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ABSTRACT

Bearing capacity coefficients for footings and passive pres_
sure coefficients for walls in sand are computed using
stress-characteristic solutions with the cambridge,critical
sLate' strength moder. The basic equiribrium equations are
combined with the couromb criterion to produce a set of so_
called 'basic differential equations'. These equations are
solved using a finite differences method and stress_charac_
teristics are computer-drawn. The sorution is rigid_prastic
and does not take into account volume strains prior to fair_
ur€. In the criticar state moder, and hence in the anarysis,
the angre of shearing resistance is not considered to be
constant in the sand, and is a110wed to vary in the domain
under stress. This takes account of the werl-known curvature
coulomb-Mohr envelope, in contrast with most solutions r+hich
assume it is straiqht.

Bearing capacity coefficients for footings and passive
pressure coefficients for walls are pl0tted as functions of
the size of Èhe structure (breadth of the footing, or height
of the walI) and of Èhe compressibirity of the sand. These
theoretical resurÈs agree welr with experimental data and
with previous analysis.
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Chapter I

INTRODUCTION

Bearing capacity factors for footings and passive pressure
coefficients for wall.s are invariably reported in the liter_
ature as functions of the angle of shearing resistance of
the soil. However, it is welr acknowledged that identifying
the angle of shearing resisÈance in a given problem is dif-
ficurt. This thesis starts from the understanding that sand
behaviour cannot be adequately described by a straig ht cou-
lomb-Mohr-strength envelope as is done in traditionar analy-
sis

To 9et better correlation between theoretical results and
experimental tests, it appears necessary to improve the
methodology with respect to the sand parameters involved.
one such parameter is the angre of shearing resistance that
is commonly considered to be constant for reasons of sim-
plicity. However, experimenÈal evidence (Schofield and
wroth,1968 ) shows that the couromb enverope flattens with
increasing stress. Àn understanding of Èhis evidence is
mainly based on the reasonabre'assumption thaÈ whire the in-
tergranular friction'component of Èhe angle of shearing re-
sistance may be essentially independent of stress rever, the
dilatancy component is not. That is, the angle of shearing

1-



resistance is nor a soir constant but more a variabre i"di:
cating the response of the soir struct.ure under stress.

one attempt was made by Graham and porlock ( 1 g72) to de-
velop a non-const,ant-ó soluÈion for the failure of walls and
footings. To compute the urtimate stresses under a footing
base or behind a ret,aining waLl, Graham (197q) used the so-
called 'slip-line' or 'stress-characteristic' method and in_
troduced some developrnents of the Sokolovskir (1960) solu-
tions. The varying-d rerationship was composed of Èhree
distinct linear parts as a function of stress rever, and had
been proposed earlier by De Beer (1963). rt is important to
note that the work required the use of computers that fortu-
natery became avairabre at that time (late 1960's and early
1970's). Àlthough the consideration of a non-constant ô rep_
resented a more realistic approach to computer modeLring of
sand behaviour' some rimitations could be put forward due

the s impl ic i ty of the De Beer ¡nodel .

with the appearance of a more reliable soil model, namery

the critical state model (Roscoerschofierdrwroth, l 9sg) in
conjunction with great improvement of the computer soft-
ware,it was felt that the time had come to address the vari_
able d guestion in a new'criticar state' framework. rn view
of these developments and in order to arrive at an adequate
assement of the influence of the angle of shearing resis-
tance, it nas thus necessary

I À1so written "Sokolovski.i"

to reprogram the stress charac-
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teristic solution for a varying angle of shearing resistance
based on the critical state model. This is the main objec-
tive of this thesis.

Firstly, in chapter z, in order to comprehend and predict
the behaviour of a sand ¡ ã conceptuar framework is estab-
lished : this is the critical state modeL. rn chapter 3, a

numericar procedure adapted by the author to include a nev¡

form of d-variation is deveroped and used to address the two
different cases of a rough footing and of a rough passive
wall. chapter 4 describes the parametric study that has

been conducted by means of a revised computer program and
also the choice of the required input parameters. Results
and their discussion forlow in chapter s and 6. Topics for
further research and conclusions are listed in chapter 7.
Àppendix À dears with the question of how the theoretical
and parametric results could be applied in construction
problems of engineering interest. Àppendix B contains the
computer listing and a typical output. FinalIy,.À sampre of
a computer pl0tting program is presented in Àppendix c.



Chapter I I
SAND MODELLING

2.1 INTRODUCTION

since coulomb introduced the simple equation t = c + øtan(d)
(r shear stress at fairure', o normal stress at failure) to
describe how the normal stress and Èhe shear stress rerate
in a soil fairurer soil mechanics has had to be developed in
order to cope with the increasing complexity of industriar_
ized society. rn this process, researchers have had to ap-
proach various difficult situations such as the riquefaction
of, sands, sÌope stability problems, earthquakes, etc . These
studies led them to acknowledge the complexity of the soil,s
response and induced them to conceive a 'unified' theory ca_
pable of handLing various possibre sÈates of soil media.

2.2 THE CRIqrcÀL STÀTE MOpEL

Roscoe, schofield and wroth (19sg) following ideas suggested
earlier by Taylor(1949) proposed thar the basic parameters
'îro,e' were necessary and sufficíent to describe the behav_
iour of a soil eremenÈ. They conducted a series of drained
and undrained tests on sand to obtaín a unigue yierd surface
composed of two major subsurfaces (fig 2.1) z

4
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The

The

Hvorslev surface

Roscoe surface

The link beÈween Lhe two subsurfaces is calred the criti-
cal void ratio line (cvn) or criticar state line (csi,) and

represents the ultimate state of a soil sample. once at
this 'criticar state', the soil can be sheared without any
further change of the three basic parameters.

Technically in material science we are dealing with yield
surfaces because prastic-hardening is involved. However, in
mosÈ soir mechanics work using the coulomb-Mohr criterion,
this should be called a 'rupture' or 'failure' enverope.

Fig 2.1 represents a schematic diagram of the moder. This
three dimensional prot can be expressed in two ways :

1. a

2. a

a)

b)

c)

(r,o,el diagram

(q,p',v) diagram

with p'= (o,' +

stress.
g= ol''o3t, Èhg

\,7=1+grthe

oz' + o3' )/3 , the mean principal

deviator stress

specific volume

Àlthough plot(1) is easier to visualize, plot(2) has the
merit of taking. into account Èhe inÈermediate princip_"r
stress. As acknowredged by the position and the shape of
the yierd surface the shearing resístance of a soil depends

not only on the normal stress buÈ also on the value of the
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initiaL void ratio. However, it important to note that the
urtimate state represented by the cvR line is associated
with independence from stress history effects.

In a ln (p' ) :v space, the normal consolidation rine (¡¡cr,)

and the criticar state line (csr,) are experimenÈalry found

to be paraIle1 (wroth and Basset,1965,Fig 2.2). For various
reasons associated with the low compressibirity À of sands2

iÈ has proved helpful to modify the originar presentation ot
the critical state model by projecting arl the points onto a

reference section set arbitrarily as p'=1. This has permit-
ted the three dimensional model to be represented in a two

dimensional space,namely q/p' , vl (¡t¡<inson and Brans-
by,1978,Fig 2.3), where

1.

¿-

V=
I

À is
v + À Log(p'), and

the slope of the CSL.

The present study has used these normalized prots as a

representation of the critical state model for sand. This
has enabred the author to develop a simple iteration process

which can be used in calculating failure loads of structures
in sand (section 3.6)

2 The term'compressibirity'is retained for À (lr=cc/2.3)
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2.3 MODELLING

In 1937, casagrande stated simpry that a dense sand exibits
a high friction angle whereas a loose sand tends to exibit a

lower friction angle (Rowe,1967). rn the context of the so-
phistication and Èhe simplicity of the critical state model

and since the angle of shearing resistance is the character-
istic that determines the response of the soil structure to
external stresses, it has become necessary Èo understand the
dependency of the angle of shearing resistance with respect
to the'basic parameters'e and p' (or e and o).

Rowe (1967 ) separated the angle of shearing resistance a

into three components :

strength developed by frictional resistance and de-
pending on the mineralogical content of the sand,

strength developed by the energy required to cause
expansion or dilation of the material.
strength developed by energy required to
and reorient soils particles.

Fig 2.4 shows the distribution of each component as a

function of the rerative density I D . As might be expected,
the dilatancy effect prays an increasing rore as the rera-
tive density increases. This explains the higher friction
angle of denser sanàs.

1.

¿.

a

Although Rowe's diagram (f ig 2.2)

teresÈ in understanding Èhe behaviour

is of

ofa

rearrange

considerable in-
as a function of



the void ratio (represented by ID )

influence of the confining pressure

sic parameter of t.he critical state

I
it does not address the

, that is, the second ba-

model.

studying the behaviour of sands at extremely low pres-
sures' Ponce and Berl (1971) found themselves in the posi-
tion where they had to take into account ti:e infruence of
the confining pressure and proposed a three-dimensional dia-
gram ó = f (e,P); (rig 2.5).

With regards to this representation, it is important to
note that at extremely low pressures, shear produces aLmost

no rearranging of particles since most of the energy is dis-
sipated in expansion and true sliding; in other terms, it
can be stated that low confining pressures cannot suffi-
ciently restrain Èhe sand to permit an internal reorganisa-
tion. Ànother consideration is the rapid decrease of { with
íncreasing pressure and the greater infruence of the rear-
ranging component over the dilatancy one for loose sands.

Even if the detailed study of each component of the angle
of shearing resistance does not come directry into use in
geotechnicar calcurations, that is, only the overaLr knowl-
edge of ö is used, the parallel between the criticaL
state model (e, o, r) in Fig 2.1a, and the three-dimensional
d diagram (eto,ôl ià Fig 2.5 permits the establishement of a

sound 'foundation' to explain the systematic variation of
the angle of shearing resistance. More particularly should
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be noticed the conceptual parallels between the r-axis which
represents the real physical shearing resistance of soit in
engíneering apprications (macro-behaviour) and the d-axis
representing a measure of strength arising from engineering
analysis (micro-behaviour) .

2.4 cHorcE oF À ó0" 
=f(ôr*) 

RELÀTIONSHrp

This thesis addresses the computation of bearing capacity
coefficients for strip footings and passive pressure coeffi-
cients for retaining warrs. Both cases are two-dimensional
and require the knowredge of a prane strain friction angle.
since triaxial tests are easiest Èo perforrn in the raborato-
tl, they are used to establish the criticar state moder and

they lead to angres of shearing resistance for three dimen-

sional (axisymeÈric) stress states. It eras therefore neces-
sary to find a relationship that would transform triaxial
S-values (ó- ) to f-plane strain values (Q ).tx 'ps

various researchers have proposed such relationships:

comm. ) óp"= 9/B dr*

17o for O

Fig 2.6 in the Sixth Rankine Lec-

CornforÈh,19641.

are presented in Fig 2.7.

1.

¿.

Wroth (1984rpers.

Lade (19761

a) ó = 1.s 6'ps 'tx
b) ô = ó 6'ps 'tx 'tx
Bishop ( 1966.) :

ture,1966 (after
3.

These various proposals
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In this thesis, relationship (3) by Bishop has been used

in the revised form shown in Fig 2.8. For use in the com-

puter, the relationship was plotted in logarithmic terms

and was subdivided into three linear parts (rig 2.8) :

1. ó.'Ex ',ps ',tx
2. 33o< ótx ps tx
3. ö> 360 lnd = 1.293LnQ 1.002cx ps 'tx
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Chapter III
STRESS-CHÀRÀCTERISTIC METHOD ÀND METHODOLOGY

3.1 INTRODUCTION

Àt the state of plastic limiÈ eguilibrium, Èhe soil benea

a footing or behind a passive ret,aining narl is stressed
its rimiting or yield condition. rn roose and medium den
sands,- fair-ure is close Èo the critical state, with :ãp âq âv
Ë = ãË = Ë = 0. rn dense sandsrfurther straining is req
red åfter'failure before criticat state is reached.sokorov
(1960) developed the btress-characteristic method to compu

the stresses ad failure. Graha¡u(196g) puisuèd this id,ea an

improved the nu¡nerical accuracy of the solution.

3,2 CHOICE OF À YIELD CRITERION

Coulomb (1776) suggested t,he equation :

r- = c + o tan(ó)fn
This equation states that plastic

failure) when the shear stress ?

pends on tro material parameters

These are the cohesion of the soil
resistance C and the irormal stress
tion o

n

flow will cccur (plasti

reaches a value that de

and on the stress level
c , the angle of shearin

to the plane of applica

;idiL.

ft



12
Àlthough this equation does not take into account the in_

fluence of the intermediate stress, Fig 3.1 provides some
experimental evidence that the use of the coul0mb criterion
is more accurate than the corresponding Tresca or the Von
Mises criteria. The coulomb criterion has been adopted in
this thesis to define a 'yield, criterion.

3.3 SOKOLOVSKI METHOD

The coulomb criterion is combíned with the static equiribri_
um eguations to provide a set of so-car.led ,basic eguations,
(sokolovski,1 960 ) . one method of solving these eguations
consists of using l0garithmic transformations to generate
curvilinear coordinates whose directions coincide with the
direction of the fairure pranes. This is commonry known as
the method of stress characteristics. In turn, the solved
system in l0garithmic stress space provides a set of slip
lines or a slip-line field whose positions are known in the
physical (x,z) plane.

Àssuming that the soil courd be modelled by a constant
value of the angle of shearing resistance, Sokol.ovski (1960)
developed a nunerical procedure based on approximations of
the hyperbolic differential equations to obtain the stip_
line field for cohesionress as werr as cohesive soils. since
this thesis aims at anarysing rocarized s-variat,ions in a
granular (cohesionLess) material, a more generaJ. applicaÈion
of sokolovski's procedure has had to be deveroped in this
thesis project.
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3.4 LOCÀL Ó -VERTETTON ÀSSOCIÀTED WITH SQKOLOVSKI'S
METHOD

3.4. 1 Local svstem of referenees

The proposed model is based on the representation of Fig
3.2. Locally, the curvature of the Coulomb-Mohr envelope

can be treated as presenting a 'cohesive' component in a

general system of references. This entails usíng the general

differential equations developed for a (c,ö) medium (Soko-

lovski,1 960) . This is justified by the more general. aspect
of a cohesive frictionar medium over non-cohesive one.

That is, a cohesionl-ess soil is a more restricted case where

the envelope has no intercept with the r-axis.

3 .4.2

a) rn a

librium

1.

General system of references

two-dimensional represenÈation (rig 3.2),. the equi-
equations are !

b) The Coulomb-Mohr

sc'ribed by (rig g.gl :

âo ât.xxxy .v

ãx ãy

âr âo
---IY --JYâx ay

max(lrrrl f (oo)) = o

-v Eqs. 3.1

criterion as a yield condition is de-

2.

1.
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2. orf =f(S)where
a ) T=r'

b) S=o'

This yierd condition can be written as (rig 3.3) :

f tt'*l f(ør,)) = o Eq. 3.2
where

1. o, = l/Z(ot+03) + 1/2(ot-o¡)cos2a.¡

2. r_ = 1/Z(or-os)sin2c.r
fi

Substituting o' and ,r, inÈo Eg. 3.2 3

d rl- r

dc,l .',n, f (ørr)) = (oy-o3)sin2r¿(cos2r¿ + f '(ørr))
and therefore d (1" I f.(o )) = 0 provides the generaldc¡nn
condiÈion colT¡t = f '(or, ) where Zy = Ì - 2c.r (f,ig 3.4). This
angle determiries the position of the srip rines incrined to
the principar axis at the angre t¡¡ . Àt fairure the stress
conditions are 3

1 . on = 1/?(o, * os ) 1/Z(o 1 os )cos2s
2. 7r, = 1/z(o1 - os)sín2y

rn a chosen system of references (rig 3.s), for any point À

1. o*"= t/2(or+ or) 1 L/2(or- or)cos2u
o

v

' 2. t = l/z(or -os)sin2,/xy

gubstituting on and ,r, into o*roy rr*y we get 3
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1. ]*= o ..r cos2ut cos2rþ

i n n sin2p

2. r = t sín2rtt/sín?yxy

substituting ø* ,oy,r*y into the eguilibrium eguations 3.1
produces a nee set of eguilibrium equations 3.3 !

l. (1+ço"trcos2r/l# * cos2¡.rsinr*# - sin2p(sinzrlff - cos2**y_,

- =i22 zrl,

n

2' cos2usinzrlS + (r-cos2ucos2rÐ* * sin2u(costv# * sinzüf,

'where the Mandel function x is defined by :
do-

2x = # 2dx
n

rt is now convenient to introduce neï variabres defined by ¡

1. q = x(fr) t
2. Ë-x(s)+rþ

Using these variables, Eqs. 3.3 become :

2' 
5*tan(ü+u)5=u Eqs.3.4ãx -'ðy

where
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If the presenÈ problem is redefined in

terms with gravitational acceleration in

tion, the body forces are (fig 3.5) :

x=1 and y=0
The right-hand part of Egs. 3.4 becomes

sin2 u (Xsin (rl,,tu ) - Yt':os (rttu ) )

2-c cos(ü u)

" * srn(rf tu)
b=t@

a

b

+

dimensionless

the X-direc-

þ¡e

_ + sin2Usin(rj,'tU)
2rrrcos (rÞ:u )

Since at failure rn = 1/2(ot-os)sin2s (fig 3.4),
obtain ¡

a

b

For cohesionless materials, the angle of shearing
resistance ô is defined as the angJ.e between the tan-
gent to the Coulomb-Mohr circle passing through the

origin and the o-axis. In principle, in the generaì.

case, Èhe locus of the intersection of the tangent

and of the coulomb-Mohr stress circle could describe
any curve (rig 3.5). rn order to match the definition
of d with the Èheoretical general caser art assumption

is made in the conÈext of the finite differences
method !

Local.ly ' C can be determined as : sinp = (ot-oz)/Zo
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where o È (o1+os)/Z

fn view of this assumption,

be rewritten as :

and b in Egs.3.4 can

a 
-- sin(ú t u)
=I'--

b ; 2osfnócos(ú t u)

The system of equations to be sorved becomes, in the
adopted system of coordinates (rig 3.7) where now the
z-axis is in the gravity direction, and the x-axis is
hor i zontal, :

#. ran(ú- u)* = a = ffi) nqs. 3.5

1.

Z.

llow

andÌl
n

I CAn

asbefore n =X t t=X+t
and 2dx = ðon/tn -Zdp

dú can be integrated after substitution of
bearing in rnind that on = o - ,r,

2ðx = 2sln22u + 2t,.,du - 2du
Tn

be found from : sinfl = r /osin2! "
Si nce

we have sind = r /ocosö ,

andthus Ì = øsindcosd

2d¡ = do/stanö

o
n

FinalIy,
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lfith the assumpt,ion that ç is non-variable within a

limited finite range of stresses, the last equation

can be integrated to give 3

x = Logo/Ztanç

The set of differential equations 3.5 can nolr be

easily solved by the method of the characteristics.

Use the differential relations :

1.

adx tan(r!- u)dn
dx tan(ú- u)dz

The stress characteristics correspond

the numerator and the denominator are

egual to zero. This determines two real
ilies of stress characteristics !

ðn

-=az
2.

Eqs. 3.6

to cases rlhere

simultaneousÌy

separate fam-

1.

¿.

dn
dz

dt
ð,2

a

=b

-dxalong Ë = ran(ú- r)

.dxalongú=tan(rr+U)
Eqs. 3.7

Note thaÈ the slopes (tt y) of the characteristics
are in the direction of limiting shear stress, and

are therefore the local inclinations of failure
pianes

dt =ffiaz+ffiax
Solving Eq. 3.5 with

at = bdx - ran(üt u)dt
ðz dx tan(rp* E)az

; dn = #3, * Sax
these relations we obtain 3
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Rewriting the above set in finite-difference terms

1 . (x-x, ) '= (z-zt) tan (ú, _ u ) î - I 1= {z-zr) a,

2. (x-xr) = (z-zr)tan(v2+u) ; E-E2= e_zùb2

Eqs. 3. B

The unknowns are the variables X,Z,4rË which can be

evaluated from the previously known variables
xr,xztzt ¡22, n1,Ëz . The solution wilI then proceed
from two previously determined points say pr,p z to a

new point p (fig 3.8).
Solving Egs. 3.8 directly for X,2,4,8.

L_

Zrtan(úy- u) Xl- Zrtan(rltr+ u) + Xz

t an (rÍ,r-u ) tan (ú ,* u )

Xl+ Q-ZL)tan(ú1-u) = XZ+ (Z-Zr)tan(r1,2+y

n = nl + (Z-Zr)a, ; t = Ez* Q'22)bz

On reversing the logarithmic transformation :

o=exp((Ë+?)tano) ú = 1/2(Ë, - 7,)

This simple finite-difference rnethod yierds only ap-
proximate results since no account of the curvature
of the slip lines is considered in Èhe use of tt and

úz . Previous.researchers have used iÈeration pro-



cesses on t (oe Jong, 1 959, Sokolovsk í ,1 96O ) ,

both and ú (Graham,1968) to take account

curvature of generalized slip-Iine fieLds.

20

and on

of the

on o (Sokolovskir1960; De

(Graham,1968 )

(¡uthor )

The computer program used in this thesis added one

additional iteration process.

f. iteration

Jong, 1 959 )

2. i terat ion

3. iteration
onÚ

ona

This is a new development of earlier procedures sug-

gested by Graham and Pollock (1972). The additional
iteration is used to model the dependency of ó on

pressure, that is, the curvature of the Coulomb-Mohr

envelope.

3.5 THE Ô -TTER¡TIOH PROCESS

The process has been developed specificarly to improve com-

puLational accuracy in a domain where ó varies with stress
leveI. That is, the @-value used in any smarl section of the

solution arises from the solution itself, and is not predet-

ermined by the analyst. rt is based on the normalized prot
of the critical state model outlined in chapter z. Fig 2.2

represented this model on a plot of q/pr vs v+Àln(p'). For

every state of sÈress and every specific volume there corre-
sponds a value q/p' on Èhe overconsolidated Hvorslev surface
represented by the straighÈ line in the normalized plot.



Since q/p' = 5 si nó /(3 - sin6) ,

dt* = Àrcsin(3¡l(6 + M) ) where ti = q/p'

In the d-iteration procedure, this value of dr* is com_
pared with the initial value of f previously used Èo calcu_
late P'. rf lc.* ól/ dt t 10-3, the initial value of ó
is reset as ör= da*. The process is repeated untir the con-
vergency criterion set as 1o-3 in the program is satisfied.

3.6 DETERMINÀTION OF THE SLIP-LINE FIELD
Proceeding from a known boundary, that in this work is com_
monly Èaken as the edge of a passive zone beneath the free
surface where t = n/2, the program computes point by point
the slip-line field towards an end boundary where fairure
stresses are to be evar.uated.The type of probrem being exam_

21

ined (tt¡at is wall or footing, for
tively) determines the data input to

* 
n 

or N7 values respec-

the program.

rf point o is taken as the point of origin of the adopted
system of physical coordinates, seÈ as either the bottom
corner of a footing or the top of a passive waL1, the sJ.ip_
line field consists of two families of characteristics :

1. a set of

o.

a sel of

in turn at

curved radial lines originating from point

spiral lines intersecting the radial lines
an angle of 2p = ß/Z ö

2.
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since poinL o is a singurar point of the slip-rine
field, it represents a point of discontinuity in the mathe-

matical sol.ution of the basic eguations. At stress equars
zero' the logarithmic transformations that are involved in
the solutions tend to infinity, rn order to handle this
problem, Graham (1968) introduced a surcharge terrn in the
computation of the srip-line field that arlows the logarith-
mic stress range to remain finite. The effect of the sur-
charge term is then reduced by 'shrinking' the field by a

factor of 1 0 , n being a number of scale reductions neces-
sary to armost eliminate the effect of the surcharge. Graham
(1968) showed that the surcharge component is negrigible af-
ter four or five scale reductions depending on the reguired
accuracy. It is important to note that this scale reduction
process does not introduce any scale effects itself since
all computations are carried out in dimensionless terms. The

influence of footing size on the results is handled sepa-
rately in chapter 6 (Discussion of Results).

The present study has retained
dling the singularity at point O.

this procedure for han-

3.7 PPGE OF THE PÀSsIvE zoNE :THE INITIAL BOUNDARY
CONDI TI ON

This boundary is determined prior to any computation of the
characteristic field and is defined as :

x : horizontal distance from O

z E x tan ({+ ô/Z) depth of rhe soil.
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o = (1.0 + z) / (l sin4) where 1.0 is the sur-
charge terrn

,þ = î/2 direction of the major principal stress

since the solution addresses a non-constant @ probrem,

the edge of the passive zone has to be developed as a bound-

ary using the o iteration process to compute a coupled set
of compatible ô- and ø- values. As a resuLt, the shape of
this boundary is not a straight rine but exhibits a slighÈ
convex curvature with increasing depth because stress 1eve1s
(and therefore {-values) change with depth.

3.8 THE END BOUNDARY : SURFACE WHERE LOADINGS ÀRE NEEDED

Two distinct cases can be identified.

3.8. 1 Passive wall

The sorution addresses the case of a fully rough warl where

the angle of wall friction which is mobilízed corresponds to
the locar angle of shearing resistance of the sand (Gra-

ham,1971; shierds and Torunây,1972)). since no discontinu-
ities exist at the interaction between the sand and the
waIl, the waII is in this case a slip surface where norrnal

stresses computed by the solution can be integrated as a

force boundary. The computer program incrudes a subroutine
that performs thiS operation and integrates the pressures

into the dimensionress coefficient K = ( /Hordx )/0.stu2
where H is the rvall height, and o, is horizontal pressure.



In this case, *O

even though it it a

program permits the
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is a function of the height of the walI,
dimensionless coefficient. That is, the

examination of scale effect.

3.8.2 Bearinq caoacitv for footínqs
Differing from the passive wall failure t ð foundation fail_
ure presents two symmetrical zones of failure where the soil
flows outward from the centre-Line.

Graham (1971) showed that a sorution that invoLves the
extension of the slip lines up to the base of the footing
shourd also address the probrem of Èhe discontinuity of the
base friction angle ô at the centre-line of the footing
base. He proposed a rinear-ô variation to handle this situ-
ation where the footing base is considered to be a slip sur-
face.

An arternative considers that an erastic wedge is trapped
below the footing preventing the extension of the srip
lines. This concept seems now acknowreged by various re-
seachers. vesic (1973) concruded that the stress and the de-
formation patterns under a compressed area in an actual
footing is such that it arways reads to the formation of a

wedge.

The present solution is based on the assumption of an

elastic trapped wedge. In this case, the end boundary in
the stress field computation is the lower edge of the elas-
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tic wedge and is also a slip-rine. This boundary is incrined
to an angre d with the footing base. since the angle of
shearing resistance has been arlowed to vary in this thesis,
the edge of the elastic zone must be determined using the ô

iteration procedure. This leads to a slightly curved edge

which is concave upwards.

vertical stresses on the two symmetricar lower boundaries
of the wedge are calculated for different-sized footings and

then expressed as the dimensionless (but scale dependent )

parameter NZ, where for surface footings 3

O = 0.5 78 2N7

3.9 THE RIGID-PLÀSTIC ÀSSTMPTION

The solution nhich has been developed above is based on :

a yield criterion : the cour.omb-Mohr criterion incor-
porated into a critical state mode1,

static eguilibrium eguations, expressing rigid-plas-
tic behaviour (rig 3. 9 ) .

The solution does noË take into account any strain-stress
relationship in the sand and assumes negrigible vorume

strains prior to fairure. clearly, the validity of such an

assumption must be associated with the mode of failure ob-
served, Even if thè soil density alone does not determine
the mode of failure patterns, Fig 3.10 shows that a roose
sand (compressible) tends to fair in a 'punching shear fail-

1.

2.
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urer mode whereas a dense sand (incompressible) tends to
fair in a '1ocail or 'general shear fairure, mode. These

various failure modes sere reported by vesic (1963) and De

Beer (1970).

rt therefore seems that the idea of associating a rera-
tively incompressible material such as a medium dense sand

with a rigid-prastic behaviour does not alter the basic va-
lidity of the theoretical stress-characteristic solution. In
the absence of an exact solution, this assunption is re-
tained, especially for Èhe range of densities considered
(medium dense sand). By careful consideration of boundary
conditions that changed with displacement of the stucture,
Graham (1974) was able to compute approximate load-displace-
ment interactions.



Chapter IV
PÀRÀMETRI C STI'DY

4.1 INTRODUCTION

In order Èo address a great number of possible variabLes ¡ ã

broad range of input parameters has been tested.

4.2 DEFINITTON OF THE CRITICÀL STÀTE MODEL

The use of normarized plots of the sand behaviour (rig 4.1)
requires the inpuÈ of a series of parameters necessary to
define the q/p' and the VÀ axes.

4.2.1 V, axis

v^is def ined by vl = v+Àl.n(p') where v is the specif ic vor-
ume (v=1+e) and r is the slope of the critical state lineo .

v. has been arlowed Èo vary within a range of values re-À

f erred to as (u^)rrr., and (u^ )r"* where ¡

(v-). =(1+g )+Àln(p' )

^ 
m1n m1n - nfn

(v.,)_ = (1+s ) + ÀIn(p' )
^ max max - max

Two ranges of varues nere tested. They are hereafter re-
ferred to the 'limited' range case, and the 'broad' range

case. For the limited range , the necessary values were

fixed to be :

€min = 0.5, ptrfrr= 10 kpa

ê."* = 0.7, ptr"* = 10f kpa

27
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For the broad range case, these values were :

€rir, = o'4, PLrr, = 1o kPa

"ttï = o'8' Pinax = 104 kPa

rt is important to note that Èhe values of the void ratio
and pressure Ìrere chosen to be representative of extreme
varues that might be encountered in real sands, and to per-
mit a parametric study. Bearing in mind that this study is
directed particurarly at medium dense sands (section 3.9),
varues of the void ratio should be associated with a ,medi_

um' range. This question is addressed in Appendix A. The

literature records few cases where the compressibility À (or
Cc) has been measured. Mostly, Èhe behaviour of sands is re_
rated to its pracement void raÈio and unit weight. varues
which have been found include 3

Ref.

Lee and Farhoomand,!967

Lee and Farfoomand,196T

Atkinson and Bransby ti-gTï
Vesic and Cloughr196B

Sand type

subrounded

angular
t'typical 

"

Chatahoochee river

À

0.150

0.250

0.100

0.175



@¡ÉWtfiFffi¡rÞIeedÄEiä6&t'il¡¡égHrÉj¿Érur¡t@it. L.€-òi-n:

The work in this thesis
of À-values chosen to cover

ited number of references.

of the compressibility À, a

for both the límited and the
are :

and h/p' ) .' max
the limits of the
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has been performed on the basis

the range described by this 1im-

In order to study the influence
range of values of À was tested
broad range cases. These values

| = 0.05, 0.1 0, 0.1 ZS, 0.250

4.2.2

The limits of the chosen range were f ixed as G/p, )o.i' and
(q/p' ),or* corresponding respectivery to (u^)o'"* and (v^)o',
À minimum and a maximum angle of shearing resistance were
given as input parameters and Èhe use of the rerationship
q/p' = 6sin (O) /(3-sinó) provided the two limits (q/p, ) 

'niFor the limited range case, the values of
angle of shearing resistance were chosen

as:

ô' = 32o
min

0' = 400max

For the broad range case, these vaLues rrere ¡

ö' = 28om].n

A' = 450
max
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4.3 OTHER INPUT PÀRAMETERS

4.3.1 Density a

Àn average dry density was considered for each case and r¡as

defined by :
G

c
Y--1 + e '*

ave
g=

ave
G = 2.65 specific

s
.r = 9.81 kN/m3 water

vt

7 

"u"
where

gravi Èy

unit density

4.3.2 ScaLe parameter : f
À11 the variables throughout the computation of the stress-

characteristics were expressed in dimensionress terms. That
is o=or/rL, N=N./L, z=zt/r where 1 is a scare parameter used

to convert real physicar prane dimensional parameters o ,x,
z ínto dimensionless ones, and vice-versa.The scale param-

eter 1 was chosen as lhe horizontar length of the edge of
the passive zone (fig 4.1 and 4.2).

4.3.3 Number of soiraL and radial 1ines
rn order to compare results from each case st,udied, the

numbers of spiral and of radial rines used in the computa-
tion were kept identical throughout the parametric study.
Ten spiral lines and rwenÈy radía1 lines Ì{ere considered. rt
is important to note that the radiar lines are not straight
lines but curved under gravity forces. This in effect re-
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quires Èhe comput,ation of extra radial lines after each

scale reducÈion of the domain (secÈion 3.5). To input a

higher number of spirar lines and of radiar lines would

slightry improve the accuracy of the sorution. However, it
would also lengt,hen the computaÈion Èime. It was felt that a

compromise has been reached with the chosen figures (10 spi-
rals, 20 radials).
(1968).

This question was explored by Graham

4.3.4 Edqe of the passive zone

The number of spirars having being chosen, the abscissas of

the intersection of the spirals and of the edge the passive

zone are inpuÈ in dirnensionless terms. corresponding z, o,

ú-varues are then computed by the computer program (section

3.7)

4.3.5 Surnmarv of all input parameters

For each case computed , the input parameters are:

1. €minrêmax : minimum, maximum void ratio
2. pårr,,på"* : minimum, maximum pressure

3. ô' ,ô' : minimum, maximum angle of shearing resis-
¡oin tuax

tance

4. À :compressibility (\=Cc/2.3)

5. I : scale parameter

6. n ¡ number of spiral lines
7. m ¡ number of radial lines
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8. x(n) : abcissa of the intersections of the spirals
and of the edge of the passive zone

Further discussion of factors influencing the choice of in-
put parameters in a given problem is given is Àppendix À.

4.4 VALIDITY OF THE COMPUTER PROGRÀM

The validiÈy of the numerical results produced by the com-

puter has been estabrished by testing the program with a

constant-{ solution. ThaÈ is, the d-angle was not allowed to
vary throughout the computation but was fixed at a constant
value. various val-ues of the @-angre were tested and re-
sults are surnmarized in Table 4.1 together with results pre-
viousry obt,ained by Graham and stuart ( 1 971 ). BoÈh sets of
numerical results agree within 1eo representing slight dif-
ferences in cornputer rounding. This confirms the basic va-
lidity of the computer program for constant-rp moderling.
This sÈep is needed because the original program l¡as in
ALGOL, and had to be translated into wÀTFrv for use at the
university of Manitoba. This comparison does not however

confirm the validity of the variable-ó subroutine calcula_
tions which form the new conÈribution by the author.



Chapter V

RESULTS

5.1 BEÀRING CAPÀCITY COEFFICIENT FOR FOOTINGS

since the determination of the srip-line fierd proceeds from

an assumed "known" boundary (edge of the passive zone) to-
wards the initially unknown boundary (edge of the elastic
wedge), the coordinates of this end boundary are determined

at the very end of the computation and depend on the input
parameters. Fig 4.1 showed the position of the end boundary
(n), the edge of the passive zone (p) and the direction of
the computational process. point À which is the intersection
of the ext,reme characteristic and of the elastic wedge lies
also on the centre-line of the considered footing. There-
fore, the actual breadth of the footing is not predeÈermined

but computed after the deveropment of the stress-character-
islics from the known passive zone boundary. Due to the sym-

metry of the probrem, the actuar breadth of the footing is
twice the abcissa of point À. For every set of input parame-

ters €-.,-, ,7rÀrp]_._ rpl-__ ,ö_,_ rô and 1, the computerm:-n max -min -max mln max
program calculates a set of coupled results :

1. dimensionress bearing capacity coefficient N7, where
gl2

a) N7 =Zlooudx/0.5.182, and

33
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b) lthere the vertical stress ou = o( 1 + sindcos2,r)

breadth of the footing B (metres)

5.2 PASSIVE PRESSURE COEFFICIENT FOR WALLS

similar to the computation of the bearing capacity coeffi-
cienÈs for footings, the deLerminaÈion of the slip-line
fierd behind a retaining passive wall proceeds from the edge

of a passive zone towards the end boundary. In this case,

the end boundary represents the fully rough back-surface of
the rvarI. Fig 4.2 showed the position of the intersection of
the extreme characteristic with the warr. As in the footing
case where the breadÈh is determined a postiori, the actual
height of the wall is determined .t iiru .nã ot-anu computa-

Èion process and is represented by point À. Therefore, the
ordinate z(e) of point À is the computed actual height of
the wall. Às a result of the parametric study outlined in
the preceding chapter, every set of input parameters pro-
duces :

the passive pressure coefficient for a retaining warl

K (dimensionless).
p

a) K_ = l4o ðz/O.StHz
PJoH

b) where o,. = ø(1-sinøcos2rl)
H

the height of Èhe walI H (metres).

2.

1.

¿.
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5.3 SLIP-LINE FIELDS

Due to the number of characteristics, plots of the result-

ing slip-line fields are unacceptably "dense". For clarity,

all the spirals but only half of the radial lines have been

computer-drawn. Fig 5.1 shows the slip-Iine field for the

footing case, only half of the total field is drawn, ihe

other part being symmetric about the centre-Iine of the base

of the footing. Fig 5.2 shows the slip-line field behind a

fai I ing passive waI1.

5.4 RESULTS

5.4.1 Bearinq capacitv coef f icient for footinqs

Chapter 4 described the parametric study that was conducted.

Results of the computations are plotted in :

1. semi-1og scale3 : Figs 5.3a,b

2, log-1og scale : Figs 5.4a,b where the abcissa ranges

f rom 0.1 m to 10 m.

3. Compressed 1og-log scale ; Figs 5.5a,b where the ab-

cissa ranges from 0.01 m to 10 m.

Figs 5.6a,b present the plot of N7 versus the compressibili-

tv ì,.

3 a and b refer to the "Iimited" and to the "broad" range
case respectively.
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5.4.2 Passive Þressure coefficient for walls

Results are plotted in :

1. semi-1og scale : Figs 5.7arb

2. log-1og scale : Figs 5.Ba,b

3. compressed log-1og scale : Figs 5.9a,b

Figs 5.10arb represent the ptots of the passive coefficients
for waIl as function of the compressibirity À of the sand.

These resurts are discussed in more detair in chapter 6.



Chapter VI

DISCUSSION OF RESULTS

6.1 BEÀRING CÀPÀCITY COEFFICIENTS FOR FOOTINGS

6.1.1 Influence of the breadth of the footinq
'Figs 5.3a,b showed semi-rogarithmic plots of the bearing ca-
pacity coefficients versus breadth of footing. The,bearing
capacity coefficients increase rapidly as breadth decreases

and flatten almost asymptotically as the breadth increases.
This behaviour is observed for both the broad range case and

the limited range case. However, it is important to note
that the broad range case produces higher varues at small
sizes (Nz = 303 for 8=0.08 m ,À = 0"2s0) than the limited
range case (Hz = 170 for 8=0.10 m ,tr = 0.250)

footing sizes, a reversed behaviour is observed

range case gives lower values (¡¡Z = 44 for B=B D.rÀ = 0.250)

than the limited range case ( Nf = SS forB= 7.g m ,À =

0.250). An expranation of this phenomenon is due to t,he cur-
vature of the couromb-Mohr enverope. In a given range of
stresses, the broad range model is associated with higher
and lower angles of shearing resistance than the limited
range model. Therefore, the stresses at which the soiL
reaches its minimum f-value under rarge footings on sands

permiÈting angles of shearing resistance as low as 2go (the

Àt large

the broad
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broad range case) are greater than the equivalent stresses
under similar footings resting on sands tha! exibit angles
of shearing resistance as low as 3zo (tr¡e limited range

case). This in turn leads to rower varues of Èhe bearing ca-
pacity coefficients for the broad range case for rarge sizes
as compared with those obtained for the limited range case.

À simil.ar phenomenon occurs for smarl-size footings where

stresses at which the soil first reaches its maximum varue
in the broad range case (cï"* = 450) are lower than those in
the rimited range case (d'max = 4oo). In turn, higher N7 va1-
ues are observed for the broader range case.

Another factor attracts atÈention for both ranges, âf-
though it is more acute for the broad range case. Lines rep-
resenting the behaviour of the sand in Figs 5.4a,b and Figs
5.8a,b for various compressibirities inÈersect at a breadth
around 0.8 m. Thus , f,or a large footing, say breadth over
0.8 m, the N7 value associated r¡ith a more compressible sand
(for instance | = 0.2s0) is rower than the N7 vaLues associ-
ated nith a less compressible sand (for instance \ = 0,050).
The reverse behaviour is observed for small footings with
breadth say, less than o.B m. That is, Èhe N7 varues asso-
ciated with a more compressible sand (tr = 0.2s0 for in-
stance) are greater than those associated with a less com-

pressÍble sand (À = 0.0S0 for instance).
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It appears necessary to set upper and lower rimits for
the varues of the N7 coefficients since the mode of fairure
changes with the size of the footing. rt was remarked earri-
er that large footings fair by 'punching' and smart footings
along localized shear surfaces (vesicr1963). The notion of
punching faiLure is understandabLe when thinking of the
amount of energy required to develop a general shear failure
mode in compressibre soirs, that is to move the soil outside
the footing in an upward direction. The upper and lower

limits of N7 correspond to cases where only part of the fou-
dation soil has reached Iimiting equilibrium. In narrow

foundations, this part is restricÈed to the narrow zones in
which continuous shear failure has deveroped. rn very rarge
foundationsr oE on compressible soil, the prastic region is
bounded to the side of the footing by soil whose straining
has not taken it into plastic behaviour. Controversy may

arise in deÈermining the criterion to fix the boundaries be-

tween Èhese different failure mechanisms. It has not been

possibre in the past to approach this question quantitative-
ty. As the changes of behaviours are probably subtle and

progressive, experimentar evidence is needed. This remains

outside the scope of this thesis.

6.1.2 Influence of the

Both the limited and the

terns of behaviour (rig

with compressibility À.

compressibilitv lt

broad range cases show similar pat-
5.5). Àt small sizes N7 increases

However, for large footings, the
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trend is reversed, and N7 decreases srightly with increasing
compressibility. The value is found to remain constant (non-

varying with À) for a size of 1.3 m in the case of a limited
range and for a size of 1.21 m in the broad range case.

The explanation of this behaviour resides in the coun-
teracting influences of the size of the footing and that of
the compressiblity À of the sand. For small footings, sây

B=0.5 m, the likelihood of failing in a rigid-prastic mode

diminishes as the soil becomes more compressibre. The sand

compresses but does not fail and postpones fairure at higher
stresses. This explains the increases of the N7 val.ues.
However, t,he same pattern of change is not observed in the
case of large footings, sây B=g m. Here, the influence of
the compressibility stilr- does exist (leading to a higher
Nz) but this influence is overriden by the influence of the
scale effect and failure envelope curvature. Às shown in
the preceeding paragraph, for constant À, the Nz value de_

creases as the footing size increases. The combined effect
of the influences of both the scale effect and compressibil-
ity leads to the observed behaviour, that is an overarr de-
crease of bearing capacity coefficients for rarge footings.
This behaviour is readily apparent in footings at large
field scare. rt contributes to an understanding of the com-

mon perception tha't small raboratory footings behave differ-
ently from fieLd-scal.e footings.
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rt is important to note that the behaviour described
above in Fig 5.6 is compatible with that observed in the
preceding paragraph (rig 5.4). Às mentioned previousry in
section 6.1, the N7 varues for large footings decrease as
tl" compressibility of the sand increases while the N7 val-
ues of small footings increase with compressibirity (lines
1,2,3,4 of figs S.4arb).

Àlthough it is difficurt Èo separate the infruence of the
compressibility from that of pressure-dependent scare ef_
fects, this study shows that the two separate infLuences
should not be neglected when an accurate evaluation of the
N7 coefficients is required.

6.2 COEFFICIENTS OF PÀSSIVE PRESSURE FOR WALLS

computaÈion of the coefficients of passive pressure for
walls are very similar to those carried out for the estirna-
tion of the bearing capacity coefficients for footings . The
patterns of the results are also similar. consequently, a

deÈaired discussion of these resurts and an explanation of
the observed behaviour will not be repeated. The main
points will be highlighted here and reference made to the
previous detailed discussion of the bearing capacity coeffi-
cients
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6.2.i Influence of the heiqht of the wall
Both the limited range and the broad range exhibit the same

general characterisÈics :

1. For a given À, the coefficient of passive pressure
for r{alls Kodecreases with the height of the wall
(rigs 5.7a,b).
curves correponding to various compressibilities in-
tersect for a wall height of 1.9 m This is apparent
on Figs 5.8a,b.

For large wall heights,sâr over 1.9 m, the Ko coeffi-
cients associated with more compressible sand are
smaller than those associated with ress compressible
sands (lines 1 ,2,3,4 on Figs 5.7 ì5,g).
For small walt heightsrsay less than 1.g m, the K

p
coefficients associated with more compressibre sand

are larger than those associated with ress cornpressi-
ble sands ( Iines 4 13 ,2 ,1 on F igs 5.6; S. g ) .

similar to the case of the bearing capacity probrem, the
general tendency is for the Kn coefficient to decrease with
increasing wall size. This decrease is affected by the com-
pressibitity of the sand. Differences beÈween the various
lines represenÈing the compressibility of the sand are arso
more marked for the broad range case.

¿.

3.

4.
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6.2.2 Influence of the comoressibilitv
The general characteristics for both the limitecl
the broad range case (although more marked for
one) are:

range and

the broad

For small heights, less than 1.8 m, the Ko coeffi_
cient increases nith increasing compressibility. This
is due to a lower likelihood of the sand of failing
in a rigid-prastic mode . The sand compresses and

postpones failure to higher stresses.
For large wall heighÈs, over 1.9 m, the Ko coeffi-
cient decreases with increasing compressibirity. This
is due to the counteracting influences of pressure
dependent size increases reading to lower varues and

of increased compressibilities leading to larger var-
ues. The overall observed behaviour is a decrease of.

the *o coefficient with increasing compressibirity.

6.3 CONTOURS OF THE ÀNGLE OF SHEÀRING RESISTÀNCE

6.3.1 Distribution of the ó-anqle under a footinq
Figs 6.1arb show the contours of the angle of shearing re-
sistance under 0.1 m ¡¡ide and 2 m wide footings. rn both
cases, À=0.250 and the broad range values are considered.
The contours are represented by the dash lines. For both
footing sizes, u ã""rease of roughly 10o is observed between

the edge of the passive zone and the centre line. Às expect-
€d, values of the c-angle are greater for a small footing

1.

2.
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for a large footing (3Zo-42o for the 2

due to the larger pressures under the

rt is interesting to compare the N7 values obtained from
a constant d-soLution (rable 6.1) where ô is now taken as
the average mobilized shearing resistance throughout the do_
main under stress, and corresponding N7 values obtained from
the present analysis based on the size of the footing and on

the compressibility of the sand. The importance of this
step in seJ-ecting appropriate S-values was intoduced earlier
by Graham and Stuart (1971) 

"

For sma1l footings, the N7 value corresponding to a con-
stant-p analysis is 224 for ö=44o and 330 for e=46o . The
Nz value obtained from Fig s.6b (broad range case, À=0. zso ,
B=0.1 m) is 3oo. For the rarge f ooting, t,he respective f ig-
ures are 78 for the constant-d solution with d=3go and 75

f rom Fig 5.6b Depending on the average varue of d r+hich is
taken to model the failure domain, the N7 values from the
two methods are clearly simirar. rt therefore appears that a

convent,ional constant-c analysis may produce accurate re-
sults as long as the'correct' { is chosen for the anarysis.
since in practice it is extremely difficulÈ to estimate a

'correct' angle of shearing resistance for a domain under
stress' the present analysis based on the size of the foot-
ing and on the compressibility of the sand is inherentry
sound.
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6.3.2 Distribution of þ. behind a passive wall

Figs 6.2a,b show the contours of the angle of shearing re-
sistance behind passive walls for heights of 0.1 m and 2.0

m. In both cases, the variation of A in the failure zone is
of the order of 80 . However, the mobilized d angles for a

2 m wall are much smaller (360- 44o) than those obtained for
the 0.1 m walL (41o-49o). This is due Èo the larger pres-

sures involved in the case of the larger waIl.

Às was shown for the bearing capacity problem, it is in-
teresting to compare the K values that arise from the pres-

p

ent analysisa with those obtained for a constant C-solution
where ô is taken as the average value of the angle of shear-

ing resistance throughout the failing domain. Table 6.2

summarizes these values. The results of the two analyses

are reasonably close but depend strongly on the average va1-

ue of the f-angle which is taken. Like the bearing capacity
problem, it is apparent, that estimation of the average É-an-

gle of the failing domain remains difficult. The.critical
state analysis presents a potentially easier alternative.

4 referred.as a 'critical state' analysis.
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6.4 COMPARISON WITH OTHER THEORETICÀL RESULTS

Fig 6.3 and 6.4 show the comparisons for walrs and for foot-
ings with results obtained by Graham and stuart (1g71) who

used the De Beer (1963) f-pressure relationship. only the
broader- and the narrovrer-range resuLts of the present anal-
ysis are plotted. Line (3) represenÈs the results obtained
for the broader range case with r=0.250. Line (2) corre-
sponds to the results obtained for the rimited range case

with À=0.050. Línes (1) and (4) represent resurts provided
by the Graham and stuart study for a loose sand and for a

dense sand respectively.

rt is important to notice that for both the wall problem

and the footing one, the curves corresponding to the narrov,-
er range (line 2) remain in Èhe Graham and stuart range and

almost parallel to the roose sand. rdearJ.y, if the varia-
tion of the f-angle did not have any influence, curves cor-
responding to a medium sand (Lines z) should approximatively
be situated in Èhe middre of the Graham and stuart range.
Therefore, the fact that lines (z) are offset towards the
loose sand brings some evidence that the variation of the
d-angle does alter the computation of the ultimate stabitity
of the domain under stress.

Lines (3) rep.resenting the broader range where the c-an-
gre is al.lowed to vary from zïo to 4so must be understood as

an accentuation of what lines Ql represent (narrow range, c
= 32o- 400). rn view of this facÈ, it is therefore expected



47

that rines (3) be croser to the Graham and stuart dense

state for small sizes and closer to the Graham loose state
for large sizes. This is what Figs 6.3 and 6.4 revear. How-

ever r since the minimum d-angle in the broader range in the
present study is as lon as 28o, compared with the Graham and

stuart minimum of 320, the range of behaviour of the sand

represented by lines (3) is broader than the Graham and

stuart range. consequently, bearing capacity coefficients
for large footings and passive pressure coefficients for
large walls are lower than those obtained by Graham and

Stuart.

6.5 COMPARISON WITH EXPERIMENTAL RESULTS

6.5. 1 Foot inq case

Experiment,ar resurts provided by vesic (1973), Graham and
stuart (19?1) and Meyerhof (1951) have been plotted in Fig
6.5. rn order to compare these resurts with the range of
values produced by the critical state analysis, the upper

limit of the set of N7 varues produced (broad range,À=0.05)
as well as the equivalent l0wer limit (rimited
range,À=0.250) have also been plotted in Fig 6.s. crearry,
the general trend of experimental varues correlate reason-
ably welÌ with the form of the sorution arising from the
critical staÈe analysis. In particular, the range of the
theoretical sorutions which have been primarily carried out
for medium dense sands covers crosery the range of experi-
mental values obÈained for medium relative density sands.
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However, it is crear that it is stirr not possibLe without
extensive additionar testing to predict from this work, the

bearing capacity of a footing on a particular sand. since

this thesis was prepared, the author has been made aware of
a recent literature review in the paper: ÀmarrS., Bague-

1in,F., and canepa,y., 1984 : "Etude experimentale du com-

portement des fondations superficielles"rÀnales de f insti-
tut technique du batiment et des travaux publics, sols et
f ondat,ions 189 # 427,paris,France

6.5.2 WalI case

Similar to the footing problem, the broadest range of Kp

values obtained from the criticar state analysis have been

plotted against experimentar data (rig 6.5). The upper rimit
of the range is described as Èhe set of varues yielded by

the broad range case analysis (À=0.05), whereas the lower

limit correspond to the limited range (À=0.250). As for t,he

experimental data, resurts obtained by Kerisel (1972), Horn

(1967 ) and Graham (1971) have been considered. Bven if the

experimental values seem quite dispersed, a general trend
stilr appears, that is, a decrease of the *o values with in-
creasing waI1 height. Like the bearing capacity problem, the

range of theoretical varues which is primarly varid for me-

dium dense sands. broadly covers the range of experimental
daÈa.
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In both cases (Nz and *o values), the theoretical solu-

tions and field daLa encompass scale effect influences

whereas small scale laboratory tests do not in generaÌ. It

therefore appears that the scattering of the experimental

values outside the theoretical range is not an abnormality

of the sand behaviour but represents tests on sands which

may be very angular, rounded, or well-graded, and which lie

outside the ranges of behaviour shown in Figs. 4.3arb.

6.6 SINGULARITY OF SIZE 1M

Figs 5.5a,b and Fig 5.9a,b showed respectively the plots of

the bearing capacity coefficients against the breadth of the

footing, and the passive pressure coefficients against the

height of the wall . These are plots where abscissas repre-

sent a broader range (0.01 r0.1 r1.0r10 m) compared with the

preceding plots (rigs 5.4 and 5.8) where Èhe the range was

( 0.1 , 1 .0,1 0.0 m) . This has the effect of compressing the

diagrams in the x-direction and thus accentuating all the

possible singularities in the curves. Such a singularity is

situated for a size of 1 m ( height of the wall or breadth

of the f oo'.ing). Às is apparent in Figs 5.5 and 5.9, the N7

values and the Kn values exhibit localized slope discontinu-

ities at size 1 m. These discontinuities can be explained by

the yray the N7 values and the Kn values are calculated.

For a passive waIl,

Po = 0.5 lH2Kp

For a footing, Nt is

K_ is evaluated from the equation :
P

calculated from :
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Q = 0.5 782N7

Both equations have the same form :

y = 0.5 k^rxz

The function x2 shows a singularity when the variable
N=1, that is x2 = x (lz = 1). Therefore it is important to
consider the singularity which is introduced by squaring the
variabre i which as exprained above represents the breadth
of the footing or the height of Ëhe wall.

consider : x2-x = x(x-1) and notice that Ko and N7 are
evaluated as a function of the form z k / lx(x-1)1.
The function y=1 / *(x-1) is plotted in Fig 6.7. Three in-

tervals can be distinguished:

1. 0 < x
2. 0.5 < x
3. 1 < x asympÈote at y=O with y decreasing

These patterns of slope changes are similar in some respects
to those observed in Figs S.5 and 5.9 :

1. 0 < size

2. 0.s

locar slope discontinuity obtained at size 1 m.

3. 1 < size N7 and Ko decrease first rapidry and

seem to Èend to an asymptotic value.
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The mathematical function y=1/lx(x-1)l explains the be-
haviour observed for *o and N7. The local srope discontinu-
ity at size 1 m is therefore not due to some particurar fea-
ture of the sand response but is inÈroduced artificiarly by

the normalizing equations which serve the purpose of defin-
ing the bearing capacity and passive pressure coefficients
in dimensionless terms.

These resurts have shown that an estimation of bearing
capacity and passive pressure coefficients based solery on a

constant angle of shearing resistance seriously underesti_
mate the comprexity of the probrem. The scale effect factor
plays notably such an important role that practicing engi-
neers use some empirical rules to take it into account. A1_

ternativery, they negrect the usefurness of calculating
failure loads in sands for full size structures. Bjerrum
(1973) mentions such an empirical rure by staÈing that car-
culation of large footings for gravity stuctures in the
North Sea is done by applying a reduction of d of the order
n.10 to n.4o for each 10n reductions of the footing size (n

is an integer). This rure arises from the qualitaÈive work
presented by Graham and porlock ( 1 9721 . rt thus appears that
current practice acknowledges the importance of known but
poorly determined factors such as those described in this
thesis.



Chapter VI I

CONCLUSIONS ÀND FURTHER RESEÀRCH

7,1 coNcLUsroNs

Conclusions drawn from this study are :

1.

¿.

3.

The advent of rnore powerful and more convenient com-

puters and peripherars makes it possibre to investi-
gate Ëhe deveropment of the static equiribrium equa-

tions combined with a new sand moder (critical state
model ) .

The angle of shearing resistance is only one compo-

nent among others that are necessary to get accurate
computations of bearing capacity coefficients for
footings and passive pressure coefficients for walls.
The two most important additional parameters that are

taken into account in this study are :

a) the fooÈing breadth or the wall height.
b) the compressibility of the sand (À or Cc).

Bearing capacity coefficients for footings and pas-

sive pressure coefficients for ¡varrs have been ex-
pressed in dinensionless terms. For a given sand,

they decrease with increasing size (breadth of the
footing or height of the wa11). ThÍs is due to the

effect of higher pressures associated with larger

4.
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5.i

walLs or footings which decrease the mobirized angle
of shearing resistance.
The variation of the angre of shearing resistance has

been found to be approximatively 1oo in the rigid-
plastic domain beneath a footing (rlg. 6.1 ) . The

equivalent variation of the @-angle behind a passive
walL is 8o (r'ig. G.Z).

The produced solutions correrate werl with other
Èheoreticar and experimental results (rigs. 6.3 to
6.5).

SUGGESTIONS FOR FURTHER RESEÀRCH

The behaviour of rigid-prastic zones has been de-
scribed using stress-characteristics. rt would be of
considerable interest to moder with a Finite Element
mesh Èhe trapped erastic zone beneath a footing and

connect it Èo the stress-characteristic solution.
Similarlyr â najor further development would be to
connect a stress-characteristic sorution to the com-

pressed non-failing fierd to the side of a footing on

strain-hardening soil when "punching" is occurring.
contours of the .mobilized angre of shearing resis-
tance have been drar+n. The critical state analysis
courd aLso permit the computation of the variation of
the void ratio. This could be investigaÈed to draw

the contours of the void ratio or vorume straín be-

6.

7.2

1.

2.



neath a footing or behind a passive wall.
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I n turn,

a

the variation of the density courd be addressed.

The rigid-prastic assumption does not take into ac-
count volume strains prior to failure. Experimental
tests could determine some index of "compressibirity"
that courd be used to factor the N7 and Kn values for
compressible sands. ÀlternaÈively, approximate road-
displacement relationships can be derived by crose
attention to boundary conditions.
Further laboratory tests shourd be performed to fur-
ther confirm the validity of the critical state mod-

el. This, in turn, wirl reinforce confidence in Èhe

critical stale analysis.

4.
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Appendix A

FÀCTORS INFLUENCING THE CHOICE OF PÀRÀMETERS FOR
COMPUTÀTION

Bearing in mind that the computer program has been deveroped
for a sand failing in a rigid-plastic mode, it is relatively
easy to make use of the program to anaryse practicar appri-
cations. This appendix summarizes the necessary input pa-
rameters and proposes guidelines for their estimation.

À.1 NECESSÀRY INPUT PÀRÀMETERS

The input is fed into the computer in the folrowing order :

1. €mLnrêmax : minimum, maximum void ratio
2. pi,ir,rpio"* : minimum, maximum pressure
3. dl,rr,, Éin"* : minimum, maximum angle of shearing resis_

tance

4. À : compressibility Ã-_Cc/2.3)

5. I : scaleparameter

6. n : number of spiral lines
7. m : number of radial lines
8. x(n) : abscissa of the intersections of the spirars

and of the.edge of the passive zone

96
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A.2 PRÀCTICÀL ESTIMÀTION

À'.2.1 Void ratio
Table 4.1 indicates for various soils the

maximum void ratio
ninimum void ratio

The initial condition of a sand

ative density to= ("r"*-. )/(e
range of behaviour can be taken

greater than 35 and Less than

man, 1 969 ) .

can be described by its rel-
-e .). The medium densemax m]-n

to be cases where the to is
than 85 (Lambe and Whit-

1.

¿.

A.2 .2 Pressures

Minimum as well as maximum pressures can be estimated as the

unloaded state of the sand and from the anticipated maximum

stress intensity under Èhe footing or behind a passive warr.
Typical values are respectively 1O kpa and 104 kpa.

A.2.3 Ànq1e of shearinq resistance

Usually, the engineer who calculates the size of a footing
or that of a ¡rall has arso the task of estimating the angle

of shearing resistance of the soir. The choice ries in the

resurts ot laboratory tests combined with experience. Mini-
mum and maximum . angles of shearing resistance can be taken

as the extreme values that the engineer considers can be mo-

bilized in the sand by the pressure levers in Èhe problem.

The varues are affected by Èhe density, minerarogy, and by

the parbicle size distribution, particle shape of the sand.
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à,.2.4 Compressibilitv !
Since À = Cc/Z.gO4, the determination of À is related to
that of of the compression índex. compression tests into the
normarly consoridated (linear v,1ogp') range can supply such
information. such tests are rare. rn the absence of relia-
b1e data,

by,1 978) .

a typical value of À is 0.1 (et¡<inson and Brans_

A.2.5 Scale parameter

Note that this is not equal to the height of the walr or the
footing breadth and the structure size resurts from this
choice. Any figure can be taken as scare parameter. confu-
sion might appear for the user who is not familiar with the
computer program. The choice of the horizontal length of the
edge of the passive zone is recommended. This figure corre-
sponds to the abcissa of the intersection on the extreme
spiral and of the edge of the passive zone (rigs 4.1 and
4.2).

A.2.6 Radial and sqiral lines
Àugmenting the number of spiral and radials lines leads to
greater accuracy. Nonetheress, the user should keep it mind
that it will also increase the computing time. Ten spirals
and twenty radials in the present work have been used.
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A.2.7 Edqe of the passive zone

rf ten spirals are chosen, the horizontar length of the edge
of the passive zone is divided in ten egual segments. À spi-
ral l-ine witl depart from each of these ten points. The abs-
sissa x(n) are the required input parameters. The dimension-
less figures nr/lO are convenient (n = 1,10).



Àppendix B

LISTING OF THE COMPUTER PROGRÀM

PHr 0

FIRPHI First ô

PHILO Loca1 O

XX,ZZ - Physical coordinates

SIMA, SIGIßI, SIGMA2 6

PSSr, PSrI,PSr2 - ú

P Pressure

E voids ratio
L - Number of spirals
K Number of radials
C Control

LANDA À

cS Specific aravity
Gll - Vlater density

PP, AD lteration counts

SUBSCRIPTS :

MIN l4inimun

MAX Maximum

100
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coalPttflR PnæR.Ax

NEAL P¡NPHI
co#oH FtRpH¡, BEr^, DgLl^, TOL, COIÌVG.S¡ZE.G^tfl
!HTEGEN L,K,C
COXHON L,K.C
REÀL XX, t:, S¡XA. PSSt, ÞHHt
coÆ,oå h^îA./ x't .7.2.XX, Z1,22,22,pHHl
coYÅax /ttrt / s¡cx^Í,s¡cHÀz,st!tÀ
Cowoå /TtE/ Ps¡ I . Psr 2. psst
cotrHon /rato/ Pt ,sNPltr,csPHt
rxl?csn PP,QQ ,CON?nO
COwlAx /Out / pp,ee.COHTRO
REAL 

'.IUcovlroli /AH/ ¡tu. pHt ¡,o, sr c¿oc, pHr 1, pHr 2, pHt ¿oÞ, pHt LoT
REAL

x ( to, ¿0 ) . z ( { 0, {0 ) . srcr,t^ ( ¡¡0, {o ) . psr ( 40, ¿o ), pHr ( to, I o }
COHHO¡t /LALA/ x 

' Z, SI GtlÀ , PS¡
COÅHON /^LO/ PHt
THTEGEN P({O),Qf'O}
cot4ytoH /LoLo/ P,Q
NEAL CO,LÀNDÀ
COHON /CRrT/

EO, LAHDA, PH¡ N. PIIAX, PHt T,It N, PH¡ t{AX, PHT t, EI{t N, EI{AA
lNlEGEn Sp! . n^D,H,H,Hl.KS,L1,¿K, t,J,nÀD1
NEAL D¡F,Dt.TTIPHI
NEAL KP,NY, FI RS¡G,GS,G9

Pl' AnCOSI -1.)
READ. FI NPHI, DELIA, BETÀ,ÎOL, CONVG, St ZE, GS, Gr¡
READ , CONTRO
tP(coNTRO .EQ. 1) TtlEH DO
Pn¡Nî ¿3

,¡3
FoRlrAT(''t', /// // // / /20x,'.'.rrr.r1 /zox,'i

c
c
c

3

a

5

/zox," coNTRoL- 1

,/20a,, , .
/zox,'. PARTTAL REsurTs pFtHTotrr

/zOx,' '

6
/2ox,.,"r..,

ELSE
GO 10 ¿4
ENDI F

a{ coHltNUE
READ. L, K

- READ, E'.II N, EHAX. LANDA. Pt'¡ N, PXAX, PHt Ht N, PHT HAX
EOt(Et'llNrEHAX)¿/2,
c^r.nrÀ-(GP. Csr/t 1, . Eo)
PH¡t{tH,PHtHlN . Pl /18O,
FHtHAr.pHttAx . pt /1f¡0,
tp lAss(nET^) ,LE.0.000.r) EEÎA -O.OOOl

C IN¡ltAL¡SATION
CALL HEADIN
PRtNl 825

82s PoRlrA?(, 1' . // / ////// / //// /2or,
PRI HT, ' rt rlra arrr r rail..r rr.rrartta ar.r -alaa il
PRtNl, '

PR¡NT,' T lHE ÞROGRÀI.I CO'IPUIES 11{E FAI¿URE
LTNES OF

Pnt !rT, ' t

PRINT,. .
lHtS tS

PRt X1, '

A SÀIID HAVING À PLASIt CEEHAVTOUR.

' ItlE CÀSE OF A H^LL IROUGH OR 6¡¡tOOTHt,

r A rotrt¡¡G. Tt{E coHpul^lroN PRESENIS A

' HHtCt{ COXS¡SlS

Þnl NT, '
OR

PRt NT, '
PRI N1, '

FEAll'RE
Pnl ¡r¡, '

PRI NT, '

'ÀILI'RE 
L!NES

PRINT, '

PRt NT, '
SCALE

Pnt HT. '
PRt t¡î, I

SI'RC'IARGE EFI'ECT.''
PRlNl,'

OP ÎRAPPIXG lfIE
a

' AROUflD A POT.E TY I'IPLEHT}I'TING VÀFIOI'S

a

. REDUCIIOllS ¡rlTH A DttatxtsBlxc
a

PRt NT, 'rraatirr. r. t. rarr rrart t-ralaaataattalaalaaratata a?, .
L1-{0
Lx-4 0
DO 1t-'t,t1

tt -



DO 2 J':,LK
X(t,J)-0,
2(t,Jt-0,
SlcHÀ(t,J)-0.
PSt(I,J)-0.pHr(r,J)-0.

2 coNltNUE
1 CONTINUE C C

Eþ 3 l-1,L1
P(¡ )-0
O(¡ )-0

3 coNfrNUE
EÐr^- BETA . pt/1AO.
DELI^. DELT^ , pt/jAO,
Fl RPHI -FI npHt ,/57 .2957795
CSPHT' COS(FtnpHt )
SNPHT' StNlFtRpHt )
ñ¡PHt - î^N ( F¡ npHt )
X(1,1).0,0
u(1,1)'0.0

21 CONItNUE
rtRSlc r 1.O/11 Str¡(FrRp¡ft ) t
G^l'lH^-cAXl{À r 6, 36ft
StzE' StZE ' 3.2908
SrcLO C- Pt nsrc r S¡ ZE i c^r.tltA
GÀHtlArcÀ1,{HAl6.369
SrzÈ,-SrrE/3.28OA
CÀLL PH¡LOC
Dt - { PI npHt -pHtLO', /pqtLOtP(asstDl ) .cT. o.ool ) ÎHEN
I'I RPHI -pH¡ LO
GO 10 21

GO 10 24
ENDI F

24 cONTtNUE
9 lctl^ ( !, 1 ) -S t cLOC,/( S t r,e. G^t4r.a. 3. ZgOgr 6. 369 )PSt ( 1 ,1 ) -0.5'3. 1a15927
PHt(1,lt-pH¡LO
PHt ( 1, t ).PH¡ ( 1, 1 t.1AO,/Pt
Pn¡NT,PHt ( 1,1 )
PHI ( 1, 1 )-PHr ( 1, 1't.pt hAO.

I02

DO 5 t-2,L
REÀD, X(¡,1}

S CONTTNUE
C'0
CALL EDGEPA
l'nINT t2

12 PoFr.rAT(' 1',r//////12x,
20NE ' )

EDGE OF RECIILINEAR PÀSStVE
PRI NT 'I9

1 9,"ORrl^î1 //17x !, x,, r3x, I r., l2x, . stGHA,, r2x, . pst,
15a,.P' .aX.'Q,,AX,' PHt' / ) 

-

DO l5 t-1.L

c^LL RESOUT(r,1)
1 5 coNlt XUE

C-1
CÀLL PCLCOM
SPI 'L- 1

C FTRST ltHE COHPI.rTATTOÈ
C-0

¿5ú crcr 1

pntNT 22,C
22 PORM^îr'1"////25x.1 /zsx,,.2 /2sx... scA¿E rTEn^TtoN c,,,¡3, !

/zsx,'"""'
tP( C.Ee,'t , THEN DO

RAD, Kr .f

s-0
ELSE DO

RAD- x' SPt
s' sPt. I

3
{
5
6

/23x,, ' '/23x, ' ./2sx,' o
REGULAR DOTIATN

39
37

53

EHDt F
Ito 'l 00 rtr 1 , RAD

IF(CONTRO .Ee, .') co 10 53
PRINT,' '
PR¡NT,' '
PRINT,' '

PnrNl 37,J
PRINT 39
FoRHÀT(10x,' ..rñr)
PORI{ T(10x,' Jr,,t3)
PRINÎ 19
CONII NUE

tF(J .EO. 1l cO TO SO
EIO 75 t. 3,L

x1. x(l-t,J)
Zt. z(t-1,J)
stcH^1. stclr (t-1,J)
PS¡1r PSI(t-1,J'
x2. x(¡,J-11
22- Zll,,l-1)
sro¡tÀ2r stcr,ta(!,J-1 )PS¡2- PSI(¡,J-1)pHtt-pr{ttt-i,.tt
PHl2rpHr{¡,J-1)
CÀLL NUPT C
x(l'J)' xÌ
zlt,Jl- 2z
SIGHA(l.Jl- SttlA
PSI (l,J). PSSt
P(t ). PP
QÍ¡ )' QQ

lv -



pHt (t,.t).pHHr
75 CONTTHUE
50 GO 10 5r
5! rF(coNlno .EO. 1) cO 1() rOO

tP(J.EO,1) THEH
PRt NÎ | fl

DO 8ú t-2,L
CALL RSSOI'T( ¡ ,1 )80 CONTT NUE

ELSE
GO 10 t00

ENDT tr
100 conlrHuE
C END OIi RÀDt AL zONE CO'.IP('ÌATI OH!F(COxTnO .Eo. f) co 1o 67PntñT,. '

PNINT,' '
¡rnlH1,' '
Pnt NÎ 25

29 PONHAT( 1lX,'RADIAL 2OXE CO}IPt,rrAltON COHPLEIED')PRINî 25
26 poRr,t^l( 11x,.'...."....r..tr..,r.._..,......,. )Pnl NÎ 678

678_FORtl^T(' 1',////.ZSx,. COrfpUrATtON Op THE EX.ÎnA DOxArN.,
//zsx,' 'r.';r;i;"r'rr.'t' t67 coNltNUE

,1.2
J.RAD

300 H- Hr1
J- Jr1
¡f 1-Ht I
tPtcoNlno .EQ. 1' cO 10 6S
PnlNl, ' '
PR¡NÎ,' '
PRtNT,. .
PntNl,' '
PRINT I7,J,H

¡¡7 POnHAI{ 10X,'J'' , ¡3,5X, 'ptRST SptRAL-. ,¡ 3)PN¡NT 59
59 FOnHAT( 10X ,SX,'rrrr'.'PRINT 19
68 CoNttNUE

X1- x(H- 1,J- 1)
21- 2lH-1,J-1'
sIGHÀ1- StGt{A(H- 1,J-1 )pst 1- psr (H- j,.J-r )
x2- ,taH.J- 1,
22' zlH,J-1)
SIGHA2- SIGHA(H,.'-1 )
PS¡2- pSt (H,J-1 )
P¡lI l'PH¡ lH- 1,J-1 

'PHI ?iPHt ( H.J.1 ,
CÀLL ENDPI
x(H,Jr. XX

I03

ztH,Jt- Zz
S¡GHA(H,J'. SII.IA
PS¡ (H'J)- PSS¡
PHI (H,J)-PHH¡
tFlHl .GÎ, L) cO î.O 117
DO 2SO t-Hl,L

Xt- X(t_l,J)
z1- zlt- 1,,))
stcMAlr Stct{À(r-1,J)
PSr1. pSl(t-1,J)
X2- x(t,J-t)
Z2- ztt,,J-1,
s¡ cHA2, St c¡tA ( t , J_.t )pst2. pSr(r.J-1)
PHll'PHt(l-1,J)pHtZrpHt{t,J_1}
CALL NUPT
xlt,J). xx
zlt,J't- zz
StcHA(¡,J)- StH^
PS¡ (t 'J)- PSStp( ¡ ). pp
Q(r )- QQ
P¡ll(l'J)-PHH¡

250 coNTtNuE
1't7 rp(H .LT. L) cO to 3OO

RÀD1 rRAD{ L-2
PNI NÎ, RADl
IF(ABS(EETA) .GE. 0.1) 1t{EN
CA¿L NGA}IA I FÀD 

'CALL RÀPE(RAD)
ENDI F
Dtp- (s¡crra (L. RADf l- 1O'S¡G¡til 2.nAD) )
Dl P.Dt p/St cr4^ ( L, R^Di )
DIF- ABS(DtF,

- 
pRtNl 200, srct 

^(L,RADf) ,Stcx^(2,R^D).DtF,Cot¡lrc200
POR,'^Ì ( //////// 2ox . . ..r "r.rr..r.r.rr... '1

sl GlrA ( L, RÀÞrL-2 r - 
"F1 

2. Ê,,' e. .

' //'oi""
//zôx ' ' '

StcH (2, n^D)-' ,Ft2.6,.
//2ox',' ¡

a ,//20x, ,.
5

//zox.t...... .Í..r.......... )

Dt F-. ,"a.5, .

COI{VO'' . 
"8 

. 5. .

lP(ÞtF.G1. CONVG) ñ{EN
DO S00 l-2,L

St Gr{À ( t, i t - ( z ( r . t, _s ( 2,.r ) ),/( I . 0-SHPH! )stcxÀ(t,1r, s¡cxÀ(¡,r) r (sicx¡(L,1r/1o.o,500 Co¡ÍrrNuE

vl -



XS-X.Spt
tO 5t0 J- 2, XS

xl2,Jt. (x(L,HrJ) t,/10.0
z t 2,.r ) - ( zt L.s'J ) ),/10,o
StGHÀ(2,J)r lStGt'lA(L'stJl )/10.0
PS¡ (2,J)- PSr (L,erJ)
PHt (2,J)-PHt lL,ç.J)

510 coÈlrNUE
PnrHl 22,C
PNtNl

27 . x I 2,n Þ,, z ( 2, n^q),stcu ( 2, RAD ), psr ( 2, n^D ), pHr ( 2, RAD )27 poRrl^ît////10x,'x(2,nAD),.,p5.2,
1 //1Ox ,'z(2,n^D)-,.pS.2,2 ,/,/1Ox ,.Srcn^(2,RADr-, ,F1Z.A.3 /./]0x ,.PSr(2,R^D)-"F12.8,a //1Ox ,'pHt (2.RAD)-, ,q.1Z.B//lPn¡N1 30.C

30 PORr,taT( ' 1' . /t/,////1ax. 'ngsuLls oF pt nsl spr naL
^rtEn"t3, SCÀLE NEDUCT!ON' }Pnlx1 I9

DO a15 J'l,n^Þ
C^LL RESOUT(2.J)

al5 coNTtNUE
GO 10 150
ELSE
co 10 222
EXDI F

222 PntNl 333
333

104

PORr.r^î1' 1 

" 
//////ZOx,

t

2

3

I
5

6

7

890
s91

/20x:'.
/2ox,'. zND oF PTNAL coHPurATtoN

/2ox 
" '/zox,'' z¿Ro suncHAFGE cAsE

/zox'''
/2ox," P¡RST3 nEcuLAR RADTAL zoNE

/2ox,'.
I

/zox,,¡...,.. .a."..-.'.a.r. //)DO 555 J-2,RAD
PntNt 890,J
PRtNl 891

"aF-Á^T( 
////1 Ox, . J.,, r 3 )

PORI{A1(,t 0X,'.rrr-. )
PRINl 19
IrO 666 1.1,L

666
55s

893
896

669
557

cÂLL nssoul( r ,J)
CONlI NUE

CONTI NUE
DO 557 t-1,L

PRI NT 893, ¡
PR' NT 896
FoRHAll "t', ////1Ox,. r -., t 3 )
PORl4All 1 0x, 'rrr" ' )
PR¡ Ñ1 '' 9
ItO 669 J-2,RAD

CALL RESOUT(I,J)
CONlI NUE

CONÎ' NUE
DO 92 til,L
DO 93 J-1,RAD

CALL OUTPUf(t.J.RAD'
93 CONÎ¡NUE
92 CONIINUE

103 PRtNl 10{
104 Ponxll( 2ox.'.r.irrrr

PRI NT 756
756

PORHAT('1', .////15X, rr..'.','t " itsx,,.
2 /tst,,, EXîRA Dor,rÀtt¡ CRE^iED DY

1 /tsx,,'.
a /t5x,,. sc^LE nBDUCI¡ONS

5 /t'x.''
6

/13x, , ¡¡t-¡¡¡ r'rrrr.rt r. r'.-..'a...... . //,xP-o.0
DO 777 H-3,L

J-RAD. H- 2pRtNT 890,J
PRINl 891
PRlNl 1 9
DO 888 l-H,L

cAtL REsour(¡,J)
CALL Otr¡PÛT(t,J,RAD'

CONT¡ NUE
rp- ( 1 +srN(pHr lH.J' ) l,/( 1-SrNt pH¡ (H,J, ) ).xp

co}lf t r¡uE
,1,P-t P/ lL- 21
Pnrl¡T 112.RP

c234567
11? ?oRr{AT(,'1,,////////2oa,.rp-..F9.at cPRtNl 101

s10P
END

g8s

777

- vlll



c

c
SUDNOUTTNE HEADTN
NEAL FtRPHt
coHxoN ptRÞHr. Dtl^, DELI^,TOL, CONvc,S¡ZE.cÀr.srÀ
INTEGEN L.K,C
coH}tolt L, t( . c
REAL XX, ZZ, StHÀ, PSSt,PHHI
COHHOH 1/t^1^,/ X1 ,X2.XX,Z1 ,22.ZZ.pq¡tl
COHHOII h, ît./ StcflA t,Stcr4A2,S¡¡rÁ
coHHoN /TEle/ PSt 1,Psr 2,Psst
coxHoF /TO19/ Pt ,sñPHr,csPHt
TNTEGEN PP, QQ , CONÎNC
COxrloN /OUt / PP,QQ,COHTÎO
RgÀL t{u
coHHON / AH / XU. prJt LO,Sr GLOC, pr{, r, pHr 2, pHt Lop, pHt Lol
REAL

x( {0, a0 ) . Z ( a0, a0 ).,Stc}t^ ( {0, tO ), pSt I tO, aO ), pHr ( {O, aO )COffiOF'/LAL / X, Z,SrGtaA, PSt
cofrHoÉ /^LO/ PH'
tNlEcEn P({0),ota0}
cot+to¡l ./LoLo/ P,Q
NEAL EO,LANDA

coHxoN
EO,LANDA,p,¡N,pr.t^x,pHrHtN,pt{tx x,pHtt,g'tN,E'Ax /cn',/

c
_ _ pntNT 10,FtRpH¡,trETÀ..DeL?^,TOL,CONVG,St2E,GAtðfA10- p.gf1^T('1',///////////1ox,,' r¡npni-;,Es.r,1 /./.1Ox BETÀ-.,pS.1,2 /./.'t9x DELTA-, ,ps..t,3 /./1Ox TOL. . ,"7 . S ,

! /.1.t.o7. . Coxvc-..r2.s,
? //.//////1ov. ,' s¡ze-',Ës.9,'6 //1OX ,. GAHrrA.;,F6.á)pHt Ht N'pHl Ht N' 1 AO. /pt

PH I lrAXr pH ¡ lit^X. lBO .,/p,
PR¡NT 11, I

K. go, L^NDÀ, EHt N, ExAx. pxt N, mrrx, px¡ ú¡ x, pgt grx1r, F9.RÅ^T(////1Ok,,' r{ur48En oF sptn^L LtNEs-, ,t3.
7 /./.19x ,' NUHDSR oF R^D!^L ¿¡ñis.',¡s,
? /./.19x ,. votD RATro eo -. ,ie . j,
1 /./,19x SLopE L^NDA'' , p6 . 3 ,1 //-iox E-Ht l¡r HUH-' , pè . ¡ ,
t /./.l0x ,' E-HA¡IHUx-',rg.¡,
9 /,1,'t 9x , ' Þ-Hr Nr !4UH- . .p7 . .t 

,7 //.1Ox p-xrxrxuc-..p;,r,
9 ,/./.1Ox , ' pt{t -Hr N-. ,ví.2,9 ,//t'x .' pHr-r.l^x-' ,eS.ZiÞHltll HrpHt ¡t¡ N.pt / 1 AO.pHt'4^x.pHt HAX- pt /1 AO,

RElUNN
EXÞ

c'

105

lx

c
suaRourtNE REsour(À.s)
REAL FIRPH'
COH'{ON F¡ RPH t, DglÀ, DELTA. ÎOL, CONVG, S t ZE, GÀM}IA
TNTEGER L,K.C
COHHON L.X,C
REAL Xr(,ZZ,St¡tÀ, PSS¡.PHH¡
COHHON ,/TAîA/ x1 ,X2,xx,21 ,Z2,ZZ,ÞHHt
COtrÅON /TtTt / Stct4À1,SrGM^z,St14¡,
cotiÌqoR /rete/ pst.l ,ps¡2,psst
cote.lox holo/ p¡ ,sNpHr,cspHt
INTEGER PP,OQ,CONTNO
COIû,ON,/OUl / PP,QQ,CONTRO
REÀL ¡{U
cowon / Alt/ t{u, pR¡ Lo, sr c&oc, pHt 1, pH¡ 2. pHr ¿op, prlr Lol
REÀL

x( {0, a0 ),2 ( {0, to },sroHÀ ( ao, {o ),pst ( ao. ao ) .pHr ( ao,ao t
COxttO|t /LAL^/ x, z,StcnÀ,pS¡
cotîío}{ /^Lo/ PHt
TNTEGER P(40),O(i¡0)
cot''.tox /LoLo/ P,Q
REAL EO,LANDÀ

coxr.toN /CRIT/EO, LÀNDA, P¡{t N, P'.IÀX, PHt MI I¡. PI{t HAX, PH' t, E¡It N, E',IÀX
INTEGEN A, D

c
pHt (À,D )-pHt (À.Bt r1 gO.,/p¡
PR¡ N1

20.x (À. B ) , z (^,8),srcHÀ(A.a) ,pst (À,D) , p(A) ,e(^) r1Pl{t (A,D}
20

poRltÀÎ ( 1 1 X, p1 2. 6, 3x,, p 1 2. 6,E1 5. 5, 3X, p1 2. 5, 8ra, t { . 1x, ¡,t, 6x,
1P6. 3 )

Pn¡ (À,D)-PHt (A,B )rPtl180.
RElUNN
END

c
c
c

rttaorartt rrat rartaaarraa.raa tatartara r all,
suEnouttNE ottlPur(A, B, RAD)
NEÀL FTRPHI
cor.fHoN Fr RpH t, aETA. DELT^, TO¿. CONVG, St ZE. c^¡t¡t^tNÎEGER L,K.C
coxHoN L,K.C
REÀL Xrß. ZZ. StrfÀ, PSS¡, PHltt
COtO4Ox /rA1^/. x1 .r(2.xx. Z1 .22.ZZ.r¿{]ttcoÆtol| ftttt,/. s¡cx¡r,s¡cxÁz,i¡xÀ
coto1.olt /|ETE/. ps¡ t, psr z, pssi
COt+lON /'roto/ Pt ,gNpHr;CSpHt
!NIEGER PP.QQ,CONîRO
cor4tlo|1 /Out / PP,QeTCONTRo
REÀL I'IU



Colfraolt,/^H / r,ltr, pH¡ Lo, s¡ GLoc, pH! l, Pr{t 2, pH¡ Lop, pHt LOf
NZAL

rla0,{o),zl ao, lol.s¡cH^( t0, l0t,psr Í {0, {0),pHr ( {0,{0)
CO|1t'tOF /LAL / x, 2. StGxÀ,PS¡
coffio; /ALo/ Pltt
t;¡lEGEn Pta0).Qfa0'
coH'4oÉ /LoLo/ P,Q
REAL EO,LANÞA

COHON /cntT/go, LAND^, Pt{t X, PHAX, PHt lrt N, pHt H^X, pHt t, EXt N, EHAX
tNlEGEn 

^, 
D. îH! l a 0, {O ), ar{, DH. LH! ( aCr, { 0 ) . H¡, naD t, R^D

REAL T,n,xP( {0, a0),xH(a0.{0r,1r{,FN.xN,H C
RADITnADTL 2 C
xn-lD 1l/2.
tll -t xT(HN )
xc-HN ¡il
!FlH C.GT, 0.00t ) î{EH
GO lr0 l{
ELSg
co ro 13
ENDI F

l3 PHr (A,D)-PHt l^,81.18OO.,/Pr
Itlt la,E)'tNTl PHI l^,D) )

Pflt (À,D)'PH! (À.8)'Ptl1800.
entTEf 8,20) xl^,a),ztÀ,D),À,D,Ì{t lA,a)

20 poRr4.À1(pe.{,3x,p8,{,8x,I8,8x,te,3x,t31
21 poFs^f(p8. t,3x, p8. {.3:(.p9.0,3x,p9.0,3x. t 3 )

1-^.1 O0 .
n-D'100.
¡F(n .EQ. 500) cO 10 {4
rP(n .Eo. 700) co 10 44
tP(R ,EO. 900) co 10 l,¡
tFln ,Eo. 1100) co 1o t4

rJRtrE(8,2.t ) xt^,a).2(^,8),R,T,TH! lÀ,8)
.4 CONTTNUE

RETURN. END
c

c
c3 4 5678

suDnouTt NE PoLcor.r
NEAL FTRPH¡
cot4{oN FrRpH¡, 8ET^, DELT^, ÎOL, CONVG.StZD,cÀHt'tÀ
INTEGER L,K,C
cowoN L,K,c
nEAL XX, ZZ, S¡HÀ, PSSI,Pr{Hl
Coút'tox h^TA/ x1.x2,xx, z ! . 22, zz,pHHt
cotr,4o[ /lrTt / srGr{À I .srcHÀ2.srH^
cot4$otr /181e/ Pst 1,Pst 2, Pss¡
cot4vô¡¿ /Toro/ Pr , sNPr{t , csPHt
tNTEGEn PP, OO,CONInO
corrdaoÈ,/out / PP.go,coH"no

106

ri

NEAL 
''IUcoút1oÈ / Alt/ r4u, PHt Lo. st GLoc, PHt 1, Pt{! 2, PHt Lo¡', pH¡ LoT

REÀL
x ( 10, 4o ) . z I 10, 40),srcHÀ (40, t0),psr ( {0, 40), pHt ( /¡0, ¡¡0 )

cowox /LALA/ x, z,stcH^,Pst
coHHoN /ALO/ PHt
¡NTEGEn P({0),O({O)
cot't]roE /LoLo/ P,Q
NEAL EO,LANDA

coHr,roN /cP.tr/
EC, LAtlDA, Ptl¡ N. PHAX, PH¡ I'lt N, PHlt{ÀX, PH! t, E¡lt N, EHAX

INÎEGEN RK, K1, I, J
NEAL PSI I, PS¡ F, INT,F!NSI G, PI NSIG.lHPHI, PtHÞHI

c
Pstt.3.1ll5927 / 2.
Pt HPHI -39.,/57 . 2957795
út)-Pt /4 . -Ft¡tPBt /2.

{OO PStF.XU, BETA
{05 INT- (PStt-ÞSlF},/ x

XX-K-'l
PRINl.'
PntHl',. rrrrr.

I rrr.t.rr...rrrtrii.rrrrrr
PRtNl,' '
PRINT,' POLE COHP'

SPtRÀL:(1,J)'
PR¡N1,' '
PnrNl,' '
PRt NT 1¡¡
PRtNT,' '
DO 350 J.2,K

x(1'J)'xf1'1t
2(1'J'-z(1'1)
PtnPH¡'PHt ( 1,J-l l

3' TNPHT-ÎAN(PtRPI{T 
'Pt RS t G'EXP ( ÀLOG ( St GH^ ( 1, J- 1 ) ) r t r¡1' 2.1r¡Þt{¡ )

S¡GLOc-Fl RSIGrS¡ zErGAl{l4 ô3. 2808r6. 369
CALL PH¡LOC
Dt - ( PHr LO- Pt nPHt l /Pr{t LO
tF(ADSlDr) .GÎ. 0.001) îr{EH

'IRPHI 
-PH¡LO

GO 10 3{

GO 10 37
ENDI F

37 Ê¡GtrA( 1.J)-FtRsrc
PHt ( l.J)-P¡ltLO
PStf1'\tl' Pst(f.J-1' - lLT
9R!Nî | 2,x( 1,Jr, rl t..r).SrCr.A( r.J),psl ( 1.J t'r2 FOR'.!^î(1 1A,F8.5,3X.t8.5.t15.5.3X.t8.5)

350 coHltNuE
PntNl,' '
PR t NT , . .r.tr at..aa...a a.r.r.......r..t....raaraa..r a.t.t..att..

.l tai-rtiirtraaatlrraaaaatrtttaratttrrrtaarriar.-.

- ¡Il



tF(corlRo .E0. 1) cO TO 6l
PNI NT, ' 'PnrNT,' sEcoND sptFÀL ' I07
PntNl.' '
PntNl 19

19 poRHAl(////t7x,'x'.13x,'2"12x,'srcr{A.,12x,.psr,,
1 15x,. P' ,tx,.Q. ,8x,'PHt.,/t

355
c

PntÈT,. .
CON?I HUE
Pnt N1, ' '
ErO 355 J-2, K
Xl- X(l,J)
Z1- 2,11,J,
SlGl.lal- SIGH^( l,J)
PSI r. PSI ( 1,J )
x2- xl2,J-11
22. z(2,J- 1)
stGHA2. S¡cH^(2,J- 1 )
PSl2- ÞSt l2,J- 11
PHI 1rr¡¡¡ ¡ 1 , 

",PHt2-PHll2,J.1,
cÀLL XUFr
xl2.Jr' Xx
2l2,Jl' zz
StcH^12.J;- SlxÀ
PSI (2,J)' PSS¡
P(Jt-PP
O(J)- QO
PHI f2,¡¡-P¡¡¡
cot¡11 HUE

CALCULATION OF A IJALL POINT
xt't(1,K)
Z1- 2(1.K)
SIGI'l^1¡ StGt'lA( 1,K)
PSI t. PSt ( 1,K)
x2- ,,12,Rl
22. Zl2,Kl
StGl'l^2- SIGHA(2,K)
PS¡2. ÞSt (2,K)
Pt{t 1-PHt ( 1 , 

'( 
)

PHt z-PHt ( 2 .K )

CALL ENDPT
X1'K.1
x(2,K11'xx
212.x1 l.zz
STGHA(2,R1 )-Slt!\
PSt (2,R1 )-PSSI
P(K1 )-PP
O(t(1)'QQ
PHt (2.X1 )-PHH!
PnlNl,' r

PR¡NT, '..'rÍ
I rr.rrrrr.rrt

rlll

PR¡N1,' '
PntNl,' '
PRtNl,' '
PR¡Nî,.

LASî POINT:
1 (2,Xr1)'

PntNT,. .

PRINl,' '
PRINT 1 1

c2345578
11

PORt'lÀT( 1 {X,' x 
" 

1 Ox.' 2 r, 1 Ox, . s¡cHÀ 
" 

9x,' psr ., 1 5x, . p 

" 
{x,' Q 

"18x,'PHr. )t4 IÞOR¡I^T(1¡¡x,rx',1OX,'Z'.10X.'Stcl.tA.,1O:(,.FSt')
PntNl,' .

PRINT, I '
Do 65 ¡t'1,R.l
PHI ( 2,J)-pHt l2,J r. 1AO,,/pr
PRt FT

16,x(2,J),2(2.J),SrcHÀ(2,Jt,psr (2,J).p(J),e(J),
lPHt ( 2.J )

16
PORII^T( 1 f i, p8. 5, 3x, F8. 5, Er 5. 5, 3X, 18, 5, 9X, t {. 1x, r 4,7x,F6. 3 I

PHr ( 2.J )-PHr 12, J t ePt /1A0.
65 CONTTNUE

nElUnN
END

c
c

rarrr tt rlaarattatataar ar aaraaa ta, t al rrlr ara t ta,ra rr.
c
c

suBRoultNE l¡uP1
REAL PIRPH¡
COMXON PIRPHI, BBTA, DELTA. IlfL. COIÍVG,SI2E,GA|'oIA
INîEGEN L,K,C
coxxoN L,K,c
nE^L XX, ZZ, StttÀ, PSSI,PHHt
cor{Ro¡t ,/îATA/ X1 ,r,2.XX.21 ,22,ZZ,pHH'
CotÛtox,/ttît / srGr,ta 1,Srcr,tA2. Stlr^
COÊttOÅ 

^818,/ 
PSt t,PSt 2,PSS!

COTIHOF /rOrO/ P¡ ,SNPtl¡,CSPHt
INîEGEN PP, QQ,COHÎTO
Co¡'4,,oH /Ovr / PP.gQ,Co$rno
REÀL I'IU
coxxoÈ / 

^H 
/ xtt, PH, ¿o, St clOC, pt{t 1, pt{¡ 2, pt{t ¿Op, pHt rOT

REÀL
r( {0, a0 ), z ( ¿0, {0 )_,src!{ ( t0,{0,,ps! (ao, ao),pHr {ao,to,

cotüor¡ /¡,At a/ I,z,stgH^,Þst
cox'{,o|l /.ALo/ PÂt
rNlEcER P(lol,o(a0t
cotOto¡t /LoLo./ P.Q
REAÍ. EO,IÀNDA

c2 3 4 5678

FINAL z-ND SPTRAL LINE ¡fIÎ'J THE

rlv



COHCN
EO, LANDA, PHI N, P}IAX, ÞHT Ht N, PHt HAX, PHt t, EHt N, EHAXREAL 2tGHAl .ZtcÅAZ.pzt t,pzt2.suHl.suH2

REAL Dl Frr,DtPP2.CSDtFt,cssull2
REAL A,D,EÎA.Xt,F.G,U,V
INTEGEN ¡ ,J
REÀL INPHI.PHHHI

/cF.tr/ 108

c
c
c

SIt4^- (S¡cHÀ1.SlcA^Z', /2.PSS¡- (pSt rtpst2)/2.
PP. I
@-t

c23{56789
PHI t - l PHt l t vÉt 2 ),/2.O
PHI LoprPHI I

2O1 PHt t rpHt LOp
CALL RPLANE
CALL CR'TtC
,au-pt/4,.pHtLOp/2.
ZIGH^ t r ( S¡HA t StGr4^1 l,/2.
Zl cxA2- I St HA I Stcu^21 ,t/2.Pzt 1' (PSSt tgst 1r/2.pzl2r tpsSr tpit2t,/2.
Stxl- Stt¡tpzt I{r,tu)
Stx2' Stt¡(pz¡2.xU'
DtpFt. S¡Ë(pzt l-ltu)
D! Fpz- Sl N I pZr 2-HU)
CsDtpl- Cosf pzt r-l.lu)
CSSUlt2- COS(pzr2.HU)

^- 
sut41 / I 2' zt ctt^ 1'sr¡pHt.csDt p r tB-- 1.' lDtpt,2t,/12.-ZlGHA2,SNpHr.CSStr.{2,

zz - z't' Dt ? î 1 /csD r F 1 - Z 2r SUH2,/CSSUr42 _ X 1 I X222-ZZ / lDt"r 1 /CSDt F 1 - Srtr42lcssult2 )lxpltt 'îAN I pHt LOp )
BrA-ALOG(S¡GH^I1 / 12..Tfn¡)-pS¡1 . A.tz¿ 21,Xt-ALOG(SrcHA2, / tZ..THpHrt . pStZ .D.tZz-ZZ,
P- Exp( (Xt rBTAr'Tr¡pHt,
c- lrlt-Ef^l/2.
ur ABs ( (t,-SrH^,, ft)v- AES( (c-pssr ),/c)

c
tFtv.cT,u) co To 202
tP(u.LE.TOL) cO TO 203
SIHA - F
!,p - pp{.,
tF(PP-100) 201.201.203

C23¡15678
202 tr(v.LE.1oL) cO 10 203

PSS I -G
QO_Qor 1

rP(QQ-1OO) 201,201,203

c
cr
c

2O3 xx,-x1+lzz-21)'D¡FF1lcsDrFl
xx- ( xx +x2. I 2z - 22 r. sat'H2 /C9SI'HZ! /2.PIIH¡ .PHt LOP
PHHH'.PHH' '18O. /P'c
tP(coNTno .EQ. 1) co To 16

. pRtNT13. xx,zz,s¡HA,pSS¡,pp,QQ.pltHHr
'13

PORH^Tl 11x. F12.8.3x,F12.A. E1S. S,3x, Fr Z. g, g¡(, t ¡¡. ix, r { ,16x.F6.3)
1 6 CONTT NUE

NETURN
END

SUDROUTINE ENDPÎ
REAL F!NPHI
cor4HoN PtRpt{t, !?1A. DÊ¡.TA, TOr.. CONVG,SrZE.GAr4"tâ,I'ITEGEN L,X,C
COHI{ON L,K,C
REÀL AX, ZZ, Stt{^, Pssr, PHHt
coÉt4ow /TATA/ x1,xz,xx,zj .z2. zz,pHH,
co|tyto'{ /ÌtÌt / stcHAl,s¡cH^2,ótHÃ
cowor{ /TEle/ PS¡ t,PSr2,PSS¡
cotcvoF /Toto/ pr .sNpt{¡.cspl{¡
TIITEGER PP, Og,CONTNO
COtlytOH /OUr / pp,ee,COHTnO
REAL ¡IU
99ryox /n,l Hu, pHt Lo, st cl.oc, pHr 1 . pr{t 2, pHt r.op, pHr LoTREAL

x( 40, a0 r, z ( {0, {o )_,s¡cr.t^(40,{o ), ps¡ (to, ao }, pH¡ ( 40, {0 )cote.toN /L^L^/ a. z,s¡cHA,pst.
cor,oloÈ /^Lo/ pBt
INTEGSR p(40),e(a0,
co,,4t¿to'{ /LoLo/ p.e
FEÀL EO,IÀNDA

c2 3{ 5578
coro{oN

EO, l^ND^, ¡'fl t N, pr,fÀx, pltt t{¡ t¿, pHt R^x. p¡f t t, EH! }t, EtdAX
FEAL ENDPST
REAL Z¡GMA2, pZt 2,surr2.Dt Fpz,csst H2NEAL B.XI,P,U,PHI{H¡
I}IIEGER ¡,J

c
c

PP- l
QQ-1
st xÀ- (St OH 1 I stcx^Z r./2.
PHI l - ( pHt 1 tpltt 2 t,/2.O
PflI LOP-PHI t

302 PH¡ r -pHt LOp
CALL RPTJÀNE
c^l,L cRr lr c

rvl

/cRtl/



Hu-Pr /l . -PtltLOP/2.
DELlA.PHI LOP
rPr¡81À .LE. 0.001) î{EN
GO TO 301

co ro 109
ENDI I'

c2Ja567A
301 EHDPST -r'tu{EETA

GO 10 3CS
309 ENDPST 't'lu ( 1 .732 DEL"^ )
305 PSSI.ENDPS¡

ZTGHA2- ( StH^r StGHA2 t//2.
Pzr 2- IPSSÌ . PSt 2, /2 .
SUH2-SlNlP2¡2r¡lU)
D¡ PF2-Sr N ( P2t 2 -tru )
CSSUH?- COS(PZt2rr{Ut
Dr- I.. (Dt PF2 ) /l 2..ZtGÅ^2.5t{PH,'CSSt H2 )
rP(^Ds(asTA) .LE. 0.0001) ÍlEN
AEl^-0.000 I
ELSE
BET^-- t .. ( 1 .732- DELTA )
ENDI P
z:-zt.ÎaH I IETA ) - X r' Z2.SUX2,/CSSUHaTA2
22- ZZ / I tlx I E¿îÀ ) - t 3ur.t2,/CSSUr.t2' )
Xt'ALOG ( S t OHA 2, / | 2,.1^)t t ey,t LOP,'. ÞS¡ 2. D. I zz - 22 I
F-ExÞ( 2. rTAN I PHILOPt r (Xl -PSSt ) )
U-ADS ( ( F- Sl t'l^ ) i/F )
tP(u .¿8. 10L) co ro 303
Sl ¡{À-F
PP-PPr 1

tF(PP-100) 302, 302,303
c2345674

303 tx-xltlzz-21)'TANl8ElA)
PHHI.PHt LOP
Pl{t4H r -PHH t . 1 I0 . /Pr
tF (coNfno .E0. 1' Go To 26
PRINT 13, Xx.ZZ,Stl.l^,PSSI,PP,Q'Q,PHHHI

13
PORr.r^î ( 1 1X, F.1 2.8,3X. F1 2.8, E t 5.5,3X ,p12.8,8r<,t4,1X,t 4.

16x,F5.3)
ÞRTHT 306

306 FORHAT(, r' ,.
I
2 DOUNDÀFY'}

26 CONÎINUE
RElURN
END

c
c

c
SUBROUTTNE EÞGEPA
NEAL FIRPHT

109

CO¡{HON FI RPHI, BElÀ, DELîA, TOL, CONVG. SI'E, GAHHA
¡NTEGEN L,K,C
coHMoN L.K,C
RE^L XX, ZZ, StH^, PSST,PHHI
coHÁoÅ ftAtx./ X1 , X2 ,XX,Z1 .22 . ZZ,pHHl
cotlt4oN /ttlt / stcHA t,srcr.t^2,stt A
COHHON /TEfe/ PSr l,PSr 2,PSSI
coqtl.9Ë ,/To10,/ Pt , sNPr{¡ , csPHr
TNTEGER PP,QQ,CONÎNO
CO!{,íON ,/OUt / PP, QQ, COHTRO
NEAL HU
cotl]4olt,/AH,/ HU, p,{t Lo, st cLoc, pHr 1, pHt 2. pHt Lop, pHr LoT
REAL

x ( 40, lo ), z ( 40,,¡o ) . sr cH^ ( ¿¡0, ¡¡o ), psr ( ¿0, {0 ), pHr ( ¿0, a0 )
covt}{o|¿ /LALA/ x. z.stcMÀ, Psr
coPttlox /ALo/ PH,
!NTEGER P({0),O(a0t
co¡4Åox /LoLo/ P,Q
REAL EO.LANDA

C23,¡5678
coHr.roN

EO, ¡,^NDÀ, Pr,n ¡:, P¡t^X, PH t r{t N, PH ¡ MÀX, pH t I, EH¡ N, EHÀt
/cRtr/

c
c

INTEGEN CC.¡,J
NEAL DI ,NUZ.NSIHA

IP( C,EQ. O) THEN
CC.2
C' 1

ELSE
CC.3
ENDI F
Do 23 I-CC,L
PtRPHI¡PHt (¡-1,1)
wn-Pt /t .()-FTRPH' /2.o
PHI LOP.FI NPHt
CALL RPLÀNE
PH¡ 

' 
.PHI LOl

Êu-P, /4 , -PHtt ,/2.
z ( ¡, I )-r(( r . 1 )'1^r¡(',fu'
S¡HA-( 1.0{z( ¡, 1 ) )/( 1.o-StN(pt{! ¡ ) )
CÀLL CRTTIC
r4u-Pr,/t . o-PH! LoP/2.o
NUzrX(!,1 t'TAN(MU)
NSlr.t^-( 1 .O.NU7,) / | I . 0-S¡N(pHrLOp) )
S¡HÀ'NSlt{^

c23t56'7
2(t.1)-NUZ
Pl{t ( t .1)-PHtLOP- S¡Ot{A(¡,1 )-NS¡HApst ( ¡, 1 l -3.1 t.l5927 /2.o23 coNTtNuE
RElURN
END

¡vl¡l



c
c
c

SUBNOUTINE PHtÈOC
REAL PINPH'
coxHoN FtnpHr,aElÀ,DE¿ÎÀ,TOL,COHVG,St tE.GAHAIXIEGEN L,K.C
COHXON L,X, C
neAL XX, ZZ. SIHA. PSS¡, PHHt
cotl}lot¿ /l^îA,/ xr,x2,xx, zJ, 22. zz,ptaP.t
co'{Hox /TtTt / srGx^1,stcÉt2,srH^
COvEox '//ÌeTe'/ PS¡ 1,PSt2,PSSt
colqYoÈ holo/ Pr,SNPH!,CSPHI

'NTSGEN 
PP,QO,COHîNO

COWOH /OUt / pp ,9e , COlrrno
REAL HU
cot'l}lo[ /aH/ r,tu. pHt Lo. st cLoc, pHt 1 . pHt 2, pHt Lop, pHr LoTREAL

x( {0, a0 ) . z I {0, ao ),stcr.r^ ( {0, to), psr ( ao,ao ),pHr ( {o, ao )corlÅoÈ /LAL / x, z,S¡GHA, Ps¡
côtfqox ,/ALo,/ PHI
tNTEGEn F({0),O{t0'
cot4l{,oÈ /LoLO/ p,e
R¿AL EO,LÀNDA
coxt{oN

üo.¿ANDA,p'tN,pr.t^,.,pHtf,ttN,p'tH.Àj(,pHt¡,EXtl¡,¿!,tAx /calt7
nE^L 11
IHTEGEN DD

cc..i s¡c¿o c¡s D¡r.tENStON^L r.rr
c

DD- 2
tI'IDD .EQ, 1) î{EN
GO TO 1ú
ELSE
GO 10 1f
ENDI F'Ir rF(^as(srcLoc, .rT. 1ooo,0) Ît{EN

c23{567
pHt ¿o- ( ¿ 7. 8 - I . ?. ( 

^LOc 
( Sr GLOC I - 2. 3025Al /4 . 605 i 7 I /57 . 2957 7 g

ELSE
tp(ADststcLoc),LT, 200ooo,o) ÎHEN
Pr{¡ Lo- ( ¡¡ 3. 2 - 1 I . 2r I ALoc ( S r GLOC ) -6. 90776 ) /5. 2gg 32 ) /Sj . ZgS77,ELSE
pBt Lo- 32. O /57 .2957i 99
ENDI F
ENÞt F
GO TO 30

c23l36j
10 rF(AES(StcLOC),Lî. fOO.Ot THEN

PHI LO- ( 4 l. 8- ¡¡. 7r ( ÀLOG ( SrcLOC, - 2. 3O2SB, /4. 60S 1 7, /57 . 2g:-7 7 g
ELSE

110

, 1r-(47.8-4.7r(À¡.oc(1oo.o)_2.30258r/4.60517t/11OO,O
'r0.5 )

PHI LO- ( rrr ( st cLoc'.0. S ) , /Sj .Z9S77g
ENDI F

30 sNPHt-STNIPHTLO'
csPHt 'cos ( PHr LO )
NElURN
EI¡D

c
c

arrrr.ttr.rt.
c23{5678

suBRot¡trNE cRtltc
REAL PIRPH!
COHHON FI NPHI, BETÀ, DELIA,lOL, CONVG, St ZE, GA!ß'A
I NTEGER L, 

'( 
, C

coto{oN L,K,C
REÀL XX,2Z,StXA,PSS¡,PHli¡
COro4ON /1|t^/ X1 .X2.XX, Z1 .22. zZ.pHH,
cotùtoR ßtTt / stoxa.r,stcrlÀ2,srHÀ
coNDlOF /leTE/ PSt 1,PSt2.PSSr
COÆ4Olt ftOTO/ Pr ,SNPHI,CsptttI}IIEGEN PP,QQ.CONîRO
cowoN /out / PP,QO,CONÎRO
REAL HU
co|o{Ox / 

^tt 
/ Hu, pHt Lo, st cLoc, pHr 1, pHt 2, pHt ¿op, pt{t !o1REAL

x( {0,¡¡0 ), z( 40, {0 ),srcH^ l a0. to),psr ( a0. ao ) . Þt{¡ (¿0, {o )cot.0to¡t /LAL^/ X, Z.S¡cnA,PS¡
covûtoB /^Lo/ PHr
tt¡?EGEn P(40r,Q(t0t
cot4¿tott /LoLo/ P,Q
REÀL EO,LANDA
cor.fxoN

EO. L^ND^. pHt N, pt 
^x, 

pH! Ht N r pHt HÀX, pt{t ¡, EH¡ N. Et{ÂX
REÀL V,VLANDA.KK,pT{¡Cr,QOp,Dt,ppn,H

_ REAL tOf^X,HX¡N,VLAH¡,(,VL HrN,^^,BDc
V-1.OrEO
PHI'.PHILOl

5 Ãx-( 1.0rs¡N(PH¡t ) )/(1.0-SrN(pHtr 
' 

)
Sl llA-St H^'GAHHArSt ZEppR- ( 2r ( 1 .0r 2rKK ).st HÀ),/( 3. ( 1 +rx ) )st HA-s¡ H^/( Sr ZErc^Hlt^ )
v¡,ANDA-v + IANDATÀLOG(ppR)
VLAHAX-{ l.rEHAX) { L^HDAr^LOGlpr4^x)
vLA¡tt È- ( .l . . EHt N , . LÀHDA-ÀLOG ( pHt N itr(vL^NDA .c1. VLAll^X) IHEN
VLAI¡DA rvLAttA¡(
PHICI'PHll{tN
GO102
¿LSE
GO107
INDI F

/cRtr/



7 IF(VLAND^ .LT. V!,A"IH) ?HEN
VLÀNDÀ-VLAr.lt t¡
PHt Ct 'PHt HAX
GOTO2
ELSE
GO103
rHD' P

3 r{x^x-(6.'stN(pr{!HtH) t,/(3-SrH(pHrr.lt}¡) }
HXr N- ( 6. 'Srl¡( pHt!r^x) ),/13-s¡N ( pH¡H^X) )A^- { XHAX-HHt p )/(VLAH X- VLAr{r N'
BD-r'lHAX 

^^rt'L^H^XQOP-AATVLANDÀ { BD
H-çÐP
1T,(3rH)/(6ilr)
PHrCr-AnStN(T1)

2 PHtLOl-PHlCt
DI . ( PHt LOT- PHI' I /PH'LõI
tP(ÀaS(Dt ).G1.0.11) ñlsN
PHI I -PHI LOl
GOTOS
ELSE
GO109
EXDI P

9 CALL PPLANE
PHI I.PHt LOP
SNPHT -S ¡ r¡ ( PHt LOp )
CSPHI -COS ( PHt LOp)
RCTURN
END

SUBNOUÎINE PPLANE
REAL F¡RÞHt
coHHoN F t npr{t, EEl^, DELÎA, îOL, CONVG, S r 2E, c^r,o,t^
INTEGEN L,K,C
COHHON L,K,C
REAL XX, ZZ,StXA, PSSI, Pt{r{t
co{t4oÅ ./TAt^/ X r,X2.XX. Zl .22,ZZ,pP'}tt
Coþfr{Oå /Ttrt / Srcx^ r,S¡cHA2,S¡tra
coÞaíor|,ftÈ,te/ Pst 1, Pst2,Psst
covD4ox /'roîo/ Þr ,sNPl.lt,csPHr
IHTEGER PP,Q'Q,COHTNO
coÉHotl,/oút / PPTQQ,COT¡TRO
REAL HU
co¡.'y.ox / AH,/ HU, pr{t f.o, st cLoc, pHt 1, pHr 2, pHr Lop, pHr Lol
REAL

x({0.40) ,z( t0,{0t,stc}l^(t0, to) ,pst (ao,ao).pHr ({o, ao )
COIDiON /LALA/ x, Z,Stcr4À, pst
COYùiON /ALO/ PHI
rxTEGEn P(40),O(40)
cot4xoE /LoLo/ P.Q
NEAL EO,LANDA

c23t3É?

11r

c
c
c

co¡'o.róN
EO. LAND^, PMI N. PI,IAX, PHt I.II N, PI{t'4AA, PHr t, EHt N, EIfAX

REAL PH¡PL'I ,PH'PL2
/cntr/

PHtPL l.32. 832A'f', /1Ao.
PHtPL2-36..pt /19O.
t P ( P'{I LOT . LT. PHt PL'I ) GO TO 1 O
IP(PHtLOl .GT. PHtPL2) GO 10 20
PHt LOI-PHt LOÎ. 1 gO. /PrpHtLOp-1.6667'ALOG(pl{rLOT) - 2.3362
PHI LOP-ExP ( PHILoP )
PHI LOp-pHt LOpa¡,t /1AO .
GO1035c

c23ts67
1 O PH! LOP.PHI Lol

GO 10 35
20 Pr{rLoT-PHrr.oT..tao./Pt

PH! LOP! 1, 29ó4.ÀLOc ( pHtLOT) - i . 002
PHI LOP-EXP( PH¡ LOP }
P¡II LOP'PH¡ LOP'P' /1SO .
GO 10 35

35 REIUnN
END

c
c.r.r.rr...rrrrrrtrlat.ratrrtl.rrrr.t.lr.tta.r..r.tr.i,rrrIltlrr,

SUDROUTTNE RPT¡ANE
REAL PtRPHI
co¡{HoN Ft RpHt, DETÀ, DELT^, TOL, COHVC, St ZE, O^¡{nÀ
INÎEGER L,K,C
coro{oN L. K, c
nEÀL XX. ZZ,StH^,PSSr,PHll!
COSD.ION ft^l^/ X1 .x2.XX,21 ,z2,Zz,pHH,
COt{'lO¡t ftlîr / StG¡lA l,StGxA2.S¡x
coÆ4oÈ /TeTE/ PS ¡ .t , PS r 2 . PSS t
COt+tON /TOrg/ P! ,SHPHT,CSPHI
tNÌEGER PP,QQ,CONTRO
cor+rox /oûr / PP,QQ.cor{1no
REÀL rru
cot4ttox,/^H/ xu, pHt &o, st cLclc, pr¡r 1, ÞH¡ 2, pfl t Lop, pHt Lol
NEAL

x(40, ¿0), z ( t0, a0_),Stcn ( {0, tO,, pSr (aO. aO ).pH¡ (tO, tO t
COYD O}I /LAL^/ X, Z,StGt{^,PSt
cotüoÅ ./ALo/ PHt
INÍ?GER P({O},Q('O'
coyo{oÈ /LoLo/ P.Q
REAL EO, ¡.ANDA

c231567
cot{¡toN

Èo, &AÈDA, pH¡ N, pXAr(, pt{t xt }t. Þfi 1x a, ñ{! t . rfl t È. rHAanE^L PHtPLl,Pl{tPt2
c
c

- rrll

/cÃt",/



f¡HI PL1. 32, 832A. Pt / 1 AO.
PAt PL2 - 37 .9369.P1 / 1 AO.

'P(PHtLOP 
,L1. PH¡PL1) GO TO 1O

IP(PHILOP .G1. PH'PL?' GO TO 20
Pr{r LoP-PHt Lop- t80. /Pt
pH¡ LOl- ( ALOC ( pHt LOp, t 2. 3J62 | /.1 . 6667
PH ¡ LOT-EXÞ ( PH t LOl ,
PHt LOl.PH! LOl.Pt /1AO.
GO 10 35

c231567
1 Ú PHI LOI.PHI LOP

co 10 35
20 PHtLoP'PHtLoPì1f¡O./Pr

pHl LoT- l^LoG( pHr Lop¡ . 1.Oo2l / 1 .2r14
PHI LOI-EXP( PHI LOT)
PHt LOl-PH¡ LCrr.Pt /1AO .
GO 1! 35

35 NEflRH
END

c
c'..rrr'.rrrr
c

SUENOUÍINE NGAHA(RAD)
REAL P¡RPHI
COHON P¡ RPH¡, DãIA, DELÎA, ÎOL. CONVG, SI ZE, GAXHA
IIIÎBGEN L,K,C

cot'tvoN L,K.c
REAL XX, 22.S¡HA,PSSI,ÞHHt
conrqÒx /TAIA/ xt,xz,x7,,2 1,22, zz,PHH,
coqtíox,/1t1t / srGHAl,s¡Gr4a2,st¡r^
coptlí.oB /TelE/ Pst r,Ps¡2,Pssr
COt4HoÉ ftoTo./ Þt,sNPHt,csPHr
INÎEGEN PP,QQ,CONTNO
covÉo[,/out / PP,QQ,covrRo
REAL I'IU
cot4$oN /AH/ xu, PHI LO. S I GLOC, PHt 1, PHt 2, PHt LOP, PHt LOT
REAL

x( 40, ¿O ), z ( 10, 40 ) .srGr,rÀ ( {0, l0 t, Psr ( {0, {0),PHt ( ¡¡0, l0 )
coÞtþtov /LALA/ x, z,stGr,rÀ, Ps¡
cor{Hox /^Lo/ PHt
tNTEGEn P{40),Q{10)
coy¡.toY /LoLo/ P,Q
REÀL EO,LANDÀ

c23r3674
co¡õroN /cRtr/

EO, LANDÀ, PI'iI N, PIIAX, PHII'IN, PHIIIÀX.PHI t , EHt N, EÈIAX
REAL COSPST, Sr r.r^v ( 3 0 ), NG^HHÀ, F, E, SOHI4E. RAll O, CENîllE
REACTS B
¡NTEGER L1,RAD, ¡,J,H,RAD1,RAD3

c
RÀD1.RADT L- 2
nÀD3-R^D. L-3
l'0
H.0

rrlli

112

J.RAD.2
4 !t-Hr 1

JiJ{ 1

c2349674
t_t{.1
ST NPHT -SI N ( PHI ( H,J ) }
PS¡ (H,J)-2.rPSt (H,J)
cosPst -cos ( Ps¡ ( H,J ) )
Ps, (H,J)-Ps! llt.J ) /2.
stHAv( t ) -stGr,la(H,J ). ( 1 +s¡NPHrrcosPst )
tF(r{ .f,î. L) GO TO I
r.2
H.2
J.RAD
NGÀHHÀ-0 ,0
SOHÌ.|E-0.0

6 I rt.'l
¡{.Hr 1

JrJ{ 1

sor,o.rE-( srH v( I -'l ) {st}r^v( t ) ),/2.
SOI$|E-SOHHE' (x(H,J ) -X(H- l.J- I l )
NGAI'IHA.NGÀHHA . SOI{XE
L1'L
tF(t .LT. Ll) GO 1Þ 6

c23tS6?
ltc^xx^--2,' ( xc^r{t{a }
PR¡NT 1O,NGAI,I}IA
B-X ( L. RAD1 )'2.
RAÎIO- '1 . /E '2
ItGÀHl't^-NGAXl.t rRÀTI Or 2.
PntNl 10,NGÀt4{À

10 poRr.rÀT(, 1"////////20x,.}¡c^ra4^-"F9.¿)
B,E'S|ZE/1.732
PRINT 

'2,8'12 FOR¡t^Ìl ///,//20:(,'BRelolrr-',¡9.¿ ¡
s-8.1.732/stzÊ,

B-( 1.,/B)' I 10.'.( 1-C) )
PRTNT 11.8

11 
"oRt4^rl//////,//2ox,'D/B-',r,s.ttREîURN
END

crr.--rtrtrtr
c

SUBROUTTNE KAPE(RÀD)
REAL F¡RPHt
cor.{t{oN F I RPHI, BElÀ, DELT^, ÎOL, CO¡¡VG. S I ZE. ôAr'n{
tNîEGEN L,K.C

COxtlON l.'l{,C
RE^L tX, ZZ,StHÀ,FSS!,Pt{Ht
covù4ox ßAT / xl ,x2,rx.21 ,z?.zz.Fll¡tt
cotlH.on /îrtt / s!Gtl^l,stoHAz,stx^
covÚox ÆEîE/ PS|l.PSt 2, ÞSS!
coro{oN ,/To1o,/ Pt ,sÈPHt.csPHt
INTEGEN PP,QQ,CONTRO
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COÆqoN /OVt / Þp,ee.COxlnO
REAL 

'4UCOH}'O¡] /AH / HU, PHt LO, St GLOC, PHr r, PHr 2, PHr LOP, PH! LOTFEAL
X( 10, a0 ), z ( {0,,1_0 ) .StcxÀ ( tO, ao ), pS¡ ( tO, t0 ), pHr l aO, {O )Coút4ON /LALA,/ ¡(. z,Stct{À, PSt

COr,{UOË /^LO/ pBt
rNTtrcEn P(40l.ota0)
cot4,4ÕN /LOLO./ P,Q
NEAL EO,Í,ANDÀ

c234567
coHr.roN

EO.rAr¡DA,PHtN,PHÀX,Pt{¡¡t¡N,pHrH^X,pHtr,EHtN,EHAx /cRtl/
REÀL COSpSt,s¡ HAH f 30 ), Rp, F, E. SOr,rr.tE, i. n¡r¡ o. csxrne¡NÎEGEN L1,RAD, I .J.H, RÀD',FÀD3

c
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!.C
H.0
.t-nÀÞ- 2
R^Þ3-R^D{ L. 3

a H.Hr'
J-Jr1

c23{5579
l-t I t
StNpHr,Stx(pHt tH.J')
FS¡ lH.J)'2.'ÞSt (H,J)
cosPsr.ccs(Psr (H,J) lpst (H,J)!pst tH,Jr/2.
S! tl^H( ¡ r-STGHA (H,J t' l t -gtNpHrrCOSpSt )tF(H .L1. L) co 10 4

c
¡ -1
H'1
J-nAD.'l
xp-C , 0
SO¡GrÍr-O .0

6 t'tr'l
H-H r 't

J-J { 't

soMHE- ( S¡H^H ( t - I ) rStr,rAH ( t ) )/2.
SO¡il{E-SOMXE' (ZlH,Jl -zlH t,.t- I ) )KP-KF I soHHE
L1 'LlF(¡ ,L1. Lt) cO TO 6

c231567
KP.KP
PNINT 1O,KP
D-ZlL,nADl )
a-Drstze/'1.732
pRl NT 1¿¡ , D

1 ¡¡ poRt4^Tt ///////2Ox, 'Hetc¡q¡-, . p9. a )D-8.j.j32/StzE
R^TlO.'l . /D,.2
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KP-KPTRATI O'2 .

PRINl 1O,KPponv^Î I ///// /// /20x, . r(p. 
" 

F9, ¿ )
RETURN
END

L'ONGAN'SÀTtON DE L'ENTREE DES DONNEES
EST LÀ SU¡VANTE:

PIRP'{!, DELTÀ, AETÀ,?OL, CONVG, Sr 2E.GS,GP
CONTROL
L,X
E¡II N , EHAX, LÀNDÀ, PXT N . Pil¡X, PHIt'T N , PH¡ HÀXx(¡,1)

crr-.r r rr. r rr rrl l. rr rtrrrllr.l. r.rr.rtrr l l,rr.rrr.r.rr..l.r., -rlc
lc
INlRY
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'.8r2 .t0 20
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o.1732
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0,260
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0.966
1.216
1.732
ssl0P
// pÎ ogp o o 1 DD DsN.HovAN. sAs. ourpu2, Dt sp.oLD

l0 10000 2A t5
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The following pages (115-117) show a sarnple of the computer

print-out. Each point is characterized by :

X, Z, Physical coordinates

SIGllA, Stress

- PSr, Direction of the major principal stress

- PrQ, Iteration counts

- PHI, Angle of shearing resistance

The radial number is J. For each radial, the print-out shows

the characteristics (X,Z TSIG¡'lArPSI ,P TQTPHI) of the intersec-

tions of the spirals with the radial.
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Àppendix C

SAMPLE OF À PLOTTING COMPUTER PROGRAM
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