5 0 I A A P = 1 , N A A P 
I F d A A P . E O . D G O TO 1 2 

00 1 0 1 = 1 , N S E T 
1 0 A A P ( D = A A P ( I ) f O A A P 

C 
C ' P R I N T OUT I N P U T A P E R T U R E DATA 

12 W R I T E ( 2 > ' 1 4 ) I A A P , ( I , 1 = 1 , N S E T ) 
1 4 F O R M A T C I • , / / , 1 0 X , ' A P E R T U R E ANO P O R O S I T Y D A T A ' , 

* / / / / / / / / , 1 0 X , ' I N P U T DATA FOR A P E R T U R E 0 1 S T R I B U T I O N S ' , 1 O X , 
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• • I A A P - " / . I 4 , / / , ' f R A C T U R E SET : ' / - T Z S , 5 11 0 , / / ) 
W S I T E ( 2 r l 0 ) ( A P O S T R d ) , r = 1 , N S E T ) 

1 6 F O R M A T ( / ' O I S T R I S U T I O N T Y P E : ' , T 2 5 , 5 I 1 0 ) 
W R I T E ( 2 / 1 3 ) ( A A P ( I ) , 1 = 1 , N S E T ) 

1 3 F C R M A T ( / * D I S T R I 8 U T I 0 N P A R A M E T E P S ' , / , 1 O X , • A : ' , T 2 5 , 1 " 5 E 1 0 . 2 ) 
W 3 I T £ ( 2 , 2 0 ) ( 3 A P ( I ) , 1 = 1 , N S E T ) 

20 F O R M A T d O X , ' 5 • . • , T 2 5 , 5 F 1 0 . 2 ) 
C 

00 3 0 0 I A P = 1 , N A P 
DO 22 1 = 1 , 5 
E F F L E ( I ) = 0 . 0 
£ F F V O ( I ) = 0 . 0 
D E A D L £ ( I ) = 0 . 0 
D £ A D V 0 ( I ) = 0 . 0 

22 C O N T I N U E 
N U M E L T = 1 

C 
0 0 2 0 0 1 = 1 , N S E T 

N F R A = N F R A C ( I ) 
C 
C G E N E R A T E F R A C T U R E A P E R T U R E S . 
C 

I F ( A = D 3 T R ( I ) . E a . 2 ) GO TO 25 
0 0 2 4 J = 1 , N F R A 

2 4 A P E R ( J ) = A A P ( I ) 
GO TO 50 

25 C A L L G G N L G ( S £ E O , N F R A , A A P ( I ) , B A P ( I ) , A P £ R ) 
C 
c 

3 0 0 0 1 9 5 J = 1 , N F R A 
I F ( X 1 ( J , I ) . G E . 9 9 9 . 0 ) GO TO 1 9 5 
A P J = A P E ^ ( J ) 

C 
C MAKE A L I S T OF A L L THE E F F E C T I V E I N T E R S E C T I O N S ON F R A C T U R E ( I , J ) . 

C 
ML = 1 
DO i O M = 1 , N U M N P T 
I F ( I N C 1 ( M , 2 ) . N E . J . A N D . I N C 2 ( M , 2 ) . N E . J ) 6 0 TO 60 
I F ( ( I N C 1 ( M , 1 ) . N E . I . O R . I N C 1 ( M , 2 ) . N E . J ) . A N D . 

• ( I N C 2 ( M , 1 ) . N E . I . O R . I N C 2 ( M , 2 ) . N E . J ) ) G O TC 6 0 
I N T £ R ( M L ) = M 
Y I N T ( M L ) = Y C R D ( M ) 
ML = ML+1 
I F ( M L . L E . M A X E F F ) GO TC 60 
W P I T £ ( 2 , 5 5 ) M L , J , I 

55 F O R M A T C I * * * * ERROR I N S U B R O U T I N E E L T D E F • * • • • , / / , 
* ' T H E R E ARE AT L E A S T • , I 4 , ' E F F E C T I V E I N T E R S E C T I O N S ON F R A C T U R E * 
* , I 4 , ' OF S E T ',14,/, • I N C R E A S E THE V A L U E OF M A X E F F ANO THE 
• ' D I M E N S I O N OF Y I N T , I N T E R AND N U ? " ) 

S T O P 
oO C O N T I N U E 

N I N T F R = M L - 1 
I F ( N I N T F R . G T . 1 ) GC TO 65 

C 
C ADD THE L E N G T H AND V O L U M E OF F R A C T U R E S WITH L E S S THAN TWO 
C E F F E C T I V E S I N T E R S E C T I O N S TO THE V A L U E OF D £ A O L E ( I ) ANO D E A D V O ( I ) . 
C 
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E L T O E F 

O K L ^ K I ( J , I ) - X 2 ( J , I ) 
o r L = y l ( J , i ) - Y 2 { j , I ) 
0 E A 0 L = o 3 R T { 0 X L * D X L + D Y L * 0 y L ) 
O E A D L E d ) = D E A O L E d ) • O E A O L 
D E A O V O d ) = C E A O V O C I ) • D E A O L * A P J 
GO TO 1 5 5 

C 
C ORDER THE I N T E R S E C T I O N S BY I N C R E A S I N G Y V A L U E . 
C 

6 5 C A L L V S R T R < y i N T , N I N T F R , I N T E R ) 
C 
C ADO THE L E N G T H ANO THE V O L U M E OF DEAD END S E G M £ N T ( S ) OF F R A C T U R E 
C ( I , J ) TO THE V A L U E OF D E A O L E d ) AND O E A D V O C I ) . 
C 

I F ( C U T 1 { J , I ) . L T . 2 ) T H E 1 
n = I N T E R ( N I N T F R ) ' 
0X = X1 ( J , I ) - X 0 R D d 1 ) 
D Y = Y 1 ( J , I ) - Y 0 R D ( I 1 ) 
D L £ = S Q R T ( D X * D X + D Y * O Y ) 
D £ A O L E d ) = D E A O L E d ) * O L E 
D £ A 0 V O d ) = O E A D V O C I ) ••OLE • A P J 

ENO I F 
I F ( C U T ? ( J , I ) . L T . 2 ) THEN 

I 2 = I N T £ R ( 1 ) 
0 X = X 2 ( J , I ) - X O R O ( I 2 ) 
D Y = Y 2 ( J , I ) - Y O P D ( I 2 ) 
DLE = 3>3RT(DX*DX + D y ^ D Y ) 
O E A D L £ d ) = O E A O L £ d ) + DLE 
D E A D V O d ) = D E A D V O d ) « - D L E * A P J 

ENO I F 
C 
C D E F I N E AS AN E L E M E N T E V E R Y S E G M E N T 3 E T W E E N TWO C O N S E C U T I V E N O D E S . 
C 

1 0 3 DO 1 5 0 M = 2 , N I N T F R 
M l = M-1 
0 Y = Y I N T ( M ) - Y I N T ( M 1 ) 
I F C O Y . G T . 0 . 0 Q 0 0 0 1 ) G 0 TO 1 1 0 

W R I T £ ( 2 , 1 0 5 ) I , J , M 1 , Y I N T ( M 1 ) , M , y i N T C M ) 
1 0 5 F 0 R * A T d 1 ' , / / / , ' • • • • J O e A B A N D O N E D DUE TO E L E M E N T P R A C T I C A L L Y " 

• , " P A R A L L E L TO X - A X I S ' , / / , ' S E T " , 1 3 , ' ; F R A C T U R £ ' , I 5 , / , 
• 2 ( ' I N T E R S E C T I O N ' , 1 3 , ' , Y = ' , T 2 5 , F 1 0 . 7 , / ) ) 

STOP 
C 

1 1 0 X L = S a R T ( ( X O R 0 d N T E R ( M ) ) - X 0 R D ( I N T E R ( M 1 ) ) ) ^ * 2 + D Y * O Y ) 
E F F L E ( I ) = E F F L E d ) + X L 
£ F F V 0 d ) = E F F V 0 ( I ) - » - X L ^ A P J 

C 
N 0 D 1 ( N U M £ L T ) = I N T £ R ( M - 1 ) 
N 0 D 2 ( N U M £ L T ) = I N T £ R ( M ) 
E L L E N ( N U M E L T ) = XL 
W ( N U M E L T ) = A P J 
I S E T ( N U M £ L T ) = I 
THL = A T A N ( T H ( J , I ) ) • R A D I 

I F ( T H L . L E . 0 . 0 ) T H L = 1 3 0 . » T H L 
£ L O R C N U M E L T ) = T H L 

E L C R P ( N U « ' E L T ) = T H ? ( J , I ) 
C 
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E L T O E F 

N U M E L T = N U « £ L T * 1 
15G C O N T I N U E 

C 
1 9 5 C O N T I N U E 
2 0 0 C O N T I N U E 

N U M E L T = N U M E L T - 1 
I F ( N U M 5 L T . L T . M f l X E L T ) G O TO 2 0 4 
W « I T E ( 2 , 2 0 2 ) N U M E L T , M A X E L T 

2 0 2 F 0 9 M A T ( M * * * E f fROf C O N C E R N I N G M A X E L T * * * ' , / / , ' T H E R E ARE ' , 1 4 , 
E L E M E N T S AND T H E R E I S MEMORY S P A C E A V A I L A B L E FOR ' , 1 4 , 

• ' ( M A X E L T ) ' ) 
S T O P 

C 
C P R I N T OUT E L E M E N T DATA 

2 0 4 C A L L O U T ? T 2 ( N O D 1 , N O D 2 , I S £ T , E L L E N , i . , E L O R , E L O R P ) 
C 
C P R I N T OUT P O R O S I T Y D A T A . 
C 
C 

d R I T E ( 2 , 2 1 5 ) I A A P , I A P 
2 1 5 F 0 R " A T ( / / / / 1 C X , ' S U M M A R Y OF P O R O S I T Y 0 A T A ' , 5 X , ' I A A P = ' , I 4 , 5 X , ' I A P = ' 

* , I 4 , / / , 5 X , ' S E T ' , 1 . 0 X , ' L E N G T H • 
2 4 X , ' V O L U M E ' , / , 2 ( 1 1 X , ' E F F E C T I V E ' , a x , ' D E A D ' ) , / ) 

W R I T E ( 2 , 2 2 0 ) ( I , E F F L E ( I ) , D E AOL E d ) , E F F V O ( I ) , D E A D V O ( I ) , 1 = 1 , N S E T ) 
2 2 0 F O R M A T ( 5 X , I 3 , O P 2 F 1 1 . 2 , 1 0 X , 1 P 2 E 1 C . 2 ) 

C 
3 0 0 C O N T I N U E 
3 5 0 C O N T I N U E 

R E T U R N 
END 
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C U T P T 2 

C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
C T H t S U B R O U T I N E 0 U T P T 2 C R E A T E S TWO P A I R S OF F I L E S : ONE P A I R C O N T A I N I N G 
C T H E E L E M E N T I N C I D E N C E S AND L E N G T H , T H E SECOND THE F R A C T U R E A P E R T U R E S . 
C E A C H P A I R C O N S I S T S OF ONE F O R M A T T E D A N D ONE U N F O R M A T T E D F I L E . 
C 

S U B R O U T I N E 0 U T P T 2 ( N O D 1 , N 0 D 2 , I S E T , E L L E N , W , E L O R , E L O R P ) 
C 

COMMON / A R E A 2 / N S E T , M A X F P A , M A X I N T , M A X E L T , N U M I N T , N U M N P T , N U M E L T , 
• N O I N T , I P R T 

COMMON / A R E A 3 3 / T I T L E ( 2 C ) 
COMMON / A R E A 6 / A A P ( 5 ) , B A P ( 5 ) , A P D S T R ( 5 ) , D A A P , N A A ? , I A A P , N A P , I A P 
D I M E N S I O N E L L E N C N U M E L T ) , W C N U M E L T ) , E L O R ( N U M E L T ) , E L O R P C N U M E L T ) 
I N T E G E R N O D I < N U M E L T ) , N 0 0 2 ( N U M E L T ) , I S E T ( N U M E L T ) 

C 
I F d A A P . G T . 1 . O R . l A P . G T . 1 ) G 0 TO 1 0 5 
« R I T E ( 2 , 1 5 ) NUMELT 

15 F O R M A T ( / , ' NUMBER OF E L E M E N T S ( N U M E L T ) C I S ) 
. < R I T E ( 6 ) N U M E L T 
W R I T £ ( 6 ) N O D I 
W R I T E ( 6 ) N 0 0 2 
W R I T E ( 5 ) E L L E N 
W R I T E ( 6 ) I S E T 
W R I T E ( 6 ) E L O R 
« R I T E ( 6 ) E L O R P 
H R I T £ ( 7 ) N U M E L T , N A A P , N A P 
I F d P R T . £ 3 . D G O TO 1 0 5 

C 
W R I T E ( 1 6 , 5 0 ) T I T L E , N U f ^ E L T 

50 F O R M A T C I • , / , 1 X , 2 0 A 4 , / , ' F I L E : E L E F O . U l 6 * , 
• • / / / , 2 5 X , ' E L E M E N T D AT A ' , / / , ' NU M 3 £R OF E L E M E N T S : ' 
• , T 3 C , I 5 , ' ( N U M E L T ) ' , / / , ' F I L E C O N T A I N S : ' , / , 1 0 X , ' N 0 0 1 ( N U M E L T ) , ' , 
• • F O R M A T ( 2 0 I 5 ) ' , / , 1 0 X , ' N 0 D 2 ( N U M E L T ) , F O R M A T ( 2 0 1 5 ) ' , / , 
•1 O X , ' I 3 E T ( N U M E L T ) , FORMAT ( 5 0 1 2 ) ' , / , 
• 1 G X , ' E L L E N ( N U M E L T ) , F O R M A T ( 1 P 1 0 E 1 0 . 3 ) ' , / , 
• 1 0 X , ' £ L 0 R ( N U M E L T ) , FOR M A T (1 P I O E 1 0 . 3 ) ' , / , 
• 1 0 X , ' £ L C P P ( N U M E L T ) , F O R M A T C 1 P 1 0 E 1 0 . 3 ) ' ) 

W P I T E ( 1 6 , 6 0 ) N001 
W P I T £ C 1 f c , 6 0 ) N0D2 

to F O R M A T C 2 0 1 5 ) 
W R I T £ C 1 6 , 6 2 ) I S E T 

6 2 F 0 P M A T C 5 G I 2 ) 
W R I T E C 1 6 , 7 0 ) E L L E N 

70 F O R M A T C 1 P 1 0 E 1 0 . 3 ) 
W P I T E C 1 6 , 7 5 ) ELOR 
w R I T £ C 1 6 , 7 5 ) E L O R P 

75 F 0 R M A T C 1 C F 1 G . 3 ) 
C 

W R I T E ( 1 7 , 1 0 0 ) T I T L £ , N U M £ L T , N A A P , N A P 
1 0 G F O R M A T C I ' , / , I X , 2 0 A 4 , / , ' F I L E : A P E F O l . U 1 7 ' , 

+ / / / , 2 5 X , ' F R A C T U R E A P E R T U R E S ' , / / , ' NUMBER OF ' , 
• ' E L E M E N T S : ' , T 3 0 , I 5 , ' ( N U M E L T ) ' , / , ' NUMBER OF D I F F . V A L . FOR ' , 
• ' F I R S T P A R A M ( A A P ) : ' , T 5 0 , I 5 , ' ( N A A P ) ' , / , ' NUMBER OF ' , 
• ' R E A L I Z A T I O N S FOR E A C H V A L . O F AAP : ' , T 5 Q , I 5 , ' ( N A P ) ' , / / , 
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0 U T P T 2 

* • F I L E C O N T A I N S : N A A P * N A P A P P A Y S i J ( N U « » c L T ) , FORM AT ( 1 P 1 OE 1 0 . 3 ) ' ) 
105 * R I T £ ( 7 ) W 

I F C I P R T . E a . D G O TO 1 5 0 
M R I T £ ( 1 7 , 1 3 0 ) W 

1 3 0 F O R « < A T ( 1 P 1 0 £ 1 0 . 3 ) 
C 

1 5 0 R E T U R N 
ENO 
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6.2 L i s t i n g of the Program APEGEN 

A P E G E N 

P R O G P A * A P E G E N 

C 
P R O G R A M A P E G E N G E N E R A T E S F R A C T U R E A P E R T U R E V A L U E S FOR THE F R A C T U R E 
NETWORK G E N E R A T E D 3Y THE PROGRAM NETWRK 

W R I T T E N 3Y A . R O U L E A U , D E C E M B E R 1 9 6 4 ; U P D A T E 3Y A . R O U L E A U 
ANO R . M A C L E O D , J U N E 1 9 3 5 . 

A ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

I N T E G E R A P D S T R 
0 0 U 3 L E P R E C I S I O N S E E D 
COMMON / A R E A 1 / T I T L E ( 2 0 ) 
COMMON / A R E A ? / N U M N P T , N U M E L T , I P R T 
COMMON / A R E A 3 / A A P < 5 ) , 3 A P ( 5 ) , S E E 0 , A P D S T R , N S E T 
COMMON / A . R E A 4 / 0 A A? , N A AP , N AP , I A A P , I AP 

C 
C D I M E N S I O N •'>AXELT = 2 0 0 

I N T E G E R NODI ( 2 C O ) , N 0 0 2 ( 2 0 0 ) , I S E T ( 2 0 0 ) 
D I M E N S I O N W ( 2 0 0 ) , W W ( 2 0 C ) , E L L E N ( 2 0 0 ) , E L O R ( 2 0 0 ) , E L O R P ( 2 0 0 ) 
D I M E N S I O N P ( 2 0 0 ) , 3 ( 2 0 0 ) , R ( 2 0 0 ) 

C 
C D I M E N S I O N M A X N 0 D = 1 5 0 

D I M E N S I O N X 0 H D ( 1 5 0 ) , Y O R D ( 1 5 0 ) 
C 
C C O N S T A N T S 

- A K E L T = 2 0 0 
MAXN00=150 

C 
R £ A D ( 2 1 , 3 ) T I T L E 

3 F 0 R M A T ( 2 0 A 4 ) 
C 
C READ G E N E R A L I N P U T DATA 

R E A D ( 2 1 , 5 ) I P P T , A P D S T R , N A P , N A A P , D A A P , S E E D , N S E T , I 0 R 
5 F 0 R M A T ( 4 I 5 , F 1 0 . 0 , F 5 . 0 , 2 1 5 ) 

R E A D ( 2 1 , 3 ) ( A A P ( I ) , a A P ( I ) , 1 = 1 , N S E T ) 
3 F 0 R M A T ( 2 F 1 0 . C ) 
C 
C READ NETWORK DATA 

P E A D ( 5 ) NUMNPT 
P E A D ( 6 ) N U M E L T 
C A L L I N P T 3 ( X C R D , Y 0 R 0 , N 0 0 1 , N 0 D 2 , I S E T , E L L E N , E L O R , E L O R P , W ) 
I F d O R . E Q . G ) GO TO 6 0 0 

C 
C W I T H I N THE F O L L O W I N G D O - L O C P (DC 5 0 G ) , FOR E A C H E L E M E N T , THE 
C C O O R D I N A T E S OF T H E C E N T E R P O I N T I S D E T E R M I N E D AND THE O R I E N T A T I O N 
C I S C O M P U T E D I N T E R M S OF THE D I R E C T I O N C O S I N E S P , Q , ' . 
C T H E S E R E S U L T S ARE NOT U S E D I N THE P R E S E N T V E R S I O N , auT T H E Y 
C WOULD 9E U S E F U L FOR I N S T A N C E TO D E T E R M I N E A P E R T U R E AS A F U N C T I O N 
C OF F R A C T U R E O R I E N T A T I O N ANO L O C A T I O N . 
C 
C L O O P OVER A L L THE E L E M E N T S 

DO 5 0 0 N = 1 , N U M E L T 
C 
C C O - P U T E D I R E C T I O N C O S I N E S 
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A P E G E N 

T H N = E L O R ( N ) 
T H P N = £ L C R P ( N ) 
A S I N = S I N ( T H P N ) 
P ( N ) = C O S ( T H P N ) 
Q ( N ) = f t S I N * 3 I N ( T H N ) 
S ( N ) = - A S r N * C C S C T H N ) 

C CHEC< ON O I R E C T I C N C O S I N E S 
PN=P(N) 

aN=a (N ) 
R N = R ( N ) 
P 2 = P N * P N 
Q2=aN*0N 
R 2 = R N * P N 
TOT = P 2 « - a 2 + R2 
W R I T E ( 6 / * ) N / T O T 

C 
C O E T E R ' ^ I N E THE C O O R D I N A T E S OF THE E L E M E N T S 
C f I R S T END P O I N T S 

N D l = N 0 D 1 ( N ) 

N 0 2 = N 0 D 2 ( N ) 
X I £ = X 0 R 0 ( N 0 1 ) 
Y 1 E = Y 0 R D ( N 0 1 ) 
X 2 E = X 0 R D ( N D 2 ) 
Y 2 E = Y O R O C N 0 2 ) 

C T H E N C E N T E R P O I N T 
X C E = ( X I E * X 2 E ) / 2 . 0 
Y C E = ( Y 1 E * Y 2 E ) / 2 . 0 

C NOW I N C Y L I N D R I C A L C O O R D I N A T E S 
T A N f i = Y C £ / X C E 
T H R = 4 T A N ( T A N P ) 
P F = Y C E / S I N ( T H R ) 

C 
C M O D I F Y E X I S T I N G A P E R T U R E V A L U E h ( N ) OR C R E A T E A NEW ONE 
C 
C (NO O P E R A T I O N I S DONE H E R E I N THE P R E S E N T V E R S I O N OF A P E G E N ) 
C 
SCO C O N T I N U E 

S T O P 
C 
C C R E A T E AN E N T I R E A R R A Y OF NEW A P E R T U R E S . 
r 

6 0 0 C A L L A P A R R ( W r W W , I S E T ) 
C 

S T O P 
ENO 
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I N P T 3 

C . * • * * • • * . » • * • * * * * • * * • * • * * * • * * * * * • . • * • * • * * * * • * • . * * * * * * * • • » • * * * * * * * * * * * * * 
C 
C 3 U 3 f i O U T I N £ P 4 P T 3 I S C A L L E D SY A P E G E N - M A I N TO READ I N THE NODE 
C C O O R D I N A T E DATA ( U N I T 9 ) , THE E L E M E N T I N C I D E N C E DATA . ( U N I T 1 0 ) 
C AND T H E I N I T I A L F P A C T U R E A P E R T U R E DATA ( U N I T 1 1 ) . 
r 

c . * * * * » * * * * * » • • » # * * * * • * * * • • * * * • • * * * • * * * * * • • * * • * » * * • » • • • • • * * • • * • * • * • * • * • * • * 
c 

S U B R O U T I N E I N P T 3 ( X OR D/• YOR D, NO D l / N O D 2 , I S £T / E L L E N , E L O R , E L C RP , * ) 
COMMON / A R E A 2 / N U M N P T , N U M E L T , I P R T 
D I M E N S I O N XORD ( N U M N P T ) r Y O R D ( N U M N P T ) 
D I M E N S I O N E L L E N ( N U M E L T ) , W ( N U M E L T ) 
I N T E G E R NODI ( N U M E L T ) , N O D 2 ( N U M E L T ) , I S E T ( N U M E L T ) 

C 
R E A D ( 5 ) XORO 
3 E A 0 ( 5 ) YORC 

R E A 0 ( 6 ) N O O l 
R E A D ( 6 ) N0D2 
R £ A D ( 6 ) E L L E N 
R £ A D ( 6 ) I S E T 
R£AD(o) ELOR 
R £ A 0 ( 6 ) E L O R P 

P E A 0 ( 7 ) DUMMY 
P E A D ( 7 ) W 

C 
R E T U R N 
END 
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C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 
C S U 3 R 0 U T I N E APARR C R E A T S i AN E N T I R E ARRAY OF NEW A P E R T U R E V A L U E S . 
C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 

S U B R O U T I N E A P A R R ( W , y W , I S E T ) 
COMMON /AREA1/ T I T L E ( 2 0 ) 
COMMON /AREA2/ N U M N P T * N U ME L T , I PR T 
COMMON / A R E A 3 / A AP ( 5 ) , 3 A? (5 ) *• S E E D , AP OS T R , NS ET 
COMMON / A R E A 4 / 0 A A P , N A A P , N A P # I A A P , I A P 
I N T E G E R A P D S T R 
I N T E G E R I S E T C N U M E L T ) 
D O U B L E P R E C I S I O N S E E D 
D I M E N S I O N y ( N U M E L T ) , W W ( N U M E L T ) 

C 
W R I T E ( 2 3 , 5 ) T I T L E , N U M E L T , A P D S T P 

5 F O R M A T ( 1 X , 2 C A 4 , / , • F I L E : A P E F 0 2 . U 2 3 * , / / / / , 
• • 2 5 X , ' F R A C T U R E AP E R TU R E S ' , / / , 5X , * NU MBE R OF E L E M E N T S : • , T 3 0 , I 5 , 
+• ( N U M E L T ) ' , / , 5 X , ' D I S T R I B U T I O N T Y P E : ' , T 3 0 , I 5 ) 

0 0 3 5 0 I A A P = 1,NAAP 

I F d A A P . £ 3 . 1 ) GO TO 12 
DO 10 1 = 1 , N S E T 

10 A A P d ) = A A P d ) + DAAP 
r 
1 2 0 0 3 0 0 I A P = 1 , N A P 
C 
C P R I N T OUT I N P U T A P E R T U R E DATA 

W5ITE(2 3 , 1 4 ) I A A P , I A P , ( I , 1 = 1 , N S E T ) 
14 F 0 R M A T ( / / / , 1 C X , ' I N P U T DATA FOR A P E R T U R E D I S T R I 3UTI O N S ' , 1 0 X , 

• • I AAP = ' , 14,• I A P = ',14,//,' F R A C T U R E S E T : ' , T 2 5 , 5 1 1 G , / / ) 
• R I T £ ( 2 3 , 1 S ) ( A A P d ) , 1 = 1 , N S E T ) 

18 F O R M A T ( / , ' D I S T R I B U T I O N P A O A M E T E R S ' , / , 1 0 X , « A : ' , T 2 5 , 1 P 5 £ 1 0 . 2 ) 
W R I T E ( 2 3 , 20) ( B A P d ) , 1 = 1 , N S E T ) 

20 F O R M A T d O X , ' 3 : ' , T2 5 / 5 F 1 Q . 2 ) 
C 
C G E N E R A T E A P E R T U R E V A L U E S 
C 

I F ( A P D S T R . E Q . 2 ) GO TO 25 
DO 24 N = 1 , N U M E L T 

24 WW(N) = A A P ( I S £ T ( N ) ) 
GO TO 30 

25 0 0 Zi 1 = 1 , N S E T 
C A L L G G N L G ( 3 E E D , N U M £ L T , A A P ( I ) , B A P ( I ) , W ) 
DO 2 3 N = 1 , N U " E L T 

2 3 I F ( I S E T ( N ) . E Q . I ) WW(N)=W(N) 
C 
30 C A L L 0 U T P T 3 ( W W , I S E T ) 
r 

3 0 0 C O N T I N U E 
C 
3 5 0 C O N T I N U E 
C 

R E T U R N 
ENO 
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0 U T P T 3 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 
C S U B P O U T I N c 0 U T P T 3 W R I T E S OUT A NEW F I L E OF A P E R T U R E V A L U E S 
C IN U N I T 22 (AND 2 3 ) . 
C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 

S U B R O U T I N E 0 U T P T 3 ( W W , I S £ T ) 
COMMON / A R E A 1 / T I T L E ( 2 C ) 
COMMON / A R t A 2 / N U M N P T , N U M E L T , I P R T 
COMMON / A R E A 4 / 0 A A P , N A A P , N A P , I A A ? , I AP 
D I M E N S I O N W t ( { N U M E L T ) 
I N T E G E R I S E T ( N U M E L T ) 

C 
I F ( l A A P . G T . 1 . O R . l A P . G T . 1) GO TO 1 0 5 

C 
W R I T E ( 2 2 ) N U M E L T , N A A P , N A P 

1 0 5 W R I T £ ( 2 2 ) WW 
C 

I F ( I P R T . E Q . 1 ) GO TO 1 5 0 
C 

W R I T £ ( 2 3 , 1 2 2 ) 
1 2 2 F 0 R M A T ( / / , 2 0 X , ' A R R A r I S E T , F O RM A T ( 5 0 I 2 ) • , / / ) 

U R I T £ ( 2 3 , 1 2 A ) I S E T 
1 2 4 F O R M A T ( 5 0 I 2 ) 

W R I T E ( 2 3 , 1 2 3 ) 
1 2 3 F O R M A T C / / , 2 C X , ' A R R A Y WW, FORMAT (1 P I Q £ 1 0 . 3 ) ' , / / ) 

W R I T E ( ? 3 , 1 3 0 ) WW 

1 3 0 F 0 R M A T C 1 ? 1 0 E i a . 3 ) 
C 
1 5 0 R E T U R N 

ENO 
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G.3 L i s t i n g of the Program NETFLO 

N E T F L O 

P R O C A N - N E T F L O 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C 
C THE P R O G R A M N E T F L O I S A N U M E R I C A L CODE T H A T S O L V E S THE S T E A D Y -
C S T A T E E Q U A T I O N S FOR F L U I D F L O * IN T H E NETWORK OF F»ACTUf iE3 G E N E R A T E D 
C 9Y THE P R O G R A M NETWRK F O R T R A N . 
C 
C W R I T T E N BY A . R O U L E A U / 1 9 8 5 / ' U P D A T E BY A . R O U L E A U AND 0 . L E N T Z / 
C A P R I L 1 9 8 5 . 
C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 

COMMON / A R E A 2 / M A X N O D / M A X E L T / N U M N P T / N U M E L T / N C / N F / N A / M A X A / 
* M A X C O N / M A X F R E / I P R T / J A P 

COMMON / A R E A 4 / X 3 ( 8 ) / Y B ( 3 ) / H D 8 ( 8 ) / H D E ( 3 ) / I S H A P ( 3 ) / I 3 C ( 3 ) / I G E 0 M / N B 0 
COMMON / A R E A S / MA X £ L 2 / M A X N O 4 / I D I F F 
COMMON / A R E A 6 / T I T L £ ( 2 0 ) 
COMMON / A R E A S / V I S C / S P G R 

C 
C D I M E N S I O N = ^ - A X E L T = 2 0 0 

I N T E G E R N O D 1 ( 2 0 G ) / N 0 0 2 ( 2 0 0 ) / I O U « M Y ( 2 0 0 ) 
D I M E N S I O N W ( 2 0 0 ) / E ( 2 0 0 ) / E L L E N ( 2 C O ) / E L O P { 2 0 0 ) 

C 
C D I M E N S I O N = M A X E L 2 = 2 • M A X E L T = 4 C 0 

I N T E G E R J T ( 4 C 0 ) 
C 
C D I M E N S I O N = MAXNOD = 1 5 0 

I N T E G E R I 8 < 1 5 0 ) / L C ( 1 5 0 ) / J M E M { 1 5 C ) / N 0 D N U M ( 1 5 0 ) / N E U N O D ( 1 5 G ) / 
* J O I N T d 5 0 ) / N £ W J T ( 1 5 0 ) 

D I M E N S I O N X O R O { 1 5 G ) / Y O R O < 1 5 0 ) / P H I ( 1 5 0 ) 
L O G I C A L R E O R d S O ) 

C 
C D I M E N S I O N = « A X N 0 4 = 4 * MAXNOD = 6 0 0 

I N T E G E R M £ M J T ( 6 0 0 ) 
C 
C D I M E N S I O N = ««AXFRE = 1 1 0 

I N T E G E R K D I A G d I O ) 
C 
C D I M E N S I O N = MAXCON = MAXNOD - M A X F R E - 1 5 0 - 1 1 0 = 4 0 

D I M E N S I O N P H I C C 4 0 ) 
C 
C D I M E N S I O N = MAXA = 2 0 0 0 

D I M E N S I O N A ( 2 0 0 0 ) 
C 
C M A X E L T + 1 = 2 0 0 • 1 = 201 

E Q U I V A L E N C E ( J T d ) / N O D I ) / ( J T ( 2 0 1 ) / N 0 D 2 ) 
E Q U I V A L E N C E ( E L O R / I DUMMY) 

C 
C C O N S T A N T S 
C 

" ' A X E L T = 2 0 0 
MAXNOD = 1 5 0 
MAXA = 2 0 0 0 
M A X F R E = 1 1 0 
M A X C O N = M A X N O D - M A X F R E 
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N E T F L O 

M A X E L 2 = 2 » M A X E L T 
MAX!Si04 = 4 * M A X N 0 D 
V I S C = 1 . 0 0 2 / 1 C O O . 
S P 6 R = 9 3 C 0 . 

C 
R £ A 0 ( 1 , 3 ) T I T L E 

3 F 0 O M A T ( 2 G A 4 ) 
C ?EAO IN T H E ROUNDARY C O N D I T I O N S . 
C 

R E A D ( 1 , 5 ) I G t C M , N A P / N A A P , I P R T 
5 F O R M A T ( 2 3 X , 3 I 5 , 1 0 X , I 5 , / ) 

IFCIGEOr . E Q . 1)N60= S 
I F d G E O M . £ 3 . 2 ) N 3 0 = 6 

R E A D ( 1 , 7 ) d S H A P d ) , X 3 ( n / Y H d ) / I S C d ) , H 0 a d ) , H D £ d ) , I = 1 , N 3 0 ) 
7 F 0 R M A T d 5 , 5 X , 2 F 5 . 0 , I 5 , 2 F 5 . 0 ) 

c 
C READ IN T H E NETWORK D A T A 
C 

R £ A 0 ( 5 ) N U M N P T 

P E A D ( 6 ) DUM»"Y 
R E A 0 ( 7 ) N U M E L T , N A A P , N A P 
C A L L I M P T 1 ( X 0 R D , Y 0 R D , I 3 , N 0 D 1 , N 0 D 2 , £ L L E N , W , £ L 0 R , I 0 U ' * M Y ) 

C 

C D E F I N E THE B O U N D A R Y C O N D I T I O N F O P A L L T H E NODES L O C A T E D ON A 3 0 U N 0 A R Y 
C 

C A L L 3 0 U N D d c , P H I , X O P O , Y O R D ) 
C 
C O P T I M I Z E T H E NODE N U M B E R I N G ANO D E F I N E T H E C O N D E N S A T I O N CODE FOP 
C S P A R S E M A T R I X S T O R A G E . 
C 

C A L L OP S T OR ( I L C , KD I A G, J T , J • i t ' " , M E M J T , NOD N U M , N E W N O D , J O I N T , N E W J T ) 
C 
C S E T UP THE M A T R I C E S U S I N G THE N O D A L ' F L O W E Q U A T I O N S , AND S O L V E FOR T H E 
C UNKNOWN H E A D V A L U E S ( P H I ) U S I N G T H E C H O L E S K I A L G O R I T H M . 
C 

N A P £ o = N A P » N A A = 
0 0 2 0 0 J A3 = 1 ,«iA.= £ = 
I F (JAP . E Q . D G O TO 30 
C A L L I N P T 2 ( W ) 

30 C A L L S O L ' > H I ( I B , L C , K D I A G , N O D I , N 0 D 2 , X O R D , Y O R D , P H I , P H I C , W , A , 
» E , N O D N U M , N £ W N O O , R E O R , £ L L E N ) 

C C A L C U L A T E FLOW I N E A C H E L E M E N T AND T O T A L FLOW T H R O U G H T H E M O D E L . 
C 

C A L L F L C C A L ( N 0 D 1 , N 0 D 2 , W , E L L E N , E , P H I , I 3 , E L 0 R ) 
C 

2 0 0 C O N T I N U E 
S T O P 
ENO 
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I N P T l 

C 
C A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

c 
C THE 3 U 3 R 0 U T I N E I N ? T 1 R E A D S IN THE L I N E NETWRK ANO F R A C T U R E A P E R T U R E 
C DATA F ' O M U N F O R M A T T E D F I L E S C R E A T E D BY N E T W R K . 
C 

S U B R O U T I N E I N P T l { X O R D / Y C R O , I B , N O D 1 , NOD 2 , E L L EN , W, E L O R , I DU "^M Y ) 
C 

COMMON / A R E A 2 / MA X N O D , M A X E L T , N U M N P T , N U M E L T , N C , N F , N A , M A X A , 
• M A X C O N , M A X F R E / I P R T , J A P 

D I M E N S I O N X O R O ( N U M N P T ) , Y O R O ( N U M N P T ) 
I N T E G E R I 3 ( N U M N P T ) 
D I M E N S I O N E L L E N ( N U M E L T ) ,W ( N U M E L T ) , E L O R ( N U M E L T ) 
I N T E G E R N O D I ( N U M E L T ) , N 0 D 2 ( N U M E L T ) , I D U M M Y ( N U M E L T ) 

C 
R S A 0 ( 5 ) XORD 
P E A D ( 5 ) YORD 
R E A D ( 5 ) I B 

C 
R E A 0 ( 6 ) NODI 
P E A 0 ( 6 ) N 0 D 2 
R E A D ( 6 ) E L L E N 
P E A D ( 6 ) l O U M M Y 
R E A D ( 6 ) ELOR 

C 
E N T R Y I N P T 2 ( i . ) 
R E A 0 ( 7 ) W 

C 
RE TUPN 
ENO 
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BOUND 

C » * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * • * * * * * * * # * * * * * * * * * * * * * * * • * « * * * 

C THE S U B R O U T I N E BOUND D E F I N E S THE 3 0 U N O A R T C O N D I T I O N S FOR A L L T H E NODES 
C L O C A T E D ON T H E S C U N D A R I E S OF T H E FLOW M O D E L . 

C L O C A L V A R I A B L E S 

C 8 E G ( L ) : O R D I N A T E ( A B S C I S S A ) OF B E G I N N I N G P O I N T OF B O U N D A R Y L , I F 
C T H I S B O U N D A R Y IS P A R A L L E L TO Y - A X I S ( T O X - A X I S ) . 
C £ N O ( L ) : SAME AS B E G C L ) FOR END P O I N T . 
C G R A D ( L ) : IF I 3 C ( L ) = 2 / H E A D G R A D I E N T A L O N G B O U N D A R Y L 

C IF I 3 C ( L ) = 3 , H E A D D I F F . / D I F F . IN L O G OF THE E X T R E M . P O I N T 

S U B R O U T I N E 3 0 U N O ( I 3 , P H I , X O R D , Y O R D ) 
COMMON / A R E A 2 / MA X N 0 D , M A X E L T , N U M N P T , N U M E L T , N C , N F / N A , M A X A , 

• M A X C O N r ' A X F R E / I P P T / J A P 
COMMON / A R E A 4 / X 3 ( 3 ) r Y 8 ( 3 ) / H 0 3 ( S ) , H D E ( a ) , I S H A P ( 3 ) > . I B C ( 3 ) r I G E C M , N 3 0 
COMMON / A R E A 6 / T I T L E ( 2 0 ) 
I N T E G E R I 9 ( M A X N 0 0 ) 
D I M E N S I O N X O R D ( M A X N O D ) / Y O R D ( M A X N O D ) , P H I ( M A X NOD) 
D I M E N S I O N B E G ( 3 ) / E N 0 ( 3 ) / G R A 0 ( 8 ) 

C 
C D E T E R M I N E END P O I N T ( £ N D ( ) ) FOR E A C H B O U N D A R Y 
C 

I F ( I S H A P ( 2 ) . E 3 . 0 ) T H E N 
E N O d ) = Y y ( 3 ) 

E L S E 
£ N D ( 1 ) = Y B ( 2 ) 
£ N D ( 2 ) = Y 3 ( 3 ) 

END I F 
I F d G E O M . E O . D G O TO 10 

C 
C IF C I R C U L A R B O U N D A R I E S 

I F ( I S H i P ( 5 ) . E a . 0 ) T H E N 
£ N D ( 4 ) = X ? { 6 ) 

E L S E 
E N D ( 4 ) = X 3 ( 5 ) 
E N 0 ( 5 ) = X 3 ( t ) 

ENO I F 
GO TO 20 

C 
10 I F { I S H 4 P ( 4 ) . £ 2 . 0 ) T H E N 

E N 0 ( 3 ) = X 3 ( 5 ) 
E L S E 

£ N D ( 5 ) = X 6 { A ) 
£ N D ( 4 ) = X 3 ( 5 ) 

END IF 
I F d S H A P ( 6 ) . £ 3 . 0 ) T H E N 

E N 0 ( 5 ) = Y 3 ( 7 ) j 
E L S E 

E N 0 ( 5 ) = Y ? ( t ) 
£ N D ( o ) = Y a ( 7 ) 

END IF 
I F d 3 M A P ( 6 ) . £ 0 . 0 ) T H E N 

E N D ( 7 ) = X 9 ( 1 ) 

1 7 2 



90UND 

E L S E 
E N O ( 7)=xa ( 8 ) 
E N 0 ( 3 ) = X 9 ( 1 ) 

ENO I F 
C 
C C A L C U L A T E V A L U E CF C O N S T A N T S e.EG( ) AND G R A D ( ) FOR E A C H S O U N D A R Y 
C FOR WHICH I 9 C = 2 OR 3 . 
C 

20 DO 50 L = 1 , N e C 
M l = I 8 C < L ) 
I F ( M 1 . L T . 2 ) GO TO 50 
D H D = H 0 E ( L ) - H D 3 < L > 
I F d G E O M . E Q . 2 ) G 0 TO 25 

C R E C T A N G U L A R aOUNOARIES 

I F ( L . E Q . 1 . O R . L . E Q . 2 . O R . L . E G . 5 . O R . L - E Q . 6 ) T H E N 
B £ G ( L ) = Y 3 ( L ) 

E L S E 
3 E G ( L ) = X B ( L ) 

END I F 
GO TO 30 

C C I R C U L A R B O U N D A R I E S 
2 5 I F ( L - E Q . 1 . O R . L . E Q . 2 ) T H E N 

9 E G ( L ) = Y B ( L ) 
E L S E 

3 E G < L ) = X 3 ( L ) 
ENO I F 

C 
30 D L £ = E N 0 ( L ) - 8 E G ( L ) 

I F ( M 1 . E Q . 2 ) T H E N 
G R A D t L ) = D H D / D L E 

E L S E 
G R A D ( L ) = O H 0 / A L O G { E N D ( L ) / 3 £ G ( L ) ) 

END IF 
5 0 C O N T I N U E 

C ' 
C D E T E R ' - I N E HEAD V A L U E FOR E A C H NODE L O C A T E D ON A B O U N D A R Y FOR WHICH 
C I 8 C ( ) = W 2 OR 3 . 
C 

NC=0 
DO 1 0 0 M = D N U M N ? T 
I B M = I 8 ( M ) 
I F d 9 M . E Q . O G O TO 1 0 0 
M l = I 3 C ( I B M ) 
I F ( M 1 - E Q - 0 ) G 0 TO 1 0 0 
I F C M l - E Q - 1 ) T H E N 

P H I ( M ) = H03 ( I B M ) 
E L S E 

C A S S I G N V A L U E FOR XORY 
I F d G E O M - E Q . 1 ) T H E N 

I F d B M . E Q . 1 . O R . M M . £ Q , 2 . 0 R . I 3 M . E Q . 5 . 0 R . I 3 M . E Q . 6 ) T H E N 
X O R Y = Y C R D ( M ) 

E L S E 
X 0 R Y = X C R 0 ( M ) 

END I F 
E L S E 

I F d B M . E Q . 1 . O R . I B M . E Q . 2 ) T H E N 
X O R Y = Y C R D ( M ) 
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30UND 

E L S E 
X 0 R y = X C 9 D ( M ) 

EN 5 I F 
END I F 

C 
I F C M I . E Q . Z J T H E N 

P r i l ( M ) = H 0 B ( I 8 M ) • G R A D C I 3 M ) * ( X 0 R y - 6 E G ( I 3 M ) ) 
E L S E 

P H I ( « ) = H D a ( I B N ) • G f l 4 D ( I B M ) • A L O G ( X O R y / 3 £ G < I 3 M ) ) 
END I F 

ENO I F 
N C = N C * 1 

1 0 0 C O N T I N U E 
N F = N U M N P T - N C 

r 
V 

C P R I N T OUT a O U N O A R y D A T A 
C 

W R I T E ( 3 1 , 2 0 0 ) T I T L E 
2 0 0 F O R M A T C I ' * . / , 1 X x 2 0 A A , / , ' F I L E : S U M F L O . U 3 1 * » 

+ / A / x 1 0 X , ' O U T P U T FROM S U B R O U T I N E B O U N D ' , / / ) 
W R I T E C 3 1 , 3 A 0 ) N U M N P T , N F / N C 

3 4 0 F O R M A T C / / , 1 0 X , ' T O T A L NUMBER OF N O 0 E S * , T 4 0 , I 5 , ' ( N U M N P T ) ' , / , 
* 1 0 X , ' N U M 3 E R QF F R E E N O D E S ' , T 4 0 , 1 5 , ' ( N F ) ' , / , 
• 1 0 X , ' N U M B E R OF C O N S T R A I N E D N O D E S ' , T 4 0 , I 5 , ' ( N C ) ' , / / / ) 

C 
C P R I N T OUT C O N S T A N T S FOR E A C H BOUNDARy 

V , R I T E ( 5 1 , 3 5 C ) 
35 0 F O R M A T C B D R y NO I 3 C ' , 7X , ' 3 E G ' , 1 0 X , ' ENO ' , 3X , " ' GR AD I E NT " ' , / ) 

W R I T £ ( 3 1 , 3 5 5 ) ( L , I B C ( L ) , 3 £ 3 ( L ) , E N D ( L ) , G R A 0 ( L ) , L = 1 , N a O ) 
3 5 5 F O R M A T ( 2 I 7 , 3 F 1 3 . 3 ) 

I F ( N F . L E . M A X F R E . A N D . NC . L E . M A X C O N ) G O TO 3 7 0 
C 

W R I T E ( 3 1 , 365 ) N F , M A X F R £ , N C , M A X C O N 
3 6 5 F O R M A T C I * * * * ERROR C O N C E R N I N G M A X F R E OR MAXCON * * * * ' , / / , ' T H E R E A 

* R £ ' , 1 5 , ' F R E E N O D E S , AND M A X F R E I S ' , 1 5 , / / , ' T H E R E ARE ' , 1 4 , ' C O N S 
• T R A I N E D N O D E S , ANO MAXCON I S ' , 1 4 ) 

S T O P 
3 7 0 R E T U R N 

ENO 
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OPSTO=' 

* » • * • * * * * * • * • * * • • * • * * * * » * • * * * * • • * • * • * » » • * • * * * * * * * * * * * » « 
c 
C T H E S u a R O U T I N E O P S T O R O P T I M I Z E S T H E NODE N U M 3 E R I N G AND D E F I N E S T H E 
C C O N D E N S A T I O N C O D E S FOR M A T R I X S T O R A G E . 
C C P S T O R C A L L S T H E S U B R O U T I N E S S E T U P AND O P T N U M . 
C 

S U B R O U T I N E O P S T O R ( I 3 x L C , < D I A G , J T , J M E M , M E M J T r N O O N U M , N E y N O D r J C I N T , 
* N E W J T ) 

COMMON / A R E A 2 / M A X N O D , M A X E L T , N U M N P T , N U M E L T , N C , N F , N A , M A X A , 
• M A X C O N , M A X F R E , I P R T , J A P 

COMMON / A R E A 4 / X 3 ( 3 ) , Y 3 ( 8 ) , H 0 B ( 3 ) , H D £ ( 3 ) , I 3 H A P ( 3 ) , I B C C 3 ) , I G £ 0 M , N e 0 
COMMON / A R E A S / M A X E L 2 , M A X N 0 4 , I 0 I F F 
COMMON / A R E A 6 / T I T L £ { 2 0 ) 
I N T E G E R K D I A G ( M A X F R E ) 
I N T E G E R I B ( M A X N 0 D ) , L C ( M A X N 0 D ) , J T ( M A X £ L 2 ) , 

* J M £ M ( M A X N O D ) , M E M J T ( M A X N 0 4 ) , N O D N U M ( M A X N 0 D ) , N E W N 0 D ( M A X N O D ) , 
• J O I N T ( M A X N O D ) , N E W J T ( M A X N O D ) 

C 
C D E F I N E T H E T O P O L O G Y OF T H E O R I G I N A L NODE N U M B E R I N G . 
C 

C A L L 3 E T U P ( J T , J M E M , M E M J T ) 
C 
C P R I S T C U T T H E D A T A C O N C E R N I N G T H E I N I T I A L NODE N U M B E R I N G . 

W R I T £ ( 3 1 , 2 0 ) I D I F F 
20 F O R M A T ( / / , 1 0 X , ' O U T P U T FROM S E T U P ' , / / , ' I N I T I A L I D I F F = ' , I 5 , / ) 

I F d P R T . L T . 3 ) G 0 TO 33 
C 

y R I T E ( i 4 , 2 2 ) T I T L E , I D I F F 
22 F O R M A T C I ' , / , 1 X , 2 0 A 4 , / , ' F I L E : F L O M A T . U 3 A ' , 

• / , 9 X , ' O U T P U T FROM S E T U P ' , / , ' I N I T I A L I D I F F = ' , I 5 , / ) 
W R I T E ( 3 4 , 2 4 ) 

24 F O R M A T d O X , ' F 0 R M A T ( 6 ( I J T ( I ) ) ) ' , / / ) 
M R I T E ( i 4 , 2 6 ) ( I , J T ( I ) , 1 = 1 , M A X E L 2 ) 

26 F O R M A T ( 6 ( 5 X , 2 I 5 ) ) 
W R I T E ( 3 4 , 2 3 ) ( I , J M E M d ) , 1 = 1 , N U M N P T ) 

23 F 0 R M A T ( / / / / , 1 0 X , ' F 0 R M A T ( 6 ( I J M E M ( I ) ) ) ' , / / , 6 ( 2 I 5 , 5 X ) ) 
W R I T £ ( 3 4 , 3 3 ) 

33 F O R M A T C / / / , 1 G X , ' F O R M A T d 4 N C D E S R E L A T E D TO NODE I, I . E . » ' E M J T ( 
• 4 « ( I - 1 ) *1 TO • 4 ) ) ' , / ) 

DO 37 1 = 1 , N U M N P T 
I4 = 4 ^ ( I - 1 ) 
W P I T S ( 3 4 , 3 f t ) I , M E M J T ( I 4 + 1 ) , M E M j T d 4 * 2 ) , M £ M J T d 4 > 3 ) , M £ M J T ( I 4 + 4 ) 

36 F O R M A T ( I 5 , 2 X , 4 I 5 , 5 X ) 
37 C O N T I N U E 

C 
C RENUi^BER T H E N O D E S IN ORDER TO M I N I M I Z E T H E 3 A N 0 W I D T H OF T H E M A T R I X A 
C 

33 C A L L 0 3 T N U M ( J T , J M E M , M E M J T , N O D N U M , N E W N O D , J O I N T , N E W J T ) 
C 
C D E F I N E THE C O N D E N S A T I O N CODE ( L C ) FOR M A T R I X P A R T I T I O N I N G , AND 
C D E T E R M I N E THE V A L U E S IN T H E < D I A G ARRAY FOR S T O R A G E OF S U B M A T R I X A . 
C 

L C d )=0 
M6 = I 3 ( N E W N 0 0 ( 1 ) ) 
<D l A G d )=1 
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0 P 5 T C P 

I F C M b - E Q . 0 ) G 0 TO 50 
I F ( I B C ( M o ) . G T . 0 ) L C ( 1 ) = 1 

5 0 0 0 1 0 0 M = 2 , N U M N P T 
' ' 5 = N E W N 0 D < M ) 
M 7 = I 8 ( M 5 ) 

C 
C C A L C U L A T E L C ( M ) 

K = C 
: F ( M 7 . £ 3 . 0 ) G 0 T O 5 3 
I F ( I B C < M 7 ) . G T . 0 ) K = 1 

5 3 L C { W ) = L C ( M - 1 ) • < 
LC«1=LC<M) 
I F ( H 7 . E Q . 0 ) G 0 TO 54 
I F ( i a C ( M 7 ) . G T . O G O TO 1 0 0 

C 
C C A L C U L A T E K D I A G FOR NODE M , I F M I S A F R E E N O D E . 
C F I R S T , F I N D WHICH ONE OF THE NODES R E L A T E D TO NODE M HAS THE M I N I M U M 
C I N D E X . 

5 4 N R E L = J M £ M ( M 5 ) 
M I N R E L = N O 0 N U M ( M £ M J T ( M 5 * 4 - 3 ) ) 
I F ( N P E L . E Q . D G O TC 6 0 
0 0 55 M 1 = 2 / - N R E L 

M2 = M 5 * 4 - 4 * ' « 1 
M 3 = N O O N U M ( M £ M J T ( M 2 ) ) 
I F C M I N R E L . G T . M 3 ) M I N R E L = M « 

55 C O N T I N U E 
oO M 3 = M - L : M 

C M3 I N D I C A T E S THE L O C A T I O N OF NODE M ON THE D I A G O N A L OF THE S U B M A T R I X 
C OF F»£E NODES ( A ) . 

I F ( M 3 - L T - 2 ) G 0 TO 1 0 0 
I F C M I N R E L - L T . M>GO TO Sj 
< 0 I A G C M 3 > = < 0 1 A G C ' < 3 - 1 ) + 1 
GO TO 1 0 0 

80 < 0 I A G C M 3 ) =<D I A G C M 3 - D • • C M - ' ^ I N R E D - C L C M - L C C M I N R E L ) ) frl 
1 0 0 C O N T I N U E 

I F C L C C N U M N P T ) . E Q . N O G O TO 1 0 3 
H R I T E C 3 1 , 1 0 3 ) L C C N U M N ? T ) , N C 

1 0 3 F O R M A T C 1 • * • * ERROR C O N C E R N I N G C O N S T R A I N E D N O D E S » * * * • , / / , 
* ' L C C N U M N P T ) = ' , I 4 , ' N C = ' , I 4 ) 

S T O P 
1 0 5 C O N T I N U E 

C 
N A = K 0 I A G C N F ) 

C 
C P R I N T OUT LC AND K D I A G A R R A Y S 

W O I T E C 3 1 , 1 0 6 ) N A 
1 0 6 F O R M A T C / / / , 1 G X , ' R E S U L T S FROM O P S T O R ' , / / , ' S I Z E OF M A T R I X A C N A ) : ' , 

• 1 7 ) 
IFCI5RT . L T . 3 ) G 0 TC 1 2 0 

C 
W R I T E C 3 4 , 1 0 8 ) 

1 0 3 F O R M A T C / / , l O X , ' C O N D E N S A T I O N CODE C L C ) , F O R M A T C a C I L C C I ) ) ) ' , / ) 
W R I T £ C 3 4 , 1 0 O ) C I , L C C I ) , 1 = 1 , N U M N P T ) 

1 0 0 F C R M A T C 6 ( 2 I 5 , 5 X ) ) 
M R I T £ C 3 4 , 1 1 2 ) 

1 1 2 F O R M A T C / / , 1 C X , ' V A R I A B L E -JANDWIOTH S T O R A G E CODE C K O I A G ) , F 0 R M A T C 6 C I 
* K D I A G C I ) ) ) ' , / / ) 
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O P S T O R 

W R I T E ( 3 4 , 1 1 5 ) ( I , < 0 I A G ( I ) , I = 1 , N F ) 
1 1 5 F O R M A T ( 0 ( 2 I 7 , 5 X ) ) 
1 2 0 I F ( N A . L E . M A X A ) G 0 T O 1 4 0 

W R I T E ( 3 1 , 1 5 0 ) N A / M A X A 
1 3 0 F O R M A T C I * * * * E R R O R C O N C E R N I N G >^AXA * * * * • • , / / , « T H E S I Z E O F M A T R I X 

* A ( N A ) S H O U L D SE , B U T M A X A I S ' / . I S ) 

S T O P 
1 4 0 R E T U R N 

E N D 
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S E T U P 

C * * * * * * * - * * * » * * * * » * * * * * * * * * * * * * * * * * * * * * * * * * * • ' * * * * * * « « * * * * * * * * * * * * * * * * 

C THE S U B R O U T I N E S E T U P G E N E R A T E S A L I S T SHOWING T H E R E L A T I O N S H I P T H E 
C NODES H A V E WITH E A C H O T H E R , AND C O M M U T E S T H E O R I G I N A L M A T R I X 8 A N D -
C WIDTH ( A D A P T E D FROM C O L L I N S , 1 9 7 3 ) 

S U B R O U T I N E S E T U P ( J T , J M E M , M E M J T ) 
COMMON / A O E A Z / MA X N O 0 , M A X E L T , N O D £ S , L M £ N T S , N C , N F , N A , M A X A , 

• M A X C O N , M A X F R E , I P R T , J A P 
COMMON / A R E A 5 / MAX E L 2 , M A X NO 4 , I D I F F 
I N T E G E R J T ( M A X E L 2 ) , J M £ M ( M A X N 0 0 ) , M £ M J T ( M A X N 0 4) 

C 
I 0 I F F = 0 
0 0 10 J = 1 , N O D E S 

10 J M E M ( J J = 0 
0 0 60 J = 1 , L M £ N T S 
DO 50 1 * 1 , 2 
J N T I = J T ( M A X E L T * ( I - 1 ) * J ) 
J S U 6 = ( J N T I - 1 ) ^ 4 
DO 40 11= 1 , 2 
I F d l . E v i . D G C T O ' . O 
J J T = J T ( M A X E L T ^ ( I I - 1 ) * J ) 
I F ( J J T . E Q . O ) G O T C 5 0 
M E M 1 = J M £ M ( J N T I ) 
I F ( M E M 1 . E a . 0 ) G O T 0 3 0 
DO 20 111=1 ,MEM1 
I F ( M E M J T ( J S U B > I I I ) . E i . J J T ) G 0 T 0 4 G 

2 0 C O N T I N U E 
3Q J M £ M ( J N T I ) = J M E M ( J N T I ) * 1 

M £ M J T ( J S U 3 * J M E M ( J N T I ) ) = J J T 

I F ( I A B S ( J N T I - J J T ) . G T . I D I F F ) I D I F F = I A B S ( J N T I - J J T ) 
4 0 C O N T I N U E 
50 C O N T I N U E 
6 0 C O N T I N U E 

R E T U R N 
END 
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OPTNUM 

C ft*************************************************************** 

C THE S U H P O U T I N E OPTNUM R E N U M B E R S T H E NODES IN ORDER TO M I N I M I Z E 
C T H E B A N D W I D T H OF THE M A T R I X ( M O D I F I E D FROM C O L L I N S / 1 9 7 3 ) . 

S U B R O U T I N E 0 P T N U M ( J T / J M £ M , M E M J T / N O D N U M / N E W N O D / J O I N T / N E U J T ) 
COMMON / A R E A 2 / MA X N O D / M A X E L T / N O D E S / L M E N T S / N C / N F / N A , M A X A / 

* M A X C O N / M A X F R E / I P R T / J A P 
COMMON / A R E A S / MAX E L 2 / M A X N O 4 / I D I FF 
I N T E G E R J O I N T ( M A X N O D > / N E W J T ( M A X N O D ) 
I N T E G E R J T ( M A X E L 2 ) / J M E M ( M A X N O D ) / M E M J T ( M A X N 0 4 ) / N 0 0 N U M ( M A X N O D ) / 

* N E w N O D ( M A X N C 0 ) 
C 

I D I F F 1 = I D I F F 
M I N M A X = I O I F F 
0 0 60 I K = 1 / N 0 D E S 
0 0 2 0 J = 1 / N O 0 E S 
J O I N T ( J ) = 0 

20 N E W J T ( J ) = 0 
MAX = 0 
1 = 1 
N E W J T d ) = I K 
J 0 I N T ( I < ) = 1 
< = 1 

30 < 4 = J M E M ( N E W J T ( I ) ) 
I F ( < 4 . £ a . 0 ) G 0 T O 4 5 
J 3 U 9 = ( N E H J T ( I ) - 1 ) * 4 
DO 4 0 J J = 1 / X 4 
i C 5 = M E M J T ( J S U e + J J ) 
I F ( J O I N T ( K 5 ) . G T . 0 ) G O T O 4 C 
< = K*1 
N E U J T ( < ) = K 5 
J C I N T ( < 5 ) = < 
I 0 I F F = I A 3 S ( I - l O 
I F ( I D I C F . G E . M I N M A X ) G 0 T 0 6 0 
I F ( I D I F F . G T . M A X ) M A X = I D I F F 

4 0 C O N T I N U E 
I F ( K . £ a . N 0 D E S ) 6 0 T 0 5 0 
I F ( < . G T . I ) G 0 T 0 4 5 

C 
C IN C A S E OF A D I S C O N N E C T E D NETWORK . . . . 
C 

DO 42 J = 1 / N 0 D E S 
I F ( J O I N T ( J ) . E Q . 0 ) G O T O 4 3 

4 2 C O N T I N U E 
GO TO 45 

4 3 K=K>1 
N E W J T ( K ) = J 
J O I N T ( J ) = K 

C 
4 5 1 = 1 * 1 

G 0 T 0 3 0 
5 0 M I N M A X = M A X 

1 7 9 



C 
DO 55 J = 1 / N 0 D £ 3 
N £ W N O D ( J ) = N E y j T ( J ) 

55 N O D N U M C J ) = J 0 I N T ( J ) 
6 0 C O N T I N U E 

C 

I F C I D I F F . L T . I 0 I F F 1 ) GO TO 35 

C IN C A S E WHERE NO R E N U M B E R I N G 13 R E Q U I R E D 
0 0 7 0 M = 1 , N O D E S 
N E W N 0 D ( M ) = M 

7 0 N O D N U M ( M ) = M 
C 33INT OUT T H E F I N A L NODE N U M B E R I N G 
C 
35 w R I T E ( 3 1 / 9 0 ) I D I F F 

90 F O R M A T ( / / / / # 1 0 X / ' 0 U T P U T FROM OPT NU M ' # / / r * F I N A L I 0 I F F= ' I 5 / / / ) 
I F d P R T . L T . 3 ) G 0 TO 1 5C 

C 
W R I T E ( 5 4 , 1 0 5 ) 

1 0 5 F O R M A T ( / / / / x l O X , • F I N A L NODE R £ N U M 9 £ R I N G ' r / / r 
• 1 0 X , ' F 0 R M A T ( 5 ( I <==NEWN0D = = > N O D N U M ) ) « , / / ) 

W R I T E ( 3 4 , 1 1 2 ) C I z N £ U N O 0 ( I ) / ' N O D N U M ( I ) / I = 1 r N 0 0 E 3 ) 
1 1 2 F O R M A T { 5 ( 3 I 5 , 5 X J ) 

C 
1 5 0 R E T U R N 

E N O 
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S O L P H I 

c 
C THS S U 9 . P 0 U T I N E S C L P H I C A L C U L . A T Z 3 THE V A L U E S I N THE S U S M A T R I C E S 
C A ANO P H I C r AND S O L V E S THE S Y S T E M FOR THE UNKNOWN V A L U E S OF P H I 
C U S I N G THE C H O L E S K Y M E T H O D . 
C S C L P H I C A L L S THE S U B R O U T I N E S D E C O M P , FORW ANO B A C K . 
C 

S U B R O U T I N E S C L P H I ( I 8 , L C , O I A G , N 0 0 1 , N 0 0 2 , XO RD , Y ORD , PH I , PH I C / W , A , 
* E , N O O N U M , N £ W N O O , R E O R , E L L E N ) 

COMMON / A R E A 2 / M A X N O 0 , M A X E L T r N U M N P T , N U M E L T , N C , N F , N A , M A X A / 
• M A X C O N z - ^ ' A X F R £ / I P R T , J AP 

COMMON / A R E A 4 / X B ( 3 ) , Y 9 < 3 ) , H 0 3 { 9 ) , H D £ C S ) r I S H A P C 3 ) , I B C ( 3 ) , I G E 0 M , N B 0 
COMMON / A R E A 6 / T I T L E ( 2 0 ) 
COMMON / A R E A S / V I S C , S P G R 
I N T E G E R K O I A G C M A X F R E ) 
I N T E G E S I 9 ( M A X N 0 D > , L C ( M A X N 0 0 ) , N C D N U M ( M A X N 0 D ) , 

• N E W N O O C M A X N O D ) , N O D I ( M A X E L T ) , N 0 0 2 ( M A X E L T ) 
D I M E N S I O N X 0 R 0 ( M A X N 0 0 ) , Y 3 R 0 ( M A X N O D ) , P H I ( M A X N O D ) 
D I M E N S I O N £ ( M A X E L T ) , E L L E N ( M A X E L T ) , W ( M A X E L T ) 
D I M E N S I O N I 8 C 0 C 2 ) , I N E W ( 2 ) 
D I M E N S I O N P H I C ( M A X C O N ) 
D I M E N S I O N A ( M A X A ) 
L O G I C A L R£OP(MAXNOD) 

C 
C C O N S T A N T S 

F L U I 0 = 5 P G R / ( 1 2 » V I S C ) 
C 
C C L E A R ARRAY A 

0 0 5 1 = 1 , M A X A 
5 A ( I ) = 0 . 0 

I F ( J A ? , G T . D G O TO 1 3 
C 
C SET UP C O N S T R A I N E D H E A D V E C T O R ( P H I C ) 

00 10 1 = 1 , N U M N P T 
M 9 = N £ W N 0 D ( D 
M 1 1 = i e ' ( M 9 ) 
I F ( M 1 1 . E 3 . 0 ) G 0 TO 10 
I F ( I B C ( M 1 1 ) . E G . 0 ) G 0 TO 10 
P H I C C L C d ) ) = P H I ( M 9 ) 

1 0 C O N T I N U E 
C 
C C L E A R ARRAY P H I 

1 3 D 0 1 5 I = 1 , N F 
15 P H I ( D = 0 . 0 

C 
C C A L C U L A T E THE C O E F F I C I E N T OF P H I FOR E A C H E L E M E N T AND S E T UP THE 
C S U B M A T R I X A (FOR T O T A L L Y F R E E E L E M E N T S ) . 

00 2 5 0 N = 1 , N U M E L T 
C 
C C A L C U L A T E C O E F F I C I E N T E FOR E L E M E N T N 

I 0 L D = N 0 D 1 ( N ) 
I 3 C = I 3 ( I 0 L D ) 
I B C O d ) = 0 
I F d B O . £ 3 . O G O TO 1 ? 
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S C L P H I 

I3C0{1 )=I5C ( I 3 0 ) 
13 I N £ i « ( 1 ) = N 0 D N U M ( I 0 L D ) 

C 
I 0 L D = N 0 0 2 ( N ) 
I 3 0 = i a ( l O L D ) 
I 9 C O C 2 ) = 0 
I F d e O . £ 3 . 0 5 3 0 TO 20 
i e c o ( 2 ) = i 3 C ( i a o ) 

20 IN£W(2 )=N0DNU>:C I0LD) 
C 

E ( N ) = < W ( N ) * * 3 ) * F L U I D / £ L L £ N ( N ) 
C 
C A S S I G N TH£ V « L U £ 0 , OP 1, OS 2, TO 1 3 2 , I F 0 N 0 D £ , 1 N O D E , C P 30TH 
C NODES ARE C O N S T R A I N E D , R E S P E C T I V E L Y . 

I F < I 9 C 0 ( 1 ) . E Q . 0 . A N D . I 3 C C < 2 ) . E S . 0 ) G 0 TO 30 
I F d a C O d ) . E C l . 0 . O R . I ^ C 0 ( 2 ) . E Q . 0>GO TO 25 
1 8 2 = 2 
GO TO 3 5 

25 132=1 
GO TO 3 5 

30 I B 2 = 0 
35 C O N T I N U E 

C 
C I N S E R T E I N T O T H E G L O a A L C O E F F I C I E N T S U 3 M A T R I C E S A OR A C . 
C 

I I = 1 A X 0 d N E W ( 1 ) , I N E W ( 2 ) ) 
J J = M I N 0 d N E W ( 1 ) , I N E W ( 2 ) ) 

r 

C S U 3 - A T P I X A : L I N E A R A R R A Y ANO VA0IA3LE 3 A N 0 y i D T H S T O R A G E . 
00 U O 1 = 1 , 2 
I F d 3 C G ( I ) . G T . O G O TO 143 
l«4 = < D I A G d N E W d ) - L C d N E W d ) ) ) 
A (H4 )=E(N) *A (M4) 

U O C O N T I N U E 
I F d 3 2 - 1 ) 1 6 0 , 1 7 0 , 2 5 0 

160 - * l 5 = ) C 0 I A G d I - L C < I I ) > - ( I I - J J ) * ( L C ( I I ) - L C { J J ) ) 
I F ( M 5 . L T . 1 ) G 0 T 0 1 6 5 
A ( « 5 ) = - E ( N ) 
GO TO 25C 

165 W R I T E C 3 1 , 1 6 6 ) H 5 
166 F C R * ' A T ( ' 1 • * * * ERROR I N M A T R I X A * • * • • * • • • , / / , ' M5 = ' , 1 6 , * ( ? ? ? ) * ) 

STOP 
C 
C A U G M E N T E D F L U X V E C T O R d . E . E N T R I E S OF NODE C O N D U C T A N C E M A T R I X FOR 
C P A R T I A L L Y C O N S T R A I N E D E L E M E N T S M U L T I P L I E D BY C O R R E S P O N D I N G E N T R I E S 
C CF V E C T O R PHIC ) S T O P E D IN V E C T O R P H I , WHICH HAS B E E N C L E A R E D 
C P R E V I O U S L Y . 
C 

170 00 190 1=1 ,2 
I F d B C O d ) . G T . 0 ) G 0 TO 190 
M6 = I N E w d ) - L C d N E W ( I ) ) 
I I = I A 3 S d - 3 ) 
M 7 = L C d N £ W d I ) ) 

190 C O N T I N U E 
A C = E ( N ) 
P H I ( M 6 ) = A C * P H I C ( M 7 ) • P H K ^ t ) 

25 0 C O N T I N U E 
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S O L P H I 

I F d P S T . L T . 3 ) G 0 TO 533 
C 
C P R I N T OUT THE M A T R I C E S TO 3£ S O L V E D 
C 

W R I T E ( 3 t , a 9 5 ) J A ? 
2 9 5 F O R H A T C / / / / / , ' 1 M A T R I C E S A , ? ( S T O R E D IN ARRAY P H I ) , AND P H I C , a£F 

• O R E D £ C 0 M P O S I T I C N ' , 5 X , " J A P = ' , I 4 , / / / , 
• 5 X , ' M A T R I X A ' , 3 X , ' F O R M A T ( 5 ( I A ( I ) ) ) ' , / / ) 

W R I T £ ( 3 4 , 3 0 1 ) ( I , A ( I ) , I = 1 , N A ) 
301 F 0 R M A T ( 5 ( 4 X , I 3 , 1 P E 1 3 . 3 ) ) 

f 
\> 

W R I T E ( 3 4 , 3 1 3 ) J A P 
3 1 3 F 0 R M A T ( / / / / 9 X , ' V E C T O R " 8 " , S T O R E D I N ARRAY P H I • , 1 CX , ' F OR AT ( 5 ( I 

• P H I ( I ) ) ) ' , 5 X , ' J A ' > = ' , I 4 , / / ) 
- R I T E ( 3 4 , 3 1 6 ) ( I , P H I ( I ) , 1 = 1 , N F ) 

3 1 6 F 0 R M A T ( 5 ( I 5 , 1 P E 1 2 . 3 ) ) 
C 

W R I T E ( 3 4 , 3 1 8 ) J A P 
3 1 3 F 0 R M A T ( / / / 9 X , ' V E C T O R P H I C , 1 O X , ' f 0 R M A T ( 5 ( I P H I C ( I ) ) ) ' , 5 X , ' J A P = ' , 

• 1 4 , / / ) 
W R I T E ( 3 4 , 3 2 1 ) ( I , P H I C ( I ) , I = 1 , N C ) 

3 21 F O R M A T ( 5 ( I 5 , 1 P E 1 2 . 3 ) ) 
C 
C C H O L E S K I D E C O M P O S I T I O N . 
C 

3 3 0 C A L L D E C O M P ( A , K D I A G ) 
C 
C S O L V E FOR P H I , I N TWO S T E P S : F 0 R W A R 0 - S U 3 S T I T U T I O N AND B A C K S U S S T I T U T I O N 

C A L L F O P » . ( A , K D I A G , P H I ) 
C 

C A L L BACK ( A , K D I A G , P H I ) 
C 

C EX!* AND HEAD V E C T O R 
C 

DO 4 0 0 M M = 1 , N U M N P T 
M=NUMNPT-MM+1 
M l 0 = I 8 ( N £ W N O D ( M ) ) 
I F ( M 1 0 . E a . O G O TO 3 4 0 
1 F ( I 9 C ( M 1 0 ) . G T . O G O TO . " 0 

3 4 0 < = M - L C ( M ) 
P H I ( M ) = P H I ( K ) 
GO TO 4 0 0 

350 P H I ( M ) = P H I C ( L C ( M ) ) 
4 0 0 C O N T I N U E 

C 
C R E O R D E R ° H l A R R A Y I N I N I T I A L NODE O R D E R . 
C 

DO 4 1 0 M = 1 , N U ' ^ N P T 
4 l G R E 3 R ( M ) = . F A L S E . 

DO 4 5 0 M = 1 , N U ' ^ N P T 
I F ( R £ 0 ^ ( M ) ) G 0 TO 4 5 0 
? H I M = P H I ( M ) 
»A=N£WNOD(M) 

4 2 0 P H I M A = P H I ( M A ) 
R E O R ( N A ) = . T R U £ . 
P H I ( M A ) = P H I M 
MA = N£WNOD(MA ) 

1 8 3 



S C L P H I 

I F ( R £ O R { W A ) ) G 0 TO 4 5 0 
P H I M = P H I M A 
GO TO 4 2 0 

45 0 C O N T I N U E 
C 

I F C I P R T . L T . 2 ) G O TO 5 00 
C 

C P R I N T THE R E S U L T S OF FLOW C A L C U L A T I O N . 
W R I T E C 3 3 , 4 7 G J T I T L E , J A P 

4 7 C F O R M A T C 1 • X , 2 0 A 4 , / , ' F I L E : F L O A L L . U 3 3 ' , 
O X , • R E S U L T S OF FLOW C A L C U L A T I O N S , J A P = ' , I 4 , / / / 

• 1 0 X , * H E A 0 AT NODAL P O I N T S ' , / / , 
• 1 0 X , ' F O P M A T C 3 C I I B C I ) =HIC I ) ) ) ' , / / ) 

W R I T E C 3 3 , 4 3 0 ) C M , I B C M ) , P H I C M ) , M = 1 , N U M N P T ) 
4 8 0 F 0 R M A T ( 4 C I 5 , I 4 , 1 P E 1 5 . 7 , 3 X ) ) 
5 0 0 R E T U R N 

END 
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DECOMP 

c 
C THE S U S P O U T I N E DECOMP O P E R A T E S A C H O L E S K I D E C O M P O S I T I O N ON A 
C V A P I A 3 L E 3 A N D W I 0 T H S T O R A G E M A T R I X ( F R O M J E N N I N G S , 1 9 7 7 ) 
w 

S U B R O U T I N E D E C O M P ( A , < D I AG ) 
COMMON / A R E A 2 / M A X N O D , M A X E L T , N U M N P T , N U M £ L T , N C , N F / N A , M A X A , 

* M A X C O N , M A X F R E , I P R T , J A P 
I N T E G E R < D I A G ( M A X F R E ) 
D I M E N S I O N A ( M A X A ) 

C 
A ( 1 ) = S 3 R T ( A ( 1 ) ) 
DO 1 1 = 2 , N F 
< I = < D I A G ( I ) - I 
L = <DI AG ( 1 - 1 ) - tCI + 1 
DO 2 J = L , I 
X = A ( K I * J ) 
< J = K D I A G ( J ) - J 
I F ( J . E G . D G O TO 2 
L 8 A R = X D I A G ( J - 1 ) - K J * 1 
L3AR=MAXO (L,L3AR) 
I F ( L 9 A R . E O . J ) GO TO 2 
J J = J - 1 
0 0 3 < = L 3 A R , J J 

3 X = X - A ( < I * < ) * A ( < J * i O 
2 A ( < I 4 - J ) = X / A ( K J - t - J ) 

I F ( X . L E . O . C ) T H E N 
W P I T E ( 3 1 , 2 C ) I , X 

2 0 F O R M A T ( / / / / , • • • • • * WARNING * * * * * • , / , ' I N S U 3 R 0 U T I N E D E C O M P , AT 
* I = ' , I 5 , ' , X WAS : * , 1 0 £ 1 5 . 3 , / , ' THE S I G N OF X H A S S E E N C H A N G E D TO 
• ALLOW S Q P T ( X ) TO B£ C O M M U T E D . D 

x=-x 
END IF 

1 A ( K I * I ) = S a P T ( X ) 
c 

P E T U R N 
END 
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FOR 4 

C 

c 
C T H E S U a f t O U T I S E F C R W E X E C U T E S A F O R W A R D S U B S T I T U T I O N I N W H I C H T H E 
C V E C T O R 3 I S O V E R B R I T T E N B Y T H E S O L U T I O N Y O F T H E M A T R I X E Q U A T I O N 
C L Y = 3 ( F R O ^ ' J E N N I N G S , 1 9 7 7 ) . 
C 

S U 3 R 0 U T I N E F C R W ( A , < D I A G , - ) 

C O M M O N / A R E A 2 / M A X N O D , M A X E L T , N U M N P T , N U M E L T , N C , N F , N A , M A X A , 
* ' » A X C O N , M A X F R E , I P R T , J A P 

I N T E G E R < D I A G C M A X F P E ) 
D I M E N S I O N A ( M A X A ) , B ( M A X N O D ) 

C 
B ( 1 ) = B ( 1 ) / A ( 1 ) 
DO 4 1 = 2 , N F 
K I = < O I A G ( I ) - I 
L = < D I A G ( I - 1 ) - K l > 1 
X = 8 ( I > 

I F ( L . E Q . D G O T O 4 

11=1-1 
DO 5 J = L , I I 

5 X = X - A ( < I + J ) * B ( J ) 
4 B ( I ) = X / A { K I * I ) 

R E T U R N 
E N D 
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3 A C < 

C 
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * » » * 
r 

C THE S U B R O U T I N E B A C K E X E C U T E S A 3 A C < S U B S T I T U T I O N I N WHICH THE V E C T O R 
C Y , S T O R E D I N 3 , I S O V E R W R I T T E N aY THE S O L U T I O N X OF THE M A T R I X 
C E Q U A T I O N L ( T R A N S P ) * X = Y ( F R O M J E N N I N G S , 1 9 7 7 ) . 
C 

S U B R O U T I N E B A C K C A r < D I A G , 3 ) 
COMMON / A R E A 2 / M A XNO 0 , M A X EL T , NU »'NPT , NUM ELT , N C , N F , N A / M A X A , 

* M A X C O N , M A X F R E , I P P T , J A P 
I N T E G E R < D I A G ( M A X F R E ) 
D I M E N S I O N A ( M A X A ) , 3 ( M A X N 0 D ) 

C 
0 0 6 I T = 2 , N F 
I = N F * 2 - I T 
< I = > C O I A G ( I ) - I 
x = a ( i ) / A ( < i * i ) 
S ( I ) = X 
L = K O I A G ( 1 - 1 ) - K I > 1 
I F (L . E Q . D G O TO 6 
1 1 = 1 - 1 

0 0 7 < = L , I I 
7 B ( K ) = o ( K ) - X * A ( < I + K ) 
6 C O N T I N U E 

3 ( 1 ) = 3 ( 1 ) / A ( 1 ) 
C 

R E T U R N 
ENO 
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F L O C A L 

C 

C THE 3 U 3 R 0 U T I N S F L O C A L C A L C U L A T E S THE FLOW I N E A C H E L E M E N T , 
C THE T O T A L FLOW THROUGH T H E ' ' O D E L ANO THE D I R E C T I O N A L 
C P A R A M E T E R S 
C 

S U B R O U T I N E F L O C A L ( N O D I / • N 0 D 2 , W , E L L E N , E , P H I , I B , E L O R ) 
COMMON / A R E A 2 / MA XNOD,MA X E L T , N U M N P T , N U M E L T , N C , N F , N A , M A X A , 

* « A X C O N , M A X F R E , I P R T , J A P 
COMMON / A P E A 4 / X 8 ( 8 ) , Y 8 ( ? ) , H O 9 ( 3 ) , H 0 E ( 8 ) , I 3 H A P ( 3 ) , I E C ( 3 ) , I G E O M , N 3 O 
COMMON / A R E A 8 / V I S C , S P G R 
COMMON / A R E A < 5 / 0 V E L ( 3 6 ) , O F R ( 3 6 ) , 0 L E ( 3 6 ) , D L V £ L ( 3 6 ) , D L V E L 2 ( 3 6 ) , 

• D P C R d 3 ) , 0 K ( 1 8 ) , D L E 1 30 ( 1 3 ) , N S E G ( 5 6 ) 
I N T E G E R I B ( N U M N P T ) 
I N T E G E R NODI ( N U M E L T ) , N O D 2 ( N U M £ L T ) 
D I M E N S I O N M2 ( 2 ) , D I N O U T ( 3 ) 
D I M E N S I O N W ( N U M E L T ) , E L L E N ( N U M E L T ) , £ ( N U M E L T ) , E L O R ( N U M E L T ) 
D I M E N S I O N P H K N U M N P T ) 

C 
C C L E A R A R R A Y S 

DO 15 1= 1 , N B C 
15 0 I N O U T ( I ) = 0 . C 

DO 20 1=1,36 
0 V E L ( I ) = 0 . C 
D F R ( I ) = O . G 
DLE( I)=0.0 
O L V E L ( I ) = 0 . 0 

D L V E L 2 ( I ) = G . 0 
NSEG( I)=0 

2 0 C O N T I N U E 
DO 24 1= 1 , 1 8 
O P O R ( I ) = 0 . 0 

OK(I)=0.0 
DLE130(1)=0 .C 

2 4 C O N T I N U E 
C 
C P R I N T H E A D I N G S ON D E T A I L E D O U T P U T F I L E S 

I F d P R T . L T . 2 ) G 0 TO 4 3 
W R I T E ( 3 3 , 4 5 ) J A P 

4 5 F 0 R M A T ( / / / , 1 C X , ' F L O W I N E L E M E N T S , J A P = ' , I 4 , 
» / / , ' N U M B E R ' , 3 X , ' W I 0 T H ( M ) • , 6 X , • L E N G T H ( M ) • , 4 X , ' V E L O C ( M / S E C ) ' , 
• ' F L . R A T E ( M * * 3 / S E C ) R E Y N O L D N O . D I R E C T I O N T R A N S I T T I M E ' , / ) 

4 8 W R I T E ( 3 1 , 5 G ) 
50 F O R M A T C I ' , / , 1 0 X , ' S E L E C T E D R E S U L T S OF FLOW C AL CU L A T I ONS ' , 1 OX , 

* ' FOR S E G M E N T S L O C A T E D AT A B O U N D A R Y ' , / / , ' 3 0 R Y . N 0 E L E M . N O 
* W I O T H ( M ) L E N G T H ( M ) V E L 0 C I T Y ( M / 3 £C) FLOW RA 
* T E ( M » * 3 / S E C ) ' , / / ) 

DO 1 0 0 N = 1 , N U M E L T 
C 
C C A L C U L A T E FLOW R A T E , V E L O C I T Y AND R E Y N O L D NUMBER I N E A C H E L E M E N T 

M 2 ( 1 ) = N 0 0 1 ( N ) 
M 2 ( 2 ) = N 0 0 2 ( N ) 
T H N = E L O P ( N ) 
WN=W(N) 
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F L O C A L 

E L L £ N N = E L L E N ( N ) 
F R = E ( N ) * ( P H I ( M 2 ( 1 ) ) - P H I ( ^ : ( 2 ) ) ) 
V E L = F R / W N 
R E = A 3 S ( F P / V I S C ) 
T R T I M = A a S ( E L L c N N / V E L ) 
I F C I P R T . L T . 2 ) G 0 TO 5 5 
W R I T E C 3 3 , 5 3 ) N , W N r E L L E N N > ' V £ L / F 3 , R E # T H N , T R T I M 

5 3 F O R I A T C I S ^ I P / E I S . ? ) 
5 5 0 0 60 I = 1*'2 

M 3 = I 3 ( M 2 ( I ) ) 
I F CM 3 . S a . 0 ) 5 0 TO 6 0 
M 1 = I 3 C C H 3 ) 
I F C H 1 . E Q . 0 ) G O TO 6 0 
F R 1 = F R 
I F C I . E Q . 2 ) F R 1 = - F R 
W R I T E ( 5 1 x 5 8 ) M 3 * ' N # ' W N / ' E L L E N N # V E L / ' F R 1 

5 3 F 0 R M 4 T ( 2 ( I 5 r 5 X ) x 1 P 4 E 2 0 . 7 ) 
O I M O U T ( M 3 ) = O I N O U T ( M 3 ) + FR1 

6 0 C O N T I N U E 
C 
C C O M P U T E D I R E C T I O N A L P O R O S . S P E R M . ( Q - 1 3 0 D E G R E E S ) 

I D I R = I N T ( T H N / 1 0 . ) * 1 
D P O R ( I D I R ) = D P O R ( I D I R ) * y N * E L L £ N N ^ 
D < ( I D I R ) = D K ( I D I R ) > WN*WN*ELL£NN 
D L E 1 3 0 ( I D I R ) = 0 L £ 1 8 0 ( I 0 I R ) *• E L L E N N 

C C O M P U T E OTHER D I R E C T I O N A L P A R A M E T E R S ( 0 - 3 6 0 D E G R E E 
I F ( F P . L E . 0 . 0 ) T H N = T H N * 1 3 0 . 

I D I R = I N T ( T H N / 1 0 . ) * 1 
A V £ L = A B S ( V E L ) 
A F R = A 3 S ( F R ) 
O V £ L ( I D I R ) = D V E L ( I D I R ) * A V E L 
D F O ( I 0 I R ) = D F R ( I D I R ) * A F R 
D L E ( I O I P ) = D L E ( I D I R ) * E L L £ N N 
D L V £ L ( I D I R ) = D L V £ L ( I D I R ) * - E L L £ N N * A V £ L 
D L V £ L 2 ( I 0 I R ) = D L V £ L 2 ( I D I R ) *• E L L £NN * AV E L • AV EL 
N S £ G ( I D I R ) = N S £ G ( I D I R ) * 1 

1 0 0 C O N T I N U E 
C 
C P R I N T SUMMARY O U T P U T F I L E S 

C A L L 0 U T P T 4 ( D I N O U T ) 
R E T U R N 
ENO 
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0 U T P T 4 

C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C 
S U 9 R 0 U T I N E 0 U T P T 4 ( D I N O U T ) 

C T H I S S U B R O U T I N E P R I N T S OUT A SUMv|ARY OF FLOW C A L C U L A T I O N S 
C ANO V A L U E S OF D I R E C T I O N A L P A ' ^ A ^ E T E R S 
C 

COMMON / A R E A 2 / M A X N O O , M A x E L T r N U M N P T , N U M E L T , N C / N F , N A , M A X A , 
• M A X C O N ^ ' M A X F R E y l P R T x J A P 

COMMON / A R E A 4 / X 3 ( 3 ) » ' y 9 ( : ) , H 0 f l ( 3 ) x H 0 E ( 8 ) x I S H A P ( 3 ) * I 3 C ( 3 ) # I G E 0 M r N B 0 
COMMON / A R E A 9 / DV E L < 36 ) *• D F R ( 56 ) / D L E C 3 6 ) / -O L V E L ( 36 ) / O L V E L 2 ( 3 6 ) *• 

+ D P O R { 1 8 ) , D K ( 1 3 ) r 0 L E l 8 0 ( V ; ) * . N S E G < 3 6 ) 
D I M E N S I O N D I N 0 U T ( 3 ) 
C H A R A C T E R 9 C D * 2 6 

C 
C P R I N T SUMMARY OF FLOW C A L C U L A T I O N S 

W R I T E C S m i O ) J A P 
1 1 0 F O R M A T C ' 1 • , 2 0 X , ' S U M M A R Y O F FLOW C A L C U L A T I O N S FOR J A P = ' , I 4 , 

* / / / / / • T O T A L FLOW A L O N G T H E 3 0 U N 0 A R I E S * * / / / • 
* • BDRY N O ' x S X x ' F L O W ( M * * ^ / 3 E C ) ( - =>FLOW O U T ) ' / / ) 

W R I T E ( 3 1 / - 1 1 5 ) ( I , O I N O U T ( I ) , 1 = 1 , N B O ) 
1 1 5 F O R M A T ( I 5 i ' l P E 2 0 . 1 O ) 

I F d G E O M . E Q . 1 ) GO TO 1 2 5 
D E L T A F R = 0 I N 0 U T ( 3 ) * 0 I N 0 U T ( 6 ) 
A V G F R = ( D I N O U T ( 3 ) - 0 I N O U T ( 6 ) ) / 2 . 0 
E O R F R = 0 E L T A F R / A V G F R 
W R I T E C 3 1 x 1 1 7 ) O E L T A F R x A V S F R x E O R F R 

1 1 7 F 0 R M A T ( / x 2 X x ' D I F F E R E N C E I N FLOW R A T E B E T W E E N UP AND DOWNSTR E A M * / • 
• / x l 4 X , ' B O U N D A R I E S 3 ANO 7 ' x / x 1 OX / ' 0 E L T A ( F L . R A ) ' / • 11 Xx 
* • A V G ( F L . R A ) ' , 7 X , ' R E L A T I V E E R R 0 R ( F L . R A ) ' / / / 5 X x 
• 3 { S X r l P l £ l 2 . 3 ) ) 

C 
C P R I N T D I R E C T I O N A L P A R A M E T E R S 
1 2 5 W R I T E C 3 1 / . 1 2 6 ) 
1 2 6 F O R M A T C / / / , I C X i - ' D I R E C T I C N A L P O R O S I T Y AND P E R M E A B I L I T Y ' / / / / . 

• ' D I R E C T I O N L E N G T H P O R O S I T Y P E R M E A B I L I T Y ' / / / 
• ' ( D E G R / 1 0 ) CM) C M * * 2 ) C M * * 3 ) ' / / / ) 

WR I T E C 3 1 / I 2 3 ) C I / O L E 1 8 0 C I ) / O P O R C I ) / D K ( I ) / 1 = 1/I 8 ) 
1 2 3 F O R M A T C I 5 / 5 X / 1 P 3 E 1 5 - 2 ) 

W R I T E C 3 1 / 1 3 0 ) 
1 3 0 F O R M A T C I ' / I C X / ' O T H E R D I R E C T I O N A L P A R A M E T E R S ' / / / / 

* ' D I R E C T I O N N S E G ( l ) V E L O C C 2 ) F L . R A C 3 ) L E N G T H ' / 
* ' C 3 ) X C 1 ) C 3 ) X C 1 ) * * 2 ' / / / 
* ' C D E G R / 1 0 ) ' / l O X / ' C M / - ) C M * * 3 / S ) ' / 7 X / ' ( M ) • , / / ) 

W R I T E C 3 1 / 1 3 5 ) C I / N S E G C D / O V E L C D / D F R C D / D L E C I ) / 
* O L V E L C I ) / D L V £ L 2 d ) / I = 1 / 5 i ) 

13 5 F O R M A T ( I 5 / 5 X / 1 1 0 / I P S E 1 0 . • ) 
W R I T E C 52 ) D V E L / O L V £ L X O L V : L 2 / D F R , O L E / N S £ S 

C 
C C O N S T R U C T R O S E D I A G R A M S 

I F C I P R T - 2 ) 1 5 0 / 1 4 0 / 1 3 3 
1 5 3 8 C D = ' V £ L 0 C I T I E S ( M / S ) ' 

C A L L R 3 S E ( 0 V £ L / 9 C D ) 
3 C D = ' S E G M E N T L E N G T H S ( M ) ' 
C A L L R 0 S E ( 0 L E / a C 0 ) 
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0 U T P T 4 

? C O = ' L E N G T H X v e L 0 C * * 2 ' 
C A L L R 0 S E ( D L V £ L 2 / a C 0 ) 

1 4 0 8 C D = ' F L 0 W R A T E S { M * * 3 / S ) ' 
C A L L R O S E C O f R / 8 C D > 

1 5 0 C O N T I N U E 
R E T U R N 
END 



R O S E 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * « * * * * * * * * * * * * * * * * * * * * * * * * 
C * 
C T H I S S U B R O U T I N E P R I N T S A ROSE D I A G R A M FOR A D I R E C T I O N A L * 
C P A R A M E T E R • 
C * 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

S U B R O U T I N E R C S E ( R 2 / 9 C D 1 ) 
D I M E N S I O N R ( 3 6 ) / R 2 ( 3 6 ) / C 0 S T H C 3 5 ) / S I N T H ( 3 6 ) 
C H A R A C T E R L P L 0 T ( 3 0 / 6 4 ) * 1 r B C D l * 2 < : , N l * 1 / N 2 * 1 / N 3 * 1 
COMMON / A R E A 1 2 / L P L O T 
N1=« . « 
N 2 = ' 0 ' 
N 3 = ' * * 
C O U N T = 0 . 0 
I B R A N C H = 1 
DO 10 J = 1 x 6 4 

00 5 1 = 1 / 7 9 x 2 
L P L O T ( I / J ) = ' • 
L P L 0 T ( I * 1 / J ) = ' • 

5 C O N T I N U E 
1 0 C O N T I N U E 

C 
C C O M P U T E THE A R R A Y S C O S T H O A \ D S I N T H O 

DO 20 1 = 1 / 3 6 
I D E G = I * 1 C 
FD£G = F L O A T ( I D E G ) - 0 . 5 
C O S T H < I ) = C O S D ( F O E G ) 
S I N T H ( I ) = S I N D ( F D E G ) 

2 0 C O N T I N U E 

W R I T E ( 3 1 / 2 5 ) 3CD1 
25 F O R M A T C I • / / / ' T ' / / / 2 G X / ' 5 0 S E O F ' / A / / ) 

C A L L M X M N A S { R 2 / 3 6 / R M A X / 3 > ' I N / A V G / S I G M A / 2 5 ) 
C 
C DRAW A C I R C L E WITH A MARX E V E R Y 10 D E G R E E S 

DO 30 1=1 /36 
30 C A L L M A R K < C O S T H ( I ) * . 9 5 / S I \ T H ( I ) * . 9 5 / N l > 

C 
C S C A L E A R R A Y S 

0 0 1 0 0 1 = 1 / 3 6 
R ( I ) = R 2 ( I ) / ( R M A X * 1 . a 5 ) 
I F ( R ( I ) . L T . . C 1 ) R ( I ) = . 0 1 
I F ( R ( I ) . G T . 0 . 1 ) C 0 U N T = C O U N T * 1 . 0 

1 0 0 C O N T I N U E 
C 
C FOR COUNT L E S S THAN 3 U S E LOG V A L U E S 

I F C C O U N T . L T . 3 . ) I 3 R A N C H = 2 
0 0 3 0 0 1 = 1 / 3 6 

I F ( R ( I ) . L T . 0 . 0 2 ) GOTO 3 30 
I F ( I . E 3 . 1 ) T H E N 

C I=1 . 0 
S 1 = C . O 

E L S E 
C I = C O S T H (1-1) 
S I = S I N T H ( I - 1 ) 
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S O S E 

E N D I F 
G O T O d 5 0 / 1 6 0 ) I 3 R A N C H 

1 5 0 X 1 = R ( I ) * C 1 
Y 1 = R ( I ) * S 1 
X 2 = R ( I ) * C 0 S T H ( I ) 
y 2 = R ( I ) * S I N T H ( I ) 
GOTO 2 0 0 

1 6 0 X 1 = ( C 1 * L 0 G 1 0 ( « ( I ) * 1 0 0 ) ) / 2 . 0 
Y1 = ( S 1 * L O G 1 0 ( R ( I ) * 1 0 0 ) ) / 2 . 0 
X2 = ( C O S T H ( I ) * L O G 1 0 ( R ( I ) • I 0 0 ) ) / 2 - 0 
Y 2 = { S I N T H ( I ) * L O G 1 0 ( R ( I ) * 1 0 0 ) ) / 2 - 0 

C 
C DRAW A L I N E B E T W E E N THE TWO P O I N T S 

2 0 0 C A L L M A R < ( X 1 / Y 1 / N 5 ) 
C A L L M A R K ( X 2 / Y 2 / N 3 ) 
D X = C X 1 - X 2 ) / 5 - Q 
0Y = ( Y 1 - Y 2 ) / 5 . 0 
R I N C = 0 . 0 

2 2 5 R I N C = RINC«-1 
X M = X 2 + D X * R I N C 
Y « = Y 2 * D Y * R I N C 
C A L L f A R X ( X ? 1 / Y M / N 3 ) 
I F ( R I N C . L T . 4 . 0 ) GOTO 2 2 5 

3 0 0 C O N T I N U E 
C A L L M A R < ( 0 . / 0 . / N 2 ) 
I F < I 9 R A N C H . E C - 2 ) T H E N 

W R I T E ( 3 1 / 4 C ) 
4 0 F O R M A T ( 2 0 X , • R O S E OF LOG V A L U E S ' / / ) 

E N D I F 
0 0 4 0 0 J = 6 4 / 1 / - 1 

W R I T E ( 3 1 / 8 0 ) ( L P L O T ( I / J ) / I = 1 / o O ) 
SO F O R M A T d X / 8 0 A 1 ) 

4 0 0 C O N T I N U E 
R E T U R N 
ENO 
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MXMNAS 

C * * » * # * * * * * » * * * * * * * * * * » * » * * * * * * * « » * * * » * * * * * * * * * * * * * * * * * * * 
c • 
C T H I S S U B R O U T I N E C A L C U L A T E S T H E MAX I M U M , M I N I M U M / A V £ R A G E ANO * 
C S T A N D A R D D E V I A T I O N FOR A GET OF D A T A • 
C • 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * - * « * * * * * * * * * « * 

S U B R O U T I N E M X M N A S ( A R R A Y / N U " , X M A X , X M I N , T A V G / S I G M A , L ) 
D I M E N S I O N A R R A Y ( N U M ) 

C 
C I N I T I A L I Z E V A R I A B L E S 

T T O T A L = A R R A Y (1 ) 
T 2 T 0 T A L = A R R A Y ( 1 ) * A R R A Y ( 1 ) 
XMAX = A R R A Y ( 1 ) 
X M I N = A R R A Y ( 1 ) 
R N U M = F L O A T ( N U M ) 
DO 1Q0 1 = 2 , N U M 

I F { A R R A Y ( I ) . L T . X M I N ) X M I N = A R R A Y ( I ) 
I F ( A R R A Y ( I ) . G T . X M A X ) X M A X = A R R A Y ( I ) 
T T O T A L = T T O T A L « - A R R A Y ( I ) 
T 2 T O T A L = T 2 T O T A L * A R R A Y ( I ) * A R R A Y ( I ) 

1 0 0 C O N T I N U E 
T A V G = T T O T A L / R N U M 
T 2 A V G = T 2 T 0 T A L / R N U M 
S I G M A = 3 0 R T ( T 2 A V G - ( T A V G * T A V G ) ) 
I F ( L . G T . O ) T H E N 
W R I T £ ( L , 6 ) 

6 F O R M A T ( 2 3 X , ' B A S I C D E S C R I P T I V E S T A T I S T I C S ' , / , 5 X , • N U M B E R O F ' , 
• 1 5 X , ' S T A N D A R D ' , / , 4 X , ' D A T A P O I N T S MEAN D E V I A T I O N ' , 
* 4 X , ' M A X I M U M M I N I M U M ' , / ) 

y R I T E ( L , 7 ) N U M , T A V G , S I G M A , X M A X , X M I N 
7 F 0 P M A T ( 7 X , I 4 , 4 X , 4 ( 1 P £ 1 1 . 3 , 1 X ) , / / ) 

E N D I F 
R E T U R N 
END 

194 



MARK 

C T H E S U B R O U T I N E " A R K I N S E R T S A MARK I N T O THE L O C A T I O N ( X / Y ) . 
C T H E MARK U S E D I S T H A T D E F I N E D BY T H E C H A R A C T E R N H . N O T E T H A T 
C B O T H X AND Y MUST B O T H BE IN T H E R A N G E O f -1 TO 
C 

S U B R O U T I N E M A R K ( X / Y # N H ) 
C 0 M M 0 N / A R E A 1 2 / L P L O T 
C H A R A C T E R N H * 1 x L P L O T ( 3 0 / 6 4 ) * 1 

C 
C S C A L E X AND Y 

IX = I N T ( ( X ' ' 4 0 ) > 4 0 . 5 ) 
IY = I N T ( ( Y * 3 2 ) - t - 3 2 . 5 ) 
I f ( I X . L T . I ) IX=1 
I f ( I Y . L T . I ) IX=1 
L P L 0 T ( I X / I Y ) = N H 
R E T U R N 
END 
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G.4 L i s t i n g of the Program NETRANS 

N t T S A N S 

P R O G R A M N E T R A N S 

c 
C P R O G R A M TO S I M U L A T E S T O C H A S T I C A L L Y T H E M I G R A T I O N OF P A R T I C L E S 
C T H R O U G H A F R A C T U R E NETWORK 3 A S E 0 ON S T A T I S T I C S OF T H E D I R E C T I O N A L 
C P A R A M E T E R S 
C 
C W R I T T E N 9Y A . R O U L E A U AND D. L E N T Z * 1 9 3 4 ; U P D A T E i(Y A . f i O U L E A U ; J A NU A R Y 1 9 3 6 . 
C 
C * * * » * * * * * » • * « * • * * * • • * * * * * • • * • « • • * * * • * • • * * * * * * • * * * * • * » * * • • * • * * » • * * * * * • * 

COMMON / A R E A 1 / C 0 S T H ( 3 6 ) , S I N T H ( 3 6 ) * D L M ( 3 6 ) , 0 W T V M ( 3 6 ) , R D F R ( 3 6 ) , 
+ X L £ N , Y L E N x T R A V D I S * I D I R ( 1 0 j ) r M ? A R T ( 1 0 ) * I 3 C 1 * I P 3 T * J A P 

C O M M O N / A R E A 2 / T I T L E 
D I M E N S I O N D V E L ( 3 6 ) x D F R { 3 c ) * D L £ { 3 6 ) * 0 L V E L C 3 6 ) x D L V E L 2 { 3 6 ) * N S £ G ( 3 6 ) 
C H A R A C T E R T I T L £ ( 2 0 ) • 4 * F M T ( 5 ) * 20 
D A T A ( F M T ( I ) / . I = 1 * 5 ) / ' ( 2 ( / ) * 1 0 I 3 ) ' r ' ( 4 ( / > , 1 0 I 3 ) ' / ' ( 6 ( / ) * 1 Q l 3 ) ' / 

* ' ( 3 ( / ) * 1 0 I 3 ) ( 1 0 ( / ) * 1 C I 3 ) • / 
M A X N P R T = 5 G 

. C 
C READ IN I N P U T D A T A 

R £ A D ( 1 , 5 ) T I T L £ 
5 F O R M A T ( 2 0 A 4 ) 

W R I T £ ( 4 1 , 6 ) T I T L E 
6 F O R M A T C I ' * / / l X , 2 0 A 4 / . / / ' F I L E : TR A N 3 I T . U 4 1 • ) 

R E A D ( 1 * 1 0 ) N S £ T * I G £ 0 M , N A : ' , N A A ? , I 3 R T * N P A R T * T R A V D I S * N M A P 
10 F 0 P M A T ( I 5 x 2 C X r 3 I 5 * 1 0 X x I 5 / I 5 / F 5 . G r I 3 ) 

N A P £ R = N A P * N A A P 
I F d G E O M . E Q . 2) T H E N 

W P I T E ( 4 1 * 1 2 ) 
12 F O R M A T ( / / / / ' * • * • S O R ' Y | • * • • • ' * / / * 1 0 X , 

• ' T H I S V E R S I O N OF N E T R A N S 0 O E 3 NOT A P P L Y TO C I R C U L A R G E O M E T R Y ' ) 
S T O P 

E N D I F 
I F ( N P A R T . G T . M A X N P R T ) T H E N 

* R I T E ( 4 1 , 1 5 ) N P A R T * M A X N = 3 T 
15 F O R M A T C I ' / I O X * ' * » * £ R R 0 3 A T I N P U T S T A G E • * * ' * / / / • 1 0 X * 

• ' N ? A R T = ' , I 5 r • f T H I S IS L A ^ S E R T H A N M A X N P 3 T = ' y I 5) 
S T O P 

E N D I F 

R £ A D ( 1 * 2 0 ) X M I N I # Y M A X I / X M A X I , Y M I N I 
20 F O R M A T ( 2 0 X » 4 F 5 . 0 ) 

X L E N = X M A X I - X M I N I 
Y L E N = Y M A X I - Y M I N I 
R £ A D ( 1 r 4 0 ) I 8 C 1 

4 0 F 0 R M A T ( 2 0 X * I 5 / ' 7 ( / ) ) 
I F ( N « A ? . G T . O ) T H E N 

R E A D ( 1 / . F M T ( N S E T ) ) ( M P A R T ( : ) , I = 1 , N M A R ) 
E N D I F 

DO 70 1 = 1 x 3 6 
I 0 E G = I * 1 0 
F O E G = F L O A T ( I D E G ) - 5 . 0 
C 0 S T H ( I ) = C 0 S 0 ( F D E G ) 
S I N T H ( I ) = S I N D ( F D E G ) 

70 C O N T I N U E 
C 
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N E T R A N S 

C READ IN D I R E C T I O N A L P A R A M E T E R S 
DC 4 0 0 J A P = 1 / N A P E R 

R E A D ( 3 2 ) D V E L * D L V E L * D L V E L 2 , D F R , D L E , N S E G 
C 
C C O M P U T E A U X I L I A R Y S T A T I S T I C S OF D I R E C T I O N A L P A R A M E T E R S 

S U M F R = 0 . 0 
DO 5 0 1 = 1 , 3 6 

50 S U M F P = S U M F R + D F R ( I ) 
I F ( S U M F R . E S . O . O ) T H E N 

W R I T E ( 4 1 , 5 o ) 
5 6 F 0 ^ M A T ( / / / , 1 X , ' 3 U M F R = J . 0 : ERROR P R 0 3 A 3 L Y - I N I N P U T ' * , 

> ' D I R E C T I O N A L P A R A M E T E R S ' ) 
S T O P 

E N D I F 
DO 6 0 1 = 1 , 3 6 

I F ( N S E G ( I ) . E Q . O ) THEN 
R D F R d ) = 0 . 0 
D L M ( I ) = 0 . 0 

E L S E 
R O F R ( I ) = D F R ( I ) / S U M F R 
D L M ( I ) = D L E ( I ) / N S £ G ( I ) 
0 « I T V M ( I ) = 0 L V E L 2 ( I ) / D L V E L d ) 

E N D I F 
6 0 C O N T I N U E 

C 
C C O M P U T E I D I R ( J ) , THE D I R E C T I O N (1 TO 3 6 ) A P A R T I C L E S H A L L 
C T A K E FOR C O P R E S ? C N 0 1 N G V A L U E OF RANDOM J ( 1 TO 1 0 0 ) 

DO 7^ 1 = 1 , 1 0 0 
71 I D I 3 ( I ) = 0 

IR = 1 
DC 1 0 0 1 = 1 , 3 6 

I F ( R D F R d ) . L E . 0 . 0 0 5 ) GOTO 1 0 0 
R 1 0 0 = R D F R d ) * 1 0 0 . 0 
I R 1 Q 0 = N I N T ( R 1 0 0 ) 
I R E N D = I R * I R 1 0 0 - 1 
I F d R E N D . G T . 1 0 0 ) I R E N D = 1 0 0 
DO ? 0 J = I R , I R E N D 

9 0 I D I R ( J ) = I 
I R = I R £ N D * 1 

1 0 0 C O N T I N U E 

C 
C P R I N T OUT P A R T I C L E T R A N S I T P A r ^ A M E T E S S 

C A L L 0 U T P T 5 
C 
C C O M P U T E T R A N S I T T I M E OF P A R T I C L E S THROUGH THE NETWORK 

C A L L T T I M £ H ( N P A R T , N M A ? ) 
4 0 0 C O N T I N U E 

S T O P 
END 
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0 U T P T 5 

C 
C * * * * * * * * * * . f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

c 
S U B R O U T I N E C U T P T 5 

C 
C T H I S S U B P O U T I N E P R I N T S OUT I N F O R M A T I O N S ON P A R T I C L E T R A N S I T 
C P A R A M E T E R S . 
C 

COMMON / A R E A 1 / C 0 S T H ( 3 o ) < . S I N T H ( 3 6 ) , 0 L M ( 3 6 ) , D W T V M ( 3 6 > , R 0 F 3 ( 3 o ) , 
• » X L E N / r L E N # T R A V D I 3 , I D I R ( 1 0 0 ) , ' * P A R T { 1 0 ) r I B C 1 * ' I P R T / J A P 

C H A R A C T E R 3 C D 1 * 4 
C 

W R I T E ( 4 1 / 1 0 ) J A P 
10 F O R M A T C / / / , 1 C X * ' A U X I L I A R Y 0 I » £ C T I O N A L P A R A M E T E R S F Q S J A P = ' * I 4 ) 

W P I T E ( 4 l * 2 0 ) 
20 F 0 R M A T ( / * 1 X , ' D I R E C T I O N ' * i X , ' R O F R ' x Z X / . ' D L M ' * 7 X * ' 0 W T V M ' * / ) 

W R I T E ( 4 1 * 3 0 ) ( I * R D F R ( I ) * D L M ( I ) , D W T V M ( I ) * I = 1 , 3 < ) ) 
30 F 0 R M A T ( 2 X * I 5 * 5 X * 1 P 3 £ 1 0 . 2 ) 

C 
W R I T E ( 4 1 * 4 0 ) 

4 0 F C R M A T ( / / / / * 1 0 X * ' A R R A Y I 0 I P ' * / * 1 0 X * ' F O R M A T : 1 0 ( J I D I R ( J ) ) ' * / / ) 
W R I T E ( 4 1 * 5 C ) ( J * I O I R ( J ) * J = 1 * 1 0 0 ) 

50 F 0 R M A T ( 1 0 ( 3 X * 2 ( I 4 ) ) ) 
C 

I F C I B C I . £ 3 . 1 ) T H E N 
3 C 0 l = ' X • 

E L S E 
9 C D 1 = ' Y ' 

E N D I F 
M R I T E ( 4 1 * 6 0 ) X L £ N * Y L E N * T R » V D I S * a C D l 

6 J F 0 R M A T ( / / * 1 0 X * ' S I Z E OF G E N E R A T E D NETWORK : ' * / * 15X * ' X - L E N 5 T H = ' * 
• F 1 0 . 4 * ' ( M ) ' * / * 1 5 X * ' Y - L £ N G T H = ' * F 1 0 . 4 * ' ( M ) ' x / / , 5 X * 
• ' P A R T I C L E S MUST T R A V E L ' * F 6 . 2 * ' <M) I N THE ' * A 4 * ' D I R E C T I O N ' ) 

C 
P E T U R N 
ENO 
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T T I M £ » 

: S U B R O U T I N E T T I M E R C0"«PUT-3 S T O C H A S T I C A L L Y THE T R A N S I T T I M E OF 
: " A R T I C L E S T H R O U G H T H E N£TWOS< USING THE S T A T I S T I C S OF THE 
: D I R E C T I O N A L P A R A M E T E R S ( R E C T A N G U L A R M O D E L ) 

S U B R O U T I N E T T I ME R ( NP AR T / M ) 
COMMON / A R E A I / C 0 S T H ( 3 6 ) , S I N T H ( 3 e ) * O L M ( 3 6 ) * D U T V M ( 3 6 ) / R O F R < 3 6 ) * 

• X L E N r Y L E N * T H A V D I S * I D I R ( 1 D u ) * M P A R T ( 1 0 ) * I 3 C l * I P R T r J A P 
C O M M O N / A R E A 2 / T I T L E 
D I M E N S I O N R ( 1 Q O ) * X T R A V ( 5 n ) , Y T R A V ( 5 0 ) * - T I M ( 5 C ) 

• * N S T E O ( 5 0 ) / . T R A V ( 5 0 ) 
D O U B L E P R E C I S I O N D S E E D 
C H A R A C T E R T I T L E ( c 0 ) * 4 / B C 0 1 * 22 

C 
N R = 1 G 0 
D S E £ D = 1 . 0 0 
I C 0 U N T = 1 
N T £ S T = 0 
NMAP=NM 
I F ( N M A P . G T . O ) T H E N 

« R I T £ ( 4 1 * 2 C ) 
20 F 0 R M A T ( / / , 5 X , ' T R A C K I N G OF S E L E C T E D P A R T I C L £ S ' * / / r 6 X * 

* • S T E P ' - 6 X , ' C U M X ' * 6 X / ' ' C U M Y V o X * ' C U * ! T ' r / ) 

E N D I F 
C 
C C O M P U T E T R A V E L T IME FOP N P A o T P A R ^ i C L E S 

00 1 5 0 N T = 1 , N P A R T 
C J M X = 0 . 0 
CU««Y = G . Q 
C U M T = 0 , 0 
CU"1L = C . G 
N S T E 3 ( N T ) = C 
I F ( N ' ' A P . G T . G ) T H E N 

I F ( N T . E 3 . M P A R T ( I C 0 U N T ) ) T n E N 
I C 0 U N T = IC0UNT<-1 
I F ( I C O U N T . G T . N M A P ) THEN 

NMAP=0 
ENDIF 

N T £ S T = N T 
W R I T E ( 4 1 * 3 5 ) NT 

3 5 F 0 R M A T ( / * 1 3 X / . « P A 3 T I C L E N U - ' ^ E R • * I 4 W , ) 
ENDIF 

ENDIF 

2 5 C A L L G G U 8 S ( O S E E D r N R /R ) 
DO ? 0 I = 1 / - 100 

C 
C D E T E R M I N E D I R E C T I O N C O R R E S P O N D I N G TO THE RANDOM NUMBER R ( I ) 

R 1 G C = P ( I ) * 1 0 G . O 
I R 1 0 G = I N T ( R 1 0 0 ) +1 
J 0 I R = I D I R ( I R 1 G 0 ) 

C 
C C O M P U T E T R A V E L L E D D I S T A N C E ANO T R A V E L T I M E 

OL = O L M ( J D I P ) 
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T T I ME,R 

0 X = 0 L * C O S T H ( J D I S ) 
O Y = D L * S I N T H ( J D I P ) 
D T = 0 L / D W T V M ( J O I R ) 
C U M X = C U H X * D X 
C U 1Y = CUMY«-0y 
C Ll*1T = C U r T * - D T 
C U r L = C U * ! L * O i . 
I F ( N T . E 2 . N T E 3 T ) T H E N 

N S T ? = I * N S T E P ( N T ) » 1 0 0 
W P I T E ( 4 1 , 4 5 ) N S T P x C U H X , C U M Y , C U M T 

45 f O P V ' A T ( 7 X , I 3 / ' 3 X , 1 D 3 E 1 0 . 2 ) 
E N O I F 

C 

C C H E C K IF T R A V E L L E D D I S T A N C E G R E A T E R T H A N T R A V D I S 
I F ( I 3 C 1 . E 3 . 1 ) T H E N 

I F ( A 3 S ( C U M X ) . G E . T R A V D I S ) T H E N 
GOTO 120 

E N D I F 
E L S E 

I F ( A B 3 ( C U M Y ) . G E . T R A V D I S ) T H E N 
G O T O 1 2 0 

E N C I F 
E N O I F 

9 0 C O N T I N U E 
N S T £ P ( N T ) = N S T E P ( N T ) * 1 

GOTO 25 
C 
C T R I M THE T R A V E L L E D P A T H AT L I M I T OF S Y S T E M 
1 2 0 I F ( I ? C 1 . E C . 1 ) T H E N 

X 0 J T = A ? S ( C U M X ) - T R A V D I S 
X 0 U T = 3 I G N ( X 0 U T , C U M X ) 
0 0 U T = X 0 U T / C O S T H ( J 0 I R ) 
Y 0 U T = 0 0 u T * 3 I N T H ( J D I R ) 

E L S E 
Y 0 J T = A 3 S ( C U M Y ) - T R A V D I S 
Y O U T = S I G N ( Y C U T , C U M Y ) 
O O J T = Y O U T / S I N T H ( J O l K ) 
X O U T = O O U T * C C S T H ( J O I S ) 

E N D I F 
X T P A V ( N T ) = C U M X - X O U T 
Y T R A V ( N T ) = C U M Y - Y O U T 
T R A V ( N T ) = C U M L - D O U T 
T I ' ' ( N T ) = C U « « T - C O U T / O w T V M ( J O I R ) 
N S T E ? ( N T ) = N S T E P ( N T ) * 1 G : i * r 

1 5 0 C O N T I N U E 
C 
C P R I N T S T A T I S T I C S OF A L L " A R T I C L E S 

W R I T E ( 4 1 - 2 0 1 ) J A P 
2C1 F O R W A T C I " - / / l O X , ' S T A T I S T I C S QF A L L P A R T I C L E S FCR J A P = ' / I A / / / 

• # 5 X r ' N T * / . 1 C X r ' X T 0 A V ( M ) Y T R A V C ) T R A V ( M ) T I « £ ( 3 ) ' * 5 X r 
> « N 3 T E P ' , / ) 

W R I T £ ( 4 1 , 2 j 2 ) ( I , X T R A V ( I ) , Y T R A V ( I ) r T R A V ( I ) , T I M ( I ) / N S T E P { I ) / ' 
• I = 1 x N P A P T ) 

202 F 0 R M A T ( 2 X r I 5 / . 5 X / . 1 P 4 E 1 0 . 2 / 2 X / I 6 ) 
C 

C C O M P U T E 3 A 3 I C S T A T I S T I C S AND MAKE F R E Q U E N C Y D I A G R A M S OF R E S U L T S 
3 C O I = • A 3 3 . T P A V . D 1 S T . / T R A V ( M ) * 
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T T I M E 3 

C A L L M X i ' ' N A S C T R A » / / ' N P A R T / ' X M A X * X . H N * T A V G r 3 I G M A y i 1 » ' S C 0 l ) 

a C D l = • T R A N S I T T I ^ E ( S ) ' 
C A L L H S T G R ( T I M , N P A f i T , 9 C D 1 ) 

R E T U R N 
ENO 

201 



HSTGR 

C 

C 

SuaROUTINE MSTGR(ARRAY/NUM / T1 ) 
C 

C THIS SUeROUTINE PLOTS HORI 2 C N T AL - B A R FREQUENCY HISTOGRAMS OF THE 
C THE ARRAY ARRAY. 

D I M E N S I O N A R R A Y ( N U M ) / F R £ 3 ( 2 1 ) 
C H A R A C T E R T 1 » 2 2 / A ( 1 0 1 ) • ! 

C 

C C A L C U L A T E 5 A S I C S T A T I S T I C S AND P R I N T H E A D I N G S 
W R I T £ ( 4 l y 5 ) T I 

5 F 0 R M A T ( ' 1 ' # 1 5 X / ' F R E Q U E N C Y D I A G R A M S OF ' - A r / ) 
C A L L M X » * N A S ( A R R A Y / N U M , X M A X , X M I N x T A V G r S I G M A z 4 1 , T 1 ) 
W R I T E ( 4 1 * 1 0 ) 

1 0 F 0 R M A T ( / , 1 X / ' M I D D L E FREQ CUM R E L ' 1 3X < ' R E L AT IV E * r 
F R E Q U E N C Y DI AG R AM ' r 2 AX , ' C UMU L AT I V E F R E Q U E N C Y ' / ^ 

* ' D I A G R A M ' , / , I X , ' I N T E R V , 9 X / . ' F R E Q ' , / ) 
C 

R A N G E = X M A X - X M I N 
X I N T = R A N G E / 2 G . O 
Y C = 0 . 0 
1=1 
C 1 = 5 0 . 0 / F L O A T ( N U M ) 
DO 53 1 = 1 / 2 1 

5 0 F R £ 3 ( I ) = 0 . 0 
C 

C D I S P A T C H E N T R I E S I N T O A P P R O P R I A T E RANGE 
DO 1 5 0 1 = 1 , N U M 

V A R = A R R A Y ( I ) 
N = I N T ( ( V A R - X M I N ) / X I N T ) f 1 
F R E 3 ( N ) = F R £ Q ( N ) * 1 . 0 

1 5 0 C O N T I N U E 
DO 3 0 0 1 = 1 , 2 1 

X = X M I N * X I N T * ( F L 0 A T ( I ) - . 5 ) 
L Y = N I N T ( F R E a ( I ) ) 
YC = Y C * F R £ a ( I ) » C 1 
L Y C = N I N T ( Y C ) 

C 
C C R E A T E P R I N T I N G A R R A Y 

00 2 5 0 I T = 1 , 1 0 1 
I T E S T = N I N T ( F R E Q ( I ) * C 1 ) 
I F ( I T . G T . 5 1 ) I T £ S T = ( L Y C + 5 1 ) 
I F ( I T . L E . I T E S T ) THEN 

A ( I T ) = ' • • 
E L S E 

A ( I T ) = ' • 
E N D I F 

2 5 0 C O N T I N U E 
C 

C P R I N T D I A G R A M S 
A ( 5 1 ) = ' 1 ' 
W R I T E ( 4 l , 2 2 5 ) X , L Y , ( L Y : > L Y C ) , ( A ( J ) , J = 1 , 1 0 1 ) 

2 2 5 F 0 R M A T ( 1 X , l P E g . 2 , l X , I 3 , l X , I 5 , 3 X , ' 1 ' , 1 0 1 A ) 
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3 0 0 C O N T I N U E 
P E T U R N 
END 



MXMNAS 

c * 
C T H I S S U B R O t T I N E C A L C U L A T E S THE MA X I M U M , M I N I MUM/A V E R A G E AND * 
C S T A N D A ^ D D E V I A T I O N F O R A S E T O F O A T A * 
C * 
C * * * * * * * * * * « » * • * • * » • * * • * * * » * * • • • • • * » * * • * » * * • * * * * • • • * » • * * * » * * • * * • • • • * • * • 

S U B R O U T I N E M X M N A S ( A R R A Y , N U M , X M A X , X M I N / . T A V G r S I G M A / . L , T 1 ) 
• D I M E N i l O N A R P A Y C N U * ) 

C H A R A C T E R T 1 * 2 2 
C 
C I N I T I A L I Z E V A R I A 9 L E S 

T T 0 T A L = A R R A Y (1 ) 
T 2 T 0 T A L = A R R A Y ( 1 ) * A R P A Y ( 1 ) 
XMAX = A R R A Y ( 1 ) 
X M I N = A R R A Y { 1 ) 
R N U M = F L O A T ( N U M ) 
0 0 1 0 0 I = 2 r N U M 

I F ( A R R A Y ( I ) . L T . X M I N ) X M I N = A R R A Y ( I ) 
I F ( A R R A Y ( I ) . G T . X M A X ) X M A X = A R R A Y ( I ) 
T T O T A L = TTCTAL-» -ARRAY( I ) 
T 2 T O T A L = T 2 T O T A L * - A R R A Y ( I ) * A R R A Y ( I ) 

1 0 0 C O N T I N U E 
T A V G = T T O T A L / R N U M 
T 2 A V G = T 2 T 0 T A L / R N U M 
S I G M A = S 3 R T ( T 2 A V G - ( T A V G * T A V G ) ) 
I F { L . G T . O ) T H E N 
W R I T E ( L / S ) T I 

0 F O R M A T ( / / I X # ' B A S I C O E S C R I R T I V E S T A T I S T I C S OF ' / A , / , 
+ 5 X r ' N U M s £ R 0 F ' , 1 5 X / ' S T A N D A f t 0 ' / / / 4 X / ' 0 A T A P O I N T S M E A N ' / 
• 6 X / ' D E V I A T I O N ' / 4 X r ' M A X I ' -UM 

W R I T E ( L / 7 ) N U M / T A V G / 3 I G M A , ) ( M A X / X M I N 
? F 0 R M A T { 7 X , I A / 4 X / 4 ( 1 P E 1 1 . ! / . 1 X ) ) 

E N D I F 
R E T U R N 
END 
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