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by 
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Dept. of Civil Engineering 
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ABSTRACT 

M.Eng. 
August 1984 

The purpose of this study is to analyze and/or 

predict the long-term creep characteristics of the buffer 

material placed around the nuclear waste container in the 

disposal vault. The analytical techniques examined have 

the objectives of deriving statically possible stresses 

compatible with kinematically possible strains while 

satisfying the boundary conditions. In order to detect 

any creep in the buffer material under actual boundary 

conditions a scale-model testing procedure is adopted, 

called the glass-box technique, which enables the visual 

observation of the buffer movement by scaling down half 

of the in-hole disposal system through its longitudinal 

axis. The experimental results are then analyzed by the 

Finite Element method and the visioplasticity approach. 

The major considerations of this study include the following 

requirements: 

1. Development of the finite element solution 

technique to take into account the boundary 



conditions of the problem 

2. Study the effect of the boundary conditions 

on the buffer response 

3. Verification of the analytical/predictive 

model established by comparing the predicted 

results with those measured experimentally. 

The application of the predictive procedure developed 

provides satisfactory information regarding the long-term 

buffer response in the nuclear waste disposal system under 

a variety of complex boundary conditions imposed, and calls 

for simple data acquisition without sacrificing the accuracy 

of the prediction. 
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PERFORMANCE DE FLUAGE ET ANALYSE DES MATERIEL TAMPON 

DANS UN PUITS DE DECHETS RADIOACTIFS 

par 

Demosthenes Yiotis 

Departement de Genie Civil 
et Mechaniques Appliquees 

RESUME 

M.Eng. 
aout 1984 

Le but de cette etude est d'analyser et/ou predire 

les caracteristiques de fluage a longue echeance du materiel 

tampon situe autour du reservoir de dechets nucleaires dans 

le puits. 

Les methodes analytiques examinees ont comme objectif 

de deriver des forces statiques compatibles avec des deforma-

tions possibles cinematiques tout en satisfaisant les condi-

tions limites. 

Pour detecter tout fluage dans le materiel tampon 

sous des conditions limites actuelles, un procede experimental 

appel~ technique de "boite-vitree" a ete adopte. Ceci permet 

l'observation visuelle du mouvement du mater l tampon. Le 

modele fut cree en reduisant les dimensions du prototype 

original et en utilisant la moitie de celui-ci limite par 

son axe longitudinal. Les resultats experimentaux furent 

ensuite analyses par la methode d'elements finis et la methode 

de la plasticite visuelle. Les considerations majeures de 

cette etude comprenent les exigences suivantes: 

-iii-



c 

0 

1. Le developement de la technique de la solution 

d'elements finis pour prendre en consideration les 

conditions limites du probleme. 

2. Etude de l'effet des conditions limites sur la 

performance du materiel tampon. 

3. Verification du modele analytique/et de prediction 

etabli en comparant les resultats pr~dits avec les 

resultats experimentaux. 

L'application de la methode de prediction developpee 

offre une information satisfaisante sur la performance du 

materiel tampon a longue echeance dans le puits sous une 

variete des conditions limites complexes imposees, et ne 

demande que des donnees simples a acqueir sans pour cela 

sacrifier !'exactitude des predictions. 
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NOTATION 

The symbols used in this thesis are defined at their 

first appearance. The major ones are listed below. 

A. area of ith quadrilateral of inscribed grid 
~ 

C soil cohesion 

Di(i-1,2,3) displacements 

E elastic modulus 

E
0 

initial elastic modulus 

ET slope of the deviator stress ( a1- a
3 
l, versus 

principal strain, s 1 , curve 

f lumped force field 

F. 
~ 

body force field 

I strain rate invariant 

K element stiffness matrix 

K n element stiffness per unit length in the normal 

direction 

K
8 

element stiffness per unit length in the 

tangential direction 

U,V velocity components 

U velocity field 

u,v displacement of velocity components 

w work done 

Y strain energy 
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y soil density 

Yxy shear strain 

E.(i=l,2,3) major, intermediate and minor principal 
l. 

strains, respectively 

€ ,E normal strains 
X y 

v Poisson's ratio 

a normal stresses on failure plane 

a effective stress 

a. (i=l,2,3) major, intermediate and minor principal 
l. 

stresses, respectively 

a ,a normal stresses 
X y 

T shear stress 

T. stress tensor 
l. 

T xy shear stress component 

~ friction angle 

~ coordinate matrix of the nodal points 

{ } column vector 

[ ] matrix form 
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mm millimeter 

m meter 

kPa kilopascal 

sec second 

m in minute 

F.E. finite element 

C.S.T.(element) constant strain triangular (element) 

AECL Atomic Energy Canada Limited 

GRC Geotechnical Research Centre 

CBR California Bearing Ratio test 

cu Consolidated Undrained test 
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1.1 

CHAPTER 1 

INTRODUCTION 

Summary of the General Problem 

Nuclear energy has become a valuable contributor 

to the supply of electricity. It supplements coal, replaces 

oil and does not pollute the air or water. Countries all 

over the world recognize this contribution and are moving 

ahead with their nuclear energy programs. Three hundred 

nuclear-electricity generating stations are in operation 

worldwide, and 200 more are being built. 

Only one category of waste from nuclear-electric 

power plants is highly radioactive. After three to four 

years of use, the uranium fuel pellets used to generate 

energy contain a small percentage of radioactive byproducts 

called high-level waste. These byproducts must be carefully 

isolated from our environment. 

The volume of this waste is very small, compared 

to the waste from other industrial processes. Therefore, 

it is thus much easier to control, contain and dispose of. 

The National Academy of Sciences of the United 

States has reaffirmed that high-level nuclear waste can be 

disposed of thousands of feet underground, in geologic 

formations that have been stable for millions of years. 

Laboratory analyses performed and practical experience have 

led to a strong scientific consensus: The many natural 

and engineering barriers of a deep geologic repository will 

keep nuclear waste safely isolated from our environement 

and our descendants. 

-1-
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Here is the Department of Energy's (U.S.} preliminary 

design for the planned geologic disposal: 

1) the waste, in a glass or ceramic-like form, will 

be sealed within metal canisters; 

2) the canisters will be lowered 2,500 feet below 

the ground to repositories mined within stable 

geologic formations, such as granite, basalt or 

salt; 

3} the canisters will be placed in holes that are 

then filled and plugged with a material like bento-

nite clay. 

All these barriers are designed with one purpose: 

to keep the waste safely isolated from our environment 

c for many thousands of years. Eventually, the waste hazard 

decreases to the level of natural uranium ore. 

Until the nuclear waste in-hole disposal system is 

constructed the waste will remain stored in steel-lined 

pools inside the nuclear plants themselves. 

Many countries are pursuing the geologic disposal 

method. West Germany has been drilling to test the suita-

bility of a deep salt formation. Switzerland favours 

disposal in rock far beneath the Swiss lowlands. Canada's 

research and development is focusing on the ancient granite 

formations of the Canadian Shield area. 

The theme of this study concentrates on the long-

term creep characteristics of the buffer material placed 

around the nuclear waste container in the disposal vault. 
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Creep is defined herein as long-term soil movement under 

constant applied loading. 

One of the requirements of the buffer material is 

to be capable of withstanding the applied pressure generated 

by: 

(a) the self-weight of the container 

(b) surrounding rock 

(c) overburden pressure {from the buffer and 

backfill material) 

(d) and other unaccountables. 

The deformation of the buffer material under operating 

loading conditions should be negligible, particularly in the 

c long-term, so that any possible movement of the container 

is restricted. This is to ensure that sufficient buffer 

material will always be in close contact with the container 

at all times to perform its function as designed. 

1.2 Statement of the Problem 

Based on the latest developments in the design 

concept of the immobilized waste vault {according to AECL} 

the layout of the in-hole disposal system is illustrated 

in Fig. 1.1. The toial weight of each container (0.60 m 

in diameter) is 78.4 kN which will result in a pressure 

of 277.4 kPa acting on the underlying buffer material. 

Obviously the buffer material has to be able to sustain this 

0 loading without any detrimental deformation. 
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lm 

4 m 

0.600 m • 0.600 m ~ 0.600 m 0 

~ 

2.050m 

5m 

2.200m 

0.750m Container 

I -c ~I l -c ... , ... ,.__~ Buffer materia 1 

1~100 m 0 1.100 m 0 1.100 m 0 
J of • I oE' ,. I 01t • :.. I· oE )o f 

1.875 m 1.875 m 1.875 m I .8750 m 

7.5 m ,. I 

Fig 1.1 Details of Trench Emplacement Concept 

c (after AECL) 
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It is possible that once the nuclear waste container 

is installed in the disposal hole and surrounded with the 

buffer material, there will be. a considerable period prior 

to backfilling of the disposal vault. Any water intake 

during this time will lead to the situation shown in Fig. 

1.2. Of particular concern is the case of water uptake 

around the bottom part of the container, which may cause 

accelerating deformation of the buffer material, provided. 

that the amount of heave due to water uptake is successfully 

suppressed by the overburden pressure. In essence, the 

increase in moisture content of the buffer material which 

should be placed at relatively low moisture content (around 

its ·optimum} may give rise to the undesirable long-term 

creep. 

If the water uptake of the buffer material occurs 

only after the vault is fully backfilled, increasing the 

5 

moisture content around the lower part of the buffer material 

should still be one of the main mechanisms responsible for 

inducing long-term creep. The overburden pressure acting 

on the buffer due to the backfill material is increased 

by approximately lOO kPa, resulting in a total pressure 

of about 400 kPa at the bottom of the container. It should 

be noted that water uptake above the top of the container 

alone (possible through local unfavourable rock joint 

system} may further increase the pressure acting on the 

container, depending on the interaction between the buffer 

and the backfill materials together with the configuration 



Container 

0 

prior to backfi11ing 

6 

Water Intake around the top 
of the container ca·using upward 
heave- unlikely to exert severe 
additional stresses on the 
container or induce any movement 
of the container. 

Water intake around the bottom 
part of the container causing 
heave or deformation due to 
increase in moisture content -
excessive deformation could 
hamper the function of the 
buffer material. 

Fig 1.2 Possible situation leading to creep of the container 

(after Yong, 1982) 



7 

of the in-hole disposal vault. Nevertheless, the pressure 

exerted on the buffer material at the bottom level of the 

container is at a minimum value of about 320 kPa while 

the maximum value can be higher than 400 kPa. 

In the case of constant moisture content in the 

buffer material (i.e. no water uptake), long-term creep is 

still possible, depending on the density, compaction fort, 

placement technique etc. 

It should be pointed out that the above situations 

could actually degrade the function of the buffer material 

by inducing a system of cracks or excessive movement of the 

buffer material (which would reduce its thickness around 

the container or would lose the tight contact with the 

container). 

Other possible loadings include rock stresses, thermal 

stresses, interaction between the buffer/backfill material -

container - rock system etc. Once cracks occur within the 

buffer layer, access to water must be available for the 

buffer material to swell and seal the cracks. Otherwise, 

these cracks might prevail or propagate following the drying 

cycle after being wetted. 

All the above-mentioned possibilities necessitate 

the evaluation, in terms of long-term performance, of the 

buffer material with respect to its creep behaviour. 
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1.3 Purpose of Study 

The purpose of this study is to investigate the 

long-term creep characteristics of the buffer material in 

the in-hole disposal system under different loading and 

water intake conditions. In addition, an analytical model 

will be provided which would allow for the derivation of 

the necessary time dependent stress and strain parameters 

within the deforming buffer, compatible with the observed 

buffer deformations, while satisfying the actual boundary 

conditions. 

1.4 Scope of Study 

The scope of this study is to examine experimental 

techniques such as model testing when applied in order to 

obtain a satisfactory simulation of the actual boundary 

conditions of the problem. 

In addition, the validity of the application of 

empirical semi-analytical techniques - visioplasiticty -

and numerical techniques - finite element method - to the 

analysis of the problem will be verified. 

1.5 Thesis Organization 

The thesis consists of seven main chapters and 

three appendices. The main body of the thesis may be sub­

divided as follows: 

Chapter l, of which this section forms a part, is an 

introductory chapter which presents the statement 

8 
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and the nature of the problem as well as the 

aim and the scope of the present study. 

Chapter 2, provides a brief review on model testing 

in soil mechanics, on soil creep theories and 

associated rheological models and on the develop­

ment of the visioplasticity approach. 

Chapter 3, describes the experimental facilities used, 

together with the proposed test program and the 

additional tests performed by the Geotechnical 

Research Centre staff for the investigation of 

the buffer material properties. 

Chapter 4, presents the experimental results together 

with 'the related discussions and comments. 

Chapter 5, provides the developed predictive model 

for the overall buffer performance. Comparisons 

of the predicted results and both the experimentally 

measured ones and the results obtained using other 

existing approaches are all included. 

Chapter 6, contains the concluding remarks. 

Chapter 7, provides some recommentations for further 

study. 

9 

The second part of the thesis consists of three 

appendices which provide a theoretical approach to the finite 

element technique as applied to the present problem, 

additional information on the experimentation and the com­

puter programs which were used for the analysis of the 

experimental results. 
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0 APPENDIX A, presents a theoretical approach to the 

finite element technique and deals with subjects 

such as idealization, formulation of the problem, 

boundary conditions, constitutive relationships 

and method of analysis. 

APPENDIX B, provides additional information on the 

sample preparation and experimental set-up used 

by GRC staff in order to investigate the buffer 

characteristics. 

APPENDIX C, lists the computer programs used in this 

thesis, together with a brief analysis of their 

structure and their advantages. 

0 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Model Testing in Soil Mechanics 

Scale-model tests based on similitude principles 

have played a major role in the development of aerodynamics 

and hydrodynamics. From this work has stemmed the capability 

to design and analyse systems involving fluid flows that are 

too complex for purely analytical techniques. Aerodynamics 

in particular has benefitted from wind-tunnel studies based 

on similitude. The benefit not only been in the immediate 

practical sense of providing detailed information about a 

particular component or a proposed design, but also, in a 

0 ' 

more fundamental way, in support of the evolution of a 

comprehensive aerodynamic theory. 

Scale model tests usually are conducted for one of 

two reasons: 

a) to gain understanding of the nature, magnitude 

and effect of the physical parameters that are 

present in the system whether defined or not. 

b) to predict prototype performance from values 

measured on a relatively small and inexpensive 

system (Freitag, Schafer, Wismer, 1970). 

Instead of having a test of differential equations 

to be solved in closed form, the model is looked upon as the 

statement or formulation of the problem in the associated 

boundary values. The test medium then is complete defini-

tion of the constitutive properties of the actual medium 

-11-
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and the conduct of the test is an analog solution of the 

differential equations of the system. 

12 

Application of the principles of similitude involves 

the concept of similar systems - a prototype and a model. 

Two systems which will exhibit similar behaviour if geometric, 

kinematic and dynamic similarity are achieved. Geometric 

similarity is attained if the two systems are geometrically 

proportionate. Dynamic similarity is attained if the ratios 

of all forces are the same in the two systems. Kinematic 

similarity usually follows if geometric and dynamic similarity 

are present (Freitag, Schaffer, Wismer, 1970). 

According to Roscoe (1968) in soil mechanics there are 

two main uses of model tests. The first is where principles 

of similarity are not of first importance and tests are made 

at model scale to examine, usually on a non-quantitative 

basis, the assumptions that have been adopted in theoretical 

analyses of prototype problems. The second use is to deter­

mine and satisfy, the principles of similitude so that the 

behaviour of a prototype may be correctly predicted from the 

observation of a model. For this to be achieved, it is 

necessary for the investigator to assess not only the physical 

quantities that are relevant to the problem, but also to 

use judgement to reduce them to a working minimum by selecting 

the most significant parameters. This second approach has 

not been more widely adopted in soil mechanics since there 

is no general agreement among engineers concerning the 

mechanical behaviour of soils. 
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Clough and Pirtz (1958) developed conditions of 

similitude for the construction and testing of models to 

investigate the effects of earthquakes on rock-fill darns 

with earth cores. Their work was extended by Seed and 

Clough (1963) but they claimed only to have obtained semi­

quantitative results. 

Kondner and Green (1962) developed functional 

relations for the load-deflection characteristics of verti­

cal piles subjected to horizontal loads when embedded in 

sand. 

Schuring and Ernori (1964) attempted to develop, by 

dimensional analysis, a general formula to cover many soil­

deforming processes such as vertical penetration, bull­

dozing and land locomotion. 

13 

However, the most important contribution to the study 

of the applications of the principles·of similarity to soil 

mechanics model studies has been made by Rocha (1953, 1957). 

He established in 1957 the similarity conditions which 

should be fulfilled by models to be used in studying the 

engineering problems of soil masses. He generally considered 

the soil as a two phase material and he first gave the simila­

rity conditions when the liquid phase can be ignored, then 

he took into account the liquid phase and he finally offered 

the conditions for the general case of any deformation 

including rupture. 
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In their effort to reduce the necessary parameters 

to a minimum and hence facilitate theoretical work and the 

possibility of obtaining repeatable results in tests under 

controlled laboratory conditions, Roscoe and Poorooshasb 

(1963) produced experimental evidence which showed that to 

a close degree of approximation the strain behaviours of 

two elements of soil will only be identical when the 

elements are subjected to geometrical similar stress paths 

and their initial states on an e-lno' plot are equid~stant 

from the critical-state line. With the aid of this principle 

it is possible to conduct tests using the same soil, but 

at different initial states, in both the prototype and 

the model. According to Roscoe (1968) this principle is 

appropriate for remoulded soils, and may prove useful for 

undisturbed, recently consolidated clays and for over-

consolidated clays that do not alter their behaviour when 

subjected to remoulding. It is not appropriate for the 

modelling of over-consolidated soils that are sensitive 

to remoulding. As Roscoe (1968) states, if self-weight 

is not significant, the prototype material must be used 

in the same initial state in the model and the same stresses 

must be imposed on the model as on the prototype. Under 

these conditions the identity of stress-strain curves in 

model and prototype is ensured. When these conditions 

are fulfilled all time.effects will then be proportional 

2 
to h , where h is the linear scale ratio between the pro-

totype and the model. 
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c The ultimate goal of research on similitude in 

soil mechanics is to refine the ability to predict soil 
. 

performance to the point that it is adequate for all 

applications. Further research should be directed toward 

conducting analyses of full-sized prototype performance 

to reflect the degree to which the model is accurate and 

thereby highlight areas needing more study. 

2. 2 Soil Creep Theories 

In the development of creep theories for soils, 

two different paths have been taken over the years (Ladanyi 

1972); one aiming at an engineering theory of creep to be 

c used in design work; the other aiming at a physical theory 

capable of describing the creep phenomena in terms of 

already established concepts of physics. 

The engineering or macro-analytical theory of creep 

can be considered as a collection of laws that are found 

by experience to adequately describe the observed macroscopic 

manifestations of creep. Typical examples of such theories 

are that of viscoelasticity (Gross, 1953) and creep of 

frozen soils (Haefeli, 1953; Vyalov, 1957, 1961, 1965; 

Vyalov and Meschyan, 1969). 

On the other hand, the aim of a physical or micro-

mechanistic theory of creep is to establish a set of laws 

that would be able to describe the observed phenomena of 

creep in terms of previously established quantities and 

laws of physics. An example is the theory of creep which 



16 

0 is based on the concept of rate processes developed in 

statistical mechanics. 

In more general terms, as stated by Scott (1969), 

"Each approach has advantages which depend on the problem 

to be studied: one may be of value in interpreting material 

properties from a test, another may be used in the calcula-

tion of a time-dependent stress or displacement field in 

the same material". 

Many theories developed from the micromechanistic 

view point are based on the rate process theory, also called 

absolute reaction rate theory. This theory was developed 

by Eyring (1941) through statistical mechanics considerations 

of the Arrhenius equation. According to Eyring-Glasstone 

and Laidler (1941) the modern development of the theory of 

reaction rates may be said to have come from the proposal 

made by S. Arrhenius to account for the influence of tempera-

ture on the rate of inversion of sucrose. He suggested that 

an equilibrium existed between inert and active molecules 

if the reactant and that latter only were able to take part 

in the inversion process. Arrhenius derived the formula 

to express the variation of the specific rate at the reac-

tion with temperature: 

lnk = lnA - E/RT 

where A is quantity known as "collision number" or more 

often "frequency factor"; E is termed the "heat of 

c activation" or "energy of activation" of the reaction; it 
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represents the energy that the molecule in the initial 

state of the process must acquire before it can take part 

in the reaction, whether it be physical or chemical. 

In its simplified form, the problem of making absolute 

calculations of reaction rates involves two independent 

aspects: these are the derivation of the energy of activa-

tion·and the frequency factor, respectively. For the calcu-

lation of the frequency factor Eyring introduced the use 

of "partition functions" which for a given molecule, per 

unit volume, are measures of the probability of the occurrence 

of that molecule in the specified volume. Considerations 

of the partition functions for the various molecular species 

in the system, led to statistical calculations of reaction 

rates. This reaction rate is given by the velocity at 

which an activation complex, or flow unit, travels over the 

peak of an energy barrier. 

The "absolute reaction rate" theory has had wide 

application to many processes involving a movement of particles 

such as the deformation of materials under stress (Abdel-

Hady and Herrin, 1966). The theory has been applied in 

1953.by Hogan at the University of Utah to the creep charac-

teristics of several plastic laminates and it was found to 

be a highly satisfactory engineering hypothesis applicable 

to the particular material. Also, the same theory was used 

by Herrin (1963) to describe the rate of shear of a particu-

lar type of bituminous material as a function of the shear 

stress and temperature. 
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Fig 2.1 

'<: 

" \ ,r- WITHOUT STRESS 

\ AFTER THE STRESS 
IS APPLIED 

Potential energy barrier for strains with and without shearing stress 

(after Hady and Herrin, 1966) 

Fig 2.2 

Plcturization of the mechanical model used by Hady and Herrin ( 1966) 
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In the field of soil mechanics the concepts of 

this theory were used by Goldstein, Misumsky and Lapidys 

(1961), who determined a mathematical relationship between 

the long-term strength and time to failure of soil samples 

in a creep test. 

19 

Since this theory gives the functional relationship 

between rate of flow, frequency of mutual exchange of 

position between reaction elements, applied force, energy 

barrier to be overcome for a single jump of position, and 

temperature, it is potentially a powerful theory to describe 

the creep mechanism of clay soils (Chen, 1975). 

Based on the theory of rate processes is the model 

derived by Murayama and Shibata (1961, 1964). They assumed 

that the structure of the clay skeleton is composed of a 

heap of micrometric clay segments (i.e. mineral particles 

which move as units) in a card-house structure and between 

the segments connecting in edge to face contacts there lies 

a thin layer of absorbed water which binds up the segments. 

The connecting joints are classified into elastic (no 

relative sliding between segments) and visco-elastic joints 

(do not slide simultaneously). Furthermore, they assumed 

that the frequency distribution of the applied force on a 

segment is expressed by a Gaussian distribution. By applying 

Eyring's theory they calculate the viscosity of absorbed 

water around clay segments. Assuming that the segments are 

independent of each other and that a displacement of a seg­

ment of any type is assumed to contribute an increment to 



c 

0 

0 

the overall shearing strain of clay skeleton, they derive 

the shear strain as a sum of all the strains of the elastic 

and visco-elastic joints. They analogize this behaviour 

with a mechanical model which consists of an independent 

Hookean spring Gl connected in series with a modified 

Kelvin or Voigt element. 

Christensen and Wu (1964) also studied the soil 

20 

creep from the viewpoint of rate process theory. The process 

of creep is considered to be the result of slip at the 

weakly bonded contacts followed by the transfer of load 

from these weakly bonded contacts to the strongly bonded 

contacts. The activation .energy represents the bond strength 

of the contact that constitutes the shearing resistance of 

the soil. Their model is a Kelvin-Maxwell rheological model 

that is considered appropriate to describe the two possible 

conditions: flow and non-flow. The rheological parameters 

are calculated by combining the formulae of the rate process 

theory with those describing the behaviour of the mechanical 

model. 

Abdel-Hady and Herrin (1966) sought a mechanical 

model representing the creep behaviour of soil-asphalt 

mixture material. In their attempt to include the main 

parts of the creep process in a mechanical model they devised 

another combination of Maxwell, Kelvin elementary models, 

thus taking into account the instantaneous plastic deforma­

tion, the transient creep and the secondary creep. The 

rheological parameters are calculated through the "rate 

process" equations, and creep test results. 
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0 According to Mitchell et al. (1968), since the theory 

of absolute reaction rates can be applied to any process 

involving the time-dependent rearrangement of matter, it has 

the potential for providing a powerful tool for the description 

and prediction of soil behaviour. However, little direct 

evidence has been presented which supports the application 
j 

of this theory tosoils, since earlier studies have assumed 

it to be valid a priori. The fact that a number of charac-

teristics of the shearing resistance of soils appear to 

conform to the theory does not provide proof of its validity. 

From the results of carefully controlled triaxial creep 

tests on undisturbed and remoulded clays over a range of 

temperature and stress conditions they concluded that: 

c 1) Creep of soils can be treated as a thermally 

activated process. 

2) The experimental activation energy decreases 

linearly with increase in creep shear stress, 

in accordance with the theory. 

3) At stresses greater than about 20% to 30% of 

the shear strength, the logarithm of strain 

rate after any given period of creep is 

directly proportional to the creep stress. 

4} The creep rate is time dependent, decreasing 

according to an inverse power funciton of the 

type: 
t 

0 
E = A (_l)m exp (aD) t 

Thus while their study has supported the 

validity of the temperature, activation energy 
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and stress terms of the rate process equation: 

£ = x khT exp (- ~~) exp {~~T) 

They consider necessary an interpretation of 

the physical factors controlling the variation 

of parameters, x, df with time. 

5) The study of creep behaviour of soils provides 

6) 

a means for examination of mechanisms of deforma­

tion of soils, primarily through evaluation of 

the activation energy and the number of bonds 

per area under different conditions of consoli­

daiton, over-consolidation and disturbance. 

Considerations of the activation energy for 

creep of clays suggests that interparticle 

bonding is probably of the primary valence type, 

and resistance to shear cannot be developed by 

viscous water films, i.e. interparticle contacts 

must be effectively solid to solid (Mitchell et 

al., 1968). 
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Although the functional relationship between para­

meters based on the rate process theory seem to be in 

conformity with experimental results, there are still some 

questions remaining unanswered (Chen, 1975). For example, 

there is not direct way by which the mechanism of creep 

soils as postulated in the rate process theory can be proven. 

Secondly, the unit of activation energy is expressed in 

Kcal/mole. Since no simple molecular formula can be written 

for clay soil, it becomes difficult to explain the physical 
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implications of the value of activation energy thus 

obtained. 

Another approach to the modelling of creep behaviour 

of clay soils is proposed by Yong and Chen (1969). Here 

the important point becomes the relationship between micro-

(fundamental unit) and macro-behaviour and the appropriate 

representation of the micro-behaviour in a macroscopic 

rheological model of clay soil. Means for that analysis 

were the retardation time distribution method introduced by 

Alf (1948}. Studying the rheological behaviour of high 

polymers and rubber-like materials, Alfrey (1948) found that 

the time or retardation is a characteristic property of the 

molecule of high polymer and the spectrum of the retardation 

time distribution shows a characteristic distribution of the 

substance under investigation. Examining the continuous, 

uniformly increasing creep function represented by the 

integral: 
t 

Cr(t) = I f(r) (1-et/r} dT 
0 

in which f(r), the distribution function of retardation 

times of strain, may be graphically evaluated, providing 

the normalization factor is so determined that 

~ 

I f(r) dT = l 
0 

The graphical solution as given by Alfrey, consists the 

following steps: 
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1) Plot the retarded portion of strain versus the 

logarithm of time, thus obtaining an "S" shaped 

curve. 

2) Normalize the curve by dividing the vertical 

coordinates by the ultimate retarded strain, 

this gives the accumulative distribution function 

f ( r) . 

For different materials tested, different charac­

teristic distributions of retardation time may be obtained. 

For high polymers, the retardation time for each molecule 

is different from other molecules with different structural 

polymer molecules. 

24 

In their attempt to create a physical model of the 

clay soils in order to examine and analyse the demonstrated 

creep behaviour of such soils using retardation time distri­

butions, Yong and Chen considered necessary some form of 

statistical treatment. They state that "in view of the 

physical make-up of the clay soil, where interparticle action 

occurs between elementary units which are not necessarily 

similar, some form of statistical treatment is necessary if 

one is to examine and analyse the demonstrated creep behaviour 

of such a soil". Their method of analysis is based on the 

postulate that the macroscopic body (clay soil) possesses a 

complex three-dimensional structure, consisting of a multi­

plicity of various elementary units. The experimentally 

obtained creep curve therefore represents an integral effect 
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encompasing all elementary unit behaviour, and the distri-

bution of retardation times is a characteristic of the 

test sample. By using the retardation time method with 

statistical treatment they underline the influence of the 

micro-behaviour on the macro-behaviour of clay soil. The 

retardation time distribution is thus regarded as an 

indication of the distribution of the structural elements 

and microvolumes pa~ticipating in the process of deforma-

tion. By representing the macroscopic straining as a 

continuous function in the following form: 

t 
eT= A 0 + f f(t-r) o dT + B t o 

-oo 

the three components of deformation, i.e. instantaneous 

c retarded and constant rate are accounted for. 

In order to obtain the coefficients for an appropriate 

rheological model they extended Alfrey's method. The new 

step consists of normalizing the distribution curve to 

obtain a probability density function g(r) from whence the 

fraction of compliance due to each elementary unit may be 

obtained. The importance of this result is that by this 

method it will enable one to obtain the probability weighing 

factor from series of experimental results. 

The theories of creep previously described were 

developed from the micromechanistic viewpoint. They dealt 

with events occurring at the atomic level and provided 

knowledge of the processes that control creep (Ladanyi, 

1972). 
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The model derived by Komamura and Huang (1974) to 

describe the soil-creep behaviour is the result of a macro-

analytical theory. They state that soil conditions change 

gradually from solid state through plastic state to liquid 

state with increasing water content. Therefore, a new 

rheological model which will be sufficiently valid to desc-

ribe mathematically the soil deformation under various 

conditions of stress and water content is needed. From 

creep tests and flow tests they concluded to a rheological 

model with parameters which are calculated from test 

results. 

Mitchell and Singh (1968) derived a set of simple 

expressions for characterization of creep. These expressions 

were the result of the relationships between strain rate, 

stress and time. As they state "phenomenological relation-

ships developed are empirical curve-fitting techniques that 

do not necessarily imply anything about the mechanisms under-

lying the deformation process". They obtained a general 

pattern of relationship between strain rate and time from 

tests in undisturbed and remoulded clay, wet clay and dry 

clay, normally consolidated and over-consolidated soil, and 

sand. The same pattern was observed by Bishop (1966) and 

Murayama and Shibata (1958). Another pattern of relationship 

was derived between strain rate and creep stress intensity, 

D. The relationship between strain rate and time was 

described by the formula: 

ln = = - m ln (~ 
tl 
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0 and for the relationship between creep stress intensity 

and strain rate the formula: 

• 
ln ( • E: ) = a D 

e:(t,D
0

) 

Their final phenomenological expression was of the type: 

The parameter A reflects an order of magnitude for the creep 

rate under a given set of conditions, it is in that sense 

a soil property (Mitchell}. The parameter a has units of 

reciprocal stress. A minimum of two creep tests are needed 

to establish the values of A, a and m for a soil. 

c The criticism by Geuze (1964} against the mechanical 

models for the representation of the soil behaviour pointed 

out the serious disadvantages of the basis of the technique: 

the superposition of components representing the various 

mechanisms inherent to the deformation of clay systems. The 

system behaviour predicted by the model is based on the 

principle of superposition of stresses and strains, which 

is strictly valid only for small magnitudes. The problem 

of modelling the soil creep behaviour is just a part of the 

main engineering problem. Proper modelling of soil behaviour 

for accurate prediction of its behaviour. A sound engineering 

theory has to be based on an understanding of the physical 

make-up of the soil and realistic experiments in the field 

0 as well as in the laboratory. 
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2.3 Visioplasticity 

The method of visioplasticity is an empirical-

analytical method which requires the specification of the 

strain rate distribution throughout the deforming region. 

The strain rates are generally obtained from experimentally 

measured time-displacement patterns. 

This method is apparently due to Yang and Thomsen 

(195-3). They used this analysis in their attempt to deter-

mine metal flow directions and plastic strains during a 

small stepwise deformation process from distorted, originally 

square, grid-line network scribed on a meridian plane. 

They determined the strain fields throughout that deformed 

plane and then they obtained the stress distribution using 

the known strains, principal stress trajectories and known 

boundary conditions. 

The visioplasticity method presents a powerful 

empirical experimental-analytical tool for use with problems 

involving plastic deformation in plane strain or under 

conditions of axial symmetry. 

The accuracy of the method is only as good as the 

accuracy of the experimentation, and the measurements obtained 

therefrom. With this provision, it undoubtedly remains 

one of the more rigorous of the experimental-analytical 

tools available for the solution of problems of plastic 

deformation. 

Examples of this kind of solution technique and its 

successful application in soil mechanics has been reported 
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by Yong and Webb (1969), by Chen (1972) and by Sylvestre-

Williams (1973). 

The method assumes that the velocity field may be 

measured visually. This is usually achieved by inscribing 

a network of grid lines on the surface of the workpiece 

and recording the distorted grid at successive times after 

the start of the deformation process. With the knowledge 

of the deformation patterns, obtained from the records 

of the distorted grid, velocity distribution within the 

failed mass may be specified. 

For the .specific case of a plane-strain problem, 

once the velocity field is known, the velocity vector 

components V and V , in the x and y coordinate directions 
X y 

respectively, may be plotted as functions of x and y. It 

is then possible to obtain the strain rate distribution 

within the sample from the following relations: 

vx 
E = 

XX X 

V 
E: = ___:]_ 

yy y 

1 V V 

Yxy = 2 (~ 
+ ___:]_ 

y X 

Unlike problems in metal processing, the method 

of visioplasticity cannot be readily applied to problems 

in soil mechanics since valid constitutive equations 

which describe the stress-deformation behaviour of soils 

are not immediately available. 
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McKyes (1969) has shown that the Levy-Mises 

equations of perfect plasticity viz: 

E: = 
X 

or in summation convention 

E: . . 
l.J 

= A-f­
a!. 

l.J 

are valid over a limited range of application to the 

deformation behaviour of a clay soil. The expression 

f/ a!. may be regarded as being the gradient of the 
l.J 

loading surface given by the equation f = f (a! . ) 
l.J 

As a consequence of McKyes' results, the required 

constitutive equations were derived by Webb (1969) and 

are given as: 

e:xx 

E: = yy 

• 
Yxy = 

where 

/r2 

/r2 
K 

a ' XX 

a' 
yy 

T xy 

r 2 = second invariant of the strain-rate tensor 

1 2 2 2 = 6 [(t:l-£2) + (E2-E:3) + (E:3-E:l) J 
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K2 = J 2 = second invariant of the stress tensor 

1 2 2 2 = 6 [(crl-cr2) + (cr2-cr3) + (cr3-crl) ] 

cr' = deviatoric stress component in the x-direction 
XX 

= a -a where am is the mean stress 
XX m 

Similar definitions hold for cr~y 

cr 1 ,cr 2 ,cr 3 =principal stresses 

E1 ,E 2 ,E 3 =principal strains 

By setting K2 = J 2 , the above formulation utilizes the 

von Mises yield criterion. 

The final equation necessary for a visioplastic 

solution is given by a general continuity equation of the 

form 

+ = 0 

32 

if the material is assumed to be incompressible, the equation 

reduces to the condition of incompressibility given by 

• 
E + E = 0 

XX yy 
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3.1 Material 

CHAPTER 3 

EXPERIMENTATION 

The buffer material under investigation was a 50% 

Avonlea clay (sodium bentonite) and 50% graded sand (by 

weight) mixture. 

The solution used in mixing clay and sand was the 

standard granitic groundwater as required by AECL. For 

the characterization of Avonlea clay, mineralogical pro­

perties and surface characteristics were determined at 

~eotechnical Research Centre and the results are given in 

Appendix B.2. The minerals present in the clay in decreasing 

order of abundance are shown in Table 3.1. Specific 

gravity for the buffer material was found to be 2.76. 

Atterberg limits tests were also conducted. The results 

are shown in Table 3.2. 

The particle size analysis of the buffer material 

was determined by wet sieving on a No. 200 sieve. For the 

material passing the No. 200 sieve the sedimentation process 

was used, while the retained material was dry sieved. The 

results are shown in Table 3.3 and Fig. 3.1. 

In order to determine the density-moisture relation­

ships modified Proctor compaction tests have been conducted 

on the buffer material. Specimens for the tests were 

prepared at the optimum values obtained from the compaction 

results. The results of the modified Proctor compaction 
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TABLE 3.1 Minerals in Avonlea Clay 

(in decreasing order of 
abundance) 

Montmorillonite 

Illite 

Feldspar 

Quartz 

TABLE 3.2 Summary of Index Properties 

Material Specific Gravity Atterberg Limits 
L.L. P.L. P.I. 
(%) (%) 

50% sand - 50% 
clay 2.76 98 19.2 

L.L. = liquid limit; P.L. = plastic limit; 
P.I. = plasticity index 

TABLE 3.3 Grain Size Distribution 
Results 

Material Grain Size Distribution 

50% sand - 50% clay 

Sand 
(% ) 

45 

Silt 
( % ) 

6 

Clay 
(% ) 

49 

78.8 

34 



0 0 0 

I GRAVEL I SAND I SiLT I CLAY I 
10 

c: 
c:: 

9 

8 

7 

11'1 
11'1 6 :. 
QJ 
c: 
!5 
1: 
Q.l 
u 
L. 
Q) 4 

CL. 

3 

2 

1 

0 

0,. 

0 

J-

)i 

I 
>r-

h-

) 

lP-

,,... !"""' 

I 
t---100 

I 

I 
loO 20 10 

#q #10 #20 #'-10 #60 t-100 ~200 
I I I I I 

T T I I I 11 l "· ., l't 
1\ 

I\ 
• .. 

'\ 

"'- . 
...... 

1'-~ ... • ...._ 

I 
-

I+ 2 ~ 2 10-' ~ 2 10 
Apparent Particle Diameter (mm) 

' 

. 

• 

-;t .. 2 10. 

Fig. 3.1 

...I 

-

....J. 

I 

J .. 2 
10-lt 

w 
lll 



c 

c 

0 

tests are shown in Fig. 3.2. The dry unit weight attains 

a maximum value of 1.57 Mg/m3 , corresponding to an optimum 

moisture content of 23.5%. The swelling properties of 

the soil were evaluated in terms of swelling pressure and 

amount of free swell. Details of the sample preparation 

and apparatus are in given in Appendix 8.2. The free swell 

results are given in Fig. 3.3. The soil shows a high swell 

potential (max. swell 11% at 5000 minutes). In order to 

establish the level of loading to be imposed on the buffer 

specimens, a series of CU tests were carried out at 

different confining pressures. Four confining pressures 

(i.e. 172.4, 344.8, 785.4, 3585 kPa) were used in the 

series. The curves obtained are shown in Figs. 3.4 and 

3.5. Table 3.4 summarizes the results obtained. 

are: 

The strength parameters in terms of total stresses 

cohesion intercept = 40.5 kPa 

angle of friction ~ = 8.6 degrees. 

Details on sample preparation and test procedure 

are given in Appendix 8.2. Load-deformation tests were 

also performed in a similar manner as the one-dimensional 

consolidation test, but without allowing the soil sample 

to absorb water prior to loading. Figure 3.6 shows the 

stress-settlement curve obtained and Fig. 3.7 the void 

ratio-stress relationship. C8R tests were also performed 

in both soaked and non-soaked samples. Results are shown 

in Fig.'3.8. 
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Test No. 

1 

2 

3 

4 

() 0 

Table 3.4 Consolidated Undrained Triaxial Test Results for the Buffer Material 

Confining Initial Water Dry Density Deviator Stress Strain at Strain Rate 
Pressure Content at failure Failure 

(kPa) (%) J (Mg/m ) (kPa) (%) (mm/min) 

172.4 27.0 1.46 127.4 10.5 6.35 X 10 -3 

344.8 27.8 1.44 192.6 9.8 6.35 X 10 -3 

785.3 26.2 1.50 260.0 9.0 6.35 X 10 -3 

3585.0 24.3 1.5 785.2 12.0 6.35 X 10 -3 

w 
1.0 
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The creep behaviour of the buffer material was 

investigated by subjecting the buffer to several deviator 

stresses under different confining pressures of 172.4, 

344.8 and 689.5 kPa. The applied deviator stress was 

gradually imposed on the soil sample until the required 

level was reached, after which it was kept constant for 

a sufficiently long period of time so as to appreciate its 

creep characteristics (i.e. single level creep tests). 

The applied deviator stress was selected as a certain 

percentage of the maximum deviator stress (at failure) 

45 

under the same confining pressure obtained from the triaxial 

test. Two series of tests were conducted with stress levels 

starting at 70% for the first series adn 90% for the second 

series. The stress level in each series was subsequently 

increased each time by 10% until failure was reached. The 

procedure for CU triaxial tests without saturation was adopted. 

3.2 Test Equipment 

In order to fully appreciate the creep characteristics 

of the buffer material as placed in the disposal hole, a 

special laboratory set-up, the "glass-box" technique, was 

adopted. Such a procedure enables the movement of the 

buffer material around the container to be observed visually 

by scaling down half of the in-hole disposal system through 

its longitudinal axis. Long-term movements of the buffer 

material are recorded by taking sequential photographs. 



Strain and stress fields can then be analyzed using the 

visioplasticity approach. For a realistic simulation 

of the in-hole disposal system, a physical model was 

created using a scale of 1:8 approximately. The main 

parts of that model Figs. 3.9, 3.10 are: 

1. Concrete block (half section) with a central 

semi-circular hole representing the surrounding 

host rock. Dimensions: 140 mm internal dia­

meter, 750 mm total height. 

2. Aluminum semi-cylinder representing the nuclear 

waste container. Dimensions: 76.4 mm diameter, 

280 mm height. 

3. Plexiglass plate to cover the exposed soil 

\::, surface. Dimensions: 240 mm width, 750 mm length, 

25.4 mm thickness. 

4. Other parts of the model include a steel plate 

used as the base of the concrete tube and the 

top loading plate used to transfer the axial 

load simulating the overburden pressure induced 

by the tunnel backfill to the buffer material. 

The overburden pressure was produced by means 

of hydraulic pistons that pressed the top plate 

while calibrated through proving rings. 

45 
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Schematic Diagram for the Physical Model of the 
Container-Buffer-Host Rock System 

Fig. 3.9 
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Model test set-up 

Fig. 3.10 
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3.3 Test Procedure 

The test procedures adopted were aimed at solving 

the numerous technical problems which arose, such as the 

nuclear waste container weight and special requirements, 

such as undrained condition and uniform density of the 

buffer material. 

In order to obtain a uniform dry density of the 

buffer material around its optimal value, the in-hole 

system was divided into three areas - namely: below, 

around and above the waste container (Fig. 3.9). Each 
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area was then subdivided into a number of layers to be 

subjected to the same amount of impact energy according to 

the modified Proctor test requirements. The necessary 

amount of soil was detemrined so that in each layer the 

required dry density was obtained. The waste container 

weight of the Model, necessary to produce the actual amount 

of pressure on the buffer material similar to the prototype, 

was 636 N. This load was induced by pulling down the 

aluminum container with weights connected to the container 

through a thin lubricated wire that passed through the soil 

inside a short tube, so that friction between soil-wire 

was eliminated. 

Leakage was prevented by using rubber sheets along 

the connection points of theconcrete block to the plexi­

glass plate and the base plate. The concrete block interior 

was painted with sealing paint that prevented water 

absorption from the soil. 
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The procedures adopted for the test were as 

follows: 

a) the soil was first placed and compacted in the 

area below the waste container 

b) a hole of small diameter (6.5 mm) was drilled 

for a short tube to pass through the soil at 

a height of 40 mm. 

c) the waste container was placed on the compacted 

soil while the lubricated wire connected to the 

container was passed through the short tube 

previously installed. In order to avoid any 

container misalignment during soil compaction 

around it, the container was belted temporarily 

but firmly onto a special compacting plate. 

d) the buffer material was compacted around the 

container 

e) compaction of the area above the container was 

then conducted, followed by levelling of the 

top of the buffer material. 

After the compaction and placement part of the 

test preparation was finished, the plexiglass plate was 

bolted onto the concrete block, following the inscription 

of grid lines on the exposed soil surface. The next step 

was the loading of the system. 

50 
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3.4 Loading Procedure 

The axial load of 636 N, representing the waste 

container weight which produced the same pressure as the 

prototype, was applied by pulling the container down with 

standard weights. The load corresponding to the minimum 

load imposed on the soil at the top should produce the 

minimum overburden pressure of 36 kPa at the top of the 

container. All the axial loads were applied at the same 

time so as to monitor the immediate response of the con­

tainer-buffer system. 

3.5 Test Program 
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In assigning the test program to be followed certain 

considerations were included: 

a) After the waste container is placed in the 

disposal hole and the buffer material is 

properly installed, there might be a waiting 

period before the room on top of the disposal 

hole is backfilled. This is simulated by 

restricting any overburden pressure on the 

model. 

b) Once the backfill material is placed, the 

the verical pressure on the waste container 

should increase accordingly. The model is 

therefore loaded on top with various over­

burden pressures to account for the interaction 

between the disposal vault-host rock and the 

buffer material in the disposal hole. 
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c) Subsequent to installing the buffer material, 

it is likely that, in the long-term, groundwater 

will be absorb~d by the buffer and/or backfill 

material through the network of rock joints/ 

cracks of the host rock formation. Since the 

buffer material is essentially capable of 

swelling upon water-intake, the resultant effect 

on the waste container movement need to be 

investigated. Such a possibility is simulated 
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in the model study by allowing water intake and 

observing the container and soil particle movements. 

The test program followed is summarized in Table 

3. 5. 

3.6 

The procedure for the test results acquisition 

consists of the following main steps: 

1. Plotting of Grid Points 

2. Transfer of nodal coordinates to computer memory. 

3. Grid adjustments 

4. Curve fitting of particle paths 

5. Calculation of velocity components 

6. Calculation of strain rates and effective 

strain rates. 

This procedure was adopted for previous mobility 

(Windisch, 1969, El Mamlouk, 1980) and indentation studies 

{Chen, 1972; Sylvestre-Williams, 1973) at the Geotechnical 

Research Centre at McGill University. 
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TABLE 3.5 Summary of Test Conditions 

Overburden Water Initial Creep* Creep Duration* Creep Duration 
Pressure Intake (before Water Under Constant During 

kPa 

0 

0 

36 

36 

36 

120 

120 

120 

120 

* 

Intake) Water Intake lrJater Intake 

Days Days 

no - 15 -

yes, at yes 15 15 
bottom 

no - 18 

yes, at yes 24 24 
bottom 

yes, at no - 24 
bottom 

no - ' 18 -

yes, at yes 24 24 
bottom 

top yes 24 24 

back yes 24 24 

Prior to inducing water intake, the container-buffer system is 
allowed to reach its equilibrium state (i.e. no further creep 
after installAtion). 

0 

Rem·arks 

reference 

about full backfill 
height 

" " 11 

" " " 
11 11 11 

U1 
w 
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0 
A photographic record of the deforming grid was 

made during the tests. The initial, as well as the conse-

quent images were obtained for each test. A slide projector 

was used to project the negative slide photographs onto a 

sheet of paper where the locations of horizontal and ver-

-
tical grid line intersections (grid nodes) were plotted 

for the different subsequent images. The size of the 

plotted field for each image consisted of 11 vertical and 

46 horizontal rows with spacing of 12.5 mm in between. 

3.6.2 

0 The sheet of paper, with the grid points plotted 

on it, was then mounted on a digitizer which was connected 

to the IBM computer at McGill University. The recorder 

pen was placed at the locations of the grid points row 

by row and image by image. These locations were recorded 

and converted to voltages for each point. These output 

voltages through a GEPAC computer were in turn converted 

intp x-y coordiantes, expressed in centimeters, relative 

to a chosen origin. These coordinates were finally trans-

ferred to the IBM computer memory ready for the subsequent 

computations. 



c 

c 

0 

The undeformed grid was usually in a slightly 

distorted state. This distortion is due partly to the 

manual grid-making technique, and partly to soil hetero-

geneity. The method of approximate geometrical adjustments 

adopted by Windisch (1969) is described. 

New underformed grid coordinates are arbitrarily 

defined to provide an "adjusted undeformed grid" of 

regular horizontal and vertical grid lines corresponding 

roughly to the original grid, Fig. 3.11. The respective 

displaced positions on the deformed grid are adjusted 

geometrically. The following symbols are used in the 

operations involved in these adjustments: 

Xl,Yl: original (distorted) undeformed grid coordinates 

XIA,YlA: adjusted undeformed grid coordinates 

XX,YY: original deformed grid coordinates 

XXA,YYA: adjusted deformed grid coordinates 

The adjustment in the abscissa of an undeformed 

grid point (I,J}: 

Dl = YIA(I,J) - YI(I,J} 

and constitutes a first adjustment to the corresponding 

deformed grid point abscissa. The rate of adjusting along 

row J is: 

(l = YIA(J+l,J)-YI(I+l,J)-YIA(I,J)+YI(I,J) 
YI(I+l,J)-YI(I,J) 

resulting in a second adjustment to the abscissa of the 

deformed grid point: 
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Adjusted grid 

(X lA I VIA) 

0 Distorted grid 

Fig. 3.11 Grid adjustment 
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D2 = (YY(I,J,JS) - Yl(I,J)) *Cl 

where JS represents the image after t
0

, t 1 , t 2 , t 3 days 

and corresponds to the indices 2, 3, 4, 5. Similarly the 

rate of Y-adjusting along row J+l, is: 

C
2 

= YlA(I+l,J+l)-Yl(I+l,J+l)-YlA(I,J+l)+Yl(I,J+l) 
Yl(I+l,J+l)-Yl(I,J+l) 

resulting in the adjustment: 

D2' = (YY(I,J+l,JS) - Yl(I,J+l))*C2. 

A third correction to the abscissa of the deformed 

grid point is due to vertical adjustments: 

DJ = (D 2 ,_02 } XX(I,J,JS)-XI(I,J) 
XI(I,J+l)-XI(I,J) 

The adjusted abscissa of the deformed grid point (I,J,JS) 

is finally given by the sum of the above adjustments: 

YYS(I,J,JS) = YY(I,J,JS} + Dl + D2 + D3. 

The ordinates of the deformed grid are similarly 

adjusted. 

The irregular shape of most of the particle paths 

opened the followoing options for consideration 

(a) to ignore particle path irregularities and 

proceed with velocity calculations 

(b) to perform visual smoothing of particle paths 

(c) to fit a single equation to each of the y-

components of a grid point in terms of its 

57 



0 

c 

0 

58 

x-components. 

The adoption of (a) could lead to serious errors, while it 

was considered that visual smoothing would be impractical 

and too subjective. It was then decided to adopt the 

approach described in (c). 

The method adopted consists of obtaining a single 

fit equation per particle path for each original grid point. 

The principle of least squares is applied to obtain the 

fit equations (Hildebrand, 1956). 

The y-components y. = ~(x.} of the displacements 
1 1 

are assumed to be approximated by a polynomial f(xi) in 

terms of the abscissae x. of a given particle path of a 
1 

grid point. Uniform weight is assumed for all data. 

The polynomial used is as follows: 

5 
f(x.) = L A f (x.) 

1 t =l t l 1 

where A! = parameters 

-1 
f (x.)= x. 

1 1 

The sum of the errors squared: 

n no 
u = L: c~cx.> -L 

i=l 1 t =1 

where n = number of data points used = n . 
0 

This is minimized by setting its derivatives with 

respect to A equal to zero; hence 
n n 

-~ ~ ft (xi)) 
u .C (~(xi) fk(xi) 0 = = { 3 . 1 ) 
Ak i=l 

k = 1 •.•• n
0 
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Equation (3.1) can be rearranged as: 

n 
= I fk (X . ) ~ (X . ) 

i=l 1 1 
( 3 • 2 ) 

k=l, .... ,n
0 

The system of simultaneous equations (3.2) can be simply 

represented in matrix notation as: 

where 

(ljl) A = B 

k=l, ..•. n 
0 

The required solution for the parameters A is then 

A= {1~)-l B 

The fit parameters obtained in the preceding sub-

seciton are used to approximate particle positions, herein 

referred to as XFIT, YFIT. The velocity components are 

then expressed as: 

U(I,J,JS} = (XFIT(I,J,JSl) - XFIT(I,J,JS))/6t 

V(I,J,JS) = (YFIT(I,J,JSl) - YFIT(I,J,JS))/6t 

where I, J are column and row indices, respectively 

JS, JSl impage indices . . 
V, u particle velocity components 
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6t time interval between images 

XFIT,YFIT fitted coordinates as derived from subroutine 

CURVFT 

A Lagrangian space is selected in order to follow 

a given particle. Specifying rectangular Cartesian coor-

dinates within this Lagrangian space, the relationship 

between the strain tensor E .. and the displacement vector lJ 
u is expressed as (Fung, 1965): 

E .. 
lJ 

1 u. 
= - (____J_ + 

2 x. 
l 

or in unabridged notation: 

E 
XX 

= 

u. 
l + 

x. 
J 

u 
~) 

x. 
J 

E = l {~ + V + (~ U + V V 
xy 2 y X X y X y 
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+ .....!!.. w)) t x y , e c. ( 3 . 3 ) 

U, V, w: components of the displacement vector. 

The strain rate components are related to the 

components of the velocity vector by relations analogous 

to equation (3.3): 

Exx = 

E 

u, V I w 

= xy 

. . . . . 

• • u + 1 ( (~) 2 + (~)2 + 2 X X X 

• • 1 (~ V + (~ ~+ V 

2 +- -y X X y X 

strain rate components 

velocity components 

• 
(.....!!..) 2 ) 

X 

• 
V w w + - y)) I etc. y X 
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The error involved in neglecting the second order 

terms is often less than 1.5% and rarely greater than 20%. 

Since errors of this magnitude can be produced by lack of 

accuracy in the measurements of displacement, it seems 

justified to introduce an approximation to the strain rate 

components by Cauchy's infinitesimal strain rate tensor: 

E .. 
l.J 

= 1 (~ + ui) 
2 x. x. 

1. J 

or in unabridged notation: 

E 
u = XX X 

E 
l (~ V = 2 + x), xy y etc. 

Under plane starin conditions and in unabridged notation, 

the following equations are finally obtained: 

E 
XX = u 

X 
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E 
1 (~ + V = 2 -xy y X 

( 3. 4) 

E 
V = yy y 

The strain rate components obtained by equations (3.4) allow 

one to define the directions of the principal strain rates 

with the aid of the relations between the Mohr plane and 

the physical plane. 

The effective strain rate E can be obtained from 

the strain rate components: 

E .. 
l.J 

2 • 2 = -3 ( ( E ) .. + 
X l.J 

. 2 
( E } .. 

y l.] 
( ) ( } + l ( 2 1/2 

E .. E .. 4 Yxy) l.. J. ) X l.) y 1.) 
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CHAPTER 4 

PRESENTATION OF RESULTS AND DISCUSSION 

4.1 Introduction 

Under the various boundary conditions imposed on 

the buffer material, time-dependent response characteris­

tics are developed. The laboratory experiments performed 

in this study are directed towards the investigation of 

these response characteristics. 

In this chapter, the time-history of the boundary 

condition-buffer material response is presented, through 

the experimental results obtained. Discussion of the 

effect of varying boundary conditions on the buffer 

response characteristics is included. In Fig. 4.1 the test 

program is presented in schematic form. 

The overall experimental results presented in this 

chapter, together with the finite element analysis given 

in Chapter 5, are all incorporated in order to evaluate 

and predict the buffer performance under the different 

boundary conditions imposed. 

4.2 Model Tests Under No Water Intake Conditions 

The objectives of the tests performed under no 

water intake conditions, with the overburden pressure 

acting at the top of the buffer material the main variable, 

are to obtain information enabling prediction of the buffer 

behaviour prior to and after the tunnel backfilling, 

-62-
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assuming no rock cracks nor subsequent water intake. This 

test series will be presented through: 1) soil particle 

movement characteristics which are the actual test results, 

2) container movement-time histories, 3) compressibility 

characteristics which are derived from the actual test 

results, 4) friction estimates on buffer-container and 

buffer-host rock interface, and 5) correlation between the 

model test results and the tests performed at GRC. 

4.2.1 §2!l_E~E~!S!@_~QY@~@~~§ 
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For the appropriate observation of any general 

patterns of particle movement, the nodal displacement fields 

are plotted at an exaggerated scale in Figs. 4.2, 4.3 and 4.4. 

These fields describe the particle movements from the 

initial undeformed condition to the final deformed one, 

when no more additional displacement takes place. 

In addition to the nodal displacement fields, 

vertical displacement-time histories for representative 

nodes are plotted at several cross-sections covering the 

disposal hole. These cross-sections are shown in Fig. 4.5 

which will be used as a reference figure for the presenta­

tion of the test results. 

The nodal displacement fields indicate that when 

overburden pressure increased from 0 kPa to 120 kPa the 

vertical nodal displacements above the waste container 

increased. From Figs. 4.6, and 4.7, where the displacement 

versus time relationship for points on the cross-section 
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A-A (see Reference Fig. 4.5) is plotted, the increase in 

displacement with overburden pressure is clearly 

illustrated. For the node A2, when pressure increased 

form 0 kPa to 36 kPa the corresponding vertical displace­

ment increased froml.OO mm to 1.35 mm; Node A2 settled 

1.70 mm when overburden pressure increased to 120 kPa. 

This increase in the displacement of node A2 reflects the 

overburden pressure effect in the area above the waste 

container. The highest vlaue of vertical displacement 

for node A2 was reached in 10 days when the overburden 

pressure was 0 kPa and at 18 days when the overburden 

pressure increased to 36 kPa and later to 120 kPa. 
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The same patterns of displacement are observed for 

other points on the same cross-section (Fig. 4.7). Vertical 

displacement increased with an increase in overburden 

pressures. The highest displacement vlaues were reached 

at 12-18 days for the cases of 36 kPa and 120 kPa of over­

burden pressure. When the overburden pressure was equal 

to 0 kPa (for the first 5 days of loading) upward displace­

ments were observed up to 0.75 mm. This can be due to 

certain stress development and transfer mechanisms in 

the areas around the container. 

For the area around the container the displacement 

fields indicate that the soil particles appear to move 

generally away from the container. Upward movements were 

again observed when overburden pressure was equal to 0 kPa, 

for the first 5 days after the container installation (Fig. 
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4.8). The highest vertical displacement values were reached 

after 18 days of loading, when the overburden pressure was 

36 kPa (displacement = 0.90 mm) and 120 kPa (displacement = 

1.25 mm). 

The most interesting phenomenon observed was the 

initial upwards movement of certain nodes when the over­

burden pressure was 0 kPa. These nodes were located between 

the waste container and the host rock surface. As already 

mentioned, st~ess development and transfer mechanisms are 

the main causes of this buffer response. After buffer 

compaction and container installation was finished, close 

contact between buffer and container was obtained. The 

container weight acted as a dead weight, pulling the waste 

container towards the bottom of the disposal system and t11~ 

buffer underneath the container suffered a compressive load. 

This load resulted in volume change conditions in the zone 

below the waste container. Initial movement of the buffer 

below the container towards the edges (of the disposal 

system) and upwards was merely buffer readjustment towards 

areas of lower stress levels. These upward displacements 

were reduced with time due to factors such as buffer weight 

and friction generated along the buffer-container interfaces. 

It should be mentioned that when the overburden pressure 

was equal to 36 kPa these upward movements were no longer 

observed. The overburden pressure imposed on the buffer 

eliminated these movements by increasing the stress in the 

buffer. The upward movements observed when the overburden 
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pressure was 0 kPa resulted in small cracks in certain 

areas around the waste container (see Fig. 4.9). 
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In Figs. 4.10 and_ 4.11, the vertical displacement­

time relationships for the area below the waste container 

are described. From the figures it can be observed that 

the vertical displacements of node C2 - the node on the 

central line below the waste container - were higher than 

those of nodes Cl and C2 for every loading condition. The 

displacements of points Cl and C3 were 50% of those observed 

at point C2 when the overburden pressure was 0 kPa and 

36 kPa and 70% when the pressure increased to 120 kPa. 

· For small overburden pressure values the waste container 

seems to "penetrate" the buffer. Increased overburden 

pressure results in a more uniformly deformed cross-section 

pattern. 

The largest displacements under the container were 

obtained after 15 days when the overburden pressure was 

0 kPa {1.45 mm) and after 18 days when the pressure increased 

to 36 kPa (1.68 mm) and 120 kPa (1.72 mm). It should be 

noted that under the same loading conditions, the highest 

displacement values at the top of the waste container 

were reached after 10 days and 18 days respectively. These 

differences, especially for the low overburden pressure 

value of 0 kPa, reflect the different loading conditions 

which are experienced by the buffer along the disposal hole 

system. These response characteristics, which are boundary 

condition dependent, indicate that two zones of buffer 



75 

• 

• Pictures showing local cracks and separation at the top of the waste container Fig. 4.9 
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material should be taken into account in a simplified 

predictive model. One zone is above the waste container 

and experiences one-dimensional compression with yielding 

bottom support while the other zone, which surrounds the 

waste container, experiences triaxial stress conditions 

with no drainage allowed. 

The observed vertical displacement-time histories 

lead to a few general additional comments about the over-

burden pressure effect on the overall buffer response. It 

can be concluded that the constant creep rate is reached 

after longer time periods for increased overburden pressures; 

the value of the constant creep rate increases with 

increasing overburden pressure. These experimental conclu-

sions demonstrate the stress level effect on the creep 

response of the buffer. Yong and Chen (1969) analyzed the 

creep of clays using retardation time distribution and 

observed that the minimum creep rate increases nonlinearly 

as loading is increased. They also concluded that the 

instantaneous compliance becomes smaller as loading increases. 

This resulted from increased density due to structural 

rearrangement of the elementary units where a greater 

proportion of the load is now carried by the stronger units 

(Yong and Chen, 1969). Abdel Hady and Herrin (1966) 

showed that constant creep rate values increase nonlinearly 

with stress level and are obtained after larger time periods 

under higher loading. The same effect was also shown by 

Komamura and Huang {1974), by Prevost (1976) and other 
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researchers on the creep response of engineering materials. 

Another interesting phenomenon observed during the 

experiment was the separation that occurred at the waste 

container top-buffer interface. When overburden pressure 

was 0 kPa, this separation was 0.5 mm, when the pressure 

increased to 36 kPa, the separation was 0.3 mm and when 

the overburden pressure reached 120 kPa no separation was 

observed. This separation is due to the boundary effects of 

the system and the buffer high cohesive characteristics, 

that produced, through the compaction process, a very rigid 
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buffer structure. It should be noted that in CU tests performed 

at GRC tor the buffer material, the cohesion intercept 

value derived was 40 kPa. In Fig. 4.12 the separation 

observed at the top of the waste container, when the over-

burden pressure was 36 kPa (after 18 days of loading) is 

shown. 

In order to simulate the actual load-deformation 

relationship for the area below the waste container, CBR 

tests were performed under soaking and non-soaking condi-

tions with a surcharge load of 8.8 kgr. The results from 

the CBR tests, relating penetration depths to the vertical 

displacements of the node on the centralline under the waste 

container are shown in Table 4.1. 

Stress (kPa) 

280 
316 
400 

TABLE 4.1 

CBR Penetration (mm) Model Test Vertical 
Displacement (mm) 

1.05 
1.16 
1.47 

1.45 
1.69 
1.73 
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Separation at the top of the waste container 

• 
Fig. 4.12 
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The CBR results are lower than the model test 

results. This can be due to certain factors: technico­

experimental (data acquisition techniques); friction 

generated along the penetrating device-soil interface; and 

compaction resulting in different buffer properties (homo­

geneity, density). 

4.2.2 G2g~~~g~f-~2Y~~~gt 
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The container movement vs time relationship is 

plotted in Fig. 4.13. The vertical displacement time 

history of the container is identical to the one corres­

ponding to point C2 (Ref. Fig. 4.5) underneath the container. 

Tilting of the container during the tests, due to soil 

heterogeneity resulting from the compaction technique and 

to container misalignment, was observed during the first 

experimental steps, but it was eliminated in the process. 

This improvement produced symmetrical nodal deformation 

patterns around the waste container. 

From the tests performed with varying overburden 

pressures, displacement patterns resulted, indicating certain 

compressibility characteristics for the buffer material. 

It should be mentioned that the initial average degree of 

saturation of the buffer was 86%. It should also be 

recalled that Poisson's ratio is 0.29, indicating a stiff 

soil. The general rating according to the CBR test is fair 
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for non-soaking conditions and samples failed under 

different confining stresses at CU tests with 9 to 12% 

final strains. 

In order to present and discuss the compressibility 

characteristics of the buffer material the displacement 

contours are plotted for the area below the waste container 

in Figs. 4.14 and 4.15. For easier comparison the same 

contours are plotted. 

In Fig. 4.14 the contours plotted are for the case 
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of overburden pressure equal to 36 kPa. In Fig. 4.15 the 

contours plotted resulted from the case of overburden 

pressure equal to 120 kPa. From Fig. 4.14· different creep 

rates are observed for certain depths below the container 

bottom. For a distance of 30 mm from the bottom of the 

container, the higher settlement values were reached only 

after 18 days. On the other hand, at greater depths the 

higher settlement values were reached after 12 days of 

loading. This is an indication of the "damping" of the 

settlement induced by the weight of the container with 

increasing depth. The same pattern is observed in Fig. 4.15. 

When Figs. 4.14 and 4.15 are compared, the increased settle­

ment that is produced by the high overburden pressure 

value (120 kPa) is obvious, especially for the first 6 days 

under loading. For all the nodes of the area underneath 

the waste container for the zone of 20 mm, the settlements 

when overburden pressure is 36 kPa are equal to 90% of the 

corresponding settlements when pressure is 120 kPa. After 
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12 days the settlement bulbs tend to be identical. It is 

also very interesting to present the intensity and the extent 

of the settlement bulb as an overburden pressure function. 

This is done in Fig. 4.16. The final settlements are 

presented as percentages of the final settlements obtained 

at the point C2 underneath the container. In other words, 

they are the contours of the ratio ~yi/~yc 2 , where: 

~y. is the final settlement of node i, and 
1 

~Yc 2 is the final settlment of the node C2 

In Fig. 4.16 the intensity of the final settlement 

bulb for dif~erent overburden pressure values is shown. 

When the overburden pressure is 0 kPa the zone "1.00" extends 

to 45 mm below the container bottom. The same zone has a 

depth of 52 mm when the overburden pressure is 36 kPa and 

a depth of 85 mm when overburden pressure increases to 

120 kPa. The distribution patterns, also shown in Fig. 4.16 

in the form of longitudinal sections along the central line, 

indicate that when the overburden pressure increases, the 

overall confinement increases as well, producing a decrease 

in the settlements observed, especially for lower zones 

("0.5 - 0.70"). In fact a cross-section could be observed 

(cross-section D-D Fig. 4.5) in the area below the waste 

container where the settlements would decrease with 

increasing overburden pressure (Fig. 4.17). 

From the figures presented, the overburden pressure 

effect on the buffer compressibility is demonstrated. 

Increased overburden pressure causes increased settlements 
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in the area underneath the waste container - a zone of 

depth equal to 50 mm - but for greater depths the increased 

confinement resulting from the high overburden pressure 

causes a "damped" settlement distribution pattern. 

The areas of the disposal system where friction is 

developed are the rock-buffer interfaces and the contaier­

buffer interfaces. In order to prevent any friction between 

the buffer and the waste container and between the buffer 

and the rock (concrete) semidylinder, the container and 

concrete surfaces which come in contact with the buffer 

were lubricated. But this did not eliminate the friction 

generated along the interfaces. 

In order to obtain an estimate of the value of 

friction existing on the interfaces a simple test was 

performed. After the end of a 30 day period test, slices 

of buffer were kept in place in the disposal system and 

then pushed down by means of a calibrated hydraulic piston 

(Fig. 4.18). The loads necessary to induce sliding were 

recorded for slices of different thicknesses. The resulting 

stresses were considered as being the developed stresses 

at the moment that the friction between buffer and concrete 

was overcome. Any friction coefficient derived from using 

these stresses would correspond to a static friction coef­

ficient u. The results obtained are shown in Table 4.2. 
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TABLE 4.2 

No. Thickness (mm) Normal Load (Nt) T (kPa) 

1 25.4 91.00 9.00 

2 38.1 142.40 9.5 

3 40.0 147.00 9.20 

4 23.8 45.00 7.80 

Notes: 1. Slide No. 4 was tested without the plexiglass 

confinement. The stress, resulting from this test, compared 

with the other values obtained gives a rough estimate of the 

friction on the glass-buffer interface. 

2. For the calculation of T, the area used included 

the glass-buffer interface in addition to the concrete­

buffer one, for slides No. 1; 2, 3. For slice No. 4 only 

the glass-buffer interface was taken into account. 

3. The buffer self weight was included in the 

calculation of the stress T. 

4.3 Model Tests Under Water Intake Conditions 

The major characteristic of these tests was that 

water intake was allowed under varying overburden pressure 

values. Water entry position was an additional variable 

in order to detect any possible zone of weakness in the 

buffer. For all tests, the buffer was allowed to creep 

and then water was allowed to flow in. In order to investi­

gate the effect of the initial creep on the buffer response, 
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0 one test was performed where water intake was allowed 

from the beginning of the test without previous creep 

under no water intake conditions. 

The objectives of these tests were to obtain 

information for the prediction of the buffer behaviour 

prior to and after the tunnel backfilling, considering rock 

cracks and subsequent water intake from different entry 

positions and at different time periods under loading. The 

same mode of presentation used in the previous subseciton 

(4.2) will be followed. 

4.3.1 §2~1-~~f~~~l~-~Q~~~~g~§ 

The additional nodal displacement fields for the 

tests under water intake conditions and the nodal displace­

ment field for the test where no initial creep is allowed, 

are shown in Fig. 4.19, 4.20, 4.21 and 4.22. Reference 
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Fig. 4.23 is used again for the proper presentation of the 

test results. In order to investigate the overburden pressure 

effect under water intake conditions, the results from 

three tests were compared. In these tests (Test No. 2, No. 

4, and No. 7), water intake was allowed from the bottom 

of the disposal system with 105 kPa of back pressure, after 

the buffer was allowed to creep under no water intake 

conditions. 

In Fig. 4.24 the nodal vertical displacement-time 

histories are shown for cross-section A-A. The node A2 

suffers additional settlements for all three values of 
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overburden pressure. When the overburden pressure is 0 

kPa, the final total settlement was 2.12 mm translating 

to an additional settlement of 1.11 mm. When the over-

burden pressure was increased to 36 kPa, total settlement 

for the same point was 2.58 mm (additional settlement of 

1.15 mm) and when the overburden pressure was 120 kPa, the 

total settlement was 2.8 mm (additional settlement of 1.13 

mm). The additional settlements are approximately equal 

in size for the three cases of overburden pressure. But 

as a percentage of the final total additional settlements 

99 

were 52% when the pressure was 0 kPa, 45% when the pressure 

was 36 kPa and 40% when the pressure was 120 kPa. This 

increase in settlement, which is almost independent of the 

overburden pressure, reflects the change in the buffer 

compressibility characteristics due to water intake conditions. 

The other nodes on the same cross-section (Fig. 4.24) 

seem to follow the sample displacement patterns, especially 

when the overburden pressure was 36 kPa and 120 kPa. When 

the overburden pressure was 36 kPa for nodes Al and A3, 

total settlement was 2.06 mm (additional settlement was 

0.96 mm, or 47% of the total settlement). When the pressure 

was 120 kPa the total settlement was 2.73 mm (additional 

settlement was 1.16 mm or 42% of the total settlement). 

For the case of 0 kPa overburden pressure, initial addi­

tional settlement was observed equal to 1.16 mm after 5 days 

of water intake. It was then followed by an upward movement 

that resulted in a final total settlement of 0.81 mm 
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(additional settlement was 0.54 mm or 67% of the total). 

These upward displacements were also observed for 

nodes around the waste container (Fig. 4.25) resulting 

from the interaction between the swelling characteristics 

lOO 

of the buffer and the container weight. Where the container 

weight effect prevails, increased settlements were observed, 

and this mainly occurred in a zone underneath the waste 

container to a depth of 40 mm. Otherwise, the swelling 

characteristics of the buffer resulted in an upward displace­

ment pattern that seems to prevail in areas of depth greater 

than 40 mm below the waste container and in some areas 

around the container. This interaction between swelling 

characteristics and container weight was observed for all 

three cases of overburden pressure. When the overburden 

pressure was increased to 36 kPa and 120 kPa, the additional 

settlement pattern was observed for the points above and 

around the container. Underneath the waste container (cross 

section C-C in Fig. 4.26) increased settlements were induced 

for all three cases of overburden pressure. When the 

overburden pressure was 0 kPa the additional displacement 

was higher. This can be attributed to the low confinement 

level experienced by the buffer. The buffer deformed 

symmetrically, especially for the high overburden pressure 

value. The lack of symmetry in deformation, often observed 

when the pressure was 0 kPa, was due to the buffer hetero­

geneity that resulted from the compaction and placement 

technique. The overburden pressure experienced by the buffer, 
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resulted in an increased overall confinement thus improving 

the homogeneity of the buffer material. For higher depths 

below the waste container (Fig. 4.27), additional settle­

ments were once again recorded. Especially when the over­

burden pressure was 0 kPa these additional settlements were 

higher than those for the other two overburden pressure 

values. An explanation for this could be that, due to the 

lack of overburden pressure, the resultant between the 

produced swelling and.the container weight causes the soil 

displacement away from the area below the container and 

towards the areas around it, thus resulting in even higher 

additional settlements. The overburden pressure increases 

the confinement in this area, preventing upward soil 

displacement and additional settlement. In other words, 

it produces a more stable system below the container. 
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The effect of the water intake on the compressibility 

characteristics of the buffer was also investigated. The 

pattern of presentation adopted in subsection 4.2.3 is 

followed. From Figs. 4.28, 4.29 and 4.30 the comments 

derived on the compressibility characteristics of the buffer 

are partly identical to those derived under no water intake 

conditions. The induced settlements were higher for increased 

overburden pressure, due to the increased stress level on 

the buffer material. But the most important characteristic 

shown using the settlement contours is the high swelling 
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potential of the buffer that was already demonstrated in 

the free swell ·tests performed at GRC. Even for the high 

overburden pressure value of 120 kPa, soil swelling was 

observed after the first 16 to 24 days with water intake 

conditions. This is indicated from the relative displace­

ment of the settlement contours. In Fig. 4.28 the "1.50 mm" 

contour is displaced upwards for 2.5 mm. The_ same displace­

ment movement pattern is shown in Fig. 4.29. For instance 

point x (Fig. 4.29) would reach a settlement equal to 

2.00 mm after 8 days under water intake conditions and 

2.30 mm after 16 days under the same conditions which was 

in fact, the final displacement value for this point. 

Point y (Fig. 4.29) would reach a settlement equal to 1.60 

mm after the first 8 days under water intake conditions, 

2.00 mm after 16 days under the same conditions, and 

1.75 mm after 24 days which would be its final displace­

ment value as well. 

Although it is difficult to correlate directly the 

model test results with those obtained from the free swell 

and swelling pressure tests, the swelling potential of 

the buffer material, even under high load (conditions of 

high overburden pressure) is clearly indicated. 

4.3.3 g~~~S~-2~-!~~~~~!-~~~~2-2~-~~~~~~-E~§QQ~§~ 

In order to investigate the effect of initial creep, 

under water intake conditions, on the response characteristics 

of the buffer, the displacement-time history of several 
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nodes, derived from the test where no initial creep was 

allowed, was superposed to the displacement-time history 

of the same nodes, when initial creep was allowed. In 

both tests overburden pressure was 36 kPa. The superposed 

figures are Fig. 4.31, 4.32, 4.33 and 4.34. The displace­

ments which are compared are the additional settlements 

(right-hand part of the solid line plottings, after "water 

intake" label) which occurred when water intake was 

allowed after initial creep and the total displacements 

when water intake was allowed without previous creep of 

the buffer. From Figs. 4.31, 4.32, 4.33 and 4.34 it can 
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be observed that the maximum displacement, under no initial 

creep conditions, was reached at shorter time periods (it 

was actually reached at 12-15 days). Whereas, for the test 

with initial creep allowed, the additional displacements 

reached their maximum values at 15-18 days. This difference 

is due to the compressibility characteristics of the buffer. 

The buffer, under conditions of no water intake, while 

experiencing the loading conditions imposed on it, becomes 

less compressible with time due to factors such as soil 

air-water redistribution because of the loads acting on 

the buffer three-phase system. It is interesting to note 

that under conditions of no water intake, the maximum 

displacements reached their highest values again in 12-15 

days, demonstrating the initial creep effect on the buffer 

response. The different buffer response is also expected 

when observing Fig. 4.35, where the absorbed wate~-time 
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relationship is recorded for these two tests. More water 

is absorbed when no initial creep is allowed. Under no 

water intake conditions the buffer is compressed by the 

loads imposed on it, resulting in a decreased void space 
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due to the air compressibility and soil water redistribution. 

The water is redistributed in the buffer, as shown in Fig. 

4.36. When, later on, water is allowed to enter, the avail­

able void space is much smaller than the initially available 

one. 

The maximum displacements obtained, with no initial 

creep, are approximately equal to the additional settlements 

that occur when initial creep is allowed, for almost all 

the areas. In Fig. 4.35, cross-section D-D, initial swelling 

is observed for the case of no initial creep. The resulting 

settlements are less or equal to the additional ones with 

initial creep. This resulting decreased settlement is due 

to the swelling occurring at the bottom area of the disposal 

system during water absorption. It seems reasonable to 

suggest that in order to predict the buffer response under 

variable conditions from the water intake point of view, 

two model tests can be performed: one under no water 

intake conditions and the other under water intake conditions 

without initial creep and these can be combined in order 

to take into account initial creep conditions followed by 

water intake conditions. 

Any comment about the effect of initial creep on 

the buffer response under water intake conditions, must be 
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the answer to one of the following questions: 

1. How does the initial creep affect the unsaturated 

flow through a high swelling soil? 

2. How are the boundary conditions that govern 

the flow characteristics affected by the initial 

creep? 

3. What are the buffer characteristics which are 

affected by the initial creep? 

Yong {1973) had suggested two types of flow in 

unsaturated soils with criteria being the swelling 

characteristics of the soil. Type 1 includes flow through 

non-swelling soils while Type 2 refers to flow through 

swelling soils under variable confinement conditions. 

Considering the buffer swelling properties, it is the 

second type of unsaturated flow that will be related to 
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the specific case. The confinement condition pattern affects 

the buffer response under water intake conditions. Under 

initial creep conditions, the confinement is higher and 

the flow of fluid is confined. This results in a small 

volume change and increased swelling pressures, which in 

turn alter the flow characteristics. The confinement effect 

on the flow characteristics is generally shown through 

the wet front advance vs. t 1/ 2 relationship, which takes 

a non-linear geometrical shape under variable porosity 

conditions, and through wet front profile-time histories. 

The initial creep causes, mainly in the zone under-

neath the waste container, an increase in the saturation 



0 

118 

degree of the buffer due to the compressibility charac­

teristics of the buffer and to soil fluid redistribution. 

An increased degree of saturation means decreased available 

void space and decreased soil suction values. The decrease 

in soil suction with increasing saturation is related to 

the physics of water absorption mechanisms. According to 

Yong (1973), the rate of decrease of the soil suction 

value is dependent on the degree of constraint applied 

against swelling, the osmotic potential, and other factors 

associated with the activity of the soil-water system which 

define the resulting rate of advance of the wet front. 

Both conditions, decreased soil suction and decreased 

void space, result in a decreased time rate of wet front 

advance and a decreased absorbed water volume by the buffer. 

Initial creep increases the confinement of the buffer, 

restricts any additional volume change, increases the 

saturation degree in the zone underneath the waste container, 

decreases suction and results in reduced absorbed water 

volumes. 

In order to investigate the effect of the water 

intake position on the response characteristics of the 

buffer, two more tests were undertaken. The loading condi­

tions included an overburden pressure equal to 120 kPa -

simulating the backfilled tunnel conditions - and water 

intake was allowed from a point close to the top of the 
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0 disposal hole for the first test, while for the second 

one, water intake was allowed from a point at the back of 
. 

the waste container. For the proper comparison of the 

test results for the time period examined, under different 

water intake positions, the displacement-time histories 

of several nodes are plotted. Reference Fig. 4.37 will be 

used again for the presentation of the results. The addi-

tional settlements indicated in cross-section A-A (Fig. 

4.38), under water intake conditions, are (in percentage 

of the total settlement) 15% for the case of water intake 

from the back of the container, 32% when water intake is 

allowed from the top of the disposal hole, and 40% when 

water intake is allowed from the bottom of the disposal 

0 hole. 

For cross-section B-B {Fig. 4.39), although addi-

tional settlement is indicated for the first 8 days with 

water intake from the container back, swelling reduces 

this additional settlement and the reduction (in percentage 

of the total) is 12%. Swelling was indicated after the 

first 10-14 days when 130 cc of water had already been 

absorbed. For the same cross-section B.B., when water 

intake is allowed from the top of the disposal hole, 

additional settlement is 31% of the total and 53% when 

water intake from the bottom of the disposal hole is allowed. 

While moving to cross-sections underneath the waste 

0 
container bottom {Figs. 4.40, 4.41) the increasing effect 

of the water intake from the bottom of the disposal hole 
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on the buffer response is expected. The additional 

settlements are 17% when water is absorbed from the back 

of the waste container, 31% when water is absorbed from 

the top of the disposal hole and 53% when water uptake 

(intake from the bottom of the disposal hole) is allowed 

(Fig. 4.40). 

Throughout the buffer, water uptake conditions 

result in additional buffer settlements between 40-53%. 

When water intake is allowed from the back of the waste 

container, the increase is 15-18%, while, due to swelling 

close to the source of water intake, a decrease in the 

settlements is observed. The effect of water intake from 

the top of the disposal hole is kept almost constant at 

31% for the whole buffer surface. 
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For the time period examined it is reasonable to 

conclude that the water uptake condition is the most crucial 

for the buffer-container system stability. This conclusion 

becomes more important when observing Fig. 4.42, where 

the absorbed water-time history is shown. The smallest 

quantity of water is absorbed when water intake is allowed 

from the bottom of the disposal system. The varying buffer­

water absorption characteristics can be attributed to the 

different boundary conditions prevailing in every zone 

along the buffer which affect the flow characteristics. It 

is reasonable to conclude that the initial creep effect 

already described in Section 4.3.3 is not equally predominant 
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in all three zones. The effect of the initial creep, 

i.e. decreased suction due to a saturation increase and 

decreased void space, is not influential in the zone 
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around the waste container where the overall stress levels, 

i.e. the buffer confinement, are lower and the unsaturated 

flow can be considered as unconfined or under small confine­

ment conditions. This pattern of unconfined flow should 

be crucial at longer time periods, when adequate water 

quantities would be absorbed by the buffer. The reason 

higher additional settlements are observed for the case of 

water uptake, although smaller quantities of water are 

absorbed is as ·follows: When water is absorbed through 

the disposal vault bottom, the available void space is 

already decreased due to the previous creep under no water 

intake conditions. The available void space is filled 

completely in a zone of buffer that is now considered to 

respond like a saturated soil. Part of the stress imposed 

on the buffer is transferred to the water that is forced 

to redistribute. When this additional redistribution of 

water starts taking place, the additional settlements 

occur. When water intake is allowed from the container back, 

it is easily redistributed in that area because the stress 

levels there are lower and are not opposed to the water 

potential. This continuous redistribution increases, all 

around, the degree of saturation of the buffer but in a 

small and homogeneously distributed pattern that seems not 

to affect the system stability much, at least for the time 
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period examined. The soil water redistribution throughout 

the buffer is shown in Figs. 4.43 and 4.44. 
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It has already been concluded that water intake 

conditions affect the buffer response characteristics and 

demonstrate its swelling potential. From the tests performed 

under variable water intake positions, for the time period 

examined, water uptake is considered as the most crucial 

for the buffer-container system stability. 
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CHAPTER 5 

DISCUSSION OF THE ANALYZED AND PREDICTED RESULTS 

5.1 Introduction 

In this chapter, the applications of the finite element 
~ 

method are verified by utilizing the proposed model (Chapter 

2) to analyze and/or predict the model test results presented 

in Chapter 4. Comparisons between the finite element results 

of the proposed model and the experimental results previously 

reported in Chapter 4 will be made. 

The buffer response behaviours which are not feasible 

to measure directly herein are obtained by data interpretation 

and analysis and are discussed in terms of velocities, strains, 

strain rates and stresses. 

The finite element technique employed herein adopts 

the following input characteristics: 

5.1.1 Meshes and Boundaries ---------------------
The model tests described in the previous chapters 

were modelled by the finite element method for solution by 

the digital computer. The mesh adopted is shown in Fig. 5.1. 

In the idealization of the model test, 122 elements and 90 

nodal points were used. 

Since the sides and the bottom of the disposal hole 

containing the buffer, and the bottom and top of the waste 

container were greased it is reasonable to assume that these 

~Details on the F.E. technique developed are given in 
Appendix A. 
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boundaries are smooth. In the finite element idealization, 

the boundaries were placed on rollers so that the horizontal 

movement was restrained on the sides and the vertical move­

ment on the bottom boundary. It is expected that the results 

from this simplified finite element model would be affected 

by the boundary conditions imposed. 

134 

It has already been found that the friction along the 

buffer-host rock (concrete) interface was approximately 8 kPa. 

An attempt to induce the friction existing along the buffer­

host rock interface in a form of boundary forces, gave no 

satisfactory results. For the appropriate simulation of the 

boundary conditions along the buffer-host rock interfaces, 

joint (interface) elements must be inserted with constitutive 

relationships produced from direct shear tests between buffer 

and rock. Joint (interface) constant strain elements have 

been used in previous GRC studies on soil cutting and traction 

problems (Hanna, 1975). 

In the finite element analysis,boundary displacements 

were increased in the appropriate number of increments in order 

to obtain the final buffer displacement measured in the test, 

for the boundary nodes in contact with the loading imposed 

on the buffer as waste container weight and overburden pressure. 

In Table 5.1 an example is given of the technique, that was 

used in order to pick the displacement fields corresponding 

to the measured ones, when the overburden pressure is 36 kPa. 
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TABLE 5.1 Nodes in Contact with the Waste 

Container Bottom 

Time (days) Measured Boundary Dispacement Obtained Increment 
Under 

Loading 

0 

6 

12 

18 

Displacement from F.E. Analysis 
(mm) (mm) 

0 0 

.61 .60 

1.12 1.09 

1.32 1.33* 

* input boundary final displacement for the 

Nodes B1 , B2 (Fig. 5.1) 

** input number of increments 

No. 

5 

9 

11** 

Boundary displacements were used as input data instead 

of boundary stresses in the F.E. model, because through the 

experimental procedur~ displacements were measured at certain 

time periods. 

For each incremental displacement, sufficient iterations 

for appropriate elastic moduli were provided to ensure conver-

gence and accuracy. The number of iterations depends mainly 

on the degree of nonlinearity of the stress-strain relation-

ship. 

Body forces (buffer self weight) were included in all 

the analyses made. 
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One of the major problems encountered in the simula­

tion of the model test by the finite element technique was the 

adoption of the most representative constitutive relationships 

describing the buffer response in the disposal hole. In an 

initial attempt ,the stress-strain curves obtained from the 

CU tests for the buffer under axisymmetric conditions already 

reported in Chapter 3, were used for every element of the 

finite element model. The resulting stress fields were signi­

ficantly lower from those expected, mainly for the zone above 

the waste container up to the top surface of the buffer. Under 

the actual boundary conditions the buffer material in this 

area shows low compressibility characteristics, deforms mainly 

vertically, and the displacements are obtained under considera­

bly higher stresses. The loading patterns in this specific 

zone resemble those of the one-dimensional consolidation test 

under no saturation conditions (i.e. compressibility test), 

where the perfectly confined buffer is compressed vertically. 

The additional characteristic is the yielding support, i.e. 

the moving waste container. For the zone above the waste 

container top the constitutive relationships obtained from 

the load-deformation test reported in Chapter 3, were used. 

For the rest of the elements the CU test stress-strain curves 

were used. These curves represented adequately the buffer 

response around and below the waste container where the loading 

conditions theoretically may even produce failure patterns 

similar to those observed in a foundation problem. 
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In summary, the main assumptions adopted in the finite 

element analysis states that ~ecause of the different loading 

conditions, in areas A and B (see Fig. 5.2) of the disposal 

hole system, the buffer responds in a pattern that is a function 

of these loading conditions. These buffer response characteri­

sitics will be described by two different types of stress­

strain curves. This simplifying model neglects any inter­

mediate zone necessarily existing between these two areas A 

and B. This intermediate zone is considered as a part of 

area A. 

In order to demonstrate the effect of the proper 

modelling of the buffer response through the most representative 

constitutive relationships, in Figs. 5.2.1 and 5.2.2 the 

contours of the resulting vertical stress components are plotted 

when overburden pressure is 120 kPa. Under the label 11 two 

types 11 are the plotted contours where two different sets of 

constitutive relationships are used. Under the label 11 0ne 

type"the contours of the stresses developed under one set of 

constitutive relationships - CU stress strain curves - are 

plotted. From the contours of Fig. 5.2.1 under the label 

"one type"it is shown that decreased stresses result, which 

are significantly lower than the induced ones at the bounda ries. 

On the contrary, the model that uses the assumptions of two 

different materials, results in a very good agreement with 

the boundary induced stresses. The increased material stiff­

ness is also indicated from Fig. 5.2.2 when the resulting 9trains 

are higher, when use of two different sets of constitutive 
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relationships is made. There is no discontinuity observed 

from the contours of Fig. 5.2.1, 5.2.2 that should unjustify 

the use of two different constitutive relationships for the 

buffer. By using this modelling pattern, the effect of the 

loading-boundary conditions on the buffer response characte­

ristics is properly taken into account and it results in 

a better predictive analytical model. 

The concept of two differently responding buffers is 

affected by the relative magnitude of the imposed loads. 

When the backfill is installed, the overburden pressure 

increases from 1/10 to 1/3 of the total pressure acting on 

the buffer underneath the container. Under these conditions 

an overall one-dimensional compression pattern for the buffer 

could be adopted. In other words, increasing overburden 

pressure causes a uniformly distributed one-dimensional 

compression pattern on the buffer. In Figs. 5.3 and 5.4 the 

stress-strain curves obtained from CU tests under different 

confining pressures and from one-dimensional consolidation 

tests under no saturation conditions, which are adopted for 

the finite element analysis, are shown. 

In general, the nonlinear stress-strain curves 

expressing the constitutive relationships can be represented 

directly in digital form or expressed through a mathematical 

function (Duncan and Change, 1970). In this study, the 

stress-strain curves obtained from the cu tests and the one­

dimensional consolidation tests were described by a number 
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0 of points, each of which denoted the values of the 

corresponding stress and strain. The material parameters 

which are the modulus of elasticity and Poisson's ratio 

were given initial values and were consequently derived 

by interpolation. The starting value of the modulus of 

elasticity was taken as the initial tangent modulus of 

the stress-strain curve with the lowest confining pressure. 

The Poisson's ratio for zone A was 0.29 and was obtained 

as reported in Chapter 3. 

For zone B a Poisson's ratio of 0.45 was used. 

5.2 Displacements 

5.2.1 

0 The vertical displacement contours obtained from 

the F.E. analysis for the three overburden pressure values 

are shown in Figs. 5.5, 5.6 and 5.7. 

From the vertical displacement contours two different 

deformation patterns are indicated. The zone above the 

waste container that is extended up to the top surface 

is compressed uniformly towards the bottom of the disposal 

system. This pattern is observed for all three overburden 

pressure values for all the time periods examined. The 

most interesting characteristic for this zone is the 

distribution of the vertical displacement with depth from 

the top surface as a function of the overburden pressure. 

When overburden pressure is 120 kPa the vertical displace-

ment at the top of the waste container is 70% of the 
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vertical displacement at the surface top while for the 

other two cases of 0 and 36 kPa the vertical displacements 

at the top of the waste container are 97 and 91% respec­

tively of that at the top surface for all time periods 

examined. The separation observed in the experimental 

results at the zone initially in contact with the top of 

the waste container is also indicated ~hrough the finite 

element model when comparing the displacements of the 

nodes located at the top and the bottom of the waste 

container and when overburden pressure is 0 kPa it comes 

up to 0.55 mm, when overburden pressure is 36 kPa it is 

0.10 mm, and is not observed for the value of 120 kPa 

overburden pressure. 

The pattern of settlement distribution at the zone 

above the waste container indicates the effect of the 

separation observed at the top of the waste container on 

the buffer compressibility characteristics. As already 

mentioned for the cases of 0 kPa and 36 kPa separation 

was observed. This separation, that is due to the high 

cohesive characteristics of the buffer, results in the 

creation of a "tension" zone above the container top that 

obviously increases the compressibility characteristics 

of the buffer that experiences the top load totally 

unsupported. This zone causes an almost uniform settlement 

distribution pattern for the zone above the waste container 

for the cases of 0 and 36 kPa. When overburden pressure 

increases to 120 kPa this zone is no longer observed and 
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settlements decrease with depth from the surface top. 

In Fig. 5.8 the settlements after a 6 day loading period 

are shown indicating this "tension" zone. 

From Fig. 5.8 it can be observedthat for the case 

of 120 kPa overburden pressure the settlements at the top 

of the waste container are slightly smaller than those 

on the same cross-section that are located close to the 

host-rock-buffer interface. The buffer for the 0 and 
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36 kPa overburden pressure values looks to be "suspended" 

for a zone of 50 mm thickness located at the top of the 

waste container, while it is obviously uniformly compressed 

when the overburden pressure is 120 kPa. These overburden 

pressure-dependent patterns at the waste container top 

affect the settlement distribution by changing the compres­

sibility characteristics of the buffer in that zone. 

Another displacement pattern is observed when 

examining the vertical displacement contours at the zone 

around and below the waste container. In that zone the 

container "penetrates" the buffer. The higher settlement 

values are observed for the nodes in contact with the 

waste container bottom and are reduced with increasing 

depth from the container bottomand when approaching the 

rock-buffer interface. This "penetration" pattern is 

obvious for all three cases of overburden pressure and 

is "damped" with depth from the waste container bottom 

increasing. 
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The lateral displacement contours are shown in 

Figs. 5.9, 5.10 and 5.11. The zone where lateral displace­

ments reach measurable values is located close to the 

bottom corners of the waste container and it extends up 

to the disposal system bottom. These displacements reach 

maximum values up to 0.10 mm in nodes close to the bottom 

corner of the waste container. The general pattern of 

distribution of the lateral displacements is quite the 

same for all three cases of overburden pressure and at any 

time period examined. When the overburden pressure is 

120 kPa smalllateral displacements are observed in a zone 

located close to the top corners of the waste container 

with maximum values of 0.01 mm. 

5.3 Velocities 

The instantaneous velocities which were derived 

from the calculated nodal vertical displacements, show 

that the zones deformed at a higher rate are located 

underneath the waste container and at the top surface of 

the disposal system. Typical velocity contours are 

shown in Fig. 5.12 for the value of 36 kPa overburden 

pressure, as experienced by the buffer for 6 days. The 

velocity contours are obviously similar to the corresponding 

displacement contours shown previously. The values of 

the lateral velocities were negligible andmay be ignored. 
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They also presented a distribution pattern similar to 

that of the corresponding lateral displacements. 

5.4 Strains 

5.4.1 y~~~!~~1_§~~~!~~ 

The straincontours resulting from the calculated 

strain along the finite element mesh are shown in Figs. 

5.13, 5.14 and 5.15. The direction of these strains is 

the vertical one axis y. In order to obtain a comparison 

among the three overburden pressure dependent strain 

fields, in each figure the produced strain fields for 

the three overburden pressure values are plotted and 

correspond to the same time period under loading. The 

general patterns obtained are almost identical and only 

the strain magnitudes are pressure and time dependent. 
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The strain values obtained at the zone below the waste 

container are the same for all three cases of overburden 

pressure, reaching maximum values of 1.6%. It is already 

indicated that the waste container weight is the main 

source of buffer strain in that zone and the overburden 

pressure effect does not cause any significant vertical 

strain increase. The buffer underneath the waste container 

deforms vertically in the same pattern while the strain 

magnitudes attained are essentially overburden pressure 

independent. For the same zone - beneath the waste 

container - the vertical strains decrease significantly 
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with distance from the central line, vertically or 

horizontally. The decrease is significant along cross­

section nodes located close to the container bottom, where 

nodes located close to the host rock-buffer interface show 

strain values half or less of the strain values along the 

same cross-sections on the central line. For higher 
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depths the strains along the cross-sections are distributed 

quite uniformly. This pattern, that is almost independent 

of the overburden pressure values, demonstrates the dominant 

waste container weight effect on the buffer response in 

the zone underneath the waste container. The overburden 

pressure effect is indicated when observing the sizes 

of the strain bulbs developed in Fig. 5.15, where with the 

overburden pressure increasing from 0 to 120 kPa the 

strains show an increase of approximately 7%. This increase 

is not quite clear in Figs. 5.13 and 5.14, where the 

obtained bulbs are quite the same in size and shape. The 

overburden pressure is transferred to the lower buffer 

zones after longer time periods than the waste container 

weight because of the buffer compressibility, soil-fluid 

redistribution and other stress transfer mechanisms. 

When the overburden pressure is appreciably transferred 

to the lower buffer zones, the effect in the strain bulb 

intensity and shape is indicated. 

Along the zone around the waste container, the 

vertical strains increase with overburden pressure increasing 

quite clearly, at any time period. The maximum values at 
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this zone are obtained in the area close to the waste 

container top. Only when the overburden pressure is 

120 kPa the strains show a decreasing trend at the area 

clsoe to the container bottornand then show a constant 

strain or even a small increase in the zone close to the 

container top, indicating the overburden pressure effect. 

The maximum vertical strains for this zone are less than 

half of the maximum values obtained underneath the waste 

container. It is expected that the friction generated 

along the interfaces in that zone would affect the size 

of strains developed. 

When approaching the container top a decrease in 

strains is observed when pressure is 0 kPa and 36 kPa. 

The maximum resulting strains are 0.01% and 0.05% respec­

tively. The separation observed at this zone for these 

pressure values seems to produce a "relief" and a decrease 

in the vertical compressive strain pattern. The buffer 

is compressed vertically when pressure is 120 kPa. Maxi­

mum strains at .3% are reached in a large part of this 

zone, indicating uniform vertical compression. 

From the finite element model analysis-of the 

vertical strains it can be concluded that vertical strain 

concentration is expected in the zone underneath the waste 

container bottom. The increase in overburden pressure 

will affect the extent of the strain bulb in that zone 

by increasing it by 7% when pressure increases from 0 

to 120 kPa; this effect will be more pronounced at longer 
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time periods (15 to 18 days). Around the waste container 

smaller vertical strains are expected indicating that 

this zone is equally affected by the two loading sources. 

Above the waste container the buffer shows the lowest 

vertical strain values, obviously due to the low stresses 

developed, that are caused by the overburden pressure and 

by the yielding of the supporting container- and the buffer 

around it. 

The shear strain - €xy - contours are plotted in 

Figs. 5.16, 5.17 and 5.18 and appear to provide useful 

observations and patterns of deformations. While from 

the vertical strain contours it was shown that the waste 

container weight clearly is the predominant source of 

strain, the overburden pressure effect is now equally 

crucial. Several comments can be made on the maximum 
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values of the shearing strains at certain zones, on the 

signs of these strains indicating the rotational directions 

of the nodes, the zones of strain concentration and 

their dependence on the time and overburden pressure 

variables. 

The zones of higher shearing strain concentration 

are located close to the bottom corners of the waste 

container, where the shearing stresses acting on each 

element prevail against thenormal ones. The maximum values 
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obtained are 2.5% in that zone. In the zone underneath 

the container and along a significant part of the zone 

around it the buffer shows a clockwise rotational trend 

for all three cases of overburden pressure. In the finite 

element analysis this trend is caused by the interaction 

between the stresses developed at elements underneath the 

loading waste container and those located around the waste 

container that seem to be "pulled down" towards the 

container bottom. 

In the actual condition friction generated along 

the buffer-waste container interface should increase this 

rotational pattern of the buffer. The shearing·strains 

are reduced with increasing depth from the waste container 

bottom and distance from the central line decreasing. 

The overburden pressure causes significant change in the 

shearing strain patterns observed. It is clear from 

Figs. 5.16, 5.17 and 5.18 that when the pressure at the 

surface top increases from 0 to 120 kPa the shearing 

strains are decreasing for every time period examined. 
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The shearing strain bulbs are overburden pressure dependent 

as shown in these figures. The overburdenpressure effect 

is clear for almost half of the zone underneath the waste 

container. Close to the disposal hole bottom the strains 

reach small values and are virtually independent of the 

overburden pressure effect. The effect of the overburden 

pressure on the developed shearing strains is inter­

related with the increased normal stresses on every element 
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with pressure increasing compared with the corresponding 

shearing stresses on the same element. When overburden 

pressure increases from 0 to 120 kPa the normal stress 

acting on one element in that area increases from 0 or 

1/10 to 1/3 of the shear stress acting on that element. 
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This increase in pressure causes increased vertical strains 

as it is already shown in 5.4.1 and decreased shearing 

strains at the same zone. The same pattern of deformation 

is observed along the zone around the container with 

shearing strains reaching a maximum value of approximately 

1%. The same rotational direction is shown, towards the 

waste container. The overburden pressure effect is clear 

once more when approaching the waste container top. Two 

different shearing patterns are indicated. When over­

burden pressure is 0 and 36 kPa due to the yielding support, 

i.e. the separation at the container top, the buffer shows 

a trend of moving toward the gap obtained with higher 

strains close to the central line with clockwise direction. 

This gap causes increased shear stresses on the elements 

above the waste container due to lack of support - moved 

container - which although do not reach any high values, 

are related to the shear strains, particularly in this 

zone. The normal stresses acting on every element were 

transferred not through the support, since there was no 

contact between buffer and container, but through the 

shearing resistance at the sides of each element. This 

stress condition is related to the shearing strain 
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development in this area. 

When overburden pressure is 120 kPa as already 

mentioned, no gap was observed at the top of the waste 

container. The pattern of shearing deformation is quite 

different from that observed for the low pressure values. 

Higher shear strains are obtained in the zone close to 

the top corner of the container. The rotational direction 

is counter-clockwise and indicates the buffer trend of 

moving towards lower stress levels. The normal stresses 

acting on the elements at the top of the container are 

transferred through the support that behaves as a non­

yielding one. The shearing is now developed where the 

yielding support is and this is the buffer around the 

container. The higher strains are mainly located at the 

points close to the container buffer interface. 

In Fig. 5.19 the structural model of the zone above 

the container top is illustrated. The zone is considered 

as a multi-supported beam. In the same figure buffer 

nodes of deformation are shown. 

The shearing strain patterns obtained from the 

finite element analysis demonstrate the importance of 

developing high overburden pressure values. Under these 

values shearing strains are eliminated throughout the 

buffer, normal strains prevail and result in a uniform 

compression of the material. 
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5.5 Stresses 

The final and probably the most important part of th· 

finite element analysis of the disposal system, is the 

derivation of the stress component distribution patterns 

along the buffer surface. In Figs. 5.20, 5.21 and 5.22 

the final stress component contours are plotted. In order 

to investigate the overburden pressure effect on the 

stress pattern development, the stress contours for three 

different overburden pressure values are plotted in the 

same figure. 

It is clear from Fig. 5.20, where the vertical stress 

contours are plotted, that the zone of the highest stress 

concentration is located underneath the waste container. 

With overburden pressure increasing the vertical stresses 

increase as well. The stresses on the elements that are 

in contact with the waste container bottom show a + 6-8% 

deviation from the expected values, i.e. approximately 

the waste container weight plus the overburden pressure, 

for these elements. 

These vertical stresses decrease with depth from 

the waste container bottom and when approaching the host 

rock-buffer interface. For the overburden pressure values 

of 0 and 36 kPa a significant decrease in the vertical 

stresses are observed when approaching the container 

bottom corners, indicating that the waste container weight 

mainly affects a bulb restricted by the container bottom, 

the host rock boundaries and two imaginary lines that 
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originate from the container bottom corners with a 45° 

slope fromthe horizontal and terminate atthe host rock 

boundaries. The same pattern can be expected for the 

high overburden pressure value of 120 kPa although this 

bulb is less clear due to the increased overburden 

pressure effect. 
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In an attempt to correlate the vertical stress fields 

obtained for the zone underneath the waste container with 

vertical stress field obtained using the elasticity theory, 

the formulae derived by Foster and Alvin {1954} for circu­

lar loading on a semi-infinite zone and the solution 

tabulated by Milovic (1970} that considered circular loading 

of a finite layer underlain by a rigid base, are used. 

The results, shown in Fig. 5.23, clearly demonstrate the 

side boundary effect on the increased buffer rigidity. 

The effect of confinement on buffer response will be investi­

gated in Section 5.7. 

The vertical stresses in the zone around the waste 

container reach smaller values which decrease with decreasing 

distance from the container top. When the overburden 

pressure -is 120 kPa stress concentration is observed at 

the top of the waste container as the buffer is compressed 

towards the container top. 

In Fig. 5.21 the shearing stresses which are developed 

throughout the buffer are plotted. For the three over­

burden pressure values the maximum shearing stresses 

obtained are 40 kPa and are located in the zone around the 
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0 container bottom corners where shearing patterns of 

deformation are most significant, as already mentioned 

in Section 5.4. It is indicated through the shadowed 

zones that the overburden pressure affects significantly 

the shearing stress pattern development by decreasing 

the overall shearing stress components when the pressure 

increases from 0 to 120 kPa. 

In Fig. 5.22 the lateral stress contours are plotted. 

Higher stress values are once again developed in the zone 

underneath the waste container (highest lateral stress 

value of 270 kPa and is obtained when overburden pressure 

is 120 kPa). 

The boundary confinement effect on the buffer response 

is again indicated as a result of the comparison between 

elasticity solutions (Milovic, 1970) and the finite element 

results. The finite element analysis indicates lateral 

stresses are approximately constant at the zone underneath 

the container ranging from 0.61 to 0.68 of the contact 

pressure. On the contrary elasticity solutions give rapid 

decrease with depth with a maximum stress value of 0.55 

and a minimum of 0.05 of the contact pressure. The latter 

was obtained when approaching the disposal hole bottom. 

The examination of Figs. 5.20 through 5.23 leads 

to the following observations: 

l. Stress concentrations at the bottom of the waste 

0 container and at the top of it as well, are 

indicated in all cases. Vertical ay, horizontal 
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0 a and shearing T stress values are highest x xy 

in the vicinity of the waste container bottom. 

2. The zone transverse to the waste container does 

not generally experience high stresses. 

3. The shearing stresses are significantly affected 

by the magnitude of the overburden pressure 

acting at the top surface in a manner indicatins 

that the higher the overburden pressure value 

the lower the shearing stress development 

throughout the buffer. 

4. The boundary confinement effect on the buffer 

stiffness is indicated through the finite 

element developed stress fields as compared 

0 to elastic solutions. 

5. The observed stress distribution patterns are 

almost identical for all three overburden 

pressure values. The only case where the effect 

of overburden pressure is significant even on 

the shape of the stress distribution is for the 

shearing stress pattern developed at the top of 

the waste container. The zones of high stress 

concentration are the same for 0 and 36 kPa but 

differ from the one developed under 120 kPa. 

The difference is considered as a result of the 

gap observed at that area {waste container inter-

c face) and the stress development and transfer 

mechanisms which are then produced. 
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5.6 Effect of Confinement on Buffer Response 

It is clearly obvious from both the experimental 

and analytical model analysis results the importance of 

the buffer confinement by the surrounding rock. The stress 

fields obtained from 'the finite element analysis compared 

to the simplified analytical solutions gave higher results 

indicating increased boundary induced material resistance. 

In an attempt to obtain a clearer view of the 

effect of buffer confinement on teh buffer response an 

''extended" finite element mesh was used with the boundaries 

located at distances approximately 5B from the waste 

container where B is the waste container width (Fig. 5.24). 

The new mesh consisted of 74 nodes and 106 elements 

(Fig. 5.25). In the new model the zone above the waste 

container was ignored for simplification. This resulted 

in one type of material in the disposal system with consti­

tutive relationships derived from axisymmetrical CU tests. 

The boundary interfaces were once more considered smooth 

and the same solution technique as described in Section 

5.1 was adopted. In order to obtain stress fields from 

the model, comparative with those obtained from the actual 

finite element model, the same boundary displacements 

were induced at the same boundary cross-sections. The 

case of overburden pressure equal to 120 kPa is examined 

in the subsequent figures. 
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In Figs. 5.26 through 5.28 the final stress component 

contours necessary to induce the same boundary displacements 
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0 are plotted. In Fig. 5.26 the stress patterns developed 

are presented. The stress values obtained areconsiderably 

small and the higher values are approximately 90 kPa 

or 25% of the corresponding high values obtained in the 

actual model. 

The lateral stress component contours are shown in 

Fig. 5.28, where the maximum values obtained a small 

percentage, approximately 10%, of the corresponding values 

of the actual model. 

The shearing stresses which are mainly developed in 

the vicinity of the waste container bottom corner do not 

seem to be so significantly affected by the boundary 

confinement. The effective bulb is approximately identical 

0 in area and stress intensity to the corresponding one in 

the actual finite element model. 

The comparison between the stress fields developed 

in the two finite element models necessary to induce the 

same boundary displacements leads to the conclusion that 

the buffer performance is greatly improved due to the 

confinement by the host rock. 

5.7 Comparison Between Measured and Predicted Results 

This section presents comparisons between the experi-

mental data reported in Chapter 4, an~ the finite element 

analysis presented in the previous sections of this chapter. 

Such comparisons permit a rational assessment of the 

admissibility and viability of the finite element method 
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as a means of predicting the buffer performance in the 

disposal system. In addition, this section examines 

the constraints and requirements imposed by the proposed 

analytical technique. 

The discrepancies between the theoretical model 

and the physical conditions are also evaluated and their 

significance discussed. 

185 

The problem at hand is a mixed boundary value problem 

with the boundary conditions specified in terms of both 

displacement and stress. In such problems, the stress 

and velocity fields must be compatible as there is no 

apparent independence between the two fields. Therefore, 

it is essential to establish separate correlations of 

both the stress distribution and the soil deformation with 

the physical measurements, before the technique is judged 

to be satisfactory. 

In the present study, the correlation is done in the 

following fashion: 

1. The contours of the nodal displacements obtained 

from the finite element model proposed are super­

imposed on the contours obtained from the recorded 

grid deformation to demonstrate the similarities 

and discrepancies in the deformation patterns. 

2. The boundary values of the calculated stress 

fields obtained from the finite element solution 

are compared with the boundary stresses which are 

imposed on the buffer. 
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In Figs. 5.29 through 5.37 the calculated displace­

ment contours are superimposed on the corresponding measured 

ones. 

It must be recalled that the host rock-buffer inter­

faces and the waste container-buffer interfaces are smooth 

and no friction is generated along these interfaces. It 

must also be recalled that in the finite element analysis 

provided, the boundary conditions were all described by 

means of boundary displacements that were the actual final 

measured boundary displacements at the cross-sections where 

loading was applied. At these boundary nodes as input 

displacement values, the average measured values along the 

boundary cross-sectiops were given (i.e. at the surface top 

and underneath the waste container). 

The results presented in Figs. 5.29 through 5.37 

offer a satisfactory predictive picture of the buffer 

deformation time history. At the same time they strongly 

demonstrate the importance of the assumptions adopted 

regarding the boundary conditions in this specific problem 

and indicate further improvement of these assumptions. 

The finite element solution generally results in 

higher displacement values throughout the buffer. This is 

more clear along the zones around the waste container and 

must be attributeq to the adopted boundary conditions, 

i.e. no friction along the interfaces. 



0 

--
o.3f, 

- o:zo 
- -t.. 

\ 
\ \ 

o.-A. \ ,. 
\ 

--~ 

---

I 

0.3.14 I 

I I 

i fdl 
t I 
I 

187 

Vertical displacement contours 

Overb. pr. : 0 kPa 

after 5 days 

---- : from F .E. 

-----: measured 

-·-·-·--measured upwarc 

(in mm) 

Fig. 5.29 



0 

0 

0,59 
____ ..k.----

o.s 
"-----'...--

, o.r 
~ 

0.5 

...... 

---
0.$1 

o.r 

188 

Vertical displacement contours 

Overb. pr. 0 kPa 

after 10 days 

: from F.E. 

:measured 

(in mm) 

Fig. 5.30 



0 
o.ra 

0.7'2. 
---.:le..-

o:z. 
'.I -

--

--
0.70 

o.'2 

J.. 

189 

Vertical displacement contours 

Overb. pr. : 0 kPa 

after 15 days 

from F.E. 

---- :measured 

(in mm) 

Fig. 5.31 



0 

0 

0 

O.!JS 

0.60 

\ \ 
I I 

O.lf-( \ 

I I 
l \ 
\ \ 

\ 
\ 

0.6() 

o.ss 

o.so,; 
)" 

0.'15 

I 
I 
I ro. 

I I 

I I 
I I 
I I 

I 
I 

J 
I 

190 

Vertical displacement contours 

Overb. pr. : 36 kPa 

after 6 days 

from F.E. 

-----. measured 

(in mm) 

Fig. 5.32 



c 

0 
0.9 

'(c.s 
\ 
I 
I 

I 

I 
I 
I 
I 
I 
l 
I 
I 
I 
\ ~~ 
\ ' .. 
\ 
\ 
\ 
\ 

' .......... 

1·10 

1.07 

0.9 

, _____ .,.. ______ -- ....- ...,...,.f 

191 

Vertical displacement contours 

Overb. pr. 36 kPa 

after 12 days 

: from F.E. 

: measured 

(in mm) 

Fig. 5.33 



192 

t.'iiO Vertical displacement contours 

0 Overb. pr. 36 kPa 

after 18 days 

from F.E. 
\.ZO 

------: measured 

!.'2.0 

0 
(in mm) 

Fig. 5.34 
0.10 



0 

0 

... __ 
0.110 

---1. __ 

0.70 

O.bO 

o.f>O 

- .... -

~-- ...... 4_. _____ ..,..,.,. 

o.ro 

193 

Vertical displacement contours 

Overb. pr. : 120 kPa 

after 6 days 

from F.E. 

-----. measured 

(in mm) 

Fig. 5.35 



194 

Vertical displacement contours 

0 Overb. pr. 120 kPa 

after 12 days 

---:from F.E. 

-- - - : measured 

--- t _ _.. ... -----'1' 
t.so 

(in mm) 

' 
' 

,~«.o.'fo 
l 

_____ ... 

0 Fig. 5.36 



195 

Vertical displacement contours 

0 ------ __ ':f ________ _ 

2.0 Overb. pr. 120 kPa 

after 18 days 

from F.E. 

------------7·--·---- measured 
ts 

0 
1.30 

(in mm) 
1.30 1.'30 

~J~ _...lo-

1.20 

1.20 

'f ./ , 
I I 
I 

I 
I 

1.10 

0 Fig. 5.37 



0 

0 

Above the waste container as well as underneath 

it there is good agreement between the measured and cal­

culated results. This agreement is improved with time and 

increasing overburden pressure. The agreement between 

the measured and predicted vlaues at the zone underneath 

the waste container is considered as very good for the 

final displacement contours, Figs. 5.34 and 5.37. Where 

disagreement is rather obvious is along the zone around 

the waste container and when overburden pressure is 0 kPa, 

where the measured values indicate an initial upward 

movement of the buffer. 
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As already mentioned, the superimposed results 

demonstrate the necessity of further improved boundary 

condition models in an attempt to predict the actual buffer 

behaviour quite accurately. What can be adopted in an 

improved finite element model is the use of the joint 

elements along the interfaces. These joint elements will 

represent the interface characteristics along the buffer­

host rock and buffer-container discontinuities. The litera­

ture on the development and use of joint elements in 

structural engineering, rock mechanics and soil mechanics 

is quite extensive and several joint element models have 

been investigated in an attempt for a fully representative 

modelling of the discontinuities in concrete-steel inter­

faces, rock cracks and soil-machine interaction problems. 

Previous GRC studies have adopted thejoint element modelling 

when dealing with soil-cutting problems (Hanna, 1975). 



0 

197 

Stresses --------
The boundary stresses calculated from the finite 

elements model solution are compared to the actual ones 

at the same boundary cross-sections. The stress values 

obtained from the finite element analysis at the top 

surface are in exceptional agreement with the actual ones 

at these boundary nodes. Both values, i.e. actual and 

predicted, are found to be quite close, only 4 to 8% 

apart. 

This discrepancy can be attributed to factors such 

as the assumptions regarding the boundary conditions, i.e. 

smooth interfaces, and the constitutive realtionships 

used. The stress-strain curves used were CU axisymmetric 

test results and it is already proved (Campanella, Vaid, 

1974) that when adopted for plane strain creep problems 

they yield lower stress values. Plane strain triaxial 

tests would provide more representative stress-strain 

curves for the particular disposal system model. 

5.8 Water Intake Condition Finite Element Simulation 

Simulation of the disposal system under water intake 

conditions has to deal with numerous problems which result 

from the buffer-absorbed water interaction characteristics. 

New constitutive relationships under higher degrees 

of saturation must be used for certain zones of saturation 
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which vary with time due to the continuing water absorp-

tion process. Fluid flow through unsaturated swelling 

soil and its effects on the buffer engineering charac-

teristics is the new condition. An acceptable procedure 

to simulate the disposal system under water intake 

conditions should consist of the general following steps: 

1. Determination of the moisture profile at any 

time period, using the method described by 

Yong and Wong (1973) 

2. Creation of saturation zones and adoption of 

appropriate constitutive relationships for 

every zone. Reference for this procedure is 

a previous GRC study reported by Yong, Sciadas 

~ and Siu (1982) 

3. Solution for every time period of the F.E. 

model after the zones are defined and described 

by the appropriate constitutive relationships 

and the buffer swelling characteristics. 

4. Steps No. 2 and 3 are repeated with new satura-

tion zones as the water front advances. 

The procedure previously described deals with the 

continuously varying buffer response due to the water 

absorption by using different types of engineering materials, 

i.e. described by different constitutive relationships. 

The most difficult part of this procedure is the 

appropriate modelling of the swelling potential of the 

buffer in a constitutive relationship pattern that would 

be also a function of the degree of saturation. 
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In order to investigate the long-term buffer response 

under water intake conditions, a simplified finite element 

simulation was adopted. The strength of the buf in the 

zones around and underneath the waste container was considered 

as decreased by 50% of the strength under the lower confining 

pressure of the CU tests (i.e. 172.4 kPa). In other words, 

for the zone around and underneath the waste container the 

stress-strain curve used, produced 50% lower stresses. 

The simplifying assumption mentioned above, concerning 

strength changes with saturation level in the simple model 

cannot be easily defended. The rationale for the model 

lies in the observation that strength does indeed decrease 

as saturation increases, and vice versa. This technique 

was used by Yong, Sciadas and Siu (1982) when dealing with 

the stability of unsaturated slopes with changing degrees 

of saturation. The results from this model were compared 

with the corresponding F.E. model results under no water 

intake conditions. It must be noted that in both F.E. 

models the input boundary pressure values simulated the 

backfilled tunnel conditions. Comparison showed that when, 

due to water intake the buffer strength becomes 50% lower, 

the settlements increase at the zone underneath the waste 

container by a ratio of 3 over the corresponding settlements 

under no water intake conditions. Maximum displacements 

in that zone reach the value of 7.44 mm (2.29 mm under no 
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water intake). An increase in settlements with an average 

ratio of 2.53 is also observed in the zone located above 

the waste container as a result of the increased buffer 

compressibility around and underneath the waste container. 

In addition to the increased settlements, the lateral 

displacements are increased by a ratio ranging from 1.14 

to 3.21. The developed strains also demonstrated the 

increased buffer compressibility due to the water intake. 

Increased vertical strains by a ratio of 3 over the 

corresponding ones under no water intake conditions were 

developed throughout the buffer area. The strain rates 

were higher under no water intake conditions and when 

correlated with the strains, it was shown that the time 

period necessary to reach the final strains was shorter 

under water intake conditions by 22% of the time period 

needed under no water intake conditions. The effect of 

the increased buffer compressibility on the time period 

necessary to reach the final strain values was also 

demonstrated through the experimental results and presented 

in Chapter 4. 

From the comparison between the simplified water 

intake F.E. model and themodel under no water intake 

conditions, it can be concluded that even under these 

extreme conditions - strength of buffer decreased by 50% 

of the lower one under no water intake - the system 

stability is ensured, with maximum strain values reaching 

7%, and higher displacements at 7 mm. 
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The buffer response under water intake conditions 

was furthermore investigated. The buffer strength at this 

time was considered as decreased by 84%. This percentage 

was selected after comparing the CBR test results - Table 

5.2 - under soaked and non-soaked conditions. Under soaked 

conditions, the stresses necessary to produce the same 

penetration as under non-soaked conditions, were lower 

by an average value of 84% when compared to the corresponding 

stresses under non-soaked conditions. The F.E. analysis 

under these constitutive relationships, resulted in very 

TABLE 5.2 

Test Condition Swell (%) Penetration (mm) Stress (kPa) 

no soaking 

soaked 2.6 

2.5 
5.0 
7.5 

10.0 
12.7 

2.5 
5.0 
7.5 

10.0 
12.7 

675 
1175 
1583 
1767 
1933 

117 
158 
208 
275 
383 

high settlement values at the zone located underneath 

the waste container with a maximum value of 38.56 mm. 

Vertical strains at the same zone reached values averaging 

36% under the same stresses which under no water intake 

conditions produced only 2% vertical strains. The results 

from this analysis where the buffer responds with a 

strength decreased by 84% indirectly demonstrate the 
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disposal system stability. It was shown that in order 

to obtain high strain values and unstable conditions, the 

buffer strength needs to become a small fraction, i.e. 

14% approximately, of the corresponding buffer strength 

under no water intake conditions. 

5.9 High Overburden Pressure Conditions Simulation 

It has already been mentioned that the theme of 
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this investigation concentrates on the long-term creep 

characteristics of the buffer material under both operating 

and extreme loading conditions that should be caused by 

certain unaccountables. 

The buffer response was investigated under simulated 

high overburden pressure conditions through the F.E. tech­

nique. The results obtained are summarized in Figs. 5.38, 

5.39 and 5.40 and demonstrate the effect of the overburden 

pressure on the waste container developed settlements, 

on the final vertical strains which are developed along 

the zone underneath the waste container and on the time 

required for the final strains to be achieved, or else for 

the system stabilization to be obtained. In this simulation 

it is assumed that the total amount of the overburden 

pressure imposed on the buffer top surface is transferred 

to the bottom of the waste container, hence to the buffer 

material underneath it. The buffer response was investi­

gated up to 960 kPa of overburden pressure, or 8 times 
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the expected operating overburden pressure value that is 

experienced by the buffer due to the backfill weight. 

Vertical strains developed underneath the waste container 

increase from 1.25% to 8% (average values) with pressure 

increasing, at the same time settlements increase from 

1.4 mm to 7.64 mm. 

Figures 5.38 through 5.40 present the results of 

the simulation analysis quite clearly and can be used in 

any case of prediction of buffer response under different 

overburden pressure values. 
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5.10 Long-Term Buffer Response Prediction in the Prototype 

Disposal System 

There were two main objectives of the modelling 

technique adopted for the investigation of the buffer 

response in the disposal system. The first objective 

was to obtain on a non-quantitative basis, useful observa­

tions of the buffer response, i.e. general patterns of 

the soil particle movement under different boundary conditions 

and the second one was to predict by means of the experi­

mentally measured results the buffer response in the actual 

disposal vault. In order to achieve the second objective 

certain principles of similitude had to be satisfied. 

According to Roscoe (1968) the investigator must asses 

not only all the physical quantities that are relevant to 

the problem but also to use judgement to reduce them to a 

working minimum by selecting the most significant parameters. 
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The simil.itude principles as stated by Rocha 

(1953, 1957) and analyzed by Roscoe (1968) were satisfied 

by using in the model disposal system the buffer material 

in the same initial condition as in the actual disposal 

system and by inducing the same stresses on the model as 

on the prototype, thereby ensuring the identity of stress­

strain curves in model and prototype. This procedure 

was suggested by Roscoe (1968) when the self-weight effect 

is not significant. In our ca.~e self-weight produced an 

increase in stresses of approximately 5%. It was also stated 

by Roscoe (1968) that when these similitude principles 

are fulfilled the time effects will be proportional to h 2 

where h is the linear scale ratio. In other words, what 

would be obtained after a time period t in the model, 

should be obtained after a time period t*h2 in the proto­

type. 

In order to offer a predictive model of the buffer 

response in the prototype and at the same time to avoid 

any deficiencies of the similitude theory when interpreting 

the model test results to prototype results, two F.E. 

models were used. 

The first model had the dimensions of the model 

disposal system and the second one had the dimensions of 

the prototype one. The same boundary conditions were 

imposed in both models - frictionless interfaces, two 

dimensional analysis - and also the same boundary pressures 

were given as input data simulating the backfilled tunnel 
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conditions. The results obtained from the F.E. analysis 

demonstrated the "scaling effect" on the buffer response 

and provided scale factors in order to predict the buffer 

response in the prototype. 

Comparison between the results obtained from the 

F.E. analysis generated the following observations: 
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1. The nodal settlements in the zone underneath the 

waste container in the prototype were higher than the nodal 

settlements in the same zone in the model. The ratio 

between the settlements ranged from 8.32 to 14.89 with 

an average value of 12.80. The settlements resulted in 

both prototype and ~odel for the zone underneath the waste 

container are shown in Table 5.3. In the same zone the 

lateral displacements in the prototype were 5.06 to 15.00 

times the lateral displacements in the model with an average 

value of 9.98. The increase in both vertical and lateral 

displacements is a result of the increased geometry of 

the prototype disposal vault. The rigid boundaries are 

not close to the waste container because both the diameter 

of the disposal vault and the distance from the disposal 

system bottom are increased and the overall buffer c~mpres­

sibility is higher, due to the lower degree of confinement 

produced by the rigid boundaries. 

The increase in both settlements and lateral displace­

ments is again significant in the zone above the waste 

container where settlements are 15.54 to 20 times higher 

with an average value of 16. Lateral displacements are 



209 

0 
TABLE 5.3 

Node Prototype Settlement Model Settlement 

(mm) (mm) 

l 0.0 0.0 

2 0.0 0.0 

3 0.0 0.0 

4 0.0 0.0 

5 3.07 .30 

6 3.33 .24 

7 2.68 .18 

8 2.49 .17 

9 7.17 .73 

10 7.79 .59 

~ 
11 '-" 6.37 .44 

12 5.21 .36 

13 11.01 1. 20 

14 13.09 .99 

15 9.07 .66 

16 7.60 .56 

17 14.90 1. 79 

18 13.32 1. 00 



210 

0 also increased in a range of 3 to 11.43 with an average 

of 7.00. The resulting higher nodal displacements along 

zone once more demonstrate the dimensional effect on the 

buffer response. The same increase is also observed 

along the zone around the waste container. The average 

values of the ratios abovementioned can be used as scale 

factors in order to interpret the displacements found 

from the model tests to the displacements expected in the 

prototype disposal system. 

2. The vertical strains in the zone underneath the 

waste container in the prototype, are found to be higher 

than the corr~sponding ones in the model with ratios 

ranging from 1.2 to 1.79 with an average of 1.57. This 

increase in strains indicates mainly the change in the 

compressibility characteristics of the buffer due to the 

increased geometry of the disposal system. Increase in 

vertical strains is also found in the zone above the waste 

container with an average ratio of 1.13 (ratios ranging 

from 1.04 to 1.33). The overall average values of the 

ratio of increase in vertical strains along the buffer 

surface should be 1.41. This increase in strains indicates 

that the compressibility characteristics of the buffer 

if modelled by means of a suitable parameter should show 

a non-linear upward increasing trend with geometrical 

size of the disposal system increasing. The same conclusion 

can also be derived if the average value of the vertical 
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displacement increase - 14.4 - is compared to linear scale 

ratio - 8 - herein called "minimum expected displacement 

increase". The percentage of "non-expected" displacement 

increase is (14.4-8)/14.4 = 0.44 approximately equal to 

0.41. 

3. The vertical strain rates developed in the proto-

type are approximately equal with the corresponding ones 

in the model with an average ratio value of 0.97. Combining 

the strain rate values with the strains, the time necessary 

to obtain these values is 1.14 to 1.29 times higher in the 

prototype. This time scale factor of 1.20 can be used 

when the correlation between the time effects in prototype 

and model is sought. In other words, when maximum displace-

ments in the model are obtained in 15 days, in the proto-

type it would be expected to be obtained in 15 * 1.2 = 18 

days. The similitude theory should give 15 * 8 2 = 960 days. 

4. The stresses obtained in the prototype are found 

to be higher by an average ratio of 1.10 {range 1.02 - 1.19) 

for the vertical stresses, an average ratio of 1.10 (range 

1.02 - 1.23) for the lateral stresses and an average ratio 

of 0.5 (0.1 - 1.00) for the shear stresses. 

From the comparison presented, the following scale 

factors are derived and will be used in order to project 

the model test results to predicted buffer response 

characteristics in the prototype disposal system. 
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Vertical displacement: 14.40 

Lateral displacement: 8.50 

Vertical strain: 1. 41 

Later'al strain: 3.00 

Shear strain: 1. 70 

Vertical strain rate: 0.97 

Vertical stress 1.10 

Lateral stress 1.10 

Shear stress 0.50 

Time factor: 1.20 (similitude theory = 64) 

It is assumed that the above scale factors are constant 

at any time period and are independent of overburden 

pressure and location on the buffer surface. 

As a result the following conclusions can be derived 

for the buffer response in the prototype disposal system, 

projected through both the experimental and theoretical 

time scale factors: 

For the zone underneath the waste container: 

l. Under minimum overburden pressure values or else 

where the tunnel is not backfilled, higher settle-

ment values will be obtained after 22 days (theorv: 

38 months) under the loading conditions experience<.: 

due to the waste container weight. Until that time 

the buffer will deform mainly vertically while, 

the corresponding vertical instantaneous strain 

-5 rates will decrease to the value of 5.5 x 10 %/~n 

and the vertical strains will reach their peak 
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value of approximately 2.24% after 23 days (40 

months). 

When the tunnel is backfilled immediately after 

the waste container installation, the generated 

high overburden pressure value of 120 kPa will-

cause a maximum displacement of approximately 

23.8 mm after 23 days (theory: 40 months) while 

the vertical instantaneous strain rates will 

decrease to the value of 5.5 x 10-5 %/min 
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3. Under water intake conditions from a point located 

at the bottom of the disposal vault, when the 

tunnel is not backfilled and when creep due to waste 

container weight is finished (i.e. after 26 days 

(theory: 44 months) approximately , additional 

settlements must be expected due to the increased 

buffer compressibility characteristics. This 

additional creep will continue for approximately 

19 days (theory: 33 months) and will cause additional 

settlements of 17.38 mm. Under backfilled tunnel 

conditions the additional creep will continue for 

approximately the same time period and additional 

settlement values equal to 17.28 mm will be reached. 

4. When water intake is allowed from points located 

around or above the waste container due to possible 

unfavourable local rock cracks, additional creep 

is expected with resulting settlement increases of 

only 15% to 18%. 
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5. The effect of water intake during the 47 month 

creep period under no water intake conditions, 

was also examined. Under these conditions it 

must be expect~d that the higher additional settle­

ment values will be reached at shorter time periods, 

i.e. 16 days (theory: 28 months) after water intake 

is allowed. 

As already mentioned the results obtained from both 

the experimental and analytical study of the buffer response 

characteristics in the model offer a 60 day period (theory: 

4 to 5 year time period)observation of the buffer 

response in the prototype disposal vault. During this 

period the buffer will creep under the operating loading 

conditions and reach its higher displacement and strain 

values. Water intake will produce additional creep in the 

buffer with higher additional settlement values obtained 

in a 19 day (theory: 33 months) period under after water 

intake is allowed. 

Under no waterintake conditions, for longer than ct 

34 day (theory: 5 year) period the buffer will deform 

with an instantaneous creep rate decreasing as shown in 

Fig. 5.41 where the relationship with time is plotted for 

the maximum vertical instantaneous strain rates at the zone 

underneath the waste container, for the three overburden 

pressure values. From Fig. 5.41 a linear relationship 

between the ln £ and ln t can be derived. 
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( 5. 1 ) 

where A is a function of the overburden pressure value 

and takes values between 4.5 X 10- 3 and 

5.4 X 10-3 (%/min) 

t is time in days 

m is the slope of the relationship with value 

0.110. 

The simple relationship derived, is similar to that 

obtained by Mitchell (1976) that predicts the strain rate 

at any time as a function.of the deviator stress level and 

a reference strain rate value. 

By means of eq. (5.1), it is possible to predict 

the strain rate at which the buffer will deform, as a 

function of the overburden pressure variable at any time 

at the zone underneath the waste container where the 

higher strain rate values are obtained. 

In Fig. 5.42 the relationships between the measured 

maximum strain'rate values and the corresponding deviator 

stresses are illustrated, at different time intervals (t = 

6, 12 and 18 days), under the three overburden pressure 

values applied (i.e. 0, 36 and 120 kPa). 

Deviator stress is defined herein as the difference 

0 o 1-o3 , where o1 is the maximum stress (almost invariably 
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equal to the vertical stress) and cr 3 is the minimum stress. 

For the derivation of the deviator stress-strain rate 

relationship, data from the zone underneath the waste 

container were used, where the higher values of either 

the deviator stresses or the strain rates were developed. 

The pattern of relationship observed between strain 

rate and deviator stress, illustrated in Fig. 5.42 was 

also observed for other zones of the buffer surface with 

lower developed strain rate and deviator stress values. 
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As anticipated, the strain rate increases with devia­

tor stress. A linear relationship between log strain rate 

values and deviator stresses is imposed. This pattern 

of behaviour was also observed by Mitchell, Campanella 

and Singh (1968) for undisturbed San Francisco mud, and 

later by Kavazanjan and Mitchell (1980) for the undrained 

creep of remoulded San Francisco bay mud (soft 'clay). 

Investigations on the silicate-grouted sand as reported by 

Koenzen (1977) show evidence of linearity for the relation-

ship between strain rate and stress. 

The linear realtionships between the strain rate 

and deviator stress illustrated in Fig. 5.42 lead to an 

average value of slope a = 0.0044 %'~~n . 

In order to correlate the results obtained from the 

model tests to those obtained from the CU creep tests, 

in Fig. 5.42 the relationships between the CU creep test 

strain rates and the deviator stresses are plotted for 

several time periods and initial loading levels and for 
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confining stresses equal to 172.4 kPa. 

The relationships resulting when confining stress 

is 172.4 kPa and initial loading level 70% follow the 

same pattern as those obtained from the model tests. The 

slopes from these CU creep test relationships vary from 

-3 %/min 1.6 x 10 to .009 kPa with an average value at 

.0056 %,~;n. From Fig. 5.42 it is indicated that the CU 

creep test under confining stress equal to 172.4 kPa and 

initial loading level 70% can successfully duplicate the 

relationship resulting from the model testing. 
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From both Figs. 5.41 and 5.42 a long-term prediction 

of the buffer response can be achieved at any time period 

or for any known deviator stress value. For instance, at 

a time t, the strain rate value from Fig. 5.41 can be 

obtained and with this strain rate value and the time t, 

the corresponding deviator stress from Fig. 5.42 can be 

obtained. When a deviator stress value is known the 

resulting strain rate value at any time can also be obtained. 

The values derived from both these figures are 

expected to be higher than the ones observed along the 

zones around and above the container but will be in better 

agreement with those observed in the zone underneath the 

waste container. In any case, these figures could be used 

as a simple model in order to obtain a prediction for the 

long-term buffer response. 

The CU creep test results can also be used in order 

to obtain a long-term prediction for the buffer response 
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because as shown in Fig. 5.42, the rheological patterns 

indicated from the model tests are quite close to those 

from the CU creep tests. 

220 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

6.1 Summary 

The primary goal of this study was to investigate 

the buffer response characteristics in the in-hole disposal 

system under different loading and water intake conditions. 

In addition, the derivation of an analytical model was 

attempted in order to provide a rational means for predicting 

the buffer performance. 

The buffer performance was predicted through appli­

cation of the finite element method; the predicted performance 

was compared to the experimental surficial measurements 

obtained through use of the "glass box" photographic technique 

and application of the visioplasticity approach. 

The finite element method provides a convenient 

framework for field or laboratory investigations of complex 

boundary value problems, thus providing a means of properly 

incorporating the buffer properties and boundary conditions 

into a rationaloverall theory. The solution by the finite 

element method provides knowledge of detailed stress and 

deformation f lds within the loaded soil, and contact 

stresses at the soil-container and soil-boundary interfaces 

at various time periods. Consequently, a relatively 

complete description of the load-deformation behaviour 

of the buffer material was obtained. 

-221-
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The main features of the finite element model 

adopted in this study can be summarized as follows: 

a) Idealization 
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1. Two different patterns of buffer response are described 

by the constitutive relationships adopted. In the zone above 

the waste container the buffer behaviour is described by 

means of a stress-strain curve obtained from one-dimensional 

compressibility test. Around and underneath the waste 

container CU tests resulted in stress-strain curves, 

describing the buffer response. 

2. The buffer mass is modelled by plane-strain continuum 

elements representing a region in which plastic deformations 

take place. 

b) Boundary Conditions 

The boundary conditions for the analytical model can 

be either specified pressure, specified displacement or 

both. 

c) Nonlinear Analysis 

In the model developed, the stress-strain relations 

obtained from laboratory tests are used in the analysis to 

predict the load-deformation behaviour of the soil. The 

direct digital form is used to incorporate the constitutive 

laws into the finite element model. The solution is 

obtained by the incremental method of analysis improved 

by iterating a few times in each increment of loading. 
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6.2 Conclusions 

The present study addressed the problem of examining 

the buffer response characteristics under actual boundary 

conditions in order to develop a better knowledge of the 

long-term buffer performance. It must be looked upon as one 

more step in the direction of using model testing in soil 

mechanics in order to obtain correct predictions of the 

prototype performance through observations of the model. 

In its immediate application, the proposed analysis 

provides a complete description of the buffer long-term 

performance in the in-hole disposal system. 

The following is a short summary of the specific 

conclusions arrived at in this study: 

(1) Under normal operating conditions - i.e. empty 

or backfilled tunnel, no water intake - the buffer material 

suffers mainly vertical deformation with maximum vertical 

strain values up to 1.6%. Maximum settlements are observed 

mainly underneath the waste container, evidently due to 

the highest vertical pressure experienced. The nodal 

displacement depends mainly on its location relative to 

the container and the disposal vault boundary. Separation 

between the buffer material and the waste container at the 

top of the container resulted, due to the high cohesive 

characteristics of the soil and.the boundary effects of the 

system, was observed as well. 
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(2) The analysis of the experimental results 

demonstrated the overburden pressure effect on the buffer 

response characteristics. Increased overburden pressure 

produced higher settlements throughout the buffer surface. 

Furthermore, higher final strain rates are developed in 

the buffer with high overburden pressure values, and the 

time period for the creep to end is increased with over-

burden pressure, indicating the stress level effect on the 

creep of the buffer. Finite element simulation of high 

overburden pressure conditions demonstrated the buffer 

high resistance characteristics even for overburden pressure 
. 

values 8 times higher than the maximum operating values. 

(3) Water intake conditions demonstrated the high 

c swelling potential of the buffer and the overall change in 

the compressibility characteristics. Additional settlements 

were observed after water intake was allowed, especially 

for low overburden pressure values. After several water 

entry positions were examined, the potentially most 

crucial one for the system stability was located at the 

bottom of the disposal vault. The initial creep - no water 

intake - effect on the buffer response under subsequent 

water intake conditions was demonstrated through the lower 

amount of absorbed water and smaller additional settlements 

produced. 

(4) Finite element simulation of both the model 

0 and prototype system resulted in the derivation of the 

scale factors that were necessary to project the results 
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obtained to buffer predictive behaviour in the prototype 

disposal system. 
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(5) The rheological patterns of buffer behaviour 

that resulted from the scale model tests were correlated 

with the rheological patterns resulting from the axi­

symmetrical tests. An additional simple model was provided 

from data acquisition regarding the buffer long-term 

response characteristics. 
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CHAPTER 7 

RECOMMENDATIONS FOR FURTHER 

STUDY 

Future studies should be focused on the further 

reduction of the number of simplifying assumptions which 

were currently adopted in the development of the analytical 

model. They should also improve the experimental procedure 

with resulting higher accuracy. 

Specifying the recommended points of further 

investigation it should be stated: 

1. The importance of prediction through the finite 

element technique of the buffer response in the 

in-hole disposal system under water intake 

conditions. The problems to be solved are 

linked with the modelling of the swelling 

properties of the buffer, and the adoption of 

the appropriate constitutive relationships to 

take into account the continuous decrease in 

strength with water front advancing through 

the buffer. 

2. The necessity of using joint (interface) elements 

with accompanying proper constitutive relationships 

in order to obtain representative descriptions 

of the boundary conditions in the in-hole 

disposal system. In addition, it should be investi­

gated the effect of using the stress-strain results 

-226-
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from axisymmetric tests in a problem considered 

as a two-dimensional one. 

3. The possibility of modelling the buffer response 

under the constant loading conditions, by means 

of one rheological model that should take into 

account the time effect on the buffer response 

characteristics in the specific geometry of the 

in-hole disposal system. 
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4. The accuracy of the cornerstone of the experimental 

procedure, i.e. the reduction of the unknown 

variables of the problem that were reflected in 

the laboratory through the adopted "glass box" 

technique, should be investigated by modelling 

the in-hole disposal system and using X-ray 

radiographic techniques in order to monitor any 

soil particle movement in a three dimensional 

space. 

These recommended points of further study should 

improve the finite element model predictions of the buffer 

material under more complicated boundary conditions and 

would justify the "glass box" technique use for a highly 

complicated boundary value problem. 
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APPENDIX A 

FINITE ELEMENT TECHNIQUE AS APPLIED TO THE PRESENT PROBLEM 

Al Introduction 

For a given problem, development of a reliable 

numerical technique involves various steps as depicted in 

Fig. A.l. These steps essentially represent a trial and 

error procedure which requires the examination of factors 

such as idealization of the problem as a discretized body, 

numerical characteristics and constitutive laws. In the 

figure, the first two factors are indicated by dashed lines, 

whereas the trial and error procedure for constitutive laws 

is shown by solid lines (Desai, 1972). 

A numerical technique for solving soil-structure 

interaction problems can be developed in progressive stages. 

In the initial recognition phase, the action is observed 

and noted to be repetitive. The recognition phase is 

gradually supplanted by an "equivalent" model. For compli­

cated problems, the.idealization stage can be difficult 

and would require a number of trials before a model for 

acceptable accuracy can be evolved. The final model may 

be arrived at after a number of trials. 

The second step of developing a solution technique 

is arriving at a representative constitutive law. A consti­

tutive law for soil is usually dependent on a number of 

factors such as density, stress history, water content, and 
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the existence of discontinuities. The constitutive relation 

can be established through the application of several 

distinct phases of study. First, some specific behaviour 

is observed and studied. Second, having noted the behaviour, 

factors involved in the behaviour are identified and their 

relation ascertained in a cause-and-effect manner. Mathe-

matical equations are required to quantitatively describe 

the cause-and-effect relation, and hence, the behaviour. 

Resorting to mathematical equations is possible only when 

both input and output quantities can be expressed in some 

form of numerical description. 

Many numerical techniques can be attempted in 

developing a solution for a particular problem; among them 

the limit equilibrium, the finite difference, and the finite 

element method. The main advantage of the finite element 

method lies in its capacity of handling relatively complex 

problems. This was the main reason that the method was 

chosen in this study to investigate the long-term creep 

response characteristics of the buffer in the in-hole 

disposal system. 

A2 Idealization 

In developing an analytical model for problems dealing 

with the soil as an engineering material, it is essential 

that proper appreciation be given to the material performance 

and boundary conditions. The appropriate framework defined 

by using realistic similarities between physical and 
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0 mathematical boundary conditions will ensure a higher 

order of predictability with the developed analytical 

model. The observation of soil deformation and failure 

patterns during a loading process often provides the basis 

for the development of valid models leading to solutions 

of forces and stress fields. 

The initial step in developing an analytical model 

using the finite element approach consists of idealization 

of the problem by drawing a finite element mesh which 

simulates the presence of the soil mass. The construction 

of the finite element mesh requires that the type and 

number of elements included should be adequate to attafn 

the correct flexibility of the continuum. 

For the proper idealization of the problem by a 

finite element model, certain characteristics must be 

incorporated in such a model so that it can represent the 

various elements. One of these characteristics is the 

displacement patterns that are observed along the buffer-

container and buffer-host rock interfaces. The nature of 

the interface behaviour depends upon the roughness of the 

boundaries and the friction and adhesion of the soil. 

Most finite element analyses have been performed using 

one of the two following limiting assumptions concerning 

the characteristics of a soil-rigid interface interaction 

( Hanna , l 9 7 5 ) : 

0 
1. that the interface is perfectly rough, with no 

possibility of slip between the rigid interface 
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and the soil, or 

2. that the interface is perfectly smooth, with 

no possibility for shear stresses which would 

retard relative movements between the rigid 

interface and the soil. 

Experimental and actual field evidence, show that 

these assumptions generally are not realistic. For a 

realistic analysis of the problem, it is essential that 

any relative displacement or discontinuity in the deforma-

tion field should be taken into consideration. According 

to Hanna (1975) the plane strain continuum elements used 

in the finite element analysis (constant strain triangular 

element, for example} cannot satisfactorily model the soil 

deformation behaviour in a case where discontinuities may 

develop. In order to include behaviour features as develop-

ment of discontinuities, idealized discrete elements 

representative of those features must be incorporated in 

the overall model. Attempts to develop such elements 

were made by Goodman (1968), ZienKiewicz et al. {1970), 

in reinforced concrete by Ngo and Scordelis (1967), in 

soil-structure interaction problems by Clough and Duncan 

(1971} and Hanna (1975). 

A3 Formulation of the Problem 

The analysis of plane strain problems by the finite 

element method has been fully described in many publica­

tions (Zienkiewicz, 1971). The derivations will not be 

presented here, only the general formulation and the 



0 essential features of the procedure required for the 

analysis of the present problem will be discussed. 

From basic energy principles, for a body to be 

in equilibrium, its potential energy expressed as a 

functional n should assume a stationary value in a class 

of admissable variations (oui) of the displacements Ui 

of the equilibrium state. The functional n is given by: 

n(U.) = y- w 
1 

where y = strain energy, and 

w = work done 

In a detailed form the above equation can be 

written as: 
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= f F. U. dV - f 
1 1 B 

T. U. dB 
1 1 

(A. 1) 
V 

where T· 
1 

= stress tensor 

£. = strain tensor 
1 

F. = body force field 
1 

T. = surface force field, and 
1 

B,V represents the body boundary and volume, 

respectively. 

In a matrix notation eqn. (A.l} becomes: 

n(U.) = f 
1 V 

l 
2 TT £ dV - f 

V 
UT F dV - f 

B 
UT T dB (A.2) 

Using a stress-strain relationship of the form: 

i 
T = C £ 

where Ci is a stress-strain matrix at stress level i, 

(A. ) can now be written as: 

eq. 



0 n(U.) 
~ 

= I 
V 

1 e:T Ci E: dV - f 
2 V 

UT F dV - I 
B 

UT T dB 

Assuming a displacement field given by: 

U = l£) a 
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(A. 3} 

(A. 4) 

where j2) is the coordinate matrix of the nodal points, and 

a are generalized coordinates. 

It is possible to represent a in terms of l£) and U 

by premultiplying both sides of eq. (A.4) by l£)- 1 , giving: 

a = h U 

where h = l£)-l 

The strain vector can now be obtained by differen-

tiating the displacement vector U with respect to j2) and 

can be expressed as: 

E: = l£)' h u (A. 5) 

where ~· is the l£) matrix after the necessary differentiation. 

Substituting eq. (A.Sl into eq. (A.3) yields: 

n(Ui) = ~ I UThTjZ),TCi l£)' h U dV- f UT F dV 
V V 

- f UT T dB (A.6) 
B 

After proper integration and conversion of the body 

forces F and surface tractions T to nodal forces, eq. (A.8) 

can be written as: 

n(U.) = l UT K U - UT f 
~ 2 (A. 7) 

where f are the lumped nodal point forces. 
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From the theorem of minimum potential energy, in 

an equilibrium state the variation of the functional 

vanishes, i.e.: 

CTI(U.)= 
1 

TI(U.) 
1 

u. 
1 

= 0 (A. 8) 

Applying the condition set by eq. (A.8) to eq. (A.7), 

yields 

or 

CTI(U.) = K u - f = 0 
1 

K U = f 

where K is the element stiffness matrix. 

(A. 9) 

Solving eq. (A. ), subject to the boudnary conditions, 

provides both the stress and deformation fields. 

A4 Boundary Conditions 

In the two-dimensional problem considered in this 

study, the boundary conditions can be either specified 

forces, specified displacements or both. If the boundary 

condition is that of an applied load, the value of the 

load is simply added to the appropriate components of the 

vector fin eq. (A.9). Equivalent nodal point forces due 

to body forces and surface tractions are calculated and 

assembled concurrently with the element stiffnesses. The 

body forces in a triangular element due to gravity are 

lumped as one-third values at each nodal point comprising 

the triangle. 

In case displacement or kinematic boundary conditions 

are specified, as in the present study, the stiffness matrix 
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K has to be suitably altered to account for the specified 

displacements (see Fig. A.l.l and A.l.2). 

If the ith element of the deflection vector U is 

specified to be 6, the corresponding row of the stiffness 

matrix is made zero and the diagonal term is made unity, 

i.e., 

K .. = 1 
l.J. 

K. . = 0 for i ~ J, j = 1, ... n 
l.J 

(A.lO) 

The corresponding force element, f., is then set equal to 
J. 

the prescribed displacement value 6. One major disadvantage 

of this procedure is that the altered stiffness matrix, K 

is no longer symmetrical leading to added storage require-

ments while solving for the unknown displacements. An 

additional modification, however, will restore the symmetry 

of the K matrix as outlined below. 

In addition to satisfying eq. (A.lO), all elements 

in the ith column, except the diagonal element K .. , are 
ll. 

set equal to zero as in eq. (A.ll) the symmetrical nature 

of K matrix is retrieved. 

K .. = 1 
ll 

K .. = 0 fori~ j, j = l, ... n Jl 

The force vector f on the right-hand side of eq. 

(A.9) now has to be altered as: 

f. = 6 
1. 

(A.ll) 

f.= f. - K .. 6, fori~ j, j=l, .. n (A.l2) 
J 1. Jl. 
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' Model tests CU tests 

Boundary Conditions Constitutive Behaviour 
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I I 
r 
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Ql 
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ra 
:... 
Q,l Ill .... . ,.. .,.. Ill l Form FEM governing equations] ::::.., 
s--ra ra 
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C:c( .,.. 
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0 
z t 

.............J Load increment? I 

No 
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> 

!Update element coordinates J 

0 z 
Evaluation of buffer performance 

- disolacements 
- reactions 

L-,... - stresses i Last , j 
- strains increment? 
- strain rates Yes -velocities 
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No END 

!Update element coo rdi na tes1 

t 
Apply: 

- displacement increment 
- boundary pressure 

(Fig. A. 1. 1) 

Finite element implementation where the boundary condition of uniform 
vertical pressure prevails. 
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Simplified flow scheme for computation using the FEM of analysis 

Fig. A.1.2 After Yong,Fattah and Sciadas 11984 



244 

Thus, eqs. {A.lO), (A.ll) and {A.l2) can be used 

together to achieve the desired purpose. The method is 

discussed in more detail in Zienkiewicz' book (1971); 

it is very easy to program and is adopted in the computer 

program used in this work. 

AS Constitutive Relationships for Soils and Finite Element 

Nonlinear Analysis 

A set of equations that defines the stress-strain 

behaviour of a material represents the constitutive law for 

the material. Constitutive relations for soils are derived, 

based on some simplified assumptions for the behaviour of 

the material. The number of variables occurring in the 

0 law would depend upon the complexity of the model chosen 

to simulate soil behaviour. Nonlinear analysis by the 

finite element method or other numerical techniques will 

be influenced by the nature of the model chosen. In 

general, the more complex the model, the more the number 

of variables to be taken into account and the more involved 

the nonlinear analysis. Moreover, for a realistic analysis, 

it must be possible to obtain values for the constants 

involved in the constitutive law from laboratory experi-

ments. 

The simplest constitutive law will be the one that 

assumes that soil behaviour can be represented by a linear, 

0 
elastic material. This linear, elastic model has been 

used by many research workers in their investigations. 
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Other workers have considered soil to be elasto-plastic 

or nonlinearly elastic. 

The elasto-plastic approach idealizes the stress­

strain curve for the soil, and uses the equations of elas­

ticity in the elastic range and the equations of plasticity 

in the plastic range. The nonlinear elastic approach, on 

the other hand, does not idealize the stress-strain curve, 

but uses the equations of elasticity to solve for the 

stress state even after yielding has occurred in the soil. 

Any degree of nonlinearity can be accounted for in this 

approach. The elasto-plastic approach appears sound from 

a theoretical standpoint, but the practical problems 

involved in defining a yield limit and a flow law are 

quite a handicap. In as much as the nonlinear elastic 

analysis represents the actual stress-strain relation 

obtained from tests, it seems reasonable to expect fairly 

good results from this type of analysis. 

It is to be recognized that anisotropy in materials 

can be of two types. Material anisotropy represents 

different elastic properties in different directions. In 

nonlinear materials, stress-induced anisotropy always 

exists and this may be coupled with material anisotropy. 

The principal stresses under a loaded condition will seldom 

be the same, and this will result in different elastic 

values in different directions depending on the stress 

level. This causes stress-induced anisotropy. It is 

generally difficult to take this anisotropy into account 

245 
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without elaborate testing or simplifying assumptions. 

A6 Method of Analysis 

In this particular study, nonlinearities occur in 

two different forms. The first is material or physical 

nonlinearity, which results from nonlinear constitutive 

laws. The second is geometric nonlinearity, which derives 

from finite changes in the geometry of the deforming body 

{Desai and Abel, 1972). 

Material nonlinearity alone encompasses problems 

in which the stresses are not linearly proportional to 

the strains, but in which small displacements and small 

strains are considered. Displacements refer to the changes 

in the overall geometry of the soil body, whereas strains 

are related to internal deformations. Because of the small 

displacements encountered in some cases, local distortions 

of an element can be ignored and the areas of the original 

undeformed element can be ignored in computing stresses. 

In this case the linear strain-displacement equations 

written for plane strain problems as: 

u V 
Ex = E = X y y 

V + u 
Yxy = X y 

are used. 

The most general category of nonlinear problems is 

the combination of the material and geometric nonlinearities. 
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It involves nonlienar constitutive behaviour as well as 

large strain and finite displacements. 

Nonlinear stress-strain behaviour may be approxi-

mated in finite element analyses by assigning different 

modulus values to each of the elements into which the soil 

is subdivided for purposes of analysis. The modulus value 

assigned to each element is selected on the basis of the 

stress or strain in each element. Because the modulus 

values depend on the stresses, and the stresses in turn 

depend on the modulus values, it is necessary to make 

repeated analyses to ensure that the modulus values corres-

pond to the stress conditions for each element in the 

system. 

Two techniques for approximate nonlinear analyses 

by the finite element method have been tried (Desai and 

Abel, 1972). These are: 

1. Direct iteration method, shown in Fig. A.2. By 

this method, the same change in soil external 

loading is analysed repeatedly. After each 

analysis, the values of stress and strain within 

each element are examined to determine if they 

satisfy the appropriate nonlinear stress-strain 

relationship. If the values of stress and strain 

do not correspond, a new value of modulus is 

selected for that element for the next analysis. 

The main advantage of this technique is the 

capability of the procedure to represent stress-
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strain relationships in which the stress decreases 

with increasing strain after reaching a peak 

value. The shortcoming of the iterative procedure 

is that it can only give the solution for the 

final level of applied load, and cannot consider 

the load and deformation history of the soil. 

2. Incremental method, shown in Fig. A.3. In this 

procedure, the soil loading is considered to be 

applied in small increments. If the state of 

stress and strain at the start of an increment 

is known in each element, the state at the end 

of the increment can be found by an addition of 

incremental changes. The constitutive relation-

c ship to be used for each element may be determined 

at the beginning of each interval. Thus, the 

nonlinear stress-strain relationship is approxi-

mated by a series of straight lines. The principal 

advantage of this procedure is that it provides 

a relatively complete description of the load-

deformation behaviour, as results are obtained 

for each of the intermediate states corresponding 

to an increment of loading. 

In the present study, it is essential that the buffer 

deformation and stress fields are obtained and examined as 

time-dependent variables. For this purpose the incremental 

procedure was employed. The technique adopted makes use 
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0 

Fig. A.2 DIRECT ITERATION PROCEDURE 

Fig. A.3 INCREMENTAL PROCEDURE 

0 
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c 

of the CU triaxial stress-strain curves to compute the 

value of the elastic modulus, E, during each increment. 

The value of Poisson's ratio V is kept constant in the 

analysis. 
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APPENDIX B 

Bl: Characterization and Index Properties of 

Avonlea Clay 

B2: Swell Test Set-Up and Sample Preparation 

B3: Triaxial Test Sample Preparation 
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hydraulic head (10 cm granitic groundwater) was used in 

the test. Continuous readings were taken using the data 

acquisition system until relatively stable values were 

reached. A schematic diagram of the swelling pressure 

apparatus is shown in Fig. B.2. The measurement device 

is a cylindrical load cell, rated at 4.45 kN. The load 

cell top cap assembly is kept in contact with the sample 

by means of a steel holding rod firmly anchored to a rigid 

frame. Granitic groundwater is connected to the bottom 

of the sample from a constant hydraulic head reservoir. 

The resultant swelling pressure induced across the sample 

is electronically displayed and recorded on the data 

acquisition system. 

The equipment used for the free swell measurement 

is shown in Fig. B.3. Instead of a load cell, a displace­

ment transducer with a + 25.4 mm travel is used to deter­

mine the change in specimen height as indicated by the 

relative movement of the lightweight top cap. The on-going 

output is also displayed electronically and recorded on 

the data acquisition system. The effect of side friction 

during sample and/or cap movement is minimized by using 

an interior lining of teflon material in teh consolidation 

cell. 

B3 Triaxial Test Sample Preparation 

A specimen 76 mm in height by 38 mm in diameter, 

was trimmed from a buffer sample compacted at the optimum 
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1 
.....,.....---- disti tled de-aired water 

1----- holding tank 

-W-lr----------- regulator valve 
_,-~-+---------overflow exit 

Fig. 8.2 

1---------- reservoir to maintain constant 
hydraulic head 

~----rigid frame assembly 

r-------t-il---- ho 1 di ng rod 

load cell 

display 

Apparatus for Swelling Pressure Determination 
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' .... ---distilled de-aired water 

1-----holding tank 
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_ vi----------reservoir to maintain constant 
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~----rigid frame assembly 
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1-------+--+--- displacement probe 

1----+--t--- top cap 
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moisture content. Some trimmings were used to determine 

the initial water content of the sample. The dimensions 

of the specimen were then carefully measured using a 

Vernier and weighed. After fitting the sample with side 

filter drains, enclosing it in two latex membranes and 

connecting to top drainage, it was set-up in a triaxial 

cell. The sample was then consolidated incrementally to 

the desired pressure (without back pressure for saturation). 

At each consolidation pressure, the sample was allowed to 

consolidate beyond the t 100 value. 

Upon completion of the consolidation stage the 

sample was loaded axially with a constant strain machine 

to failure. The rate of deformation was selected with 

regard to the t 100 value during consolidation to allow 

full equilibration of pore pressure during loading. Load 

and deformation were measured by a Gould(Statham) load 

cell and a Hewlett Packard DCDT, respectively. Both of 

which were connected to the data acquisition system. After 

failure the sample was measured, weighed and the final 

water content was determined. 
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APPENDIX C 

Cl: Computer Program for F.E. Analysis 

C2: Computer Program for Data Manipulation 
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Cl Computer Program for F.E. Analysis 

The programs used in the present study were grouped 

under a series named "MAIN" and were based on Zienkiewicz's 

program (1971). These programs were developed by Hanna 

(1975) at the Geotechnica1 Research Centre and can handle 

non-linear material properties, and the different methods 

used to perform the non-linear analysis and idealize the 

continuum usually classified the type of the program. 

259 

"MAIN 1" and "MAIN 2" (Figs. C.l-C.2) use an 

incremental-iterative method without predictions to solve 

non-linear problems. "MAIN 1" is a general routine developed 

to handle problems with no discontinuities in the deforma­

tion field, the joint analysis was incorporated in "MAIN 2" 

to handle such problems. 
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MAIN 1 
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STIFTI(N) MODIFY PRIN NONLIN 

Fig. C1 - MAIN 1 SUBPROGRAM LINY-AGF. 

REAC LAROEF AVER 
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GDATA 1 GDATA 2 FORr~K SOLVE STRESS JSTRESS 
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Fig. C2 - ~1AIN 2 SUBPROGRAM LINKAGE 
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FLOW CHARTS 

PROGRAM '1l\IN 2 

START 

READ NUMBER OF PROBLEMS 

. 
LOOP ON NUMBER OF PROBLEMS 

CALL GDATA 1 
READ INPUT GEOMETRY AND 
PROPERTIES 

DETERMINE BAND WIDTH OF 
TOTAL STIFFNESS MATRIX 

CALL GDATA 2 
READ NONLlNEAR STRESS-STRAIN 
DATA 

INITIALIZE ALL STRESSES AND 
STRAINS TO ZERO 

INITIALIZE MATERIAL PROPERTIES 
INITIAL VALUES OF E AND v FOR 
CST ELEMENTS; Ks AND KN FOR 
JOINT ELEMENTS 

INITIALIZE ALL NODAL DISPLACEMENT$ 
TO ZERO 
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INITIALIZE ALL REACTIONS TO ZERO 

o• 
SPECIFY SIZE OF INCREMENT 

LOOP ON NUMBER OF INCREMENTS 

LOOP ON NUMBER OF ITERATIONS 

CALL FORM STIFFNESS 
SUBROUTINE FORMK 

CALL EQUATION SOLVER 
SUBROUTINE SOLVE 

0 CALL STRESS OUTPUT 
SUBROUTINE STRESS FOR CST ELEMENTS 
SUBROUTINE JSTRESS FOR JOINT ELEMENTS 

END LOOP ON ITERATIONS 

DETERMINE AND WRITE REACTIONS 
SUBROUTINE REAC 

UPDATE NODAL COORDINATES 
CALL SUBROUTINE LARDEF 

AVERAGE STRESSES, STRAINS AND 
STRAIN RATES IN ADJACENT ELEMENTS 
AT NODES 
CALL SUBROUTINE AVER 

0 
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END LOOP ON INCREMENTS 

END LOOP ON PROBLEMS 

END 
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o' SUBROUTINE GDATA 1 

START 

READ AND PRINT CONTROL DATA 

READ AND PRINT MATERIAL PROPERTIES 

READ NODAL COORDINATES 

READ ELEMENT CONNECTION AND TYPE 

READ LOAD AND DISPLACEMENT 

0 BOUNDARY CONDITIONS 

READ TOOL VELOCITY AND TRAVEL 
DISTANCE 

READ PRESSURE BOUNDARY CONDITIONS 

READ NUMBER OF INCREMENTS AND 
NUMBER OF ITERATIONS 

YES SKIP PRINTING OF INPUT DATA 

NO 

PRINT NODAL COORDINATES 

0 
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PRINT ELEMENT CONNECTIONS 

PRINT LOAD AND DISPLACEMENT 
BOUNDARY CONDITIONS 

PRINT PRESSURE BOUNDARY CONDITIONS 

PRINT TOOL VELOCITY. AND TRAVEL . 
DISTANCE 

PRINT NUMBER OF INCREMENTS AND 
NUMBER OF ITERATIONS 

RETURN 
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SUBROUTINE GDATA 2 
, "I : ~ 4 t ~ 4 

". : • I ~ it C ;; : 

START 

READ AND PRINT THE NONLINEAR STRESS-
STRAIN DATA IN TERMS OF POINTS ON 
THE (o 1 - o3 ) VS (e:d CURVE FOR EACH 
CONFINING PRESSURE 

READ AND PRINT THE INPUT VALUES OF 
THE JOINT ELEMENTS NONLINEAR 
PROPERTIES IN TERMS OF THE HYPERBOLIC 
COEFFICIENTS (a"' AND (b) FOR EACH 
NORMAL PRESSURE 

RETURN 

0 

0 
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SUBROUTINE FORM~ 

0 
START 

ZERO STIFFNESS MATRIX 

LOOP ON ELEMENTS 

CALL ELEMENT STIFFNESS SUBROUTINE 
IF JOINT ELEMENT CALL STIFTl(N) 
IF TRIANGLE ELEMENT CALL STIFT2(N) 

STORE ELEMENT STIFFNESS IN 
RECTANGULAR FORM 

c 
END LOOP ON ELEMENTS 

ADD CONCENTRATED FORCES AND LOADS 
DUE TO BODY FORCES TO LOAD VECTOR 

APPLY MODIFY ROUTINE TO ALTER 
STIFFNESS MATRIX TO TAKE INTO 
ACCOUNT DISPLACEMENT BOUNDARY 
CONDITIONS 

RETURN 
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g!BRO_UTINE STl_f_Tli.Nl 

START 

I 
LOCATE NODAL CONNECTIONS 

I 
CALCULATE ELEMENT DIMENSIONS 

l 
GENERATE ELEMENT STIFFNESS 
MATRIX IN LOCAL COORDINATES 

I 
GENERATE TRANSFORMATION MATRIX 

I 
TRANSFORM ELEMENT STIFFNESS 
MATRIX TO GLOBAL COORDINATES 

I 
RETURN 



START 

I 
LOCATE NODAL CONNECTIONS 

I 
CALCULATE ELEMENT DIMENSIONS 

I 
CHECK FOR CONSISTENT 
NUMBERING 

I 
TRUE 
I 

GENERATE STRAIN-
DISPLACEMENT MATRIX 

GENERATE STRESS-STRAIN 
RELATIONSHIP 

CALCULATE STRESS MATRIX 

STORE STRESS MATRIX ON 
TAPE NT4 

CALCULATE ELEMENT STIFFNESS 

RETURN 

FALSE 

WRITE ERROR 
MESSAGES 

I STOP 

270 
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SUBROUTINE MODIFY 

DO M=2, \\BAND 

MODIFY FORCE VECTOR COMPONENTS 
AS B(K) = B(K)-SK(K,M)XU WHERE 
U IS THE SPECIFIED NODAL 
DISPLACEMENT$ 

SET ALL OFF-DIAGONAL ELEMENTS 
OF THE STIFFNESS MATRIX (SK} 
TO ZERO 

SET DIAGONAL ELEMENT OF (SK) 
MATRIX TO UNITY 

SET DISPLACEMENT COMPONENT 
CORRESPONDING TO DISPLACEMENT 
BOUNDARY CONDITION = SPECIFIED 
DISPLACEMENT 

RETURN TO FORMK 

END 

0 
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SUBROUTINE SOLVE 

0 
START 

LOOP ON EACH EQUATION 

COMPUTE MODIFICATIONS TO TERMS 
WITHIN SQUARE OF BAND 
(APPENDIX D) 

MODIFY LOAD VECTOR 

END LOOP ON EQUATIONS 

LOOP BACKWARDS ON EACH EQUATION 

BACK-SUBSTITUTE FOR EQUATION 
SOLUTION {APPENDIX D} 

END LOOP ON EQUATIONS 

RETURN 
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SUBROUTINE STRESS 

START 

PRINT NODAL DISPLACEMENT$ OF 
CURRENT INCREMENT 

COMPUTE TOTAL NODAL DISPLACEMENT$ 
BY ADDING INCREMENT DISPLACEMENT$ 
TO PREVIOUS VALUES 

LOOP ON CST ELEMENTS 

READ STRESS BACK-SUBSTITUTION 
MATRIX 

CALCULATE ELEMENT STRESSES AND 
STRAINS DUE TO ONE INCREMENT OF 
DISPLACEMENT 

CALCULATE PRINCIPAL STRESSES AND 
STRAINS AND THEIR DIRECTIONS DUE 
TO ONE INCREMENT OF DISPLACEMENT 

COMPUTE TOTAL STRESSES AND STRAINS 
IN ELEMENT BY ADDING INCREMENT 
VALUES TO PREVIOUS STRESSES AND 
STRAINS 

CALCULATE TOTAL PRINCIPAL STRESSES 
AND STRAINS IN ELEMENT AND THEIR 
DIRECTIONS 
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CALCULATE ELASTIC MODULUS IN 
ELEMENT FROM INCREMENTAL 

0 STRESSES AND STRAINS 

CALL SUBROUTiNE NONLIN(N) 

PRINT ELEMENT CONFINING PRESSURE, 
THE ELASTIC MODULUS OBTAINED FROM 
THE INPUT STRESS-STRAIN DATA, AND 
THE ELASTIC MODULUS CALCULATED 
FROM INCREMENTAL STRESSES AND 
STRAINS 

END LOOP ON CST ELEMENTS 

RETURN 
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SUBROUTINE JSTRES 

0 
START 

LOOP ON JOINT ELEMENTS 

FORM MATERIAL PROPERTY MATRIX 

GENERATE TRANSFORMATION MATRIX 
(EQ. (2.24)) 

CALCULATE ELEMENT NODAL 
DISPLACEMENT$ IN LOCAL AXES 

c GENERATE RELATIVE DISPLACEMENT-
NODAL DISPLACEMENT MATRIX 
(DESIGNATED AS MATRIX (D) IN 

EQ. (2 .20)) 

FORM RELATIVE DISPLACEMENT 
VECTOR DESIGNATED AS {oo} IN 
EQ. (2.19) 

AVERAGE RELATIVE DISPLACEMENT 
VECTOR AT ELEMENT CENTROID 

CALCULATE SHEAR AND NORMAL 
STRESSES IN ELEMENT (EQ.(2.14)) 

PRINT ~HEAR AND NORMAL STRESSES 
IN ELEMENT 



276 

END LOOP ON JOINT ELEMENTS 

LOOP ON JOINT ELEMENTS 

COMPUTE CUMULATIVE STRESSES 
AND STRAINS IN ELEMENT BY 
ADDING INCREMENT VALUES TO 
PREVIOUS STRESSES AND STRAINS 

CALL JOINT NONLINEAR SUBROUTINE 
(JNONL(N)) TO MODIFY THE ELEMENT 
STIFFNESS VALUES 

PRINT CUMULATIVE STRESSES AND 
STRAINS AND THE NEW STIFFNESS 
VALUES TO BE USED IN NEXT 
INCREMENT 

c END LOOP ON JOINT ELEMENTS 

RETURN 
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0 
SUBROUTINE REAC 

START 

LOOP ON CST ELEMENTS 

CALL CST ELEMENT STIFFNESS 
SUBROUTINE STIFT2(N) 

LOCATE NODAL CONNECTIONS 

LOCATE ELEMENT NODAL 
DISPLACEMENT VECTOR OF CURRENT 
INCREMENT 

c 
COMPUTE REACTIONS ON DESIRED 
NODE BY MULTIPLYING THE ELEt1ENT 
NODAL DISPLACEMENT VECTOR BY 
THE STIFFNESS VALUES OF THE NODE 

ADD REACTION VALUES DUE TO THE 
CURRENT INCREMENT TO VALUES 
OBTAINED FROM PREVIOUS INCREMENTS 

END LOOP ON CST ELEMENTS 

LOOP ON JOINT ELEMENTS 

CALL JOINT ELEMENT STIFFNESS 

0 SUBROUTINE STIFT1(N) 
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f l. l 
0 

LOCATE NODAL CONNECTIONS 
' 

LOCATE ELEMENT NODAL 
DISPLACEMENT VECTOR OF CURRENT 
INCREMENT 

COMPUTE REACTIONS ON DESIRED 
NODE BY MULTIPLYING THE ELEMENT 
NODAL DISPLACEMENT VECTOR BY THE 
STIFFNESS VALUES OF THE NODE 

ADD. REACTION VALUES OBTAINED 
FOR THE NODE DUE TO THE CURRENT 
INCREMENT TO VALUES OBTAINED FROM 
PREVIOUS INCREMENTS 

END LOOP ON JOINT ELEMENTS 

RETURN 

0 
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SUBROUTINE LARDEF 

START 

LOOP ON NODAL POINTS 

ADD INCREMENT NODAL DISPLACE-
MENTS TO CURRENT NODE COORDINATES 

COMPUTE HORIZONTAL AND VERTICAL 
VELOCITY COMPONENTS FOR EACH NODE 

END LOOP ON NODAL POINTS 

PRINT NODAL COORDINATES, NEW NODAL 
COORDINATES, AND VELOCITY COMPONENTS 
FOR ALL NODES 

LOOP ON CST ELEMENTS 

COMPUTE STRAIN RATE COMPONENTS, 
PRINCIPAL STRAIN RATES AND 
DIRECTIONS FOR EACH CST ELEMENT 

END LOOP ON CST ELEMENTS 

LOOP ON ALL ELEMENTS 
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0 
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CALCULATE DEFORMATION ENERGY 
AND POWER OF DEFORMATION DUE TO 
CURRENT INCREMENT 

OBTAIN TOTAL DEFORMATION ENERGY 
AND POWER OF DEFORMATION IN 
OVERALL SYSTEM DUE TO CURRENT 
INCREMENT 

END LOOP ON ELEMENTS 

COMPUTE CUMULATIVE DEFORMATION 
ENERGY AND POWER OF DEFORMATION 
IN OVERALL SYSTEM BY ADDING 
CURRENT INCREMENT VALUES TO 
PREVIOUS VALUES 

RETURN 



281 

SUBROUTINE NONLIN(N) 

START 

COMPUTE CONFINING PRESSURE 
IN ELEMENT 

FIND MAXIMUM PRINCIPAL STRAIN 
(ed IN ELEMENT 

DETERMINE TWO ADJOINING i 
i 

CONFINING PRESSURE DEPENDENT 
CURVES DEPENDING ON THE 
CONFINEMENT OF THE ELEMENT 

l 

I 
1 

INTERPOLATE FOR STRESS 
DIFFERENCE (a 1 - a 3) CORRESPONDING 
TO (E:d 

Cl 
! 

COMPUTE (E) VALUE FOR ELEMENT 
FOR THE NEXT LOAD INCREMENT 

RETURN 

0 



SUBROUTINE JNONL(N) 

START 

INTERPOLATE FOR HYPERBOLIC 
COEFFICIENTS (a) AND (b) 
CORRESPONDING TO NORMAL 
PRESSURE ON ELEMENT 

DETERMINE ULTIMATE SHEAR 
STRENGTH VALUE DEPENDING ON 
NORMAL STRESS IN ELEMENT 

CHECK WHETHER SHEAR STRESSES 
IN ELEMENT HAS REACHED 
ULTIMATE VALUES 

c NO 

COMPUTE SHEAR STIFFNESS 
MODULUS VALUE FOR ELEMENT 
FOR THE NEXT LOADING INCREMENT 
( EQ. { 2 . 34) ) 

RETURN 
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YES---

REDUCE THE SHEAR 
STIFFNESS MODULUS 
TO A Sr1ALL VALUE 
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SUBROUTINE AVER 

0 
START 

.. LOOP ON NODAL POINTS 

INITIALIZE ALL AVERAGE 
INCREMENTAL NODAL STRESSES AND 
STRAINS TO ZERO 

SUM VALUES OF STRESSES AND 
STRAINS FOR ALL CST ELEMENTS 
CONNECTED TO THE NODE 

0 
AVERAGE VALUES BY DIVIDING BY 
NUMBER OF CONNECTED CST ELEMENTS 

CALCULATE AVERAGE INCREMENTAL 
AND TOTAL PRINCIPAL STRESSES 
AND STRAINS AND THEIR DIRECTIONS 

END LOOP ON NODAL POINTS 

PRINT NODAL INCREMENTAL AND TOTAL 
STRESSES AND STRAINS 

RETURN 
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3b:) COL~T:NUE 

J">O CC~TI~ifl~~ 

~~~., H1i=?·t-,J.J+ 2 
r,·;nTE (b,12) t;!Jr.ND 

-2-

1? ( ~ '1 i~ '>'!. ~ .). • l'H S 'I) ·; ,-J I C :w 0 
C:\LL r;c,,rri\2 

3 ()(} 1)0 ~ Ol) N= 1 6 ti E 
J i" ( I:l J\ T ( :n • E 1;. 3} \~ c: 'T D 1 o i..+ 

r F nw ? (:i , J ) • ;-. E • q c 1.' \ =~ , 4 ) ) c; u -~, u 1 ) 1 
!JO 50 :) J = f I 4 

;:;::;i'c CJ,: > = 0. 

3 J I 
no J 0 1 I= 1, J 
:i r 1 : r c p , : > 
.S1AX'T"'1 ('7) 

.::: 0. 
=0 • 

S 1li HTC (:I) = o. 
E'4 ~\ XTO ("J) = 

= 
jR~.s-:;:;:~ 0) =0. C 
r>P ~ o ~:v en =0. o 
cm• PE f c;n =!J. 

:) .. 
\ ., . 

T !:' (LlA,.. (i~). l~(. 1) S!-" (:~) = r 
IF ( I"'~ '1. '!' p:) • i>;. 2) t;::::.; ( .\) = 1:; :-: l•; :) 

GC TC .2()) 

1 J 1 i..if:\ (::) =D :\'H .:r 
0~<S (N) =Ji:\') IJ 

1 :J 4 D r: ii ( N ) = D t\:1:: : 
D:'\ S ( 'l ) = J:< SI I 

105 DQ 102 :=1,2 
CV (:·1, I) =0.0 

102 CAVP(N,!)=O.O 
2')0 :::o!,:TINll:: 

c::n:pn=o. ~) 

(. 

·~ 

C !~: fJ •') f! 'I; :(}a () 

on 6 0 f) J:: 1 1 ~;l ;: 

)(J i.OO ,J:: I, 2 
t)C':) P!.3':f1{.T,>)=C.G 
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• 

• 
c 

c 

·-

• 

DO 4 3 7 J = 1, :'lE 
;1=NBC (,J) 
li=2 *N-1 
t=2*""1 
•\ p (:l) = 0 • <1 
A:i (I.) =C. I) 

-t i 1 CO'i'I'7 N rn 

JC 10(} K=1, NE 
~U =N:IC (K} 
flX (N~i)=!l/: (N'J)/"101:\C 
fl '! ( '! :J) = U Y ( '.J :,1) I :'10 PlC 

-3-

IF I '1 ;; PC • E Q • C) :; C "n 7 1 1 
DO 710 LI=l,hCPC 

710 PRE(LI)=Pff([I)/~DINC 
7 11 C G N T I iHJ E: 

~('j{J'.!'I= 1 
o~ 700 r~=l,Kc~~c 
DC: •)qO 112=l,If.iii'I 
IF (If..£~. :(!CCU'~ (I12)) Gf) ';_'0 981 

:;:'J)EX=IJ 
r;c •rn ()d2 

'ld1 ID2X=l 
•J ·H JO 7 1 4 l. = 1 # .~Cl T ,~ .\ 

Hr:F l :iJ ~~ T '• 
r- 8 1; ::: i1D :rr :; 

C1\l.l FG::? ~!V: 
C !\.I. L SOL '/f;; 

c.u L 2'!' l: r::;s 
C.l\LL ,JST l::.S 

I r' {:C' l' .S T • r.: r;. • l l ..;: S T ) •; C T 0 7 1 3 
7h co~~~·I'FJ:;; 

JE': :~ B :1 :~1 A ~1. C· :'I t) P ~· ~~ *\C~ I·:)·:.~ 

t~(HlTEL.aE.~C!!wR)3n TU 4~0 

D!) :+10 L=l,iH 
t1-=;:'i)C (L) 
r: ,~ q ·J 1 N 1 = 1 , ~ r~ 
nt··c~.?'~ll,l) .':;:.:,c::c~d,,qr;c Tc n.:, 
i•C N = 3 / 
(~(; TO 7J 7 

286 
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• 

• 

7rJo 
-/07 

7 ~}5 

J .) 1 
4Jo 
: .. 4 () 

-4-

NC:!=4 
~o 'iO 1 I-= i, ih.:N 
H'(NC'P(Nl,I)-M) SJ1,70~,901 

~i= N 1 
.J=I 
: r' ( C 0 D I:: ( ['!} ) Ll ~~I , 4 3 8 , 4 2 2 
C\LL J:>~'IC(J,i',I:) 

c~ i.TI ::-;ru:: 
CIJN TTN {li:; 

Il'{tH'r'<'.J.'lS.I•C:""'FR)GU TU 441 
IF(INDE'X.i~Q. C) GC 'IO ':;rl3 

9oJ DO 439 K=l,ND 
i"i=Nl3C (K) 
~·!=2*111-1 

~ r,.Dl: EULY Pf1f-T~~s 'IC f'i:ZiST U'C-I::'J?:n 
IF {COD~ {.1). HF.. 1.) r;u 'I•J 5:) 1 
M~ p} = A.Li (!·I) - 0 ( N) 
r:;c r:J 50 3 

S01 lf(C1DF"('J) .1·!<;:.2.)';0 r:') StL2. 
~H (N) =.'\B ('l) -[ P) 

:..i J .! .\ :' ( !..l :: ; ~1 u.) - c { ~- ) 

•• :s 0 
Y-41 
( 

I r (IN D 1; ..<. F 1 ~ • Cj •:; ·~ 'I Cl !~ J 'J 
:..r~~:,.·;:: ((, :>.01) :~,a 0 (t-') , .\P (I.) 

eo r. I r lf !J !" 
CO!~TI:JijE 

c 
....: 

.-. .... 
c 

/13 7 r. (t; ~: '-le • F.'). 1) r, C T :; 7 1 2 
C ;\ L ..... L A '~ 0 C. F 

CALL A\'F:F 
!\CollWr=r:GT1G+ 1 

! ti >) ...: ::; :; T.: 'l n ;~ 
7 1 ~ eo~: T PFJP 
4- UJ C'J ,'l TI '.;TJ C: 

IN ArJUCEN1 ELE1E~!S 

1 2 P :) I·. 'D 'I { t () 1 , ::; X , ' 3 A ·! D r I. C :, i = 1 , T 'j ) 

2 j 1 i.' 0 F :1 ;\ ': ( : S , ?. l: 1 ~ • b ) 

287 

.2. ,) 3 f n .L''· ,, 'T { ' 1 ' , 5 A I t '[ :U Li; 1 l - ~ ::. 11 c : I {, :r s ' I I 1 c X I t .i.- I~ ~~A ;.: .. I ,;:-( s f I t A I 
1 'Y-?.EAC'l'IONS') 

._ 

STOP 

-----------------------------------------------------------------
t>~~/!~~:o\!,lc:·J~iT ~\;·r.:_TL:~: (12), :·J~)~ !~ r:·, \J;.;,:!J:"', :-le:-:, ~~L::), ... ::·!,\T,~"J.-:: ,.,I ,N~4 

1, :~I.' .ec, ~le.·~.'\.:·, I '·l:J E ;\ .,rn U'i, I ::eo Tr ( .:!0) 
2CP1'·iGN/J.'d'i!./OPD Uv0,2), .1'101? (20U,4) ,:·1 ,1:· (:!0:1) ,:E.; (uv) ,Jt.. (.20v) 

1 ~l y (2 t) 0 } , I R c ( 1 0) I JH c { "I G) , p l\::::: { li) ) , '!' { 2 0 ij) , .c t: ;; , y DEN , c ;;,X ( 2 0 0 I , 0 R 



• 

• 

• 

(. 
,... 
·~ 
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2, PRCOt\D ( 200, 2) ,crrn, (200) 
c c ,Y. ~1 o N 11\ N ii L 1 ti 0 :r: iH.: , t< 0 n wr , ~r:- ~·: : .. rr, L r ; ~ s 1: , :\i r T E P , :~ c: T E r: I v .:.:: r. , L' J , ;; H T E 

1 S~">C 
c o ~·~ ~tml/ 5 T r F F 1 E.."1 T '!: F .1 ( 1 2 , 1 2) , A ( 2 o u I 3 , 6 ) , 3 ( 2 a J , 3 , h. ) , s K U 1 J , 7 s ) , 

1 :\P ~ ,'\ ( 2 0 IJ ) , C ( : 1 0 ) , P ( 8 ) , H { B) , W !3 i\ ~· 0 , J ( S 1 t)) , ?\It ( 5 1 0) 
CC'! i"lO c~ /1~ 1 'IS I~, ;· N Et) , .. ~ o,p; , E F (2 OC) , EC ( 20 J) , ) r\:1! ,J 1 D :d C 0, ~h:) l I, DK :-1 J 

1S.\ (1D) 
t~::~F(;Et ;~;q}\NC 

l'i~'A!.: t\NI.i iJai:~T TITLF A:~C :crlT~i'Jl 

F-Bt~J(S,7) 1'i:1Li: 
-~ L I ·r E ( f:, 1 0 ;) ) 'i "!' T U: 
;,; '·::. D ( 5 1 ' ) il P, ?~ f'. (~ ;; , ~i D r , N d :\ '!' I ;1 c ~A·;, 'JJ r {:, :cm:; I ,, :).F ;1 , .... 1 
l'i r\ T 'f E ( 6 , '1) 
WT IT E (F. 1 1 •)) 'l::, ,\f:::; , NB 1 ~H)?, t!f: l\ 'T', N C=l .\T , N uPC, X DE:~ , '{DE ti , 1 1 

C R~AD AND FBINT ~A1EfiljL DATI 

c 

c 

c 

:::::An (5, *) :·., F Nf(: ,:;:m, o;;s !:J, :::r\ij T.J 1 o ·\s ::-r, cK,~ II 
\.; ~.:, :;: T F ( f. , 1 () ;J } 
K r~ r T ~ ( ~ , w ) r: , !·: t~ r: c I ~:::w , D K s r .J I D r< u r J I DK s I : , n v,: :. r ::: 

(.! ; {.! '!' ,~ ( 6 , 1 'J '2 ) 
DO ') C 0 !1 = 1 , !I!: 
;~ F. A i) ( 5 , ~ ) i.. , r.: u };( c ( i~ I !·i) , d = 1 I 2) 
w :'. r 't r: t r, , 2 , 1 , ( c c .:r1 ( :: , :~ ) , 7: = 1 , 2 ) 

'J 0 J C Ci>T:!. 'J!J E 

:101 

wr<I'Ir~ {f., lCIJ) 
no ':l o 1 tl = 1 1 'H 

:-' E i\ D (I) , ~ ) I , c:: c p p I :1 ) I i1 = 1 , 4) , I ;.; i\ T ( 'J) , '1" ( \f } 
HIT E ( L, J) i 1 { N C ;:> { N, :1) , .'l= 1 , 4) , I ~iA 'I { ~) , .i. U!) 
CCN'IT]!JE 

CJ~R=O.O,~?~C:f!FD LC~V !~ ~ ~~~ Y JrJ~C:TG~S 
COJE=l.O,SI'!::CifiU DIS~VCr:MEil':. I"l X DIF:X':.!:C:·l-._lJALi ..~..,, 'i v:...H 
C'00l=2.1,S:?EC:F:r:ED LO,\D ;:~X ::>:.r~::c;I~r;-!J:TS2L•C~:i·L.:.,:I :!:.~ 1 JlH 
C"ODE=J.v,:i::':~CHIF!"J DL12l!,C 1~4Et;'., Pl :.; i::~:; Y s.::.~:::ciu.;.s 

!-: ::: !'. D ( 5 , * ) ( N E c ( ! ) I : = 1 I ld.') 
[)!1 9 .c: 2 K = 1 I N E 
n!= \l!JC (K) 
F. E' \ n { I) , *) C 0 D £ CH ) , i J.(( H. ) , ·~ Y p; N ) 

d22 COi•'r! t.:UE 
C iEAD 1JL11?1Z GhOUS~P iLE~~f1 VSLCCITr ~NJ 

C HQqiZC1~AL TFAVEL DISTANCE 
PI-1AIJ (5,*) Tar:, V'2l 

C f;EAC BOPNCAP.Y PPFSSITRE CO~Hl:T:c,;s 
l f ( t;.:. r·c. Ec;). 0.) .; C TO 1 1 0 
no f~ ':J 0 I.= 1 1 N C PC 
£t E liD ( 5, *') I BC (:) , J BC' ( t) , P Ct E ( L) 

i.HJ CONT: ~H.E 

11 ,J :~!~Ab f'i, *) :1 u:r Ne I r:c::r ~:F 
o:-~AD(S,*-") IOr'l 
Rtl1J(5,*) (IbCCIJ'I(I) ,I=1,::COlJT) 

4':S0 IF(I1.~:F.:.O) GC TC 500 



• 

• 

• 

c 
liP!'T E (f, 1Cf:.) 
00 1 9 N = 1 I ·~ B 
N:~=NBC (N) 
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1 '1 '? F I 'I E ( fi , 1 1 ) N \ , C 0 D 1:: { N ;\) , TJ X ( N U) , i1 Y P~ >1) 
Tf U•Ol?C. E2. ~) j GC T'C 11 3 
.H I 'f ~ ( 6. , 4 7 S ) 
~~'~t'!';<;(fi,51Q) r'"3C(L) ,Jt:C(I.) ,PHE(L) ,L=l,::JU?Cl 

11J CONTP!fl~=' 

T F (tHE ST. F.: 11.. L I' r.s I) G G '1' l1 10 0 
\\riTE(::i,301) 

] 0:! ~:;IT f~ ( r) 4 j () J) 
J J 1 ~ 0 L? 11\ T (/I, 1 .{ , I ~~ c ~ t I :.H: A F ;U A r. is l ~) I //) 

J J J ?0 .:, fll 'I (I/, 1 :< , ' J.! ~EAR ~l N 1\ L 1 SI S ' /I) 
112 ~RIT~(o,105) NOl~C,N0I1ER 
S ti () C J N T T mm 

1 HJ?."l\T (7:5, 2r1\). ],I')) 
:~ ?'uJ:·lAT (l 10,2f1<). 5) 
J FOE ,'1 AT ( ':l~l S, !:' 1 C. 3 ) 
I+ F U r,· !! l1 T ( 2 : 5} 
1 r~r-., i, ;.' (1 L!1 '.q 
:3 r.oLdH (?.F1:).2,)A4,f4.1) 
:.i l''O F ·'lA 'T {~X, I ,! j1 t I 6 l, I ·~ E I I h X, f ?1J I , 6 .X, ' ·: J f I , r: :: , ' r: ['L\t I I ~~ .\., ' •• c i·: Ar ' 

1 4 X , t :~ c PC ' , 7 :·~I f ;) ;.: tS I'i' y ' / r) ?.1, ' I' I 11 X , t '{' ) 

1 :j f H;: u ? ( 7 T H , d· H • J I I r:, ) 

1Vv F•JC:·l,\'!('1 1 ,5~,12_'\!*/,'5:{,'TA3L'~ 1- I~l:.ltJ':· C.~r;~-!;~~·r._y :·~liJ ?.t·~Cr?Z~~T 

c 
c 
' ' -~ 

..:; 
c 

1 ) 
102 iD3~~!(/I/1X, 1 NGDAL PGIN!S') 
1 •H 'to' o E' rH'!: (I/ 1 1 '\ , ' ;;-I. El~ E ~~ T s ' } 
1:jf. FCfU·:.\T(///1 \ 1

1 fWf:NnAEY Cl:!.![IITt(t·;S') 
1 w) r o P <1 A.,.. (1 ;{ , • N c.. o r It~ c f· E ·j PI'!' s "" • , I 5 / 1 x 1 • :: n • .;n; : ';.:. .:. :.. '::: 1 ,; :~ s = • , I 5 
1U:I fOH'IA"' (1Ll0, 'Mf\":'~;;;!i\L i?~CPEi~':!'l:~S') 

ll::i !fll\•·1!,1'{2I'i.,L~1C.3) 

:.t/':, r-liF:,1.\T('0',2·~,'Pl:it::33lJEE J:'.'l!t~:\rY Cur.l!rl~ICrS' ,/l,l+Jc.,•:•,J;,:,t 
1 2 X , ' P :' E S S r Jt' I~ 1 ) 

1 1 F :J R ;! A 'f (! ~,, ~ l C • J , 2 ::; 1 5 • 7 ) 
S Id FOP1A'T (5.<,2!-:i,ElC. 3l 

1 2 rn 1c1 A 'I ( 2 4 I 3} 
13 F•J:~'L\"'{:10.1,::~1':.7) 
1-J FO?'~J\'.:.'(2Pl\l. :t,r··1 C.J,(Ji:: JiJ.S) 

t\l::'J'!TR li 
r:ND 

!::11LP·UWrT:iE .;,;;i''!'.\7 
c o ;-uw N /C ·1 N 't' R 1 TIT u~ ( 1 .::} , N t.' I ~·1..::, :·1 ::i I ~~ :> F , NC:r , 1' L;:, ;n !\: , :; s;;.. .c , ~ r 1 ~~:.;: q. 

1, uo PC, :-JC '1;\T, I NDI:X, IOU"!' I I :'tC0UT ( 20) 
C0""10:'1/:W''l! .. F~C·JH (3) ,c~r; r3,10), ~:PTS (J,10) ,;~'>0•)), .i~~·i(3J}, 

P' Y n , 1 o , 3 o , , G tFI c c , J • 1 u , 1 1 , , r· :: :s s! P < 2 o o > , (:l '{ E :.1::: v ~ 2 v J } , :,; -..~ l~ ....., i.\ ~ < .; o 
Cfl'•JtA(.l~I/J-lOAL/ir/;\1 (2) ,':P?(2,10) ,A'!(2y ll) I ;l: (~, Di 

. .L\ 'l' 1\ ~.,1 f. ·~r; 'iL! YE .L\ :~ .~. !' ,:~ ~. D !. ::> ;. C:? 2 .~·1 l_.; 
fE~ I!~~PUT crJHVE r~Jl-1 E.t\Cti CO .. i·::..::;-~:i-~<; .:.)~~S!iU~\~ IS 
(SIG'~~A1-.HG"'!A3) VS ::.;?SI!.CY1 



• 

• 

• 

c 

c 

!_"{ €~\D (:J, 9)) T .~AT 
\.ifi.UTE(6,1000) 'I.'1A'I 

-7-

lU:.lJ FOI<":A"'" (//,SX, 1 T'lt=E Uf i11 ~'l'Ef\IAI.=', 1:<, l.·q 
:•;::'I'I't: (6, 6~>} 

f: ::;. D ( 5 , ~() ( ii c I' j; ( .:. ) I I = 1 , f c I'! 1\ 'I. ) 
DO ]000 !=l,~C~A\ 
rr: n:cv-= !·!C iJ;.; ( T} 

"I F ( 1.~ C ;J f V ) 3 C 1.1 , l ~ .'-J. , 3 1 ,) 
J'Ja JGI r~~ {6, 4 ) 

STOP 
J h) DO 3]0 NC =1 I NCUI\ 1i 

rn::AD (5,*) CPf. (:, lC), NPTS (I, t~C) 
WP.!'!'E (6,459) NC,CPf! {I ,~C) ,NP1'S (I,i\C) 
~ £#1: t\:2•:-~ (T, ~l () 
;:IP.\D(S,:l:) (:.:G(.:.F) ,L2=:1 ,~::::} 
nE 71 D (5, * ) ( r; P~ ( L f) , 1. P= 1, H!>'f) 
~::n'rEcr:,L~t>5) 
DO :l~O ~!?=1,\;£T 

T+'Y P, 'JC, LJ:l) = ~~(; iT ... F) 
~~.VHJC (I, .iC, I. I:)='~'\~ (LP) 

3 3'J CG1·<'!'I N a E 
J00J CONJ'P: U2 

290 

DA7A fOR ~G!i1 NJ~L:~r~~ P~OPE~II~S 

c 
c 

TUe li.JPfJT VA.LUF.5 F(~E\ €.\C~t ;'Jc;~~:1:\L L!;~;~SSJRE 

:,a~ liYl!ti.l!JC)LIC C(J~FF:!..,:t·: ... TS A t\'t 1J u 

I?(W'ili'I.l~\.!•ii~i·,AT)·;O T) 601 
'H.= ~iC1 AT+ 1 
P 2 A iJ ( 5 , 1 0 0 ) ( :i V A l (I } , l = N 1 , t1 :" 1 f ) 
;.] ;• ~ ~ '<' ( ~ I "'7) 
Y' b o o r = ;-,r : I ~. i·H, T 
1~·v:\I.IJ?;::::,'.JV'·.!. (I) 
It~ ( N V~.::. :J :·:) b () 3 , () i) 3 I u t:H 

uJJ w~r~~(6,609) 

s:oP 
0•)4 wPI':'T::(~,r:.07) 

DO 60S IJV=l,N\1\i!J£ 
R t;' ,\ D ( 5 I & () b ) c N p ( I , N V ) , ?~ H (:!. I ~~V) I L<i ( :' '! 1!) 
''i ,;: I 'I' F ( r; I H),)) ll V, c ~l p (I , ~~V) , ,r, !l (I ' !·;''!) Ill l! (.::: , W·! l 

t1 J5 eo NTTi::~ rn;; 
ooo coN·rnnm 
bJ1 CO'IT:mn~ 
u J ':1 k'f', ,;: :H 1 ( 5 X, ' ~~ r:· r :< I !l ~ v il T. !!S C i\ Ci 0 ' ) 
() )f, 

td'l 
0 .)3 

l J) 

0' 

F<l;:i ·t~.; 'T (:~X, 1 t; C!l. tl CR.'~\ L 
f 0 ... ": "u n x, : :. , -J r ~' 1 o. :> , s :n ) 
F J!d A':' (':> ::5) 

,...,_. ':",,,. ,. .. 
,.~ ! ··_, .. ) ..::. • 

r:o :{ (1 Jl. 1' c 11, s :: I 'n: u: L ::-: J - J or t 1 ~: c . 1:. :r :c:: r, r cJ r;- v :: s • 111) 
':J:J fCRMA'l'(i\.4) 



• 

• 

• 

1 1 
12 

c 

-d-

~ ::> 2 P o P ~uT ('5 K , • : " P o F ! N N..: u r; v E c M: c • ) 
1 1 r) FC :;. :·1.; T ( l:: 1 ') • j , I I)) 

291 

~5) FOR~AT(10l,' ~U~. CCNl. PEESS. ~U~. Ut P0~NiS',/ 
19X, Is, 1uX,P.10.J, ex,r 5) 

L.f. G ·s r. o P r" A 1' (ll x , ' r: r:v • ST ~ ;;:s ~ • , 3 x ~ ' A x :-- 't s 'i' q A : ;~ ' ) 
'I -,· / L" n ; 'P' ,., t"-) V' r;c 1 i) i "'., ;; 1 "' ., ) 
"f ... .l.' . .- t.·. ~ ... ~ ._ - ..,.. • - U • . 1 - h 1 - V • -' 

66 FCL.'Ht~('1',5:X,'Ti.:JLE 2- NO~!LINEA? Cti''VES',//) 
1 2:) F 0 i< •'11\ T (7 f l 0 • 4) 

··n:1''"''/ .... ,., . .., "''rT·T'''l ') ~··; ~·~· ~· ... · .,-, ·re·•· } .•. , .. ,., ......... ~ "''n L·.· •. ,\Ji\ c~).l;_i\/IJ. ~t. \ ..... , ~::_,i~~.~~,t .. :..~,.:.J:.,H ..... ;, ... ~ .. t.,l~~'~\ .... ,J.·,,Jur, ... ..L,,,....~.~, 
1 ~ Y-Jrc, ;;crn'i, I t'iDEi, :orn, T ;.;con7 t 20) 
cn~1"lON/D,,J'A/CO::.o (200,2) ,.:-ror {20U,•j.) ,: ~ii.T. (~~J.)) ,:~EC(uJ) 1 J.i. (t.uU), 

1 n y n 0 f)) , : J1 c ( 10 l I J i3 c ( 1 i) ) , p 1~ r:; ( 1 ~~ ) ' T ( 2 <1 0) I X DE .:; , Y;J r: N , \.) ~\)~ ( 2 J J) , 0 a ; 
.... ., >I • 1'\ ,. ( 2 ') . '\ ~ ) ~ .. " ~- { 2 ') ') ) £. 1 .: •. L 1P':J • v 1 L 1 \..t.:,~..._ •. ·, 

CO·t'tf:'l/;)"l''!F?;ESTifil ( 12, 1.t), .\ [2Q.),3 ,r;\, 8 (i.WJ, 3,•>) ,.:it\ (;1J, 75), 
1 A t( E A ( 2 J 'n , r: ( 5 n ) , i~ (t3 ) , ;:; ( 8) , ;.1 n A ~! iJ , ::> { 5 1 n) , .vi ( ..> ~ o) 
eo t1 l<j oN 1.1 o Pi T; n ( a , u > , n t n I -s ) , " L 12 0 :; ) , l\ ~: ,; n . ) ·> 1 , o ru ( ~ n > , u ;\ i; { 2 ... 

1 <) i) (2 , :-' ) , i.J ( 2 0 0 I 2 ) I ? ( 2 (} 0 I 2 ) , V ( ? iJ c , L ) , ~~ V '? u ~; 0 I " ) , c. V (L .) •J , 2 ) , 
2 CA Vi' (?. ~~ :) , 2) , .PC~ ( 2 0;), 2) , FC A V l:l { 2 C 1, '2 l , :: 1 ( B , ·;) 

:': = 1'1 G P ( 'I , 1 ) 
.j:. ~,\--;p {~;, 2) 
K=~;O!? (:i, J) 
L = N C i? (l; , 4 ) 
!F(C03'1(I,1l .'!Q.CGi:i:J(.J,l)) ;t'i :c 11 
.:'I.~Jr; C{)=~·rrlri ( (CJaC (.J, 2) -CC'3J (E, 2)) / (i';~RJ (.J, l) -C!~(d (:, 1))) 
GC 1'0 12 
AN1; (N) =9~).~1/57.2g573 
t:: I) ~: 'r IN 'l r.: 
A L ( N) = :> ~J ~ ·:• ( ( C 0 :·, D ( ,:; , 2) - C 0 f:i) { I, 2) ) * * '?"" (CL _: ~: (J, 1) - :_ J .-. ,) ( i: , I J j * * 2 ) 
Of\ X (~) = (C<)t\ :) 11, 1' +CO ~I') (.J f 1) +Cl) l'J p: I 1) +CC!>) (L, 1)) /'t. 
(J ~ y n.r) = ( L~() ~ J (I, 2) +CC re; ( ,J, L i -I-CO~.;> lj ( \ , 2 i +(': '> J { L, 2 i ) I~. 

f)O 1 I"' 1, B 
JO J J·= 1 1 'l 

J C: .,. i~ ":' f I. E .'i .c. i 7 
;;.iUi~HCv l'I 'l~•· S1IFr.' ,'JCI:,;r 

j t::STIF:l (I,,J) .=r..;) 

I£ST~F:'l. {1, 1) =I::<.s (f.') *1.\L (V) ;1. 0 
E ~;·:;I f "' ( 1, J) = ~ S T I ~ '"1 ( 1 , 1 ) ;/... G 
2S'!'!Pi'1 (1 ,:,} =-ESI'~n! (1, 3) 
E s r I F ··1 (1 , 1) = - LH !F ~ c 1 , 1 ) 
fo: ST IF.,, r 2 , 2) = !:' ~{ ~~ ( !\) *A L ( i'l) ;J • 0 
SSTIF~(2,~)=EST!f~(2,2)/2.0 
l:':)T!F'"· (2,6) =-F~TIF:1 {2,4) 
:! S 'I' T "" :1 ( 2 , ri ) =- f c; T :! !.'' ~1 ( 2, 2) 
EST IF"'! {3, J) =I!S'!'I F .1 (1 1 1) 
~ ') T.: F '1 0 , :) :.; - .E::; T IF :~ ( 1, 1) 
~~-~TIF,.. (3, ;) =-i~STF~(1, 1);2.0 
l.~S'I':I: ·! (>t,4) =.EST:F.'~ n,2) 
(' "j ::' I f:' .1 ( :~ I b) =- :.: s T IF ;•1 ( L I 2 ) 
1:;5fii':-i ('+ 1 9) =-u;rl'T.,...'l(2, 2)/2. 0 



• 

• 

• 

4 

c 

-9-

1:' S 1' .:- ? ;1 (5 , S) -= f S '!'I l" ii ( 1 , 1 ) 
E:ii~F:J (S, 7} .;;:E3'!If'1 {1, 1) /2 .. 0 
EJ!':F·1 {b ,6) =ES:!:'Ir.1 (2,2} 
EST!F'1(i:),'i) =ESTIF"1(2,2) 12.0 
F'::iT'.:::?·1 (7, 7; = ESTI :.1 (1, 1) 

'·~3'TI ~··'1 (H, ·s) =ES ri !- ~~ (2 ,2) 
JD '~ "f= 1,1 
·'- 1 = !\ + , 
.) : ,. ,J-::- :<: 1 , (J 
f~Tif:.J (J ,K) =ES'l'lF1 (i\ ,J) 

:.• = (: n S ( :\'1 '·-; PI } l 
::;::: SI·~ L\ .•E; ( 'i) ) 
')P ) I ::: 1 , ; 1 

Ur] C) ,J::: 1 , 3 

292 

5 T1(!,J)=O.O 

o '...: 1 (I , ,J) = E 
10 7 I= 1, 7, 2 
.J=':+l 

, 7 r 1 ( I , ,J) .:; s 

1 •\ 'J 

'' ,_ 

i) 0 ·:; ! :: 1 , j 

JO q ,J= 1, ;3 

r; L (I , ,J ) = () • \) 
D1 9 L=1,~i 

El. (I , J) = u r. ( ! , J) + E !' T L r ·~ (I , L) * T 1 ( L, ,J ) 
n:"l 1 a J = 1, B 
;)0 11 J:; 1, ;j 
E'>'1"IF:1 Ci:,J) =C.•) 
DG 1 0 L= 1, J 
E;::; 'T I P ··1 ( 1 , J > = .t ~n· LL1 c 1 , .i) + 1: L < r., r ) * T 1 (t , , n 

r; :J E H C fl ,.,..! N F. S 'II F r 2 (!~) 
('tP1 ~oN tr: n \.f T f{ 1 Tt T L : < 1 2) , 'i?; N.::., ::1 ~. I ~~) 1: , t·:c N , :; :... Li, ;; :: 1L , -~~ ... r I .... ~, ~~ i 4 

1, :wpc, NC 11\'l', I NfjEX, IufJ", I !';Cf'll'I' { 2C) 
eo r1 1 OIJ 11 .\ ·r A ;eo P o ( ~ i) o , l ) , •r.) 2 c 2 o ·J , 4) , !: 1A or ( ",hl) , 'ht..: ( o o; , J ~. < L o J ) 

1 u y (2 0 f)) , TB c ( 1 0) , J !'J c ( 1 0) I I'll ·: ( w ) , "': ( 2 J :l) I ;-:;) ;;;,; , { J s :. , J Il ...: ( l J u ) , V J.{ 

::, Ppcn&.J {2J:>, ... ) ,cc0::: (;:;)()) 
C0;1i'l0NJ:';T7.'PF;!•.S'tic"~(12,12J ,11(200,·3,ci) ,:.(20U,J,uj ,:Jt~.lJ1J,·/~), 

1 A HE 1\ < 2 o J ) , c c 5 lt>' , fi ( iJ ) , n (m·, w iHdm, D < s 1 !l) , P < s 1 O) 
('0 ~L1 0"1/}•: 1 '.sI E, :<: fl FP , f:"!IJ , ? I:.' { 2 0 I)) I E:.: ( 20 ,) ) , :) !£ ) LJ, J V. ;,r j, J ;: :; ll, D,OJ 

1~:1\ (10) 

!.=~lOP (tl, 1) 
J= NOP (rJ, 2) 



• 
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K-:: NC F (NI 1) 
(, :H ( 1\f ) = ( : ''H\ ,) ' 1 1 1 ) + C 0 H .i) { .1 1 1 ) + C J c\ D ( K 1 1 ) ) *V • J 3 3 J J 3 
Oh y rn = ( cr:u D 11, 2) +CORD (,J I 2) +CG .F c (r\ I 2) ) ~ 0. 3 3 3 3 3 j 

AJ=COPD (J, 1) -C:)RI: (I, 1) 
~~=CORD(V,1)-CLfD(I,1) 

3.J=COHD (.},2) -COPf (:I:, 2) 
rlK=COPD(K,2)-CORD(I 1 2) 
1U2A Pl)= (A,l*Et<-A.K«UJ)/2. 
I r' (ii :? ::; ~ ( ~r) • t.. E • 0 • ) ii 0 T '; 2 2 0 

? n r; 1~ ;) '.!.' r 1\ l. :; D I S :., • !~ ;. T •"' I X 
A~D SA'/~ C~ TlLPE 

A p, 1, 1) =:~a- E K 
1\ ( i~ , 1, 2) = ') • 
i\ {:1 , 1 , 3., = [3 ~ 

1\ (r-: 1 11 <f) ::0. 
;\ (N, 1 ,5) =-3J 
:.. (!!,1,6) =0. 
'\ { ~~ , '2 , 1 ) :: J • 
t•<:-1,2,2) =:s-A.J 
A { ~~ , 2 I 1 ) = .} • 
.1\ Pi , 2 I !l) =-A K 
t\ ( :J 1 2 1 ') ) : ') o 

r,_ ( H I ? , 0) :,'\ ,j 

..\ ( 'l , .::; , 1 ) = A 1\ - A J 
;\ ( "l , 3 I 2} =I) J - EL{ 
.\ ( ,t , ) , J ) = - A r\ 
J\ ( y, 3, 4) -=.3 i\ 
.; (!~ 1 3 1 ')) : \J 
t\ (!-l, 3, 6) =-J,J 
WiliTO: p':':i) N, ( (.\ (l,J) ,J=1,6), !=1, 1) 

t.>J'1 '1 = E? (i'l ) / ( (1 • + PIU ) ~ ( 1. - E 'PT ~ ~ • ) * i1 :;: ,i\ ( '{) ) 
r:sTif'1 (1, 1) =CO!'! M* (1.-i:.rHn 
2ST:::ft (1,2) =CCi·~"~.2Ml 
~ST!l:'~1 f1 ,J) =•J. 
~~~>TI,t'l (2, 1) =ES'!'IP1 (1,.?.) 
ESTIEI·~ {2,2) =E3":'TF'1 (1, 1) 

2ST1F'1 {2,3} ~0 • 
.t'3TIF~ (3, 1) =C. 
r.srrP•1 (3,2) =G .. 
!~ S ! I h~ (3 , 3 ) = C: E PI ) I ( 2 • * (1 • + ::: t, U } * idU·.' i1 ( N ) ) 

DG 2 u :J I= 1 , J 
DO 20S .J::. 1, 6 

HO!,T,J) =0. 

G IS 'rHE S'll~~SS BACK~)OBSTIT~'IIC·"~ 

:-! l. '!' ; I £ ID ::; I s ,S .\ V .E D \) t; : A p ;::; 

293 
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DO 20 5 K = 1, J 
.., ' . r ( . t - J) - .., t " I J} -,. . ~ r· '"' ( T "\ I ~ * ' ( •T • • • ) ('.. J J , ) ; f 1 .:_ 1 - :'"' \ ' ' o 1 + I.!,,) l -. 'l .1. 1 t-. J 0: o il :'1 t Cl 1 U 

c ~ :iT 'I f" (:•j 't' 4') N , ( ( l3 (I " ,] ) , J = 1 , 6 ) I I =- 1 I j ) 

D.; 2H I=1,6 
D<"' l 1 0 .J = l , 6 
f:S'T'Ir.-M (:,.1)=(). 
iY' :.::10 K:::1,: 

2 1 .J ~r.: :-;: r ~· r~ ( r , • n --= .t ::; T:: i: ;-1 (: , ,1 ) + 2 (t• I ;·;, , r) 1 2 • * 1\ < N , :. , J ) 

.. .... 

.. 
'· 

·-
c 

1') 
Sl'U? 

r ~,::: vs s '.:.:: ? r ~:::: s s ·1 ~- 'Il< r ,{ 
cc '1 :w 'V coN':' :: ;~ 'T'!'I ~~ ( 1 2 > , :; r, ·, r•., i! :e , : ;) ;·, r' c "' , \I ~>, ~<1 :l'l·, ,, :.; d , .::.:: , (n 4 

1, ~;o?c, 1lC'1AT I r NDE ~,re u·::, I 'lC'J nT (20) 
r.oHC~i/')t'\T~/CO!\D 12(~,),2), 'Jt.J? (20tJ, ... ) ,I·1 ~T U·H) ,'.U;.; ,._.:;; ,riA \Lvv) 

1Ti (2)C),l'>· (10) ,JPC(10) ,PI'.c (10) ,r(2:);!) ,x:,;:;:.,Y;)~:'.l 1 <i .... ~~..!.iJOJ ,Gi:.' 
'2,P::.CCF:D(200,4:) ,CCJE (200) 
c 0 ;.; ·l c ll I A ~L·\ :./ 'J1I N c I f' ~ If W" " ~c -;; s 'i' , L T :.: ~-.: 'I , ~i .! 7 i-: p , :·i u : T ·: :-'( , V :; !. ' .i' i ~ :) I J r. 'T' 

1SFC 
~..:o:,;:-!0~1/S:':~r;EST ::::-~'. ( 12, 1/.), .\ (2()0, 1,f), 3 (2U0., 3,•-'J ,:~t, (~ld, /l;)) # 

1 r: r: ~ f 2 :) o ) , c ( ~ 1 r J) , h ( 11 ) , , ' un , id A N D , n ( s 10 ) , ~. :: ( s 1 r;' 
u :.-::1 ::: :Ls : iJ N :r ~ u , 2 } 
I~!7t>~E!: t.;·:3:'\t! C 

DO ~00 il=l,;;~:::l-' 

c P!) =0. 0 
n C iO =J. 0 
00 3 0 !) -~ : 1 , ;.; :! A f.: D 

3 o J s !< n: , ~n :: 0 • 

!W !+~H1 tJ-:::1,NT~ 

.:. ? (! 11\ ·~· ( ('i,) • 'f <; • 2} ~:: ~Hl := • : ~ :i 
I F' (:JO ~) ( N , 3) • 1: (. • ~~ C i! (:'; , 4 ) ) G ') :: 0 1•) :) 
c;LL STZF<r1 (~:) 
GO '1'0 101 

lvJ CHI. ST:'::?~'2 Oi) 
1 J 1 c I N ':' I:FF 

S'~'()J.·S c~:1TP'"\ I 'i SK 
:·I EST 'H.J,~ r; 
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IF pwr (::: • ...>) • H!· r:r;I? c:, -~ > l ,~c '.'O 307 
1K' .~='+ 

3r7 
GO Tl1 .10 !::i 
tiC iJ= 3 

Jt}d OP 360 .IJ=l. 1\C"i 

...: 
c 

, 
...... 
. , 

...... 

·-

tJ r< iYv 3 = ( N 0 P p , J J) - l) -~ t'W f 
I? p:::c~·:u} V>O,JC5,30~) 

J J 5 )J .3 5 {) J = 1 , ~; r; !:' 

j l·J 
3U 
.. UJ 
3 )l/ 
J G'J 
'+ J J 

·~ t..' 0 W G= :Hi 0 ;i ::' '" 1 
T= (.J,J-1) *~!Dr' pJ 

DC 330 K:.~=1, 1\Cl 
NCOL R= ( ,HJp ('ll, l<l<) -1) * tlDF 
DO 3 2 0 r~ = 1 , i4:; f 
L = (EY.-1)*:•1CF + l'\ 
t~COL = .KOL~ + K + 1 -:lliur..:3 

::; 'l'G f·, 1: \!(-; H' !1 ELO \~ 

! f {tl C 0 I) 3 2 tJ , 3 2 0, "3 1 u 
S .\ ( ~ ~~ '· ·: :l • '>IC n I) = :"; r { ~~ ;{ CJ <r: t ~ ~;c 0 i.) + ::- S; 1 r: ·~ (: , L) 
Ci)~TT :-Fl:? 
en WI p; u:? 

on ~ q 1 : = 1, :'1 F 
:~ = t! EC (I) 
;{=2 * !~ 
IF'(CO!Ji:U!)- L) ?S5,:..:<.:;'J,2l'f; 

.: J u ; F (Cc; ;) 2 ('J) • .:: ;_; • ? • ) ;_; (; "' C ) v 1 
2Y;j H(CO:JEPT)-3.} 42:),2·~7,:.+25 

2 ') j c pq = c ( t< ) + u y 110 
I:.~· ( C U 01:: (il) • ~' E. 0. C) {i 0 1 0 2 '11 

301 C(!<-l)=Ct><:-l)+fJ:A(N) 
,;,) ":'f) 2 'J 7 

-.,.,!5 ¥oH!TE(b,~2(') ~J 

2'J7 Co~;n~:JPl;~ 
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1+Lf') FGf.~!!JiT (SX,' ;:;;.,i,O} Iii COJr: ~J;J;1!)t;R-r·JP1 1>V.KECJ~.IC'~ l:-~l.~i'LI..Ll..2.;.Jt, I 

c 

T?(t.'()f'C) J0o,JiJ6,25J 
2~J DO 3~~ L=1,HC2C 

I= c;;r ( t) 
,j= J!?C ( L) 
PP=PP .S (L) /2. C 
DX= (COP.D (I,2)-COFD{J,2)) *h1 



• 

• 

• 
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]Y= {CGID p, 1)-COFD (I, l)) *P!.? 
II=2*I 

COSA= 1.0 
C {::I-l):C(II-1) .._ (CCSH.*J:;X'+S!l~.\~i::Y) 
C (1.!) =C (II)- (SIHA*DX-CCSA*iJ'i) 
,J .J= 2*' J 
C (,! ,T-1) :r; (J ,J-1) + (CCS ~*I: X +S: ~!f\ * rY) 
C ( J J) =C ( J J) - (SI IH * J X-C r S ,'1 * D 'l) 
? F (, T. E·J. 3 7 ) C p ,J ) = C ( J J ) - { S : N ,1,>'.: D ;{ -.:.; U 3 ~1 * D Y) 

J02 cPt:rr:~ u1:: 
]'Jt CONTI NUr: 

:F (KCflt~T.GT. 1) r;c '!'0 30 
H' { X 1) T~ ~~} 8 8 0 , t .g 2 , U il 0 

S :L:. l F ( Y D £ N ) ~ 3.,C , 3 0 , C 8 () 
d B J Dn 2 0 I t = 1 , !~ F 

If!~OP(:f,l).~E.MlP(!I,4)) c;o TC 2\J 
f\0 8 s '! = 1, J 
JJ=~CP(I:,:) 

X:":(!, 1) ::CIJf:D (J,T, 1) 
ss :c.:: ( :t , 2 ) = c 0 2 [• ( J ,J , ; ) 

296 

V 0 L: 0 • 1 ;) 6 b fi 7 * (X E ( 2 , 1 ) * (:0~ (3 I 2) -X!~ (1 , 2. ) ) + :x ~ ( 1 , 1 } * ~ ..c· ( ~, .:; ) -
1 X E ( 3 , 2) ) +X f. (1, 1) * 0. r~ ( 1 , 2) - :n. (2 , 2) ) ) 

W:!."=VOI.*X:DE:I 
v ·:"' vr: L * Y 8 z ~' 
D·) }) 6 T .:: 1 , .J 
J,l=?!OP CII, 1:) 
C ( 2 * ,; .J - 1 } = C ( 2 * J J - 1 ) + W!' 

35 c ( 2*JJ) =c (2 * JJ) + V'f 
2:; CON'i'TNTJE 
3J i:u~·rr!,!fJ8 

~RANSftt iCAD VEC1Cf ~~ D 
DC 6!}1 ::=1,~i~1L.r 
u (I) ==C (1) 

JO 4 :".' 1 J= 1 , :1 F 
I1=N BC: { J) 
il=HX (l<J) 
:i= 2*·1- 1 

DISULACFM~N1 UCU~CARY CSNDI~IC1S 

: i ( C 0 D E ( '1 ) ) 4 i) 1 , 'l J 1 , J 1 1 
311 I?(COuF:('I)-1.0) 4•)1,325,331 
J 51 i: f' { C J D L. (;H • 1:: C • 2 • ) z; :J T J :n S 

IF(COD2{'l)-J.) LL(,1,34v,LLO·t 
3 2 S C :1. L L :1 C iJ: F Y ( S K 1 C 1 N Si; r·, 1.o/ 2 id~ :>, ·i, U) 

c-;.:.; "[f) 40 1 
3 4 J r: .1\:. L ,w n r F"l u~ K, c I r.rs::;?, w r: r1N ;:, I N, u > 



• 
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::;)~ iJ=fJY (~) 
l• = ;.y + 1 

-14-

c .. \ L L .1 0 j)! F I (;:; .r\ , c I N s z f , ~i 2 AN j) I £~ I [J} 
'+0 1 CCt1liN fJE 

F?:TU R '~ 
F~S (\ 
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2 - --·---------------------------------- ----------------------- ---·· 

.. .... 
t• •., 

.. ... 

.... .. 
'-

...:: 

22.J 

.S { !"3 !1 0 ~IT I N P :V; C D I F Y f S K , ~ , N ri E ;.,: , W i3 A N D , r~ , ! J ) 
DI!'tE}'SIOL\ St<(510,7'5},D(510) 

S'!fi]:;r:'T'"~'.:t:E .1CDTFY "!OD:r-·:ES ~·Hf 37IfFl•t..SS ,';.Al't1IX 
S,) !IS It:: ACCl'Ut-11 I·C:· Tit: S~1·'CIF:;:1;n U.~.5..:'.~..od.._l:.:11:;S'l': 

:y; 2Ltf'l ''=2, '"f ;'\;!0 

K=N-"l .. 1 
Tf (!<") 211,2 HJ,220 
D(~)=U{K)-SKCK,~)*fJ 
Sf< ('<, ~-1) =0.0 

21) K=N+"l-1 
:F(~U2Q-K) 2~C,2:0 1 230 

2 :i v Ll ( ~: ) .:::. n ( K ) - s 'f 1 N , .-! ) ~ u 
~ -~ ( r: , 1 ) = a • o 

2-+J CPN""'! 'HE 
Si\ (NI 1) = 1 •. ) 
. ;:-; r ~! > =" 

C 'Pl ··tO VCv N'r PIT !'r' 1. f! ( 1 2} , ~1 2, !l P:, t: ;; 1 N t> F, .. ~ C :~ , ~; :~ D, N t'i ~ T, J ,':) £: :', LI , iH .. 
1, 'W p·::, ::~ r~ r, !", .'!' ~:1 P. J, iO 'J1 , I NCO fl'I' ( 20) 
''''1Vl~·•1 /S··,r·'F/ .. ,,1, -r. 'f 1'' 12) '(2 .,) .., '') .. ("')' ., . ) . ( 1 .. '1 ' \,. .. ; .• V it l. - t' c ~ ' .:. ,: 'i ' <. I • I i\ - •.,; ' , ) I '·' , L' .·.' \.' , .j , C) , _, (, ..) V I ':J J , 

1 Ai"~ t\ (L 00) , C: ( ~ 1 i) , F (d) , !l PH , ;.;i~ A c:;.:;,) {5 1 0) , :. :. ( 5 1 J \ 
I~Iff!t;_i~J ~tl!Ja~l!: 

JC 301 j = l,~~ZF 
I : '~ 
1)0 2-1 J :.. :: -~ , ~. : .\ ~~ J 
! = J + 1 
-: r·· ( ~ K c ~ , L ) ) 2 l' i} ., 2 9 o , 2 IJ o 

.!4\J .; =Sr~ (":, r..) /SE< ( ~, 1) 
,J = I) 

rJO 2 ]I) K = L , W: A ;J D 
J = .l + 1 
rr:c::;r; Ul,,q) 2~·~,27C,?.r) 

2 b :) ;; r-: (: , ,j ) = s -: r:: , J ) - t; ~< .s f, p. , ;q 
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F'Cf. E.\CH EQUATION 

C {I ) = C (: ) - G * C ( :q 
2)0 C0~!'IViU~ 

3 OJ C (N) =C Ull 1!:: K U, 1) 

·~= 'lS 7."' 
3 > J ~ = ~r - 1 

: F p; ' 5 ;J .:) , 50 ;I , 16 0 

.LJ 4 .} C K = 2 , !,j U: ~: ~ 
L = !... + 1 
t? {3K (~, :q) i7C,IH)f), ]70 

:no C{N)=C(N)-SK(N,K)*C(L) 
4 Lt·J C0~7: :HI!~ 

r.o '!'0 3SO 

:.,~oJ C 1 }~'tPHn·: 

P ~"'HR :l 
~~ ~J !) 
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- ----------------------------------------------------------------· ... 

.. 
'-

3~ft~~l1•JTI'!E 31B~~S!: 

c <.H ·1 n :vc•J :n H/ r :T L ·~ c 1 2) , ~ ~ ~ 'I r:., ;-; 11, ;: :> r , \: c,: , i< ... :.J, .. .;. : .:{ ~· ~ "..;...; 1· , ._.:: , ~a t4 
1 , ~; (l ?c, ~:c ,'! 1'\ r , .: ~mE x, I'1 il'!' , T NC' o nT c 2 o l 
CC~.·: :'10 'V:> "r':' :\1 crH D ( 200, 2) , ~W P ( 2 J 0, 1q , :; .1 A rr ( 2 i) ,}) , 'i h.: ( t• 0) , iJ.( ( 2 u u) 

1 ;; '! (2 ') ()) 1 I ,l c { 10) , ,JE: c ( 1 0) , i; r.: v ( 1 J ) , 'I' ( 21 ·1) , ;.u? :.:, lJ :' J, diu: {.:: J 0) , o :a 
i fl ~,... o ~ 7' ( ) n J 2 ) ,.. c :11: { · 1 1; • 1 ' - , . ' ·~· I' u -V , , ...... .l..; "-• £.. V I 

lS.JC 
c r ·~ i~ c ~1sT r· r 1 FS T 1 F 11 ' 1 2 I 1 2) , A < 2 Do, .l , 6) , :. c l cJ o, J, ~~) , s .-: p 1 J I 1 '.)) , 

1 -~;: E' ,\ ( 2 c !] ) , c (: 1 0) # T'. ( j) I r.; (il) , !.':..' .• \ ~. D I J ( '). hi l , ~, ,, ( 5 1 <.)) 

cc /i M c NI s 'I ~11=' s I LT s 'I u ( L , 2 6 ') ) , s I r; T ! ~ ~ ..2 (i 0 ' ·~ I , s 1' :~ '.! I) u .J V ,. j ) I .> t•i .~ .{ ~· 0 ( 2 i 
1 c:; ;u :r•· 0 {2 ') 0) , ti ;H;~ c (20 c) , ;:: A14 r: ~r_; ( 7 G 0) , ~~ :q :~ '!" •) ( 21·)) I in: j 'I\; \2 J V) , 
2 r (; ~-.. c E { 2 J ·J I .,. } , s T r, ( ~ o o I J ) , ? s :u; t o < 2 0 J , :.. ) 1 :: s 'l' .n 0 u. •J J , .... ; , nJ L .> ... u t 2 
Ct~.:L''CN/NO'IL/r:c:JR (J) 1 c£:~( (J, 10), i"fT<": n, 1<J), c·~ {J:)) ,.;,.,; (Jv) I 

1 EY ( 3, 1 0, 3 01 , ~;A :-1 Ot (], h) , Vl) , l? ~-{ l~ 2i L~ { 2) :J) , ~ f·.::: ,1 f V ( 2 u v) , CJ :1 ~~ !:. C: (2 0 
c 0 W'<H) :·: 1 r: r. .'\ s 1 r , i;; ri a; , :: rw I r.; t~ t2 1; u ) , :~ c ( 2 ~· o l , 1..1 ?-" :·) I J , ,1 :.; 1il .• j , ·.u:::..; u:.. , u .!.\ N 

1 :: :~ (1 0) 
DI'!e"'SION 11~ (2, 2f.C} 
'I:!Ofl!ll A1EtJC~ (t:!S, C) 

n F . ..; r. N n 'l:.' ... 

PJ:~~ o:SPLACEd£NI~ 

I?(t;I~r2-:.i':~:.~~C'!:'!!-.. H) ~;rJ 'f(· 902 
IJ-'(T:n~/:;<.Er,1.0) GC"'') 'h):) 

r a 1 ·r r: p=,, 1 !') o) :\c; iP;'l 
w<1 r T; (I'- I 111) 1 L'l, c r: s ( .J, :·: i ,.i = 1,"..; ;_;) , .~!= 1, .. 2) 
CG,'iTI"lUE 



• 

• 

• 

c 
.·• ..... 
·' ..... 

-1(,- 299 

:·iCC.l~. J!3f.H~ACFtU''-l'IS DU!~ ro r~1~Ct{ I:lChC:d~~iT ,\"E 
CIJ~OLATIVEi'l ADJEiJ TO 1'1it:SE '::XISTI~iJ ~.>:.:fO •. d:; 

1 F (NIT ER. !rP: • 1) GC TO 6 C 1 
ne: 2 <1 o M= 1 , ~: [ 
c::; :do J=l,t. 
Pc:: ~::o (J, ··l) = r rc:r c (.J, 11) 

~ J tJ D IS TO ( .. 1 , '1) = D IS 'TO (.1, ~) + D IS ( J , \j) 
o () 1 DO 6 0 2 21= 1 , ,n 

0') fi 0 2 J = 1 , 2 
b•J2 D::::1n(J,.'i)=c>J:ISTC'(J,;l) +DIS{J,:I) 

If(~ii'IF:"t1.\F.~:CI'I'Eii) GO 'IC 'J03 
:r {INDfX. ?Q. 0) GC T•J S0"3 
'.~ ::' I T ? ( i: , 11 2 } 
~· P ! :r e < 6 , 1 , 1 > r1 , i D :: s T c p , n , J = 1 , 2) , :., = 1 , ~: !.' ) 

'103 COW!'!NUE 

1.. 

c . 
;.. 

c 

C A L C:J :. ,\ 'I S ~ E' •1 ~. N'l' r C ~' C E S 
C\LCn~ATE ELEi£~1 S1~h=~~ 

re 21 o :~c= 1 , r; E 
r F t 1 " !. '!' ('') • 2 <.; • 2) r: ~w = • L4 5 
.~= ~tc 

:;:·F ( :; (: ;? ( ~! C , J ) • :l r: • N C i- ( · lC , I' ) ) •; C 'I C 2 () ') 
1-<I·:AO (N1'4) N, I (:J (~,J) .J= 1,(>), !:= 1,J) 
:1. F ;; ) ( N T 5) :z , ( ( ,\ ( I , ,J) ., J = 1 , 6 ) , .: == l , 3 ) 
no ~60 I =1,3 
'1:?\j(J[>{N,I) 

: "' ( :1 • r.; Q. 1 ) r; c} Tu 2 6 o 
t: = (I - 1} :~~< !!CF' 
·DC 2 4 0 .] ::: 1 , ~· et 
!.J ::= J + :< 

2 ~ J n (!.J) = c r s c J , "! > 

: :t = K + :~ i.i I· 
l):l soo 1=1, 4 

51J ?ORCF(~,:)=O. 
n:1 3 J o I = 1 , J 
~""J (N, !) =-"• 

:WO 

2\Jd 

2 . .iu 

Jrj JOIJ J = 1 ,1:\ 
S T H ('I , I) = :l T R I h, I 1 + (A U> • I, J) * fi ( J) ) I ( 2 • * u; .::A ( :1) ) 
f <) ;{ C 3: ( N , I ) = F C R C R ( N , I ) + 13 ( N • I , J) * l-< ( J ) 
F on c r:: r ~~, 14 > = r c H~ E c- , 1q + n: ~J* n~ ;) J c E ( N , 1 ) ... r c~c .... ( s, 2) ) 
C'l :·iT I 'HI 1; 

:\LCULA!~ ~RI~CI!Al S1fESSfS 
AU D O:R ECT IG,~:; 

nr. bOO :{ = 1 ., :n: 
: E' ( XC :? ( N , 1 i . H. • t-, C ? ( '{ , ... ) ) !~ r. : J t; 0 } 
r; = (?:'Jf'.-.~)~P.l) + \:'CiC''·; ('~,2) )/2.. 

Sr)P':' (( (FC.Z.;CE(!~,2}-FO;<CE(:;,. 1\ )/2.j**2+ ~,c:.::E (:j,JJ""~i) 

.::' ·n X ='3 +1) 

fi~·G N=G-Q 



• 

• 

• 

... .... 

·-
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IF(FOfCE(N,2).EQ.S~IN)GO TO 700 
l\~lG=57.24576*A.!:At~{iOF.C~ (:~,3}/(.FO•,c-r:p:,2) -S~'JI~1)) 
1-;0 'TO 210 

70\J ANG -= 90. 
210 C(IJJ';'jlHJR 

;::>n !100 N= 1, i1 F. 
!JI ~~CT ICNS 

I;:" (N0P (::J, 3) • ~·E. ~;cp (N ,<q) GO ':'D BOO 
£= (S~F {N, 1) • S'l'l\ ( ~~ 2)) l'l. 
r- = s;: l\ r ( < ( ;; ,.... ,~ ( ~: , 2 ) <:; T -s { 1• , 1 > ) 1 2. • > * * 2 1- < s ·r ; : ( ·~ I n 11. • j * ::c ~ ) 

~r-1.::r=E-F 

I i \ S '1" H ( .~ 1 2 ) • E Q • £ .1 IiJ) G G ::.' J 9 0 o) 

~ l\ N (~ = 5 7 • l9 I) 7 e * 1\ T ' '~ ( ( S'r .< P' , 3 ) 12 • ) I ( ST R {! r , 2) - ;:: d l:~) ) 
t; o 'T l~ .'! 2 J 

'j 00 ~~I\. ~1 G='H. 
22J co:rrr :wE 
dOO co:iTINOf.: 

r i' un T ~:n • w~; • 1 l ~; (; H; :j 0 2 
') ;) 8 ) 1 :~ ~ 1 1 in! 
I : ( :1 0 ::0 ('1 , 3) • H: • ~; c ;:: ( ~~ , 4 ) ) tal T r) 6 0 1 
DJ 2q0 ..L=1,3 
t?S'fH'T0 (~IT) =~'L'TC (~), T) 

-
-;qi) -·"R""·"' (\! T)-·~J:.I"f'r ('' T) +·~'1"J.; ('•! ") 

• ~ ~ . l. ·.) d , .... - ::> d ... "'' •. 'i, ... .,l },. -· ·' , -

00 J 0 ~~ I ·= 1, 4 
PS:GTC (;1, T) ·=!)::t;T( (;'i, l) 

3 0 4 S rr; T n Oi , I) = S I G '.::C:l p; , I ) + f C i.'.: ~ C·l , T ) 
.JJl C'\>lTI~UE 

';i) TG SO 6 
: i ;1 ·~ JG '4 \)7 "! = 1 , 'H 

I?prn::'Pl,3) .~E:.NC.?(N,4)) 1~') TO J•17 
DG qoJ .:::=1,:; 

dui STE!T'J (N, l} =t>~'E:'IC (i;, I) +t-TP p;,!) 
!)· . .) ~1)5 !=1,4 

dOS SIGTil (N, !.l :PS1·~T(. C~, I) trnr:CF ( l\,i) 
du7 CO"JT,.:•lfJi:! 
d () 6 CON:'!:~ U !:~ 

no J o 1 N = 1 I N E 
,..F{:WP(l~,1).t.F.NCP{tl,4)} GO TD 1~1 

c1 = (SH>T'1 (~, 1) +S.~'ao c1, 2)) ;?.. 
i.> 1 = !1 () ~-, r { ( ( 2 I { 7 , , {:' , 7. ) - :3 ~ (~ 7' :) ( \ , 1 ) ) I 2 • ) * '" :i + :.; ::: •.' l' 1 ; ('-i , 3 j * * L ) 
;:q'{'f0 (!!) =: 1•01 
s:11: h':u nn =c 1- c 1 
Tj:' (~IG'~O (:1 1 2) .I·>~).S;-;:,::;~'l'C (:4)) Ciu 'I'•) 7,) 1 . 

300 

.\ '·1 G 'r C Ufl = 5 7 • 2 9 '1 7 c *A ";.' !. N ( S l G 'i: 0 \ N , J ) I ( S I l:i T L (: -i 1 2 } - 3 .1 LJnJ ( N J ) ) 
GO TO 7'J 2 \ 



• 
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c 

301 
-1d-

Et= (Ci'l'.!?TC {N, 1} +STi~TO p, 2)) /2. 
?1 =SQPT ( ( (STf<TO (N,2.) -.S'fF'IO (N, 1) )/2.) *'''2 + C'">T:~TG (N, J) /.:..) **~) 
~~AXT~ (~i) =21 +Fl 
E•1INTO {\J) =E 1-Fl 
~?(S:'a'IO(>I,2) •• E:H~TC(N)) _;() Tn 7'>3 
f:! tHF1 't' C {:J} = 5 7 • 2 '~ 5 7 B ~ .,\ T A. N { { 3 T R'lli ( N , 3) I 2. ) I ( S ~ !;• rro [ N , 2) -:.:: .H iH 0 ( N) 
c;o rn 704 

703 3\~~TC(4)=90.0 
7•J>+ CONTINT!E 
301 CON'f"':~W~ 

CALL SUBBCU~:~E ~C~L!S 

!'~" (i~TEST. F!Q.l..'tH.ST) (;O TG 307 
00 3 0 5 ~~ = 1 , ~ F 
I 7 (! "'l J\ T ( ~n • '8 r: • 2 ) !!' ~~ U = • ~ 5 
IF ('i'JP PI, 3) • r•i. ~rep 0-l ,4)) G(l TO JUS 
If (SI' h ( N , 1 ) • l: C. 0 • ) t~ C 'I C 9 J 7 
C: C H! ) = ( h: !: r: ;~ Cl , 1 ) - : t. r• ~ ( H~ r C B ( N , 2 ) + r .-H C f: ( \ , 4 ) ) ) / ~; · L "' ( N , l ) 
,~0 TC old 

:1.J7 :;:::r:;!E (J,2) .T:'(!.J.) r;c '!r Q!~O 

'!C (~!}= (FOPC'F: U 1 2j-£t>.TJ*{Fut.~.:(:i,1) +,!.'CS p·, •q })/.)':.'~. (:·,2} 
GO TO 938 

J>tJ f'C(N)=PE(N) 

c 
c 

')jj CG&'r'I~!!H: 

C:\LL ~W~iL!:~ r:q 
Ju~ cn:;:rrNar:; 
3'07 C0 1H!: JUS 

·;·lf.!TE JNTEF<POLATEO S'!'£,ZS:.i r.::~· f~;t:J:::1C..:. V;iLllt::S 
CfH:fESi?ONDii!G '!0 FFS:lO!il 

!f(~TES~.JQ. LT~~T) ~0 Tr l~UJ 
:'"F (:l:TI~L t<E. NC7:TFTI) Cu TO 1C03 
IF(!NOSX.?.:•;.C) (_;c '!'0 11H'3 
-Ll::'!:'?. (o, 10'JO) 
;::c 1 o o 3 ;J = 1 , 'i ~ 

:~·(:lOP ('•l, 3) • H .• }' CL1 (:! # <q) (:;•,' 'PO 1J) -~ 
w r: J T E ( 6, 1 f) 0 2) N,. ::: .J N pH r: ( N) , t.. E: { J ) I :: :; r: ::: 'Li U·) , c) I.' 1::);;, V { ~. J , ::,...; Ui ) 

10U3 CO~!TI:we 

1 oo FOF:·ur~ (' 1', 1 Jx, • LNCH :~zr~rr 'I C. •, ~5/ 1 
15X, 1 'l'ARL~ 4 - ni~?LlCE~ENT I~C~E~~NT 1 / 

2 7 f. , 1 N DD l~ 1 , 6 X 1 
1 X- f 7 :,; i..) L\ C f- :'ii!! 'l T ' , :n , ' Y- ) :T S P L!. (. ::; .-1 E TI' ' ) 

117 F'O:i'1:'jT (I1•), 2F 1•5. 5) 
11~ ?0~~lT(/I/,SX, 1 T13i~ 5 ~ ~O~AL ~I3~L~CFYfJ~ 1 / 

1 7 A I • ', ~) i; L ' , q A , •• ~-.., I ,j ~; ~4 ~ E 
231,'Y-JIS?LAC~~[~1 1 ) 

1JvJ F:JR!'1AT( 1 0 1 ,5;.:,•t,ii3LE' 3 
1' ELE."'z:! ~'I CONF. 

- IN~Ld2GLATEJ VALJ~S'// 

FDESS. :tto nnt TJS 
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2 DEV. 
3' 
4 

302 
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i~ODULIJS 'I 

1JiJ.:! FOBM\f 
R<:TUR~ 

c r:.:::cK ') 
(SX,IU,8X,F10~~,5X,F1G.3,6X,r10.b,6X,PiJ.~,ot,P1U.~ 

END 
SnJROUTI~~ JS~~~s 

C J 0 I N T ~ L ~ ~ ~ N T 
C Si!JP.I)U':':;'NF! ,JCT~'l STRi~S~ 

:JJt 

c r: ·~ ~ n 'l' Jc 1 N T iU :rTr :. ·~ ( 1 2) , N P, :n? ~ ~; d , :n ::' , u c fi , '0. :) , :·h tU' , ;~ s .. c , J...l " N 1 4 ~ 
1, :Jul?c, Nc:·~xr, ~\DPX, rouT, I:.iccurr ( 20> 
COii:-tQ~l/~IAi'A/LOc~:J (~00,2} ,~10? (200,1~) ,L~AT (L\)0) ,"!!h.: (•JJ) ,lL\ '"JO), 

1 fl 'i (?. 0 J} , ; :3 c ( 1 0 ) I ,J; \ (: ~ 1 ') ) , p :;: :? ( 1J ) , ~ ( 21 I} } , X J i::C; I y J .:: ·~ ' .j ~·-~.. (" J u } I :..; R . 
2,?LCOrlJ{2JJ,2),CCD~(200) 

c n -1 :·JO ~r /·'i ·u, L /Nor N c, K c r;·.r 1 , W,!;E ST, r:r::.; 1, !!I·; L1, ~: c I'r;:; ;.: , v .::; L, T ;1;,; I 1.3 ~' T J 

1Si?C 
cc .1 .1 o ~~ 1sT I i! I· 1 E ~~ T n i'i { 1 2 , 12 ) , 11 (?. no , 3 , 6 ) , !..': ( 2 ·H: , 3 , ~-d , s :\ C:> 1 J I h > , 

1 A H E ,\ (? 0 J) I c { 5 li)) I 11 ( u ) , '1 { p) I h Jj b. l\ c I J { 5 1 0) , ,'\ ~ (:) 10 ) 
c 1 rHHPV J n r N T /T , ( a , a J , 1 L u~, s > , A r < 2 )() l , :\ :1 c; , 2 '> o > , D K :> , 1. .) u) , .) "'.~ < 2 ( 

1 ::: J ( 2, 2.) , ;.; ( 2 (• c, 2) , "'; ; : 0 () , ;~ ) , 'l (20 (; I 2 ) I h V [' ( 2 \.\t) I 2 i I !_'V ( ~,J V , .: ) I 

?. c :\V P ( 2 o u , 2 ) , H: v ( '2 ') 0 , ~) , r.: r 11 '' P ( 2 o o , 2 ) , l1 1 ( s , ·1 ) 
DI:-lt;•J:)If)~·J DI~ (2, 260) 

:,;; (~~I'r:::B.Xl~:.r·:CIT.E~~) i.iO T':.: j01 
.! R.! '! E ( ~) , 6 •) J ) ) 
\di'TE (t,, AJ£+) 
CON'l'!NHF. 
un 3 0 1 N = 1 , ;~ .: 

FOr r.; STht:.iS-s·;-f AI N ~A1'< 'J7 
IF ( ~ (} p ( N , j) • t '.G • N c I? n: I u } ) ''; n T 0 3 i) 1 
D0 1 :;"=1,2 
)() 1 ,j =, , 2 
s :) ( r , J ) = r) • :J 
:~[) ( 1 I 1) =0?':'J { N) 
SD (2 1 2)=D""N (~) 
DO 7 I= 1, 2 

7 V (!: , T ) = 0 • J 

F:=C0S 11\!IG (N) ) 
S = S Jtl ( ~~ t~ •:-: { N ) ) 
D ,·1 1 ] I = 1 , 8 
D0 1 J •" = 1, i1 

n .,..1 (T,.lj=J.v 
':;() 1ll T = 1 , ~ 
J=: 

H '~"1(I,J)=E 

J') 1'5 !=1,7,2 
J =I+ 1 

1 'J T 1 (: , ,1) =:::; 
[.' .'') 1 ~ :;: ::: :. t ~~ , ') 

,1 == r- 1 
h) 11 (I,J} =-:1 

DO 2 b 0 I = 1 , 4 



• 
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o=NO:'(N,t) 
IF(~~. EQ. 1)j <JC ·1':.) 2u0 
K= (I-1) * ~DF 
DO 240 ,J= 1, tn:F· 
IJ=J+! 

24:J ~~(:J)=nrs~J,n 

2 iJO CON 'I IN iJE 

Jrl 12 I= 1, ;] 
H (:) =c. •1 
no 1 2 I .1 = 1 , d 

-2()-

12 H(I)=H(I)+T1 (I,!.1)*H(LJ) 
X::::-AL (',:) /2. 
D·.i 1000 :"!'=1,2 

?=1.-2.*X/AL 01) 
G = 1 • + 2. *.(/A L ( N) 
!'lO 2. I= 1 , 2 
l.hi 2 ,1=1 ,H 

.t. 1!1 (I,J) =0.0 
J 1 (1, 1 )=-F'/~. 
} 1 ( 1 1 3) :-(;j l. 
J 1 ( 1, 5) =G/2. 
dl { 1, 7) :'1':'/2. 
:<1 (2,2)::::-F'/?.. 
Ll1 ( 2, !+) =-G/2. 
~ 1 ( 2 , 6 ) = (~ /2 • 
!.: 1 r 2 , 2} = F I 2 • 

0') 3 I= 1, 2 
wpiln .J 
nr: J J = 1, '-l 

J w Ll I..,.) ::;:: '.~ (:1, -;. ) + u 1 (:, J) * H ( .1) 

C ~-V F';; A G ~ R P. LA T I IJ t·: iJ l S P LAc:;; ~ ;;_ •"'' 
ne 11 !=1,2 

11 V ( :-r , I) =V ( '1 , r ) + ·,: ( jJ I ( ) 

~t; 4 I= 1 , 2 
p (;~I:!') :() • :) 
){) 4 J=l,2 

r• fl ( N , I) = P (l:, ! ) + ~ ;) l'r , ,J) * ',J IN, J) 
lF(Nl'ILf..NE.;~CITE'I<) GO Tr, 1000 

1000 <=X+H.(l-l) 

303 

~ l ~~ L i\ V r. r~ ~. G E J i i E ;\ h A i\ t; ~. J F \D L :; T '"\ ": S :3.:; S ::.:..; i.C.J ;:; 3 
T LS I·; u:; t'i :: ~· '! 

DO 10 != 1, 2 
1 J V { N , I) = V Oi , I ) I L. • 

DC (; "::=1,2 
Jl.\fP (N, T) =0. v 
JC C ,J=1, 2 

t:, A'lr.1 ('I ,1) =.~v-1 (.l,I) +'.:D (I ,J)*'l (i':,J) 
!H: 1: {!-: ) = :\ ;.1 G ( 1J ) "'" (3 6:) • I ( 2 • () * J • 1 4 1 5 S 3 ) ) 
IF ( iH T El~ • J E • tW I T E t1 ) G G 'I' 0 3 0 1 
'" n T E c 6, I+ o o '> l :l, A NG ( N) , 1\: ( ~~) , oR x c N > , r. F r p.q , v c;, 1 , , v Ui, .t.: > , AV P 1 



• 
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I' 

'" 

1:\VPOl,2) 
JJ1 CONTIN!JE 

-21-

CUM~OLAliVE ~VEkRGi 

: F ( ~I T ER • N. E. N C. IT E ~{ ) <~Cl 'I' 0 9 0 2 
r,:~I'l"S (6 1 '1001)} 
~1r::::TE (t,t..'iS) 

'lO 2G'.~0 ~;=1,NE: 
IF ( NI) P ( N , ] ) • r> .. : • N C!? (il , !+ ) ) ; ; n T 0 2 0 1) ') 

H' pn:.-rFq. ~lt.. 1) (;c "'.'O 601 
DO 9 .i = 1, 2 
PCV Fi, I) =CV ( ~, Il 
;.,C,Vl? ('l,I) =C/IVt-, (N,l) 
c V ( '4 I I ) = c" {?l , I) + V ( N, I) 

':J c ;\ \' p ( N , I} =C ,\ V p ( H I I) t '~ IJ i: f N I I ) 
oOl 00 17 I=1,2 

CV ( N , I ) = PC V ( r-; 1 I ) + V ( N , I ) 
11 C,\lf;:' [N,I)=?CAVP(?-i,I) +AVP(N,I} 

'! F ( W':' E~iT. tQ. r 'i'ES Tj GO TO 20 00 
C -~ L L ,J NO~ V' ( N) 

-I? (ta"':EH. i'iE.. t;C:"T E::l) CO 'T'C 20UC 

304 

.-·r•'i'Tl='('- }()"'\ ,, rv fi-l 1) f"'U ('T 2) f'i V''('' 1) •''i/"(\l !) "'" ') .... ·:<1 ~ _,_ • _ o 1 .J \, , •• , _ , . 1 , t . ., . 1 _ , \,a c- •• , 1 - '' ~" , •• , "'r,:;-. \ u , 1.1 ._ 

4 •J o ,; r:...: ) ..., ;. : ( • o • , .:;:: 5 , '~ c r 1 •J • .1 ) , 2 F 1 ri • 7 1 2 -v 1'+ • ') ,. 
3 v :1 ro t:. :11. T f' J • , I '-> 1 ~ r 1'_, • 1 , F 1 :; • 7, ;: 1 b • 5) 

I'.':) 1 /j 
::> • i :J c) F ,-l fL 1.\T (/I, 5 .( , 1 " A El. E 

1 ,JO IN'l.' F:LE'I !-:tiTS I/) 
t• ();.+ f'1H n <\ 1' ( • 0 • , 5 ~ , f N ' I 4 X , I A NG LE f , + X, t I.;·:'!·';':' :r I , 6 ;{ , I c :·, .'1 i .... V I J t , j LA, f 

1 ,;: ::>: s ~' T_ il c ~ :i E ~:T I , 1 J X , ' ;; V ;;: :- ,, G ::: s IF ~.~ s ::; ' / 3 :>X,; I .~ I , 4l I I i I , -~ • .-.. , f .:)dE A 
) i •.r,' o '1 .!\ L 1 1 () ' t ,.....>If i-. a ;; 1 'J' v 1 ~~ q 1{ MP, 1 t ) .. ~~ .- t:· .. I 1\ f " • • ·- .... ""' I _'\ ' . . , 

•, () 'j ? 0 P ~ ,"\ 7 ( 1 0 ' , !1 ~o , ' :•! ' , I) X 1 ' C fi'H !1 L :\ T I v i~ J '.L ~: tn~ d. C ;;; 1 -;; ,; ':'' S 1 , 4 ;.;: , 1 ..; U l'l. ,'l!.J.i ... ,\ ' 
1'T'f'i:SS[~ 1 , hlX, 1 S'1'H'f'-lESS V,\!~11;::; 1/12.-., •:-:p:'",:; 1 ,1,J:<, '.i.Jti,'l•~ .... • ,91.., 
2 ' , 1 0 X, '-~ 0 :1 '·1 A 1 ' , 9 X , 1 s b 1: P, n ' 1 1 1 X , ' N 0 '.'< !'J:\ L' } 

f'f.!TUFN 
ENC 
:-un f<C 117 r ~~;.: 1< F .;c ( J, .:1, 1:;) 
co:J.t-'fLI/Cil~lT H1·rr Ttr' ( 1 2) , ~s P, N P, ~! B, rDF, ~·lC ii, t: .. !l, ;; :·L\1', :E>~ r .. ._1, :H 4 

1 ~ N 0 PC , ~ ~ £'1 i\ 1' , 1 N lJ E X , !0 iJ T 1 :nH: U H'f ( 2 0) 
C0:1NON/Di'\TA/COH:> (200,2) ,NOP (200,4) ,I:·iA.i (;.;(H)} ,•'F1C (&0) ,li.\ (.::vu) 

1 n Y ( 2 o 0) , !' n c ( 1 o) , ,JP c { 10.) , P 1 E' r 1iJ ) , ': ( 2 a o ) , lr1? ~ , Y L> 1:: d , (Ed: ( L J v 1 , u H 
2 , 2 PC n !' !" ( 2 0 0 , ? ) , C C :H~ ( 2 () 0 ) 
c n ··~ "''1 N IS T r k' ;: 1 E!~ '!'I::; ( 1 2 , 1 2) , \ ( 2 o o • J , I) ) , r ( 2 :) ·; , J , ~) , ;,:; 1\ l::: 1 J , l'i 1 , 

1 AI?Za (200) ,C (:; 1')) • 2 (H), H (K), WBI\:H>,!) (511}) , r'\R (51J) 
J I:"! ENS I<P1 C ( t) 
Pl'J:'Pf~ P t: l.f i.i A 'I I: 



• 

• 

• 

J2=2* ~Gl! (N, 1) 
K1=2*NCP (',!,2)-1 
!\2=2*N0P {2!, 2) 
L 1 = 2 * ~le fl ( N , 3 ) - 1 
L2=2*!WP (:J, 3) 
U ( 1) =C (.1 1) 
·r (?. ' = ::: c .r ::n 
iJ ( J) .:::1; ( r~ 1 ) 
fl (1~) =C (K2) 
'l ( 5) .::: c ( !. 1 ) 
if (!:i) =C (1,2) 

-22-

I? {Cf}l)f C1). Ne .1.) ~0 TO ')()1 
:-:-:2 *,J- 1 
[\ = :u" :w r ur, ,r) - 1 

no 4 2 5 t = 1 , b 
4 2 > 5 rr :-'! = ~~ 'J :" + E :; ~ I F r-: f I , 1 ) * r 1 l I. ) 

I' r{ ( i\ ) :: !IJ! p: ) + ~ rn 

'l')1 I?(C'JDt:'(:•l).~(:.?.) GO ::'0 50:~ 

I=2*J-1 
1<=2 * '1G p {:1 I .J) - 1 
SWi=O.O 
JO :nr. L-=l,ti 

·t ~ u '~ U '1 = :5 :L1 • t,; :; 'f IF '1 (I , 1.) ~ ;J ( L) 
A F pq = ; F ( K) + .S :1:1 

D'l U27 L=1, 6 
<L!J s w~ = s U:., + 7~~ 'T IF l'l (! , I.) * u ( t) 

AF (-\) =Ai' (K) +~IH 
J<.l J CO ~:TT i'OHE 

GU Tu 3 
:,jQ4 Cl.:.L :JTIJ:T1 ('q 

: 1 = 2 ~ ~: (1 p ( 'i , 1 ) - 1 
I 2:::: 2 t :; 0 P (>l , 1} 
.J 1 = 2 * hC t? ( q , 2 } - 1 
J2=2""NOP (N, 2) 
fl = 2 * NOP (:~, J) -1 
IC2=2*Nfl!? (N, 3) 
L 1=2* NCP (N, 4) -1 
L2=2*Nt;.::> (.If I 4) 
n c 1 ) = c (I 1 ) 
U(2)=..:(~2) 
rJ{3)=C(,J1) 
fJ(4)=C(,J2) 
U {5) =C (K 1) 
U ( t)) =C ( K 2) 
n (7)=C tL 1) 
rJ(t'}=C(L2) 
TF'(cr;nE(:i).~H.l.) 130 TC 1 
I=2*J-1 
f':::":?*~•OP (~ 1 .J) -1 

305 



• 

• 

c 

• 
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Sfl :·1=0. 0 
D0 ~ L= 1, 9 

2 ~;JIIl=Sflt~+E3r'.L:f:~(I,L)*e(L) 

!d< ( K ) = A R ( i\) + S rr1 
GO 'T'G 3 
If(CUDE(r<I}.EC.2.) GO TO u 
I=2*,I- 1 
K=:2~NtlP (N,.J) -1 

DO 5 1=1,3 
:> ::i fP-1 = S U ''H l~ S T I F '1 (I , L ) * :.J ( L ) 

AP (lol') =1\f~ (K) +SIP 
.j. 1=2 *·1 

K=2«NOP P~-J) 
c;ry ::-!=I) • 0 
00 6 L =1, '1 

o .)!JM:SfJl';+EST Il;~ (! ,1) *0 ( L) 
A-;; (:<) = J\ ~ (:-:) + c. ll ;~ 

END 
Srl3RQfJ'r'!;H: I.1HO.,..f 
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CO :'1 ;\) 0 :vc 0 ~~ T :;;'I I ; L !.', ( 1 2) IN .. ', :-; c,., r; F , '; i:H , NC r-; , ~; t,::, ~'' ·~ !VJ. , :i :.> z. .1: I ,L l I Nl.' .. ' 
1, ~iOPC, NC•.1\T', J?HH.X, IOfJ'r 1 H1COWI ( :.!v) 
c ""'?'I :1 r; N 1 J A P / c oh n < 2 a o , 2 > , 'H;,:: c 2 o o , u ) , '!: ;~ 1. T 1 ,.: 1 :n , .~r li c ( t. u , , J .~ l ~ J v > . 

1 wt ( 2 o o) , r. :~c < 1 o l I J ne c 10 > , i' ~.; -~ ( 1 o > , : < 2c J) , .o ~~ :· , Y r>:;: :-; , r;:. 1d~:; J) , L; R 
'l,PHCOh!l{:~·10,2) ,C\:DE (2')0) 
::t)~t10!l/;\ ~L\ ~ /t;o~ :~L·, r:~~ ~r:·~! I ~lT !,: ~T, I. TEST, ~.!Jtl' ~ r I ~!Cl 'r ~ i,, V.:.;:...., r .if.J, ~~t"I ~ 

1Si?C 
c 0 ·1 1 c, ~: 1 ::; T 1 f -:..' 1 L s 'i rr '·i ( 1 2 I 1 2 ) , ;, ( L o o , 1 , :> ) , r' u ; 0 # 3 , c~ ) , ~: :, l s 1 J , F.> ) , 

1 A :n~ <\ ( 2 o J ) , c ( 5 LJ) , r{ ( d ) , 1: ( q ) , \~ 3 .\ .w , :J (; 1 J ) , :. : ( s 1 o ) 
C 0 ": :10 :Jj :'i "F E SI r. I 3 'f :J ( 2, 2 t J l , ;.; I r; r '.} ( 2 ') J, 4) , S r.., •'!" J ( ?. J J , 3 ) , .;) ,b_ ,\...:.: 0 ( 2 

1 s .1I 'l rr: n 1) i)) , \ ~j(; ';" c ( 2 0 0) , -.:-~.:V; Tr· {2 0 r)) , F :n \ i' (~ (2 '.) !J) , ;;: 1l :Yi.: (.; (.:! J u) I 

21' 0 i~ c F' (2 ,)J I '+ ) , 3 ':' [: f? a 'J , 1 ) , ~· .3 ! r;·[t j ( 2 V ,) , '.4) I :·)'; 1.' { ~ ~~ ( 2 j \) I 'j) , ~) J : s .l.' l.; ( 2 
CIJ"1'1f)li;Dr::F'/l.)X (200) ,!JY (~d·)) I JX (.:.00) ,VY (2 1)0), -.;;{::-;-~ {2JJ, ,Z.;;'Sl (LO 

Hi;, t·;:< Y (?. ) 0) , E ~ ~: 1 ( 2 {} 1) , F I? SI 2 (2,) 0) , :) S! t2 il ;; \ , -.::1 r: -~ 'lJ,;.; S d .L' ,j 
c u ,;\ I1 c t! I J \.) r :H ;·r 1 ( J I' l) ~ i:: L r~, ~n , A L (2 n !j) , ,; L ·; ( 2 ) i)l I :.b s ( ~ \) tj} , 0 {\ [\ l2 

1 ::; ':l < 2 1 2\ , ;'; ( 2 o s, 2) , iJ (.? 'J J , 1. 1 , ~· ! ~ o c~ , ..; ) , ~~ '' P ( ~ n 0 , 2 } , ~= v ( L u u, L} , 
2 c 'A 1 p ( 2<)) , "2) , FCV ( 2 {) J I 2) I p Cl. IJ p p 0 0, 2} I t:i 1 ( b, l) 
DIAENS!0~ 1!5(l,2b0) 
E >) U: V I, .L.:; ~! C E ( !'J!. S , C) 

DO 1 :J 1 ~~ = 1 , ~ i: 
?RCIJRD(:.~,,l) =CORD (N,l) 
P~COJ!J (N,2) =CCt~D ('l,2) 
er; H!) ( S, 1) =C ,)l(D ( !i, 1) + DI S ( 1, 'I) 

cL ii n p , /. ) =cc f r: c :r , :n + n r s < 2, \ ) 
1 '.) 0 ::::oN T I 'I r1 !~ 

TT={THO/NOI~C)/VEL 



• 

• 

• 

'' ·-

·~ 

'' 
'-

c 
c 

2J) 

J=:<:.ou~n 
DO 20;) N= 1, i:H 
D!.. {!{) =iHS ( 1 It\) 
JY (N) =DIS (2, ~) 
vx uq =ox<~> 11 r 
VY. PJ) =J! (J) /TT 
C r) ~~ I I:~ ii ::: 

-2~-

~F (! !!DEX. E~). f:) r., C ""') ') '34 
~~I1f:(F,,1) 
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'11 F' ! T E ( 6 I 2 ) ( :~ , p u c u ~~ D p I 1 ) , l) H ( ~) R D ( i·' F 2) , cC) il ) ('; I 1 j I ~ ;J H ! l ( ;i I 2 ' ' V X 
1VY (N) ,~1=1 ,~·JP) 

1..:,1·lf:;·n·l·IcN qr,, :)~'fiAI"l ~.\'V:::~ ~'·!~l 0~~,;.;;--::~u" OF l:!L\. 
S T R A: ;~ F. -\ 1' .E 

98~ DO 300 N=l,NE 
If0i0?(!J,3) .Ni:.;ICP(N,<i)) Gn TO JOO 
?.flsx ( ~> =sTr: n·, 1, ;,.,r: 
;:p~;y (H) =S'fl?. ( N, 2) ;'Ii 
~~l\;·!X:Y (:l)=Sl'R (;~.3)/TT 
E=(E~SX{~)+EF3Y(N))/~. 

F'=SQ2T ( ( (EPS 1 pq -::;ps:r ("·J) )/2.) **2+ (;;,\-.~!.Y (:q ;2.. }**2) 
Et> SI 1 ('t) =E+ F' 
F::?S! 2 (I~) = E- f 
IF(F:f!SY(J).F~.EPSI2(N)) GO TIJ 381 
.? :; I ( !J) = ) 7 • 2 9 ~ 78 * Yi. .; N ( { ,; . .::. ~X Y ( N) I 2. • ) I (:~ 2 ~;;y U1 ) - E ? ~; ll p.) ) ) 

Ju1 r:;! (~.j):::;;<J:j.) 

GC• :'0 300 
Jvo cor:•·:NfTR . 

SUiiP~=O.') 

SfF1PD=O. 0 
DC 121 ::K=l,t;Z 
E ( N () r (I K, 3) • N:::. N C r ( L\ , ~) ) G 0 1 C 1 23 
! f ( K LIJ ~~T. r:: ;;;>. 1) GC 1'0 1 0 1 
JiJi?=0.5*(:.i!G'~O(Irl,1) .. !?!JIGTO (IK,1)) -~'SZS(IK,1) .. \j.S*\::.LilC{li\,2 

1 -: o < : ~ , 2 ) ) * ~ '"l E ( ~ K , 2) .. J • s * { s : ; ;rr o ( r ::< , 3 ) + ? s : l; ~ o ( ::: K , J 1 ; * s : t: ( ::t K , J ) 

GO TO 1 ::> 2 
1 !) 1 I' '1 ? =!) • 5 * ( sI G 'I 0 ( I K , 1 ) * s 'I p (I 1\ I 1) + :.i I i ~ ~ 0 ( H~ , 2 ) * ) T :;: ( r r~, .::: ) .... .) l " l 0 ( I 

1STF (Ii<,3)) 
1 0 .2 f:O ~ T !>HI 7: 

D !J .!?V= D tJ P* .l\ !'1 E t1 (! ?\} 
P DO F = 1J 1J P V /T T 
GO TC 124 

1 2 3 Off t-l =CA Vi:> (I K , 1) ~qr (I i\ 1 1) H': r. V? (I K 1 2) *V (I~: 1 2) 
LH!PV=DTJP*ltL (IK) 

i2-t 

121 

P GC F = D IJ? V/'!' T 

S] 11 r w = 5 tHI r> '.J + 1: U ?V 
S 'Pl PO= SG ·11" J + 't')0f 
CONT: ~1i1? 

JL.P 



• 

• 

• 

CSijMPW=CSUAPi+SU~fN 

CSU"'i PC-=C Sfl:1 [' D+SII ?t:-0 
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I i" (T ~~DE\. RQ. 0) GC 1'0 1 d 5 
;..; 1? I T F.: ( 6 , 1 2 2 ) K 0 U N 'f , S U i'i F w , S U M P u , CS J !~ P w , CS '1:1 J:? J 

308 

1 FOHiL\'!'('1',5X,'7.1\.0.L8 12- VEl.OC!Tf AllO ~if~•~ C''J-.J'.;J..:.rL,·~::-..:l'/1 
1 d '!!, • \l CD 2 ' , 3 X, 'x- cf'r:. D ' , q :\, ' Y -c !~ ·~ l')' , JX , ' i~- ,\ -~ v ..;;, u' , 5 X 
2 ' ?! - Y- C 8 f\ ~; ' 1 .5 X 1 

1 :\ - •rt L GC I '! 'l' 1 cl X , ' Y- V EL CC IT Y 1 ) 

2 F 0 p 1 AT ( f J I , 7 ;{ , I 3 , !) .{ I F 1 0 • '] , l X ' 17' 1 0 • 7 , '3 ;;;_ , '!:· 1 •.1 • 7 , 3 X , ~- 1 u • 7 I 3 A. , l'~ 1 2 • 5 
1~12.5} 

122 F01_1,47 ('1 1 ,5X, ''::';HnS 1t+ - tJLASl!:C 1\UL\;'\ Ali:.i i?C1:.r::;~\ lH Jd:Ji.tdilTI 
1 1:;:{, 1 l:1CR::"f:<:"<T NO.' ,15/;15-..:,•'l'OTAi. Id·..:~L:.:i:'l.c;!il"i\.~.. t?LJl 
lwO~;(:t ,F20. ');15:::, 1 '.i:O'fi\L ""NCP:·:MFN':fi L ['HiE:! n: O"'FurL'lATIU.~=', ::'~ 
1 1 5 ;{ 1 I c 0 'fll L. ::r I V s f L "s 'E <:: ;.; •.H K = I , F 2 Q • '1! 1 5 .{ , t I.. n {. ; l ; • fi .: ~ 'i E L' ~ :.1 ·~ L( 0 r 
2 H ~; ~ T I 0 :,r = ' , r, 2 C • 'J) 

9 ~ 'j Hl.~ ·:- u :; ~1 
PlD 
S !1 !1 F 0 TT TT '-ll·~ A V r: F' 

'l'iHS .:i!JP ttOUTLL~ J\V~~ 1\AG E S-:' r;::;:::;;;2S,STr, '\Ii'Jj l\:.;J ;)4 i.{ftlt~Ui 

:1 '!' :~CD,'\ L C}tE ~1'! S A r: 1 ': iP. ~; ? FU C F:.E 0 S '!0 C'u • ...: Ui.;\ l;;.; t' ;;\ Ii.~ C: 
V\!. J E S .~ r. J J I P FT TI 0 NS 

.:c·~ :1'1 N/CON'f' '1/T~'!:' L!:: ( 12) , t:P, ;, :t::, ''l JJ, \!) ;, \C~;, :.L J, tli'!t> •', :\ :.;u,·, LL, NI4, 
1 , ! ! n r c , ;: c .. 1 ,\ T , r :: ~~ r: :>! , 1 'J r iT , I ~~c 'J o ':' { 2 o } 

CO,•ii1CN/iH!':\/COr!J (21)1),2) ,·ioP (2:}), ~) ,-:;,.~'(_:}':),'IF~ (t"~) ,lJ:.(20iJ), 
HI y ( 2 0 :n , t :; ~~ { 1 0 l I '~ r: c ( 1 ;J ) , p !P ( 1 V ) , ';' ( 2 ·J ) ) , X '~ ~·:!. , ".{ 1) !:. cl , J l\ A l ~ J \j ) , 0 £-C 
:~,;}.·l·-:':r1:-;';{2·JJ,2} ,CC:L.::(200) . 

;.: J ·! ·w r:/<J'l' 'l ·~ s /e-r:- ·rr} p , 2 v J} , :; r (;: 11 ( 2 iH, 1+) , ;; 7'-' ·r. ~ ( n vI n , J:4 :Lc:o ( 2; 
1 S :'I Itl :'fl (L ,) J) , :I ' 1 ; ·~·_T (:> 0 0) , :; r .•r;--, '; n ( 2 {) 0 ) , ;~ :-• ;, XT ~ ( ~~I) ·; l , ::; c1 L• i u ( b.i ·J ) , 
2 r us c s ( 2 u o, ,·~ ) , .3 1' :: f 2viJ , J ) , l!!~ :. t;4't j ( 2() } , 1l )' , ~) .:; ·:· , 'Tv (2 ·1 d, J 1 1 .: -u:;: s ru { 2 

.• ,...,AJf()'I/D"'t.'/!)X() 1)"•' J'Y(?()"') '"./{ 10 ·'') •r"('"''l''' ,,~ .... { .. 'J·) ··s··(2~"~' \.,.- t, ;:, a r:- ... · • . L. \; 1 1 , ..... \, 1 v l\. .:.. ~ ·.J 1 v J. :. ~ .. :, J , '··· L' "l •'\ ..!. · iJ , w &: :( u' 

1 n -' ~·~ X·~ {2 \h)) 1 S ~1 .s : 1 (..! J i) ) , :C P SI 2 ( 2 () :') ) , ~)~;I ( 2 r) () ) , ~~ 3 u :: !! !) 1 c s ci :·L? i1 

~..:vno:VH':(G/ !!F,:·: u {2()·1) 1 ws:r-J (:~iJr)), W•d; un•)) ,.lvT:U t-',)v), 
OVT-,N (lOO) ,h V'ft\Nt~ (2.C J) ,.~',r;i;1;< (tOO) ,,;'J . .:;~'d: U:JJ) ,.\'/;j.,J . .J (.t:JJ), 
2 \V(; T ~X ( 2 d } ) 1 A V 'i ·~ !~ :~ ( :t \j (J ) 1 r\ V')'!'.\ :i I 2 r~ •; ) 1 .\V::' ::; - 1 . ; -~ \10) r :·,V l: ~ .~.:: ~ 2 J V) 1 

3 .\ 'I:' S I C~ :.; .J ) 
f) T rl" N ~ T () :.· ~; j: (; tl\.'l; ( 2 ,) 0 , '-+ ) I ss I ~; T () ( 2 J 0 , .. ) , .':::: 't:, r~; 0 ( 1:) j , j} ' .) .L.' E ( .lu :) 

1.Sfi'SX (2l)0) ,SI·l?SY (2t)0) ,~~(;.:..:;;.;:·{ (201)) 
no 1 i) P 1 = 1 , ~H 

n~ l H ,) ·1 I = 1 , ._. 
~:='OFC1~ (L, !') =0.0 

d,'},) !>:JI;T:-l(L,l) =C.\J 
ne >JOO !=1,3 
SSTR (L ,I) =0.:; 

') ~.n =; s T ~ ':' c {: , -: ) = :; • I' 
:3 E? ';'( ( :!..) =r). U 

SE~SY(L)=O.O 

3 ;JJ 

S·JA "'! XY (L) =0. G 

VlLU2S f~B ACJftCFNT ELE~~~!S 
NC2I..=~J 

D 0 ~ :1 :J .i 1 = 1 , t~ E 
f.H) 4 01) I= 1 , 3 
!f ('WP(lJ1,1) .1.'.1· .• t,:P(1i1 1 4)) t~U 1't-J 4.;1 
r.r: (~0? n: 1,!) -!.) qOC,30v,4DO 
~=Nl 



• 

• 

• 

500 

rlOiU=NOEt+1 
D0 500 .J=1, U 
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S F 0 Ji C ~~ ( L , J ) = S F 0 H C ~; ( i. , · J) + F C ~ C E ( 1i , J) 
s:;rGP,'f) (L,.J) =~StG'fO {I.,~f) ~SHiTC p~,.J) 
D') l)Q1 .1=1,3 
.SS?n (i.,J) =SS1!f (L,.J) +STF (N,J) 
ss·•nro {L,,J) =~s·I'?lc {L,J) ~-~;::9-:-·c (t~ ,J) 
:iEtl~iX (L) =;lE PSX {!..) +.E?SX (N) 
'EP~::t (L) =3r.PSY {1) +EPS1 (\I) 
:J(H\ ,·J :< Y ( i.) = S G A''! X Y (!.) ~ ,-; \ :J X Y (li) 

!F p;oP"t. t:). o) 1;c: Tu Lo 3 
:-;n TO 66 tj 

vuJ NO""~L=l 

309 

C t\VERAGF: V!\.LIIES BY DIVIDih~; 3Y NU!i)Et\ OF A:i.''l'ACidD E.LE~ 
Ll).f i)t) oOO ,1=1,4 

Sr.>fhiCr:: (L •• !) =~FI!RC8 (L ,J) ;tiOE I. 
i,;)J ~-;.:;IG.i' 1 ' {L,J) =SSIG'jr, (L,J) I'!CnL 

])() 6 {j 1 ,J ::; 1 , 3 
s c; ·~ f: ( L , J) = s s T t~ ( L I 'J) I d u :: L 

uJ1 'l'1'r•<TO (L,.l) =~S'f(l'!J (L,J) ;~J'l:<;L 
S2P3X(L)=SEPSX(L)/clO~L 
SJ;'::'SY(L) =sz;.J:::Y(L);;w:L 

c 

3 ~7 . 
Jdd 
lJJ 

:;G h:1 XY (L) =S G A i·::n ( L) /UOF L 
Ct~i.Cf!Li\tr.; i'I>I:K!i?,\L '11\L:Jf.:) r,:!J ::J.\7c~·rr:-;~ 

C~LL fRI~(L,Sf~~CE,AVS~A~,~V~M:N,AV;~~) 

C~LL 2?I~(L,fS[~70,~V1~X~A1~AN,AV~~v~) 

C ti L L P 1, 4: :~ ( L , SS i :1 , A VS :1 ;{ • ;, VS .. : :. , -\ V S ,._ :it.;\ 
r: l\. !. :.. P :~I ~i { L • .::, S T?. : r: , A V .S '1 i'! X, ,~ VS '11 ~ ~ , :: 'I 3 T ~\. ,f J 

2= {SBP<"i!. (L) ~-~~PSV \~.~ )12. 
F::: S ~~ R 'I ( ( { S: '? ;: Y ( !.. j - S 7·: P 5 X {l.) ) I 2. • ) * *2 ..- ( S ~ ~ •1 V v ( L) / 'i. • ) *' ~.< L. ) 

HPS! 1 C:) =F+.i' 
.\ V P S I 2 ( .i.. ) :: E - l 
ic'(Sc:?';:'~L) ."::~. 1\hJSl::!(l)) .;r: '"''C 307 
i V P !.i : ( L ) = :1 7 • 2 J ') 7 d" :, T t'd ( ! 2':; tP'l Y ( I ) I 2 • ) I ( ~ . ! .) :; ':' ( ~ ) - ii \i' ~.:· :..; - 2 ( :... 1 ) ) 

c;:. '"!'f: JO ;~ 
J\'JPS: (L) =fli.i .~, 
Cf'!J T 1~ !1::: 

~; f: I ·r r:: C A t C iJ LA'!' ·~ J V.\ r. J !"' ~ 
~r'(::NDEi.RQ.u) (;C fO 'JH~ 

w~ITF. (6, 101) 
ioi :~ ,. T ::.: ( f , 1 () ?. } ( L I ( c 0 7j f) (!. , ,J) , J = 1 I 2 ) , ( s !· ' ' ~. c F (J. , : ) , :;: = 1 , • J , ~~ V s :1 [i. X 

1 •\ V;;, .... IN (L} , A V r. ...... ~ {f.) , L 1 I ~1 ?) 
·hn'l'l~ ff·, 2u2) 
.r q ! '1' ~':! ( h , 1· )3 ) ( L • ( c -:; "' i) ( !.. , .J ) , 1 = 1 , 2 ) , { .3 .:::; 'L!( L • : } , T : 1 I j) , ,\'[ :; ,Lq 1) , 

1 1\ iJ $ •ii! (i~) , A. V!" !\ :~ ·; ( L.) , I.= 1 , 1! P) 
,pr·::-:; ('), 1 H) 
,;,: I [ ~ ( (;, 3 ()I)) 

;.~ ii or r P (':"; , 10 2 ) ( L , ! ::: J ~~ oJ ( :.. , J) , ,i = 1 , 2 } , ( .:.>i : .; ·: ) { :.. , : 1 , ::. = 1 , ;.~. i , . d ~ .. u ( 
1 ?, ;J T H\ ( L ) , A V T 'I :·; -; ( i ) , L = 1 , 11 !:') 
~~1~r~(o, ll'J) 
.. cr·"'"E (6,212) 



• 

• 

• 

2')2 

j J \) 

l l 5 
lh 
~ 

J 

tJl 
l:H 
10 ... 

)db 

.,vl 
7J".!. 
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':T I\! T .3 (6 1 lJ 3) ( 1, (.: 0 P J ( L , ,J) , ,J = 1 , 2) , { 33 T :{ '.i.'O (I.., .: } , !' = 1, 3} , 1\ '13 T .'1 X ( l 
11\ ., si' "''Li ( :. ) , .\ V s TA :l (:!:. } I L = 1 , 'H?) 

WJITg(6,5) 
W2ITI: (o,3) 
,_, x: '1' ~ {(i, 1 \) 4) (I.« ;; ~~~ S .( ( 1) , St: :J .:H 0 .. j , :; iA ~:X Y {":..) , ,\ 7 ?'a 1 { L) , it 'l t.1.::a2 (l 

1 \'f P ~; i ( l) , L = 1 , ~ ~}) 
P'E:L\T( 1 1 1 ,5:X,''l'\i< .. ::: f)- :L:;c·.~r::"S~r: S':'F.'.;:S.-~ Ut·) Si'.\hl.N'/1 
l~X,'STR~SS :!C~2J~~~'I 
1' ~0~~ l Y Z-Sfu~SS I-S1~~~J i~-S!n 
2 ~-S'r!·~3SS .. ~,1:\X-3~:-iESS ·'1IN-~TEtSS A:~~;L.c;•) 

F G :::1 :-1 :\ 'T' (' a 1 , 5 X , ' S 'l fl A: t1 I N C R .l:: i1 :~ ~-~ "!:' t I 
1 ' 11 o ;; :: "' ·l :~- s fr P rt- ;-,J ~t-s .. : ~~ .• .i jJ 
1 J. -..s r t' ,\! OJ ;:,1. ~= -,(-;·-:p :\.: ~l !tli fJ-:-; ~ !~:\: ·:~ :'1 :J(; t...r~ t) 

f'OFr1-\'!( 1 () 1 ,5J<,•·L'AJLg 1- l'U'iA.i... .:J'r,-.:.;:;s A:·!) ':']'ld\I:-1 1 // 

1' ~HJD8 X Y X-S':'] ES~i Y-3T~\ 7S:l .>.:1-::i.i.'.d.C.:S. 
2 Z-S'!'R:SSS H.X-S':'P!::ss .'1Ii-1-S""Rr..~3S ,t,L.il...i 1 ) 

ro £? M i\ T (Ill, 1 x , ,...~~ c I' u. ::: ·n 1\ L ·; s ' ) 
r'JF"'!t\T('J 1 , 1X,''l'C'L;L STFESS:~S') 
t':):::; :1 AT (I 0 ' , 5 1. • t T .JU U:; 1 3 - s T ;:;:\ 7 li .( A .;: ~ ~::; • I/) 
F"l lPl '-. 'r ( PH) , 1 N CD !-' X-;.:; '.l •·--H :·; ~,' Y - 3 'J' i_~ U ti h 

1f-.ST:U!•J I? '1AX-STH~~L1 ~·; ,"l:::.u-Sr\:\.:~ 1 .i~h;L,~ 1 ) 

FfJ =~;HI (I 5 I ')X , ~? 6 • 2, 6 z 1 ') • ~~., F 1 2. J ) 
~, o ~:: :'1 A 'T er 5 , 5 ·< , 2 f 6 • -~ I 5 r 1 5 • ~, ? 1 2 • 3 l 
:.'n G :"- ~ '!' (l 1 0, SE 1 7. 4 , i" 1 t!. 3 ) 

~'J.) 

(.~ T:; . 1 ,.JTJ'~I :1;;: .2 a:li ( !\, .\. r,~'l AXP, i\ :uti", ld GP) 
JI,'!i~':SIO ~1 A ( 200, t!) ,11. ~!l. XP (2(J J} , HlT L? (L•JO) , .\ \"";P (20J) 
fl: ( rl. ( :~ , ll + ,\ ( ~ , 2) ) /2. 
c: s \J '1'.i:' ( < ( l\ C:,I , n - ~. < N, 1) 1 12. ) **~+A ( :~ , 3 > *"' :?' 
k'"!.\X;:> (N) =3 1-C 
~ .. ':I '12 (N) :J-C 
;:: 1ft\ ( ~1 , 2) • "! 2 •. \ :'1 I r.J P ( ~l) ) ,; (i ":"· f: 1 0 1 
_u;r;!? ( N) =57 • 2 'J 'J 7 H *A':.' .L-1 ( i\ (1i 1 n / ( .\ ( N, 2) -,\ ·~:: L? ( , ) ) ) 
!;O 'T'l) 7t) 2 
t\'If;P (N)=~v. J 
en 'IT IN' fJ'~ 
F :::'l'H? :-1 

C0-'1 ~10 NICONT R/'T' !T I.i: ( 12) , N i?, N i., ~J c, ;;.;oF, NC~, ··:. J I 'L·I i\ (" '~ ;jt .. ;!', .d .. , i•:A. Lj. 

1 1 \I ("I ~ C , ~! C Vf \ T , I ~In ~ :< , I 0 3 T , I NC' n P'~ ( 2 0 ) 
CC~ ~10 'V!JAT ·\I C1R D (?.·H),?.) , :w" ( 2.·) iJ, '+) , :.1 \T (/VI) , 'i;<...; ( u •.i) ., ;JA {4:: vv) 

1 :n { 2 a 0) , I !3C ( 1 0) , ,Jij c { 1 (}) I C'h. r' (1 : J , ,.. ( 2 J '}) , .( ) : •: , i j) ;~ :J, Ci L.i. l2 J (j J , J [( 
2,PPCO&D(l00,2),CCDE(200) 
':U"'£1\L~Ut\ ~AL/t.ICT\lC,snur.:, ~1"'.SS'r, L'f~ST, \!I·.,..•·>·, )~'JT~f'!i, lh.L,TriJ,:.iliT: 

c ~- 1'1 c V:) !' ~ E !)/ C! s I.) ( 2 , ;..: L> I)} , :l : '~'!' .,; ( 2 i) .~ f ll ' :; ···. 'l ,, { 2 ,: ) I ~) , .i ~• ,\ , • .2 \.) ( 2 
lS•if:Jl"O LW')) ,,~;~;'l:C (200) ,r.:;.:;·;-::.-J(200) ,c~:L .. C:::p·li)) ,:·>L.·.4LLJ(~vJ), 
2 l:" o r:: c s ( :Go o, . .q , sIn c 2·1 J , -~ ) , r .'; :- GTv c 2 o l) /1 ) , ~::: -~ ·: : '· 1 ( 2 J:) , .J) , ~·· J.: s i o ( 2 

.,: c>t '1,; rV :F1 ~rL; N ;,.:u :? p} , c:> .\ ( J, 1 o) , N i?T s ( J , hJ) , :: ;-; r n) , ~; .~ .'1 ( J 0) , 

1 r::.Y ( 3, 10, ) 1)) ,:;,\~iGC (J, W.,JOl, t'H~S~ti {~JiJ), ~'t::-;;:.n:V (~·;•)~ ,C.Ji<.?td (~01 
,~ o·· M "'·"'I ''I~. r \C' I f. T'" J: t'\ ,. \!TT ~ ~ ( .... ' '· ) F." { ~ '} ( ) 1' •. ro ? J ') ... r ' "\ . ~I .,. D K N. "'""' ) . • :"l.J (~ C, ,., , :> L I ':. .. 1 .._ •,J t ~ ·-l I :. :~. /.. \.;' U t .. \.... L,t tJ t ._, t~ J l. t 1 f-. "'l .1... tJ I #..1 !' .. ~ J. I . 
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c 

, .. .. 

1:::1\ (1!}) 
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NCN-L:NZAJ Af\LIS!S 
NONLIN IS \ Et1U'ri NE TIIJ\'1 IN'r232fJilAI!-S 'f'Uh 
STYFSSRS ~FOH KNOWN VAL~ES 0? STS~Tj 

.:; S rr B'!' I:/1. Cl~ 
C T>\ACr C.F 

c 

c 
c 

c 
' . ... 

c 
c 
c 

I I' ( S t': ~ :C"" C ( ~~ ) • 'l F: • U • ) G U '1' C 6 () 1 
TF'(~:f1I"f'l'0('1 ) .C). 1.) ';0 1'~ 392 

IF {A R S { S .1 A X T C ( N) ) • 1:; T. 1\ il S ( S '11 N'I C ( N) ) ) G 0 'I' 0 2 () 1 
C o !l 2 ;n~ ( ~~ ) = ( s f'! iHT ( p) +S p; 'f G PJ , 4 ) ) I 2 • 
GC TO 292 

L(Jl CONP!:if'{N)=(SliHSTCP)) +~):GTO(N,4))/2. 
2-J2 El?Rf:.=ElqN) 

'!F ( \ l3S ('f. ,:Hd'T C (J) ) • i.i'~. A:3S ( E: '1 LJT 0 (]) ) ) ;_;o ':'c h 1 

I=H1A'f (N) 
NC!JRV=:!CilH { :'") 

VET~~1!N£ TWO ADJUIN:~G ~G~fi~:~G ~J~~3U~~ ~~~E 

C:JP!JES r;r~l;F:t~D:Nt; CN '[~!F cc~:!·'Ir~~:d;:~':J. Ul' l'd.:... LL£!1 

I F p; C fl [l V- 1) 3 5 ·~ , .J 0 U , 3 1 U 
3 uJ ]C-= 1 

GO TO 325 
J tn CC 11j() ::c-=1, KCTJRV 

r F ( c P F ( I , 'l c ) -A B s ( c o r~ PH r; ( ~;) ) ) J 4 o I J 2 ~) , 3 2 s 

D2T~~jlNR 1~0 AUJGI~!~G ST2~l ~ COU~J!~&l~j ~~~E 

CN 'fHl:; t'iA.TOH Ff<!~JC!:t,'I.L S'II,i\:'1 Cf' tr:J.:. ~.Lc~L:.:~r 

DO 355 1 ?= 1 , NP'I' 
::;: ,.. r,;; "- : H~ ~~ CT , ;: c, LP) - 'a s f ? n s r ~- o) } 
c 0 u ·r:: :ilrc 
'2!: ( N) = R Y (I 1 N C 1 N P 'I) /G tu"! OC (I " NC 1 ~; P'T) 
IF ( N 17 ER • l1 E • f!! C: T F H) <:;o 'l' 0 J <J::' 

p [. ;.: j; ':If ( t.f} = E f II I N c, l-1 l? '!') 
rr~c rn J·.12 

I;~ T L r. !lf! I l\. 1 E f' c~ F S 'I 1\ r~ ~-~ S C I F F ~-_, !J f_ :--r C 1~: V A i. J ~ 
CCR:?FSPC:(lCihG TU EPSI:.C(-!1 
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J SO DENDM=GA ~0C (I, NC ,LP) -G i\ ::1CC (I, ~JC 1 LP-1} 
FfJ:·l:CE= (l}t\'10C (!, ~C, LP) -PHST':'O) * (E'l ( l, :H;, LP- 1) -'C"'{ (.._,he ,Li?)) 
'IG2S':'R=EY (I, ~le, !.F) +F un:::;;ul:: tc:·i 

If' (NCfTI::V-1) ~5q, j~O, J65 
3 5 '-1 TH\ ! '!';:: ( f, , 4 52 j 
tt52 ~·r;pv.r.T{5'{~'~':HiiOP. nl NCUF.VE Ci\;~D') 

36J EE(~)=~BS(~OfSTF)/ABS(P~STTO) 
I7 (~!I":'E'1. ·n~. ~:')~'fl'.::t) GO TC ~n2 

GO '!''1 392 

Jo') If'(AGS(CfJ~PH:nt•i) )-0.0) J75,J7'J,J7'; 
375 !? (ABS (CO:JP.:'F ('I) )-CPfi(I, :rq) 3Hv,J7J, 3H5 
JdJ NC"'~C'-1 

: F (lK • L :-~ • {) ) GC T C 17 C 
llC'.:' S'r P ='!0~' S 'f E 
!'~r.J TO 321) 

J'}J !::::'{:-1) =!.ILi(TOFS'fii.-?l7'3:1EV (il}) ;;:..us (I'T:SI'TC-t-t::::;~~;('·I)) 
-..I. (~f:'C"':~H. \ij~. ~~.c~T~i~) UL ·"'t) J~~ 
P 3. E'STF (P) = ~, :: S'i ""~) 
?I';;: rn: V (:i) = ':.'u l; !}';..'~: 
f~C TC 3J2 

3:3::1 IF{tiB::i(CQN?2.E(:I)}.::;T.CFf1(I,'-'LJr,V)) ~0 'lC J70. 
::: T p.; r: \\ = tr'o P s r;: + u. r!:" ~c D ~! l? :~ rq r) ) - r P F ( ~, ,,~c) ) 1 i c P ': f::, !: :.: • 1) -:.:? .< ( r. , 

1~ {B:J'I'!:::H-T0P!:If:l 
~· ~· ( ' 1) = !i P S { S ·1 f ~~ ;• i; - " F ~~ [; F \. (i.:) ) I A 3 !: ( P ~; ~;T ·; r; - ~: :: .:: ·~ !' ; ( ·:) ) 

'?i::f'~'I'h (n =?F ~T'l' 1 ) 

r•.: :;· uf v c 'I) =<1 '11- ~.:· . ..; 
J-J2. CCIN'i'I::!iE 

'T'I~ACE C.f:'F 
HETrJN; 

:; • 1 d ~\I) rr: r 'd ,J ~ o n 1: ( i:) 
co:'ir1C~/D.HA/Cc:.:r.~ t20G, 2), ~:t)P (2(H1, ~) ,:/.\': (?J;:), '·l:?: (oJ) ,uA (200) 
l~Y t200), IRC ( 10) ,.1.::•C ( 10) ,P~.E ( 10) ,'£ (200), 1L!E1, Y:)'·:;.;,uuX (2,JJI ,uh 
? , P 2C 0 :n~ ( 2 0 0 , 2) , C CD E {.l C 0) 
CC1i·1CCV~rc-:;,JT/'L'1 (~!,-1) ,21('-:!,:>),Ai (2hi), i:;r~(2\l::l, '~~::;\2UJ) ,:);\:'1(2 

15J(2,2) ,\(20~,2) ,P(,;.(,r),;:) ,V (2•Jt.,.2) ,:\V;:-(~~1,2) ,U l~JJ,2), 
2CI\V'?(200,2) ,fCV(200,2) ,l?CAVP(200,2),l31 {8,:q 
cc :4 M o ~' l ,J rv: ~.; L 1 N v A 1 ( 2) , c ~! ? ( 2 , 1 o) , i\ H ( 2 , 1 o) 1 2 · i (2 , 1 o) 

J:\!t:NLT~ !S ~ f\CU'II?~2 ·:a.\~ Ii .. :-7:~~:~(J~,ti'.L.!; f.:Ji.~ JH~A 

J'T~I1_i'?~··L;'SS .~10DrlLfJS F;tC'·; ~rY>'?: ~(L-r S'l';.\i~JJ-~Ti.t.Al~J 

.0£TE.~iLJ..; 'T:,,'i ·~lJ(INirx-; '~Ci?'lii~. ht8S .. 5Ji\t:.: 0.:..2CiNJE 
~!IRIJ.ES DF.:'?E~iJit~G 0V& 1'!12 N~;:<Y.i.L t)iH~33\Jnc; ,;L1 THE 
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·~52 
J 00 

3 :,•j 

3 jJ 

l:=! .MJ\T (N) 
NVALtJE'=IlVt'tL (I) 

-)1)-

r F 01 v A 1u z-1 > J 51J , J c o , J 11 
~lF:ITf: (6, 452) 
POR~AT(5X,'EF~Ofi IN ~V~LC~ CAR~') 
'fO I> i1 = 1 .1:n (I , 1 ) 
IF(C,\'!f-(N,1) -TJ~~n 3:0,.JC)0,J)~ 
cowrr ;wE 
"F S ( ~q =0. 3 5 
Gt:' ro ~92 
NV=1 

313 

t) K s ( ~ ) = ( (1 • - :\ i<> ( (:\V p (}l I 1 ) ) * 13 i { {I , 1) ) * * 2) I ... [{ c: , 1 ) 

3 11 

312 
)14 

J13 

J1u 

Ji.+J 

'~ .\ V = N \r A L 'I ;-
IF(CN!' (l, 1) -CA'!r (l~ 1 2)) 312,314,314 
7 f (C. il P (I , N A V ) -C i\ V P ( N , 2) ) 3 1 ~, ) 15 , 3 1 J 
'i!l"'i' n {I, 1) 
Jiii=3t! u, 1) 
(~() '!'0 3 I) 4 
AHI=AH (T, :·'!1.11) 
r! fl I = B fl ( I , N i\ i/ ) 
se TU Ju1+ 
DG 340 N V::::~,~ 1Jt1. L UF; 
~~:· cc~P (I, ':v 1 -c.:\ v r p, 2) > 1w• 1 32 5, 32 5 
C>H T !!1 flF. 

J:l.:~ .i\HT.=;\H c: 1 ciV)- (:ur (:, ~\') -lP! (:, NV- t)) * rr··n c:, .:v) -eA IJ~o' {;~ ,;,q) 1 
1 (C ;)p {I I :'H) - (J p ( 1 , ~l V- , ) ) 

B i! T = 9 H (I , tl V ) - {'.Hi ( : , '·! V) - B H (:;: , :: 'I - 1 ) ) * ( C S ? ( ... , \J ~r ) - C ,\V .. > {:1 , 2 J ) 1 
1 \ C i~ P {I , tl V ) - C !\ P {I , .\l V- 1} ) 

30·+ TO ...,;,1= 1./i~l! 1 
!T (Cl\ V(' ('l, 1\-Tu~.; i) JfO, 360, 3b5 

J tJ ') COr.: .!:i'll'~ 
) !Cr' ( 'l) =:) • J 5 
r;n TO 392 

3 o l D r S ( :J) = ( { 1. - P !:S { C\ V P ( ~: , 1) ) *PH I) * * 2) I ld:i l 
3:JL CO!IiT!"!'Ii~ 

fil·:.,.. HR N 
F'ID 
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c 

(.: 

c 

315 
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D!MESSICN XJCI:(11,32,4) ,'!YD(11,22,'+),XA(11,32,~) 
0 I tiE N S ION Y A ( 11 1 3 2 , 4) , N N N ( 1 6) , N 1 ( 8 ) 1 ~ 2 ( ~) 1 M K ( 1 6) , 5 f Y (J , ':! ) 
nr t1 ENS 1 oN s F x c 3, g) , r r ::1 E ( 9) I x c 9 ) , Y c 9) , x v ( 1 > , Y F < 1 J , ~ T ( j) 
j) I !IIJ E iL3 I 0 N c 0 F ( 5 ) , X T ( 9 ) I y l' ( 9 ) I A F I T ( 11 , 3 2 , 4) , y F I t ( 1 1 , 3 2 , ;~ ) 
D I~ ! N ~I (I~ u X ( 11 I 3 2 I 4 ) , V y ( 1 1 ,3 2 , 4 ) , ES .i: ci ( 1:) , 4 6 , 8) , Li c" ( 4 0 , 
D :L ~ E N s r o ~J E P s x ( 1 o I 3 2 , 4 ) I E P s Y c 1 o , J 2 , 4 ) , 2 ~ s \ Y c 1 o , J 2 , t.t} 
DOURLE PBECISION XA,Yl,J,Y,X~,J1 
HEAD ('5,*) NP,NR, l\C,NR1, bB2, NC 1,NC2,I:~, !N 1, !N2,:K 
READ (5,*) { (SFX: (l,J) .,1=1 ,3) ,J=1 ,NP) 
REAC 15,*) ( (SFY (!,J) ,I= 1,3) ,J= l,NP) 
READ (5,*) (Tl'1~ (I<) ,K=l, Nf) 
REAC (5,*) (lHN (I) ,I= 1, :N) 
BEl\.0(5,*} (N1(I) ,I=1,I~1) 
REAC (5,*) (t>J; (I) 1 !=1, tN2) 
i\Fi\0(5,*) (MK(I) ,I=l,IK) 
REAC(S,*) TT,N!B 
READ(5,*) (IDCW(l) ,I=l,'SIB) 

EE,DS THE COOFDINAIES fRC~ IHE CIGITIZEE 

DO 1J .1 S = 1 , :a: 
DC 11 ,1= 1 I N R 
no 13 I= 1, NC 
FF:i\C (5,*) J(Xt (':,J,JS) ,Y.YC(::: ,J,JS) 

13 CO~i'TINOF: 

t~UL'TIPLI::-:S 1!lE: CGORDINA'IES BY 'W8 SCALE fAC'!.Cl.\$ 

on 17 JP= 1 , N E 
DO 107 J=1,~ 
no 1 o 7 r = 1 , N c 
X~D (I ,J,Jr>) =XXD (I,J,JP) *Sf'X ( 1, JP) 
YYJ (!,J,Ji?) =Y~G (I,J,,JP) *SPY (1 ,.:!?) 

107 CCN'IU4fl:: 
DO 108 J=9, 2C 
DO 1 0 8 I = 1, :1 C 
XlW (I,J,JP) =XXD (!,J,JP) *SF¥. (2, JP) 
YYn(I,J,JP) =YYD (I,J,JP) *SF1 (2,.:F) 

1C8 CCNI!Nfl~ 
DC 109 ,J=21,32 
DO 1 0 9 I= 1 , N C 
XXO (! ,J,JP) =X:<D (!,J, JP) *SFX (3, .;p) 
YYD (I,J,JP) =YYJ (1 ,J,JP) *S?Y (3, .:F) 

10'1 CCN'I'INllE 
17 CCt~TilHJE 

GO TO 9999 

~ WRITES TilE SC\LE~ NODE CCCEOI5A1SS · 

DO 1 9 ,JJ. = 1 , ~ f 
id? : '! E ( 6 , 13 •) 1 ) 
'NRI'IE (5, 1302) J8 ,TL'lF: (,JF) 
wRITE (6, 1303) 
DO 2~ K= 1 I NR 
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DO 999 I2=1, NIB 
:r(K.EC.IROWt!2)) GO TC 998 

999·CONTINUE 
GO '!'C 25 

Y98 ~r,ITE(€, lJQij) (XXfl (I,'!C:,J!:!) ,I=1 ,NC) 
Wili'l'E(6,1305) (YY'C(I1,K,JE) ,I1=1,~lC) 

2.5 CON'I!Nr!E 
B. CONT:NOE 

1301 F0F~AT(1H1,1~X, 1 COBREC1ED CCC~CINA!SS') 

316 

1302 FORMA'!' {1H 1 qc. c;. PIC1UF-E= 1 , 1X,I2,5.<,'!LH ;'\l''r£d Sl.rt.dT= 1 , 

1F5. 2, 'DAYS') 
1JOJ FC3i1AT(1H , 1 COOFDI~A'IEf Jl-i\:XIS Y-AXIS') 
13J~ FOR~AT(1H ,•.&=',t(i~.6 1 3X)/1H ,1X,t(F9.t,3.\)) 
1305 FOft!'ll\T (lH I I ¥= 1 , t (l:'9.6,3X) /1H -,1 },6(f9.61 3>.)) 

C CREATIO~ OF ~N !NiiiAl ONDIS1CE'!'ED G21C NETiChK 
c 

c 
,, 
'-

c 
(; 

'j ~ 9 j DO 1 0 0 L = 1 I 1 3 , l.t 
,lK= ~K ( l) 

1JJ 

JK 1='1K (L+l) 
JI<2=t'!K (L+2) 
,JK3=.'1iJK {L+J) 
DO 100 J=JK,Ji.<l 
DO 1CO I=JK2,JK3 
x A (.!: , ,J, 1 ) =- 6. J s + rr- 1 J * 1. 21 
y l\ (I, J I 1) = 5. ~ 8 6 b + (J- 1) * 1. 2 7 
COftT! ~HE 

GBIC ADJITS'IfEN:JS. CCCSCI~lA'IES :.;:,! ;{-A:C:S. 
AFF~ ~ITH ~C SCilNJAF.Y F3CBlE~S. 

DC 200 L = 1, 1 3 I!.+ 

JN=NNN (L) 
J:-ll=NNr-; (1+1) 
JN2=NNN (1+2) 
J~J=~NN {L+3) 
DC 300 K=2,Nr 
DO 300 J=JN,JN1 
00 300 I=JN2-JN3 
C 1 =X A (I, .J, 1) -X XD (I, J, 1) 
02 = x A t: + 1, J I 1) + x x n ( r , J I 1 > - :< A c r I J, 1) - x :i o (:: + 1 • .J, 1) 
OJ=XXO (I+1,,J_1)-XXD(I,J,1) . 
IF (DJ-1.).) 1~0,1~1,15C 

151 D4=0. 
GC '10 152 

150 D4=t2/t3' . 
152 DS={!XD(I,j,B)-X}~(I,J 1 1))*C4 

D6 = x A n: + 1 I J + 1 , 1 > - :e< o er+ 1, J + 1, 1 ) - :n (I , ~J+ 1 , 1 ) + .x xu c 1 , J + t, 1 l 
D 7 =X X 0 (I+ 1 , J + 1 I 1 ) -X X D (1 , J+ 1 , 1) 
Ir (I:7-0.) HO,H1,160 

1b1 1::8=0 .. 
GO 'fC 162 

1 bU D8=C6; C7 
16.2 D9=(XXO(I, ... l+1,K) -XXD (I,J+1,1)) *DB 



• 

• 

• 

-3-

. 010=(09-DS) * (YY'D (I,J,K)-YYD (I,.;,1)} 
D11=YYD (!,J+1, 1) -YYD (I,J, 1) 
IF(D11-J.) 1i0,1i1,17C 

171 012=0. 
GO TO 172 

170 t12=I;10/D11 
172 Xi'I.(I,.J,r\) =XXt (I,.:,K) +D1+D5+D12. 
)v() CCN'I!NUE 
LUO CONTHHJ::! 

317 

C GRID ADJUS~MZN1S FOR 1HE CCCSUI~ATES C~ Y-AXIS. 
~ \!!EA WITH };( l3CfltiiJAFY fPGELE!':S. 
~ 

c 

c 
c 

vC 400 1=1,13,4 
JN=NNN (l) 
JN1=NNN (L+l) 
J~2=NNN {L+2) 
JN3=NNN(Lt-3) 
DO 5 G 0 K = 2 , M f 
D 0 50 0 J = ,J N , J N 1 
DD 50 0 I =J N 2 ,J N 3 
D1=YA (I,J, 1) -YYD r;:,J, 1) 
D 2 = Y A ( I , J + 1 , 1 ) + Y m < 1 , J , 1 ) - 1 A ( r , J , 1 ) - Y Y D n , .1 + 1 , 1 > 
·OJ7YYD {! ,,l+ 1 # 1) -·no ( :, J, 1) 
lF(Dl-0.) 18C,1d1,13C 

·1d1 Dii=O. 
GC TC l'J2 

1~0 C4=D2/D3 
182 05= (YYD (I,,.J,F)-'l~D(::,J, 1)) *C .. 

D 6 = y A ( I + 1 , J + 1 , 1 ) - y y D {I + 1 , J + 1 , 1 ) - y ,, (! + 1 , J , 1) t y I 0 ( 1 + 1 , J I ll 
D7=YYJ (I+1,J+1, 1) -'lYD (!+l,,J, 1) 
IF(D7-0.) 19C,191,HO 

1'11 08=0. 
GC TC 192 

l'JO Di:!=D6JD7 
1S2 D9=1YYD(:+1,J,f{)-YYU(I+1 1 J,1)) *.C8 

010=(1.::9-DS) * IXXD (I,J,K)-XX:l (1,.:,1)) 
D11=XXC (I+ 1 ,J, 1) -XXD (I,J, 1) 
r F < o 1 1 -o • > 2. 1 o , l 1 1 I 2 1 o 

211 D12=0. 
GO TC 212 

210 .C12=D10/D11 
212 YA{!,J,i\)=YYr(!.,J,K) +01+1:=5+C12 
500 CON7INUE 
4t00 CONT!NflE 

GE!D AOJUSTlEYTS FOR THE CCORtiNA!ES ON I-AX!3. 
IN 'T!IAT AJEl\ IN~'IEAO CF 'I+1' '!II::· 'I-1 1 I2 os;.:Q. 

;)0 t 0 0 L = 1 I 5 , 4 
JNN=N1 (L) 
JNN1=N1(L+1) 
JNN2=~1 (L+2) 
JNN3=N 1 (t+J) 



• 

.. 

• 

• 

c 

00 700 K=2, NI: 
00 700 J=JNN,JNN1 
DO 10 0 I =J ~ M ~ , ,J N N 3 

-4-

D 1 = XA (I, J, 1 ) -X X D ~I, J 1 1} 
o 2 = x A u- 1, J , 1) + 10 n ( r , J I 1 ) - x A (I , J, 1 ) - x x D ( r- 1 , J, 1) 
D3=XXD(I-1,J,1)-XXD(I,J, 1) 
IF(D3-.:J.) 22C,221,22Q 

.221 04=0. 
GO 1C 222 

22v C4=D2/D3 
222 05= {XXD (!,J I fC) -XXD (! ,J, 1)) *£4 

318 

D6 =X !l (I- 1, J + 1 , 1 ) - :< XD (I- 1 , ,J+ 1, 1 ) - X A (I , J + 1 , 1) +X Xi) ( l • J ... 1 I 1 ) 
l} 7 =X X D (I -1, J. 1, 1 ) -XX c (I I J + 1 , 1) 
IF(07-0.) 230,231,230 

231 C8=0. 
GC TC 232 

233 DE.=D6tD7 
232 D9=(X)!D(I,J+l,K)-XXO(::,J+1, 1)) *::;8 

D10=(D9-D5) * IYYD (I,J,K)-YYD{I,J,l)) 
D11=YYD(I,J+1,1) -YYiJ (!,J,1) 
r r c r:: 1 1 -o • > 2 4 o , 2 " 1 , 2 4 o 

241 012=0. 
GO '!'C 2~+2 

24v I;12=D10/D11 
2~2 XA (l,J,K)=XXt (I,J,K) +D1+C5+I::12 
700 CON1Hi0)!: 
600 COhTINUE 

C G~:D ~DJnS!!E~!S FOt THE CCORCI~ATES 0~ Y-AXIS. 
C I ~r T H A:' i\ R E A I :1 ! 'I EA D C F ' I + 1 1 'I lE ' I - 1 ' I S US E D • 
c 

D0800L=1,5,4 
.1 N N= 'I 1 (L) 
JNNl=Nl(L*'l) 
,JNN2=N1 (1+2) 
,JNNJ=~ 1 (1+3) 
;:)0 900 K=2,N£ 
nn 900 J=J~N,JNN1 
DO 900 !=JNN~,JN~J 
D 1=Yt\ (I,,l, 1) -YYD (! J"J 1 1) 
D 2 = y A (! , J + 1 , 1) .. I y ;; (.i: I J , 1} - y ,\ (I., J I 1 ) - y y D { :I ~h 1 I 1) 
r: 3= Y YD (I, .1 + 1 1 1 ) - ~ Y n (I 1 J , 1) 
!F(CJ-0.) 25C,251,250 

lS1 D!.t=(). 
GO TO 252 

25v D4=D2/D3 
2:2 D5={'lYD(I,J,i<)-Y.Yl.J (I ,J,1)) *.Ut+ 

D6 = y A (:- 1 , J + 1 , 1) -V 1 f) (I- 1 I.]+ 1, 1 ) - y A (!- 1, J , 1 ) + y y] ( l.- 1 , J , i) 
D 7 = Y Y '1 (I- 1 , J' + 1 , 1 ) - Y Y D ( l- l, ,J , 1) 
If{D7-C.) 26C,2E1,2o0 

2o1 03=0. 
GO 't'O 262 

260 DH=C6;D7 
262 09={YYD(I-1 ,J,K) -YYD (I-1,J,1)) *D8 



• 

• 

• 

\..: 
c 
c 

-s-

D10= (D9-D5) * lXXD (l,J ,K) -XXD (I • .:, 1)) 
D11=XXD (I-1 ,J, 1) ·ZXD (I,J, 1} 
IF(D11-0.) 2j0,2i1,270 

271 012=0. 
GO '!0 27 2 

270 D12=t 10/011 
21J. Yd. (I,J,K) =YYD (I,J,r\) +D1+D5+D12 
900 CCN'ITNfJE 
800 CONTINUE 

JC 100{) L=l,5,~ 
i'J,JN =N 2 (L) 
N,Hil=i~2 (L+1) 
NJN 2=N 2. (L+J.) 
tJ,J~3=N2 (I.+J) 
DO 11'HJ K=2, NP 
DO t10•J J=~J.,!-iJt-1 
DO 1 1 0 0 I .: N J t 2 , ;1 .. 1 !JJ 
Dl=XA (I,,J, 1) -XXD f!,J, 1) 
III=I+1 

o; X-II.XIS. 
'I iE:: t J- 1 ' IS US d~D. 

IF (J. EQ .. 32 • HH!. I.zc. 11) TII=!-1 
n 2 = x A {I! I, ,J , 1) + x.~ u er , J, 1 ) - x l\ (I , J , 1 ) - x :w c I .i: i, ,J, 1) 
D1=XXC (II!, J, 1) -XXD (I,J, 1) 
IF(D3-0.) 28C,281,2HO 

GC 'TC 2!12 
.e:dv C4=02/DJ 
282 D5= ()O,D(::-,J,f<)-XXD(I,J, 1)) *Ct3 

I II=I + 1 
!F(.J.Fr.;.32 .n~r.. T.E·:-;.11} T!I=I-1 

319 

D6=XJ\ (III,J-1, 1) -XXD (III ,J-1, 1) -Ju~ (I ,J-1, 1) +XXJ (l,J-1 1 1) 
D7=XXD(II~,J-1,1)-XXD(:,J-1,1) 

1F(D7-0.) 29C,2<J1,2'10 
2'Jl 08=0. 

GO TC 2-J2 
2JI.J DB=DE1D7 
2S2 09=(XXr(!,J-1,K) -XiD(I,J-1,1)) *td 

D10=(D9-J5) * IY'iD {I,J,K)-YYD (!,.:,1)) 
D 11=YYD (I ,J-1, 1) -YYD (I,J, 1) 
If(!J11-0.) 310,311,310 

Jll D12=C .. 
GO TC 312 

310 D12=I:10/D11 
312 X:\{:~,J,K)=.\XI:(!,J,R) +C1+C5+C12 

1100 CO N'I HHlE 
1000 CCNTTNTIE 

t;ruu i\JJHS!~E'iT!:.COORGn-11\':ES CN Y-LC~S. 

IN !H.\T AHEA IN~'IfAD CF 1 J+1' 'IriS •,1-1 1 !3 USE'iJ • 

00 1 2 0 0 L = 1 , ~ , !+ 



• 

• 

• 

NJN=N2(L) 
NJ~1=N2 (L+1) 
NJN 2=N ~ (L+2) 
NJN3=N2 (L+]) 
DO 1 3 0 0 K = 2 , !I P 
DO 1300 J=NJ~,~Jbl 

-c-

DO 1 3 0 0 I= N ,n; 2 , N J N ] 
.D1=YA (I,J, 1) ·YYJ II,J, 1) 
D).= y A ( I I ,1- 1 , 1) + y 't D (I , J I 1 ) - y ,\ (I , J , 1 ) - y y J (I , ,J- 1 , 1 ) 
D3=YYD (I ,J-1, 1) -YYC (I, J, 1) 
H'(DJ-0.) 32C,J21,32v 

J21 04=0. 
~;c TC 322 

J2u :'J4=D2/D) 
322 D5= fYYD(! 1 t.l,I()-YYC(!,J 1 1)) *.C4 

!1!=!+1 
IF(J.EQ.J2 .JI~lD. !.EQ .. 11) III=:-1 

320 

n n = Y i\ (I I r- 1 , .1 , 1 ) - Y YD ( r 1 I -1 I J , 1 ) - Y .\ ( r - 1 , J , 1 ) + t Y :1 ( l - 1 , .; , 1J 
D7= YY D (!:I- 1 ,J, 1}- lY D (I -1, ,J, 1) 
Tf(C7-0.) 3JC,331,330 

331 08=0. 
r;c 'IC 332 

JJO DE=DE;D7 
332 D9= ('il:D(:-l,J,K) -YYD(I-1,J, 1)) *C8 

D10=(D9-D5} * IXXD (I,J,K)-XXD (I,.J,1j) 
D11=XXD(:-1,.J,1) -XXD(!,J,1) 
IF(Dll-0.) 340,341,340 

341 r:12=0. 
(;C T C J:.n 

.340 C12=C10/J11 
342 YA (:,J,.i\)=Y'if: (:,J 1 K) +D l+C5+C12 

1300 CON 'I HI Ii3 
1.200 CONTINflr-: 

DO 14 0 r, J:.: 1 I t\ i? 
WR!'!E (r', 1106) 
WHITECt 1 1302) .J,'li;iE (J) 
WRI'!F (6 I 1301) 
DO 1 4 5 0 I 1 0 = 1 , 1 J , 4 
Jl\=~K (!10) 
JK1=r1K (I 10+ 1) 
JK2=MK (!10+2) 
JKJ=!iK (I 10+ 3) 
DC 1450 K=JK,J~1 
DO 9 <;; 7 I L = 1 1 N H' 
! F ( I< • E C • I i~ C 11 I I 2 ) ) l; CJ 'I C g 9 t> 

997 CONTINUE 
GO TC 1450 

-J9u WRI'IP(f. 1 1304) (XA{l,K,J),l::JK2,Jld) 
WHI'T'E (6, 1305) (YJl (:1 1 Kp1) ,I 1=,JK:£,.JK1) 

14!:>\} CONTINUE 
1400 CCZ..T ... NUF: 
1306 FO.t:.MAT(1tl1, 1 CCOl:U::IN!\1iLS AD,TtSTFD H'TF:5 .C,Hi\ :u::JiJC.l.'l~o.:u; 1 1 

1' 7ECHNTCUE IS PPPLlEt'} 
GO 'W gg92 



c 

• c 
c 

• 

• 

CURVE-FIT RCUTINF 

DC 1500 :9=1,13,q 
JK=MK (19) 
JR1=~K (Ig+l) 
.. 1K2=M!< (I9+2) 
JK3=Mi< (I9+3) 
DO 1500 JC=J~ 1 JK1 
DC 1500 I=JK~,JK~ 
DO 1 ~ 5 C ,1 .3 = 1 , N P 
X (JS) =Y:\ (I,JC,.JS) 
Y{JS)=XA(I,.JC,JS) 
wr (JS) =1. 

155J CON'J'INOE 
XF(1)=0. 
Yf(1)=0. 
N=4 
ISCAL = 1 
11XDG=2 
!PF.INT=-1 
NF=O 

321 
-1-

CALL CUBV?T(J,Y,~7,~,I~CAL,~XDG,CC~,NCCf,Ir~J~~,~f,Xf,1t) 

DO 1600 K=1,~E 
XT{K)=X(K) 
00 1600 J=l,t.COF 
IF(NCOF.EQ.1) GO 'IO 351 
IF(X'f(K).£:\.1.0) ,:;c TO 351 
IF(J.EQ.1) GC TO 351 
YT (K) =YT (K) +CCF (J) *XT (K) ** (J-1) 
GO TO 1600 

351 YT (K)=COF (1) 
GO 'fC 1600 

luOO CON':'INIJE 

J62 
lol 

DO .3 5 2 L = 1 , :u 
PER= (Y (L) -YT tl)) * 1vv ./"i (1) 
IF (AES (l'Ei:!)-~ .. ) 361,.361,362 
Y'!' (L) =Y ( L) 
XFIT (I ,.JC, t) =YT ( L) 
YFI'I (I,JC,L) =X'l (l) 

352 CCN'fiNilE 
1500 CONTINUE 

wR!TF (6, 110u) 
13Jd FORMA1(1H1, 1 FIT~f0 C006DINA1ES') 

DC 16'50 JS= 1 ,~If 
IF(JS-1) 371,~72,371 

372 WFITF(6,1J09) JS 
1309 FOPt'L\'I (1HO, 1 FICTUP.E 1 ,!3/) 

l.i c 'f c ] tl1 
371 wl'ii'TE(f,1310) .!S 

1 J 1 0 F C R ;~ :"! T ( 1 il 1 , 1 t ! CT U F E ' , I 3!) 
3 d I DO 1 E 5 0 I 11 = 1 , 1 3 I ;_. 

,JK=~K (! 11) 
JK 1=:1K (11 1+ 1) 
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• 
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JK2=~K (I 11+ 2) 
J K] =M K (I 1 1 + 3) 
DO 16 50 JC = J F 1 .1 K 1 

-8-

D 0 9 9 5 T 2= 1 I ~ I p 
IFfJC.EQ.IPOi(I2)} GC !C 994 

~95 CCN'f!NnE 
GO TO 16 50 

Y 9 -t w n r r E c fi , n 1 1 , J c I < x F r T c r I .r c , J s > , r = J K 2 , ,1 K 3 > 
w2I'IE (6, 1323) ('iFt'I (I ,JC,JS) ,I=JK2,.1K:!) 

1311 fCRMI\T(lH , 1 !iCw 1 ,IJ,2X,'XFI'I', 10F7.3) 
13 2 3 I-' 0 R M A '1.' ( 1 H , 3 X I ' y f :r T ' , 1 0 F 1 • 3 ) 
16 50 CO "iT !}PJE 

322 

~ CC~PUTAT1CN Of VllGC!TY CO~POHEN1S. 

c 

99~~ HRITE(6,1312) 
1J12 FOR~AT(1H1, 1 VELOCI:Y CCMrONEN1S CALCULA!!) FBC~ ~llfiJ 1 , 

1' CCCPCINAIES.') 
Nl?01=NP-1 
DO 1700 JS=1,NP01 
JS1=JS+1 
r F c J s- 1) q 1 1 , Ll2 1 , 4 11 

421 WL!'T'E.(6,1313) JS,JSl 
1313 Fnh~i\'I(1il0, 1 fiCTtLE 1 ,I2, 1 - 1 ,1~) 

GC TC 422 
411 rlf:I'IE(6,U14) JS 1 JS1 

13 1 '+ f u i~ ~A 'I ( 1 rn , ' r I Ci {J H E ' I I~ I ' - ' , :: 2; I) 
'+ 22 Dfl 17 C 0 JC 1 = 1, 1J , t.t 

JK=l'lK (JCl) 
JK1=i1K(JC1+1) 
,}f<2=!'!t: (JC1+2} 
,H<J=MK (JC 1+3) 
00 1700 JC=Jf<,JK 1 
DO 17 50 I= ,J K -' , J K 3 
u X (: , JC, ,J s ) = ( X A ( ! I J c , J s 1) -X A (I , J c, J s) ) I'! 1 
VY (I,,JC,JS) = (YA {1 ,.JC ,JS1)-YA (I ,JC,JS) )/'IT 

1750 CC.N'!!NUF. 
DO 9 9 3 I 2= 1 1 r; I E 
! F ( J C • .E ·J. Hl 0 \of I I 2 ) ) GC T C 9 'J 2 

9'JJ Cn:'>i'IHlUE 
GC TC 1700 

'J92 WRITE (6, 1315) JC, (0.{ (I ,JC 1 ,JS) ,I=JK2,JK3) 
WR !TF (6, 1351) (V 'i (!, JC 1 JS), I=JK2,,JI\3) 

131S FOrt:-tAT(ld , 1 PCii',I.3,5X, 1 rJX',3X.,1l:::t3.2) 
1351 FOP!'IIA'I{ll! ,11X,'VY',3X,1H;8.2) 
170J CCNTINUE 

C C.J~I.HJTAT!CN OF ~THA::-; Rrl'r!:S AtH DII:iFCT!ll:-i Cr :'RI:L::.!2AL 
C S r F A HT i< A I E • 

~R!':'E (E, Hl t) 
13 16 F 0 R ~ AJr (1 fi 1 , ' S I H A ! N IL\ T £ S A tlC D I R E C 'I I U N 0 F 2 R Hi C I. t' ti I. ' , 

1' STTIAIN dAil.') 



• 

• 

• 

323 
-9-

DO 1800 JS: 1 1 NPO 1 
:r:.F (JS-1) 511,~12 1 511 

512 WRI7E(t,1J17) JS 
1 3 1 7 F 0 p l'l AT { 1 H 0 ·, f s .1: I ' , I 2 I /lli I 9 X , ' X :~ • , 1 8 X I t y N ' I 17 X f I EL' sA ' I 1 ()A f 

1 ' r: !:' s y ' , 1 5 X , ' E p .s X y ' , 1 7 X , • I? sI ' , 1 1 X I 1 'E s T B ' I Hi , 9 X , ' - - ' , 1 ':.i :~ , ' -- ' 
117 A, •---- 1 

, 1 t X, 1 ---- 1 
1 15 X 1 

1 
----

1 
1 1 CtA, •---- 1 

1 S X 1 1 
----

1
) 

GO 'J'C 513 
511 ~RITE(6,131d) J~ 

1318 FOEMAT(11!1, 1 SET 1 ,I2,/1H ,9X, 1 X~i',1B.X:,'YN',17.'1., 1 t..i!SA 1 ,1uX, 
1 ' E P S Y 1 

1 1 5 X 1 
1 E P ~~ /.. Y 1 

1 1 7 X 1 
1 PSI 1 

1 1 1 X 1 
1 EST 5 1 I 1 f! 1 9 X 1 

1 -- ' 1 1 d X. 1 
1 -- 1 

1 17 l{ , ' - -- - • , 1 € X , ' - - -- ' , 1 5 X , I --- - ' , 1 4 l. , ' ---- ' , (1 X I ' --- - f ) 

S13 JS1=JS+1 
DO 1d00 L=1, 13,4 
JK= fH< ( L) 
IF(L.NE.q .JU\fl. I..NF..13) GC rr. 9896 
Jl<=JK-1 

':.Hb6 .JK1:MK (1.+1) 
IF{L.NE.l .IHI:. I.NE.S) GO TC S89Y 
.JK 1=JK 1-1 

':H39B JK2=~K (L+2) 
,H<J=MK (L + 3)- 1 
DO 1850 J=JK 1 JK1 
J 1=,1 + ~ 
DO 1850 K=JK~,JK~ 
K1=K+1 
3 PS X ( K, ,J, ,JS ) = 0 .. 5 * ( (U X ( K 1 ,.J, JS) -!1 X p:, J, ,] S) ) I ( i A (K 1 , .; , J S) -

1 xi\ ( K , J, ,1 s ) ) + to x { K 1 , J 1 , J s > -:; x ( r , J 1 , Js ) ) 1 ( x A u: 1, J 1 "J .s) -
1XA(K,J1,JS))) . 

F!? S Y ( K , ,l, .J S ) ::: J • 5 * ( (V Y ( K , J 1 , JS) -V Y ( Y, J , ,T S) ) 1 ( Y A ( K , J I , J 3) -
1 Y A ( K , J , ,J S) ) + ( V Y ( 1:< 1 , J 1 , ,1 S ) - V Y ( K 1 , J , JS ) ) I (Y !t ( K 1 , J 1 , J S ) -
1 Y 1\ ( K 1 , ,1 1 .JS) ) ) 

i!? .3 X Y ( .K, J, J S) = J. ~ 5 * ( { U X ( !<, J 1 , J .S) - !.J .A ( K, ,J , J S) ) I 0: A ( t\, J 1 , .; :.Si -
1 1 1 ( K, J , J S) } + ( f!A ( f<1 , J 1, J 5) - U X (l\ 1 , J, .J S) ) I ( Y A (K I , .11 , J S) -
1 Y A ( K 1 , J , J S) ) + (V Y j K 1 , ,J, .J S ) -V Y { K , J , J ;:; ) ) I ( X :\ ( K l, J , J S) -
1 X A ( K , J , ,] S) ) + (V '{ ( I< 1 , J 1 , ,J .s ) - V y ( i< , .: 1 , J:l ) ) I (:\A ( K 1 , J I I J :.; l -
1X .1\ ( R, J 1 , J'i) ) ) 

XN = {:{;\ ( K , ,J I .J !: ) + X A { K , J 1 , ,] s) .. X.!\. ( ,, 1 , J 1 , ,J ~ ) + 1{;\ ( K 1 , J I .J:.) J j 

114· 
y N = ( y A ( K , .J, J ~) .. y;!. ( K, J 1 , J s) .. "ll\ ( l< 1 I J 1 , ,J s) + y A ( t: 1 , .J, J;;;, j ) 

,I ... 
! F (A l3 S ( E PS;{ { K , J , .J S) - Z i? .S Y ( i'i , ... 1 J S ) ) • iZ • 0 • 0 u 0 0 0 0 1 ) i.i G -~ <) '.J .d 
F=2.*EPS~Y(K,J,JS)I(f~SX(K,J,JS)-EPSY(K,J,JS)) 
.PSI=O. tS*ATA N If) 
fSI=(PS!*3o0.)1(~.*3.1415Y) 
GU 'IC 522 

54 1 ! P ( F!" S X Y ( K 1 J , J S) -0. 1.)) 5 ; 1 1 53 2, 5 J 3 
531 PSI=l35. 

~;o TO 522 
:J32 J?ST=O. 

GC TO :.2 2 
'J JJ i?S;' =45. 
s 2 L A r J.:: c A n s (F.;.., s }: < ~ , J I J s) > ..... 2. + l\ B s , E ::.-:.; Y ( r: , J , .1 :n 1 * * 2. 

1+2.* (ABS (EPSXY(K,J,JS)) •*2. )) 
ES'rR (i< ,,J ,,JS) =s::;r~ '! (J. 66 6 ~ 7) * SQR 'I (AI 3) 



• 

• 

•• 

-10-

·DO 991 12=1, ~IF 
IF(J.E•:!.Iti0W(I2)) GO TC Y90 

~91 CCNTTNOE 
GO 'tO 1850 

9 9 {) !HH 'f R ( 6 , 112 l) ) X' N , i' !~ , E PS Y. (r , J , J S) , i:! "2 S Y (:( , J , J S ) , 
1 e? S X Y ( K , J , ,J S ) , l? .: I , .\:: S 'I h ( t: , ~1 , J S) 

13~J fOR~AT(1H ,E14.3,4E2C.J,10I,E10.2,2X,E11.2) 
1 U 5J CC ~;·ri !WE 
HOO CONTI~OF: 

C CCMPUTA~!OH OF PI~Al EFFgCTIV~ STRAI~S AT (X~,YJ) 

i~2:!:';F' (6, 1J21) 
1321 FOR:!AT (Li1,':>X, 1 EHECT!VE 

.. 1S= 1 
,JS2=2 
JS3=J 
DC 19()0 1=1, 13,:.t 
.JK=MK (L) 

STf.ri!NS.') 

IF ( L • N 'I' • 9 • l\ ~ I: • l • N E • 1 3 ) GO 'r 0 9 8 9 7 
JK=JK-1 

9d'J7 Jl<1=~iC(L+1) 

I?'(L.NE.l .AND. l.NE.5) r;o 'IG 989J 
JK1=JK1-1 

jd99 .JK2="1K (1+.2.) 
Jfl3=~!< CL+]) -1 
DO 19 5 C ,J =,1 K , J i\ 1 
r>C 1950 I=,1K~,.JK3 

E!) F X= ('IT /2. ) 4 (?:?~X (I , J , J S) + f 2S X (! , J, JS L) *2. + 
1 E? S X (: , J, J3 3 ) * 2. ) 

E S !· Y = ('IT 12 • ) • UP ~ Y ( l , ,J , ,1 5) + E l? S Y. { 1 , .; , ,J S 2) * 2 • + 
1EP~Y(:,J,JS3)*2.) 
E~>F:<Y= (T'f/2. )* (El:SXY (!,J,J.)) +Et:S.<Y (::,,J,,J32) *2.+ 
1E2~XY (!, .. J,JS3)*2..) 
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DI3= (ADS (t;;s .FX) *'<'2. +AES (ESr'Y} ** 2. +2 •* (,\t1S (ES?KY) **2 .) J 
!ST=SQRT (0.€f6b67)*SOR1 (8I3) 
DO 984 I2=1,t.I;< 
IF(J.~(;.li:W~ II2)) GO TC i.J'3H 

'J8j COW!JtHlE 
GO 'TC 195iJ 

JAB WHI1!(6,1322) J,I,RS1 
1322 FOP:1A'I(1H , 1 FCW 1 ,!3, 1 NCDE',I3,E10.3) 
D 30 CONT!!HJ~ 
1')()) CON'!'!N!TE 

STOP 
END 


