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ABSTRACT

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
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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 thg_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

Département de Génie Civil M.Eng.
et Méchaniques Appliquées aolit 1984
RESUME

Le but de cette étude est d'analyser et/ou prédire
les caractéristiques de fluage a longue échéance du matériel
tampon situé autour du réservoir de déchets nucleéaires dans
le puits.

Les méthodes analytiques examinées ont comme objectif
de dériver des forces statiques compatibles avec des déforma-
tions possibles cinématiques tout en satisfaisant les condi-
tions limites.

Pour détecter tout fluage dans le matériel tampon
sous des conditions limites actuelles, un procédé expérimental
appelé technique de "boite-vitrée" a été adopté. Ceci permet
1'observation visuelle du mouvement du matériel tampon. Le
modele fit crée en reduisant les dimensions du prototype
original et en utilisant la moitié de celui-ci limité par
son axe longitudinal. Les résultats expérimentaux furent
ensuite analysés par la méthode d'éléments finis et la méthode
de la plasticité visuelle. Les considérations«majeures de

cette étude comprenent les exigences suivantes:

-iii-
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1. Le dévelopement de la téchnique de la solution
d'éléments finis pour prendre en considération les
conditions limites du probleme.

2. Etude de l'effet des conditions limites sur la
performance du matériel tampon.

3. Vérification du modéle analytique/et de prédiction
établi en comparant les résultats prédits avec les

résultats expérimentaux.

L'application de la méthode de prédiction developpée
offre une information satisfaisante sur la performance du
matériel tampon a longue échéance dans le puits sous une
variété des conditions limites compléxes imposées, et ne
demande que des données simples a acqueir sans pour cela

sacrifier 1'éxactitude des prédictions.

-iv-
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NOTATION

The symbols used in this thesis are defined at their

first appearance. The major ones are listed below.

th

A. area of i quadrilateral of inscribed grid

1

C soil cohesion

Di(i—1,2,3) displacements

E elastic modulus

EO initial elastic modulus

ET slope of the deviator stress (01-03), versus
principal strain, €., curve

£ lumped force field

Fi body force field
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K element stiffness matrix

Kn element stiffness per unit length in the normal
direction
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u,v yelocity components

U velocity field
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Y strain energy
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CHAPTER 1
INTRODUCTION

1.1 Summary of the General Problem

Nuclear energy has become a valuable contributor
to the supply of electricity. It supplements coal, replaces
0il 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 engiheering barriers of a deep geologic repositoryrwilf
keep nuclear waste safely isolated from our environement

and our descendants.
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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 caﬁisters 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
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
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 total 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

loading without any detrimental deformation.
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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. 1In 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
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 100 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
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prior to backfilling

.4._)..

Water intake around the top

of the container causing upward
heave - unlikely to exert severe
additional stresses cn the
container or induce any movement
of the container.

"~

O

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

buf fer material.

Container ~—— | ?

Fig 1.2 Possible situation leading to creep of the container

(after Yong,1982)
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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 1is
still possible, depending on the density, compaction effort,
placement technique etc.

It should be pointed out that the above éituations
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. 1In 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 satisfactdry 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 1, of which this section forms a part, is an

introductory chapter which presents the statement
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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 tést 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.

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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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.
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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 informaﬁion about a
particular component or a proposed design, but also, in a
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.

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 1is
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 dams
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 Emori (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 equidistant
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—éonsolidated 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.



The ultimate goal of research on similitude in
soil mechanics is to refine the ability to predict soil
performance to the poinﬁ that it is adequate for all
applications. Further research éhould 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
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

15

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; vVyalov, 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
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is based on the concept of rate processes developed in
statistical mechanics.

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

4"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 = 1nA - E/RT

where A is quantity known as "collision number" or more
often "frequency factor"; E is termed the "heat of

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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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.

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
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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
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 Hérrin (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 £he secondary creep. The
rheological parameters are calculated through the "rate

process" equations, and creep test results.
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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
of this theory toéoils, 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:

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:
. t1 m
€ = A 0¥7) exp (aD)
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:

- k T _AF, _._ fA
e =x ~g exp (- gq) exp (57)

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
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.

6) 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 contaéts
must be effectively solid to solid (Mitchell et

al., 1968).

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 uﬁit 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
Alfrey (1948). Studying the rheological behaviour of high
polymers and rubber-like materials, Alfrey (1948) found that
the time of 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:

c,(t) = [ £(r) (1-e%%) ar
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

@©

[ f(r) dt =1
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.

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 éxperimentally

obtained creep curve therefore represents an integral effect



25

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 participating in the process of deforma-
tion. By representing the macroscopic straining as a
continuous function in the following form:

t

e = Ao + J f(t?r) c dt + Bto

-0

the three components of deformation, i.e. instantaneous
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) derivéd 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 = T = - m 1n (gi )
E(ter) 1
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and for the relationship between creep stress intensity

and strain rate the formula:

1n (7——5—— Y= a D
e(t,D_)
o

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 éreep tests are needed
to establish the values of A, a and m for a soil.

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

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

(1953). 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 Vx and Vy’ in the x and.y coordinate directions
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:

. X

€ = —

XX X

[ V

€ = X

vy Yy

N 1 vx v
ny=§(—y—+—lx )

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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Experimentally measure the instan-
taneous deformation patterns in the
distorted subsoil and from super-
position, determine the time depen-
dent patterns.

Calculate the strain rate compo-
nents in the coordinate directions,
i.e., . .

EX’ Ey, Exy.

()

(1)

Choose valid yield
criterion (Tresca,
von Mises)

Select plasticity flow rules asso-
ciated with chosen yield criterion.

(1)

.| Calculate plastic

(2)

viork rate.

Calculate stresses.

Fig. 2.3 Flow diagram of the method of visioplasticity.
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McKyes (1969) has shown that the Levy-Mises

equations of perfect plasticity viz:

. f
Ex = A 5
XX
v £
€= A—
(0]
Y vy
. f
Yy = A
Xy Xy

or in summation convention

. £
€.. = A—3
ij Oij

are valid over a limited range of application to the
deformation behaviour of a clay soil. The expression
£t/ Oij may be regarded as being the gradient of the

)

loading surface giVen by the equation f = f(oij
As a consequence of McKyes' results, the required
constitutive equations were derived by Webb (1969) and

are given as:

s =iI__2_ G

XX K XX
. ) /12 .

Yy K Yy
c /1,

ny K Xy

where
I2 = second invariant of the strain-rate tensor

2 2

1
=5 [legme )% + (eyme )% + (e5-¢0)7]
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=
i

o
I}

5 second invariant of the stress tensor

% [(01—02)2 + (02—03)2 + (03-01)2]

Il

O%x = deviatoric stress component in the x-direction

= g -0 _ where o_ is the mean stress
XX m m

. |
3 (0y+0,%03)

Similar definitions hold for o§y

G1+0,,05 = principal stresses

€1r€pr 83 principal strains

By setting K2

J2, 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

(pV,) (pV_)
+ Y =9
X y

if the material is assumed to be incompressible, the equation

reduces to the condition of incompressibility given by



CHAPTER 3

EXPERIMENTATION

3.1 ‘Material

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
Geotechnical 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

_33_
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TABLE 3.1

34

Minerals in Avonlea Clay

(in decreasing order of

TABLE 3.2

Material

50% sand - 50%

abundance)

Montmorillonite
Illite
Feldspar

Quartz

Summary of Index

Specific Gravity

Properties

Atterberg Limits

L.L. P.L. P.I.
(%) (%)
98 19.2 78.8

plastic limit;
ex

ibution

Grain Size Distribution

clay 2.76
L.L. = liquid limit; P.L. =
P.I. = plasticity ind
TABLE 3.3 Grain Size Distr
Results
Material
Sand
(%)
50% sand ~- 50% clay 45

silt Clay
(%) (%)
6 49
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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 B.2. The free swell
results are given in Fig. 3.3. The soil shows a high swell
potential (max. swell 11% at 5000 minutes). 1In 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 confiﬁing 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.

The strength parameters in terms of total stresses
are:

cohesion intercept = 40.5 kPa

angle of friction ¢ = 8.6 degrees.

Details on sample preparation and test procedure
are given in Appendix B.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. CBR tests were also performed
in both soaked and non-soaked samples. Results are shown

in Fig. 3.8.

36
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Table 3.4 Consolidated Undrained Triaxial Test Results for the Buffer Material

Test No. Confining Initial Water Dry Density Deviator Stress Strain at Strain Rate
Pressure Content at Failure Failure
(kPa) (%) (Mg/m3) ' (kPa) (% (mm/min)
1 172.4 27.0 1.46 127.4 10.5 6.35 x 10'3
2 344.8 27.8 1.44 192.6 9.8 6.35 x 107°
3 785.3 26.2 1.50 260.0 9.0 , 6.35 x 10—3
4 . 3585.0 24.3 1.5 785.2 12.0 6.35 x 10‘3

6¢
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€:> The creep behaviour of the buffer material was
investigated by subjecting the buffer to sevéral 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)
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.

Aluminum semi-cylinder representing the nuclear
waste container. Dimensions: 76.4 mm diameter,
280 mm height.

Plexiglass plate to cover the.exposed soil
surface. Dimensions: 240 mm width, 750 mm length,
25.4 mm thickness.

Other parts Qf 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.
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' Loading Rod
: r//////Ccmcrel:e Block
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//////750/50 sand/clay)
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Schematic Diagrah for the Physical Model of the
Container-Buffer-Host Rock System

Fig. 3.9



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
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 céntainer 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.



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.

¢) 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. 1In 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 buffef 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

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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Subsequent to installing the buffer material,

it is likely that, in the long-term, groundwater
will be absorbed by the buffer and/or backfill
material through the network of rock joints/
cracks of the host rock formation. Since the
buffer matgrial 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
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 Tést Results

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
‘:3 : (Windisch, 1969, E1l 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

Test Qverburden Water Initial Creep* Creep Duration* Creep Duration Remarks
No. Pressure Intake (before Water Under Constant During
P ' Intake) Water Intake Water Intake
a
Days Days
1 0 no - 15 - reference
2 0 yes, at yes 15 15
bottom
5 36 no - 18 -
4 36 yes, at yes 24 24
bottom
5 36 yes, at no ~ 24
bottom
6 120 no - ) 18 - about full backfil
height .
7 120 yes, at yes 24 24 " " "
bottom
8 120 top yes 24 24 " oo
9 120 back yes 24 ) 24 " e

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

€S
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3.6.1 Plotting_of Grid_Nodes

= ghnai e e AR gl s hast o

A photographic record of the deforming grid was
made during the tests. The initial, as well as the conse-
gquent 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 Transfer_ of Grid_Nodes_to_Computer_ Output

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
into 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.
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3.6.3 Grid_Adjustments

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. 3.1l1. The respecti?e
displaced positions on the deformed grid afe adjusted
geometrically. The following symbols are used in the

operations involved in these adjustments:

X1,Yl: original (distorted) undeformed grid coordinates
XIA,Y1A: 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,J3):
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:

(1 = YIA(J+1,J)-YI(I+1,J)-YIA(I,J)+YI(I,J)
YI(I+1,J)-YI(I,J)

resulting in a second adjustment to the abscissa of the

deformed grid point:
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(XXA,YYA) Adjusted grid

!
I
|

Tem——

(XIA, YIA)
Distorted grid

Fig. 3.11 Grid adjustment
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p2 = (yvy(r,J,J3s) - Yl(1,J)) * Cl

where JS represents the image after to, tl’ t2, t3 days
and corresponds to the indices 2, 3, 4, 5. Similarly the

rate of Y-adjusting along row J+1, is:

Y1A(I+1,J+1)~-Y1(I+1,d+1)-YIA(I,J+1)+Y1(I,J+1)
Y1(1+1,Jd+1)-Y1(I1I,J+1)

c2 =

resulting in the adjustment:

D2' = (YY(I,Jd+1,dS) - YI(I,J+1))*C2.

A third correction to the abscissa of the deformed
grid point is due to vertical adjustments:

XX(I1,J3,JS)-XI(I,J)

D3 = (D2'-D2) (T, 3+1)-X1(1,J)

The adjusted abscissa of the deformed grid point (I1I,J,JS)

is finally given by the sum of the above adjustments:

Yys(1,Jg,Js) = yv(1,J,Js) + D1 + D2 + D3.
The ordinates of the deformed grid are similarly

adjusted.

3.6.4 Curve Fitting of Particle Paths

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 equaéion to each of the y-

components of a grid point in terms of its



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

58

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; = ¢(xi) of the displacements
are assumed to be approximated by a polynomial f(xi) in
terms of the abscissae X: of a given particle path of a
grid point. Uniform weight is assumed for all data.

The polynomial used is as follows:

f(x;) =2 A £ (x)

where At = parameters
_ -1
f (xi)— X

The sum of the errors squared:
n
n o)
u=2_ (B(x,) -3 A (x))?
l:]_ ( l 1

i=1

where n = number of data points used = n,.
This is minimized by setting its derivatives with

respect to A equal to zero; hence
n

u — - —
3, " S (Bix) g By By (%)) Eylx;) = 0 (3.1)

i=1

k = l....no
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Equation (3.1) can be rearranged as:

The system of simultaneous equations (3.2) can be simply

represented in matrix notation as:

(V) A =B
where
n
U = 1 (£ (x)f (x))
i=1
n
B, = D (£, (x;)8(x;))
1i=1
k=1,....n
‘ (@]

The required solution for the parameters A is then

A= (p) s

3.6.5 Velocity Components

- v = s - - ———————

The fit parameters obtained in the preceding sub-
seciton are used to approximate particle positions, herein
referred to as XFIT, YFIT. The velociéy components are
then expressed as:

U(1,3,3S)

It

(XFIT(I,J,JS1) - XFIT(I,J,dS))/At

V(I,J,JS)

]

(YFIT(I,J,JS1) - YFIT(I,J,JS))/At

where I, J are column and row indices, respectively
JS, JS1 impage indices

V, U particle velocity components
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At time interval between images
XFIT,YFIT fitted coordinates as derived from subroutine

CURVFT

3.6.6 Strain_Rate_ Components

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 Eij and the displacement vector

u is expressed as (Fung, 1965):

1 u. u. Ua ua

E,. = = (—3% + —= + )
ij 2 X, X. X. .
i j i j

or in unabridged notation:

= _u 1 _u,2 _V,2 w2
EXx = %3 (( x) + x) + x) )
E =i (84, ¥, B w, v v
Xy 2 y X X Yy X Y
w W
+—§'-—y)), etc. (3-3)

u. or u, v, w: components of the displacement vector.

J
The strain rate components are related to the

components of the velocity vector by relations analogous

to equation (3.3):

;-4 1l 92 w2 w2

xx - x 173 (( x) + x) + (—;) )

p 2l (@, v, 0u, v v,  w_w
<x’ EXy ...: Strain rate components

u, v, w : velocity components



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:

. ] u. ui
E.. = = (—L + —%)
ij 2 X. X.
1 J
or in unabridged notation:
E._ = —
XX X
o= L (B, Vv
Exy =5 ( v + X), etc.

Under plane starin conditions and in unabridged notation,

the following equations are finally obtained:

E . = 2
XX X
1, u, v
By =3 (5 * %) (3.4)
B =2
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:

2 o2 2 3 2 ,1/2
iy 3 ((Ex)ij + (Ey)ij (Ex)ij(Ey)ij + 7 (ny)ij)
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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 bound;¥y
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. 1In Fig. 4.1 the test
program is presented in schematic form.

The overall experimental reéults 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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Fig. 4.1
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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 Soil Particle Movements

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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36 kPa
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Nodal displacement field

After 18 days

12.7mm
"T"_

F e ¢ 6 ¢844 4 84

i

L

¥

\c_ A e

e e e

- P e >
N,
— -y -

- g b -

J"l'\'

EEREETNNEEY

NN G T

b N T

. \ - B o W

{JI.VIQ

~ e AN e el Ny Ny e N

4mm

Fig. 4.3



67

120 kPa

Overb.pr.:

Nodal displacement field

After 18 days

Fig. 4.4
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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.00 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.

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 overburdeﬁ 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. BAs already
mentioned, stress 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 tiie
buffer underneath the container suffered a compressive load.
This load resulted in volume change conditions in the zone
below the waste container. 1Initial 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).

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



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 increasgd 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
buffer structure. It should be noted that in CU tests performed
at GRC for the buffer material, the cohesion intercept
value derived was 40 kPa. 1In 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-socaking condi-
tions with a surcharge load of 8.8 kér. 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.

TABLE 4.1
Stress (kPa) CBR Penetration (mm) Model Test Vertical
Displacement (mm)
280 1.05 1.45
316 1.16 . 1.69

400 1.47 1.73
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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 Container Movement

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-
pohding 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.

4.2.3 Compressibility of Buffer

e P P Al pfhtsfein ey

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 shduld 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
of o?erburden 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 Ayi/AyC2’ where:

Ayi is the final settlement of node i, and

AYCZ is the final settlment of the node C2

In Fig. 4.16 the intensity of the final settlement
bulb for different 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.increaseé 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.

4.2.4 Friction_Along the_Interfaces

The areas of the disposal system where friction is
developed are the rock-buffer interfaces and the contaier-
buffer interfaces. 1In 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 slidiﬁg 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 £he calculation of 1, 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,

91
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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 Soil Particle Movements

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
Fig. 4.23 is used again for the proper presentation of the
test results. 1In order to investigate the overburden pressure
effect under water intake conditions, the results from
three tests were compared. 1In 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
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) resuiting
from the interaction between the swelling characteristics
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 kPac 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.

4.3.2 Compressibility of Buffer

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 Effect_of_Initial Creep_on_Buffer Response

- - — " ——— ————— — o ———— t ot oy - — o —— — ot ——— i Lo s i o e

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 créep was allowed. 1In

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
whén water intake was allowed without previous creep of

the buffer. From Figs. 4.31, 4.32, 4.33 and 4.34 it can

be obseryed 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 water-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

due to the air compressibility and soil water redistribution.
The water is redistributed in the buffer, as shown in Fig.
4.36. When, latér on, water is allowed to enter, the avail-
able VoidAspace 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. 1In 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 frbm 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 so0il?
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
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 characteristicé is generally shown through

the wet front advance vs. tl/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
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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.

4.3.4 Effect of Water_Intake Position_on Buffer Response

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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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
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
ébsorbed. 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

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.

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
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
hiéher additional settlements are observed for the case of
water uptake, although smaller quantities of water are
absorbe@ is as follows: When water is absorbed through
the disposal vault bottom, the available void space 1is
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 redistribu;ed 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 redistribut;on throughout
the buffer is shown in Figs. 4.43 and 4.44.

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 finiﬁe 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 emplofed herein adopts

the following input characteristics:

5.1.1 Meshes and Boundaries

—— ——— - ————y - ———— ———— " —

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.
-131-
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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.

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 Displacement from F.E. Analysis No.
Loading (mm) (mm)
0 0 0 -
6 .61 .60 5
12 1.12 1.09 9
18 1.32 1.33% 11*%*

* input boundary final displacement for the

Nodes Bl' B2 (Fig. 5.1)

** input number of increments

Boundary displacements were used as input data instead
of boundary stresses in the F.E. model, because through the
experimental procedurs, diéplacements were measured at certaiﬁ
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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5.1.2 Constitutive Relationships

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. Thé 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 because 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 "two
types" are the plotted contours where two different sets of
constitutive relationships are used. Under the label "one
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
?be boundary induced stresses. The increased material stiff-
ness is also indicated from Fig. 5.2.2 when the resulting strains

are higher, when use of two different sets of constitutive



138
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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. 1In other words, increasing overburden
pressure causes a uniformly distributed one-dimensional
compression pattern on the buffer. 1In 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 constitutiﬁe relationships can be represented
directly in digital form or expressed through a mathematical
function (Duncan and Change, 1970). 1In 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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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 Vertical _ Displacements

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 through 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 1is
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 loadiné 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
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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5.2.2 Lateral Displacements

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 aﬁ a highef 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 Vertical Strains

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.
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 frbm 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
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 buffef 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 ovégburden 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 bottomand 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 1s 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 stréin
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.

5.4.2 Shear Strains

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
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



0 kPa

after S5days

strains —éx; after 6 days (%)
36 kPa

120 kPa

163

Fig. 5.16



&

”~~
R
e’
w .
g I _.
- sl o\
S g __,.M.
1 t
]
W
i
[2)
£ |
(]
o
-
[/}
[
o
4




(%)

36 kPa

Final strains -ex;

165

120 kPa

Fig. 5.18

OkPa

w rd
N
1
IO
- |l
1 f c L

O




166

obtained are 2.5% in that zone. 1In 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.
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 thé 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 ovefburden
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.
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%3. 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.



169
ABOVE THE CONTAINER : SHEAR GENERATION ZONES

l

INITIAL l i |

L 3 . 2

+— container —

0 and 36 kPa t ] 3 —% 1

1t I
120 kPa & U] (a)

MODES OF BUFFER DEFORMATION

0 and 36 kPa 120 kPa

= Ui ®

/m ut \M — Fig. 5.19




170

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. 1In order
to investigate the overburden pressure effect on the
stress pattern development, the stress contours for three
different overburdén 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.

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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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 overburdén 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:

1. Stress concentrations at the bottom of the waste
container and at the top of it as well, are

indicated in all cases. Vertical Oy’ horizontal
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Oy and shearing Txy stress values are highest

in the vicinity of the waste container bottom.
The zone transverse to the waste container does
not generally experience high stresses.

The shearing stresses are significantly affected
by the magnitude of the overburden pressure
acting at the top surface in a manner indicating
that the higher the overburden pressure value
the lower the shearing stress development
throughout the buffer.

The boundary confinement effect on the buffer
stiffness is indicated through the finite
element developed stress fields as compared

to elastic solutions.

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-
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 buffér 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). 1In 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. 1In 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.
In Figs. 5.26 through 5.2é;the final stress component

contours necessary to induce the same boundary displacements
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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
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, and 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 exaﬁines
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.

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 1s 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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5.7.1 Comparison_ Between Measured_and_Calculated

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 noAfriction 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-sec£ions where
loading was applied. At these boundary nodes as input
displacement values, the average measured values along the
boundary cross-sections 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 attributed to the adopted boundary conditions,

i.e. no friction along the interfaces.
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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 zbne 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 ang when overburden pressure is 0 kPa,
where the measured values indicate an initial upward
movement of the buffer.

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 characte;istics 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
1s 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).
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5.7.2 Comparison_Between Measured and_Calculated Boundary

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 exceptibnal agreement with the actual ones
at these boundéry 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

N’ 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 repéated wiﬁh 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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5.8.1 Long-Term_Buffer Response_Investigation_Under

In order to investigate the long-term buffer response
under water intake conditions, a simplified finite element
simulation was adopted. The strength of the buffer 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 throughoﬁt 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 2.5 675
5.0 1175
7.5 1583
10.0 1767
12.7 1933
soaked 2.6 2.5 117
5.0 158
7.5 208
10.0 275
12.7 383

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 buf%er 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 themé of
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 guite clearly and can be used in
any case of prediction of buffer response under different

overburden pressure values.

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 so0il 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 similitude 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 case self-weight produced an
increase in stresées of approximately 5%. It was also stated
by Roscoe (1968) that when these similitude principles
are fulfilled the time effects will be proportional to h2
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 tﬁeory 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 samé\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:

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 prototypé and model for the zone underneath the waste
container are shown in Table 5.3. 1In 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 compres-
sibility is higher, due to the lower degree of confinement
produced by the rigid boundaries.

The increase in both settlements and lateral displace-
ments 1s 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
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TABLE 5.3
Node Prototype Settlement Model Settlement

(mm ) (mm)

1 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
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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 correspondiﬁg'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 6f 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. 1In other words, when maximum displace-
ments in fhe 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 * 82 = 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 ﬁhe 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 displécement: 8.50
Vertical strain: 1.41
Lateral 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 éurface.

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:

1. 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 experiencec
due to the waste container weight. Uﬁtil that time
the buffer will deform mainly vertically while,
the corresponding vertical instantaneous strain
rates will decrease to the value of 5.5 x 10_5%/mm

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

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.
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 expectgd 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 a
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 In ¢ and 1In 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 107°

(%/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.

5.10.1 Relationships_Between Strain Rate_and Deviator Stress

T e - > — . —————— —— ———— ————— ———— " ——————— — — > — - . W =~ —— = ——— —————

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

01703 where 9y is the maximum stress (almost invariably
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equal to the vertical stress) and 0y 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.

As anticipated, the strain rate increases with devia-
tor stress. A 1iﬁear 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

%/min
kPa

In order to correlate the results obtained from the

average value of slope a = (0.0044

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 éattern as those obtained from the model tests. The

slopes from these CU creep test relationships vary from

1.6 x 107> to .009 E%%iﬂ with an average value at
.0056 #/M0 prom 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.

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. 1In 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.



G CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summérz

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 performanée
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 rational overall theory. The solution by the finite
element method provides knowledge of detailed stress and
deformation fields 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

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 stéess—strain cﬁrve 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 throughoﬁt 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 demonstratéd 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
swelling potential of the buffer and the overall change in
the compressibility characteristics. Additional settlementé
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
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.

(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.



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.

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.

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
i1s 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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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 étep 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
npmber of elements included should be adequate to attain
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, 1975):

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 piane 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. 1In 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
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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 7 should assume a stationary value in a class
of admissable variations (Gui) of the displacements Ui
of the equilibrium state. The functional 7w is given by:

W(Ui) =y - w

where y = strain energy, and

work done

£
i

In a detailed form the above equation can be

written as:

m(u.) = [ % 1y e, dv - [ F, U, 4V - [ T, U; dB (A.1)
\ \% B
where T, < stress tensor
€y = strain tensor
Fi = body force field
T. = surface force field, and

B,V represents the body boundary and volume,
respectively.
In a matrix notation eqn. (A.l) becomes:

m(u;) = | 2 1T av - | uT F av - f Ul T dB (A.2)
v

2
v B
Using a stress-strain relationship of the form:
T =ct e

i, . . .
where C” is a stress-strain matrix at stress level i, eq.

(A. ) can now be written as:
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eTcteav-f vTrav-, vfrtde (a.3)

v B

N

(U, ) =\f]

Assuming a displacement field given by:

U=¢ a ’ (A.4)

where ¢ is the coordinate matrix of the nodal points, and
a are generalized coordinates.
It is possible to represent a in terms of g and U

by premultiplying both sides of eq. (A.4) by ¢_1, giving:

where h = ¢—1

The strain vector can now be obtained by differen-
tiating the displacement vector U with respect to g and

can be expressed as:

e =¢g' hu (A.5)

where g' is the @4 matrix after the necessary differentiation.

Substituting eq. (A.5) into eq. (A.3) yields:

m(u.) == [ 0ThT¢' Tt g nuav - | uf P av
i 2
v v
- [ u¥ 7 aB (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:

T T

_ 1 -
n(Ui) =5U KU Uu- f (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.:

m(U,)
5TT(Ui) =75 = 0 (A.8)
i
Applying the condition set by eq. (A.8) to eq. (A.7),

yields

or KU=Tf (A.9)

where K is the element stiffness matrix.
Solving eqg. (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 £ in 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.l1.1 and A.1.2).

If the ith element of the deflection vector U is
specified to be A, the corresponding row of the stiffness
matrix is madé zero and the diagonal term is made unity,
i.e.,

K.. =1

ii
0 for i # 3, 1 =1,...n. (A.10)

Kij

The corresponding force element, fi’ is then set equal to
the prescribed displacement value A. One major disadvantage
of this procedure is that the altered stiffness matrix, K
is no longer symmetrical leading to added storage reqﬁire—
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 eqg. (A.10), all elements
in the ith column, except the diagonal element Kii’ are
set equal to zero as in eq. (A.ll) the symmetrical nature

of K matrix is retrieved.

K.,. =1
i1

K..
J1

0 for i # 3, j =1,...n (A.11)

The force vector f on the right-hand side of eq.
(A.9) now has to be altered as:

f. = A
1

£, = £; - Ky; 4, for i # 3, j=1,..n (A.12)
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Finite element implementation where the boundary condition of uniform

vertical pressure prevails.
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Thus, egs. (A.10), (A.1l1]) and (A.1l2) cén 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.

A5 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 aré derived,
based on some simplified assumptions for the behaviour of
the material. The number of variables occurring in the
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. 1In
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,
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 nqnlinear 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 evén 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. 1In 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
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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

€ = — € = —

X X % Y
= Vv ., 4
Yxy T x Ty

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. 1If 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 increésing 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.
Incremental method, shown in Fig. A.3. 1In 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-
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 corrésponding

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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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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hydraulic head (10 cm granitic groundwater) was used 1in
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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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 value.

100
Upon completion cf 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 value during consolidation to allow

100
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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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 Geotechnical 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.

"MAIN 1" and "MAIN 2" (Figs. C.1-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
GDATA 1 GDATA 2 FORMK SOLVE STRESS REAC LARDEF AVER
STIFTI(N) MODIFY PRIN NONLIN
Fig. C1 - MAIN 1  SUBPROGRAM LINKAGE

09¢




MAIN 2
GDATA 1 GDATA 2 FORMK SOLVE STRESS JSTRESS REAC LARDEF AVER
STIFTI(N) STIFT2(N) PRIN | | MONLIN || JNONLIN
MODIFY
Fig. C2 - MAIN 2 SUBPROGRAM LINKAGE

I8¢



FLOW CHARTS

PROGRAM MAIN 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 NONLINEAR STRESS-STRAIN
DATA

INITIALIZE ALL STRESSES AND
STRAINS TO ZERQ

INITIALIZE MATERIAL PROPERTIES
INITIAL VALUES OF E AND v FOR
CST ELEMENTS; Kg AND Ky FOR
JOINT ELEMENTS

INITIALIZE ALL NODAL DISPLACEMENTS
TO ZERO
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INITIALIZE ALL REACTIONS TO ZERO

SPECIFY SIZE OF INCREMENT

LOOP ON NUMBER OF INCREMENTS

LOOP ON NUMBER OF ITERATIONS

CALL FORM STIFFNESS
SUBROUTINE FORMK

CALL EQUATION SOLVER
SUBROUTINE SOLVE

G CALL STRESS QUTPUT

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

J AVERAGE STRESSES, STRAINS AND
STRAIN RATES IN ADJACENT ELEMENTS

AT NODES

CALL SUBROUTINE AVER




=

END LOOP ON INCREMENTS

END LOOP ON PROBLEMS

END
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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
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
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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

e

P

RETURN
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START

READ AND PRINT THE NONLINEAR STRESS-
STRAIN DATA IN TERMS OF POINTS ON
THE (oy- 03) VS (e;) 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
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SUBROUTINE_FORMK

START

ZERO STIFFNESS MATRIX

LOOP ON ELEMENTS

CALL ELEMENT STIFFNESS SUBROUTINE
IF JOINT ELEMENT CALL STIFT1(N)

IF TRIANGLE ELEMENT CALL STIFT2(N)

STORE ELEMENT STIFFNESS IN -
RECTANGULAR FORM

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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C ¢

START

LOCATE NODAL CONNECTIONS

CALCULATE ELEMENT DIMENSIONS

GENERATE ELEMENT STIFFNESS
MATRIX IN LOCAL COORDINATES

GENERATE TRANSFORMATION MATRIX

TRANSFORM ELEMENT STIFFNESS
MATRIX TO GLOBAL COORDINATES

RETURN
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BROUTINE

By B TeTE

w

TIFT2(N)

[

1

it
I}
)

START

LOCATE NODAL CONNECTIONS

CALCULATE ELEMENT DIMENSIONS

CHECK FOR CONSISTENT
NUMBERING

——— FALSE

|
TRUE

GENERATE STRAIN-
DISPLACEMENT MATRIX

WRITE ERROR
MESSAGES

GENERATE STRESS-STRAIN
RELATIONSHIP

STOP

CALCULATE STRESS MATRIX

STORE STRESS MATRIX ON
TAPE NT4

CALCULATE ELEMENT STIFFNESS

RETURN
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SUBROUTINE MODIFY

E=E e ]

DO M=2, WBAND

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

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
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SUBROUTINE SOLVE

START

LOOP ON EACH EQUATION

COMPUTE MODIFICATIONS TQ 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 DISPLACEMENTS OF
CURRENT INCREMENT

COMPUTE TOTAL NODAL DISPLACEMENTS
BY ADDING INCREMENT DISPLACEMENTS
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

273



O

CALCULATE ELASTIC MODULUS IN

ELEMENT FROM INCREMENTAL
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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SUBRQUTINE JSTRES

START

LOOP ON JOINT ELEMENTS

FORM MATERIAL PROPERTY MATRIX

GENERATE TRANSFORMATION MATRIX
(EQ. (2.24))

CALCULATE ELEMENT NODAL
DISPLACEMENTS IN LOCAL AXES

GENERATE RELATIVE DISPLACEMENT-

NODAL DISPLACEMENT MATRIX
(DESIGNATED AS MATRIX (D) IN
£Q. (2.20))

FORM RELATIVE DISPLACEMENT
VECTOR DESIGNATED AS (w) IN
EQ. (2.19)

AVERAGE RELATIVE DISPLACEMENT
VECTOR AT ELEMENT CENTROID

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

PRINT SHEAR AND NORMAL STRESSES
IN ELEMENT
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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

END LOOP ON JOINT ELEMENTS

RETURN
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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

COMPUTE REACTIONS ON DESIRED
NODE BY MULTIPLYING THE ELEMENT
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
SUBROUTINE STIFT1(N)
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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
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SUBROUTINE LARDEF

e——e——e e

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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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
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SUBROUTINE NONLIN(N)

START -

COMPUTE CONFINING PRESSURE
IN ELEMENT

FIND MAXIMUM PRINCIPAL STRAIN
(e7) IN ELEMENT

DETERMINE TWO ADJOINING
CONFINING PRESSURE DEPENDENT
CURVES DEPENDING ON THE
CONFINEMENT OF THE ELEMENT

INTERPOLATE FOR STRESS
DIFFERENCE (o, - o3) CORRESPONDING
TO (El)

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

RETURN
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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

YES

282

NO

COMPUTE SHEAR STIFFNESS
MODULUS VALUE FOR ELEMENT

FOR THE NEXT LOADING INCREMENT
(EQ. (2.34))

RETURN

REDUCE THE SHEAR
STIFFNESS MODULUS
TO A SMALL VALUE
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SUBROUTINE _AVER

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

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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24%?(//,15,’%CNLIEUAF ANALYS1ISY /)
TOLHIT(//, T VLI NEAR ANALYSISY /)
WRIT& (o, 105) NOLNC,NOI1ER
CONTTUUR

GX{HHR) ,2Y (%)

FODYAT (715, 2I10.3,15)
FURBAT (110, 2F10. 5)
FORAAT (915, F1C.3)

FORMAT (215)

FADRMAT (12A4)

FORUAT (2F1D. 2,384, F4,. 1)

FOTMAT (DX, VD, 64, 00E0 60X, VN3 6K, YuDE 60, YERALY ,da, Y aCHAL Y
T4, 08CpCy, Ty, x“{‘*“v'/ozx,'(',11A,'?w

FORMAT(TTH, 2019.3,75%)

POLAAT (Y10, 5Y,1284//5%, Y TARLS 1 = U207 CI09ATLY AUD 28 8T
1)

FCORMAT(//7/1 X ,VHGDAL PGINISY)

FOQPHMAT (///7V{,VELEMENTSY)

FOREAT(///V I, PBOENDARY COMDTITICHSY)

FORAAT (1L, " ##C. OF INCB"i“VTS=’,15/1X,'§O. U ITwaliailuns=',15
FO‘M\”(1d9,’MATREIAL PRGPRERTIESY)

zqnvr F{215,816.3)

TOREAAT (F 0' 2%, 'PRESSURY DOTHDARY CUNOITICaSY 2/, 1ha,'2t,34,!
1zx YPIESSUTEY)

FORMAT(ION,T1¢.2,2515.7)

"OFMA”()X 275,216, 3

FORAAT (2413)

FORMAT(710,.3,27215,7)

FORAAT(2F10. 2,103, 4810.9)

BETURY

TN D

snakuurrxf :J:T*?

COMMGN/CONTR/TITLE (1) , R, N, N5, 8DF, N, FLD, NAAT, Nsnt, LI, nT4
1,6PC, NCAAT , INDEX, IOUT, INCOUT (20)

CCM4ON/J“1“/i£Jb’3), COT 3, 10) , 8BTS (3,17) ,E25(359), 3a%(32),
17Y (3,16, 349) , GAICC (3, 14, ?W),ZS”STW(20)),rZEDEV(ZuG),;uNBd;(&O
CHMNON/JQONL/NVAI(Z),V\?(Z 1) LA (2, 1, i (2,1

SJATA 20 NONLIYEXNS #ATSLRINL DRCFANILLS
THE INPUT CUORVE rOF ZACH CUONFINILG 2Li835U0ud IS

{
- A
(SIGYAT1-35IGMA3) VS LoaSTLONT
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s

[

(oo

-4

pas
<

g

310

3
30

e el

vJd3

0

vJ5
%00
nJd1
0J9
o6
vl
0J3
109
ol

30
G
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STAFT PEADING NGI-LIHEAR IT¥PUT DATA

FE2AD(D,35) THAT

ARITE (5, 10“0) THAT

OPV\Q(//,,“, TITE OF #ATOSRIAL=',1%,14)
“TITR (o, 69)

HONEY L5 THW NTIM3ER CF GCNLINEAR Corvps iNwUl

ERAD(S5,%) (i d{l) ,1=1,KCYAT)

DGo3990 T=1, MCYAT

TCORV=NCIL(T)

T (4COTV) 304,374,310

ARITE(6,452)

STCP

DO 330 NC=1,NCUEV

EEAD (3,%) ”DI(‘,!C),\? "SI, HQ)

WRITE (5,459) NC,CPR(I,NC),KPTS (LI,N0)
NET=HITR(T, NQ)

ﬁRAD(b,*) '“b(&’)'bi:],trf)

READ(S,*) (GAM(LT),LP=1,H4DT)
HRITE{(n,405)

DO 330 LP=1,NET
BY (7 ,3C, LI )—PG(L’)

AGOC{I, JC, LE)=1.
YOLTEA(R, 472) 2% (

CCuTINIE

CONTINUR

LRC  LE) ,GAZGC (1,108, L0)

DATA FOR OOIRT NIULINUAT PEQPERTIILS
Tilg 18POT VALUES ¥OR FACH JCTHAAL YoidSSURE
ARE HYDPELROLIC CORFEFICTIELTI &4 An9 o
FIAMAT, n Ve i GATY 0 T2 6C1

T=1»ﬂAT+1

©240(5,100) (3VAL(3),L=NL,0%A0)

ﬁA~T"(” ~7)

N H00 [=NL,NdAT

NTALUE=NVLL (T)

IF(NVALIM) 603,603,604

lJ:(T"-O((S,bOQ)

STOP

N
CRE(T,40) 6 (2, W) 63517, 40)
) "V, CNR (I, NV) '!gél (z ,,.\‘,) ST, Y

CONTI MR
CONTINDY
COXNTINNR

FOSAAT(SE, V20000 IH MVALIE CAHDY)

FCRAAT(IF10, ?)

FORYRAT (24,0504, NORMVL PIR3E. A=VALil A= VaLUut)
FOS®AT (2%, 75,31710.3,52))

FOIAT (575)

FOXAAT(//,5%, " "LELE 3 = JOILT NCALINEAT CIRVESY///)
FCRUAT (AY)
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452 FOPMAT (5%,' ZRPOF IN HCHULVE CARLD!)
119 "OflaT("T) 3,15)

455 FORMAT (10, NUM. CCNI. PRESS, EUM. Or PuldiS',/
19%, 15 10, P10.3,8X,35)
465 FNaMAT (LY, TRV, STRRSS, 3L,'AYTAL STRAIN')

472 FOLAAT (B3Y,710.3,54,510.2)
66 FOLAAT('10,5%,'TEBLE 2 - NONLINEAR CURVESY,//)
125 FORMAT(TFI0.4)
‘ CORWTURY
C‘q:)
SORROUTING STIFT1(N)
JUITIT FLTHMEHT
COMNCN/CONTR/TITIE (12) N0, N5, N2, 008, dCH, NLD, 4N, U8ur, o1, 8L 4,
1,30PC, NCHAT , ISDEY, ZOHT, TuCOUT (20)
LO!ﬂOw/JAPA/’OMD(’OO z),.Ov(zou,4),::A (232) ,dEC {bu) ,JdL (U0,
MY (200) ,IRC(10Y ,I3C(10),PES(19),T(299) , LD, YDEN,ux X (200) ,OR!
2,24CN#0(290,2),CCDE(220) »
COMANN/STIFR/ESTIFA(12,12) ,A(200,3,5),8(£02,3,5) ,3n(210,173),
TAREA(209),2(510) ,2 (%), 8(R) ,43a%85,D (510 A% (510 .
COMNON/ZIDINT /T (E,8) (BLA3,3), AL 1205) fAYS (299) L OK3 (<Jd) , 05 {2«
1SD{2,2) , W (20G,2) ,2(200,2),V (20C,2) ,a¥21{200,2),CV(249,4),
QCAVP (200,2) , 200 (2060, 2) , ECAVR{2C),2),21(8,%)
T=NCR (Y, 1)
J= 808 (0, 2)
K=X0D2 (J, 3)
L=NCE (iv, 4)

IF(CORY(I, 1) .T0.CORD (I, 1)) 50 ¢ 11
ANG () =ATAN ({CIRE (T, 2) ~CORD (L, 2)) /2RI (I, 1) ~C%0 (T, 1))

53¢ T 12
ANG(N) =90Q.0/57.23573

CONTINGD
AL (H)=5080 ((LOAD(J,2)=CO0D(I,2)) ¥ 26 (CLEo(T, Ty =Lluu (L, 1) j%%2)
GRY (N} ={COuN I, 1Y +COED (I, 1) +COED (K, 1) +Lf*yq (L, 1)) /4.
GRY () = {COPD(T,2) +CORI(J,2) +C0RT [ ,2)+CL D {L,2) /4.
Jo T AT FELF &5 o2 a7

i — ) i

SURRGU TN STIFS JCTHT
ST"EG IS STIFENRNIS WATHIX
M 3 i=1,3
20 3 J=1,8
ESTIFI(I,Jd) =0.0
ESTTEA(1,1) =EXS (F) *AL (1) /3.0
FSTIF® (1,3) =8STIF4(1,1) /2.0
ISTIPH(1,5) =-ESTIFN(1,3)
ESTIFS(1,7)=-E3TIFM(1, 1)
ESTIF?(2,2) =RKN (M) *AL (W) /3.0
SSTIFM(2,4)=ESTIFA(2,2) /2.0
F3TIF¥(2,0) ==FSTIFA(2,4)
ISTIPA(2,3) =-ESTIFX(2,2)
ESTITY(3,3) =kSTIFA(1,1)
ESTIFM(3,2) =~EOTIFA(Y, 1)
ERTIE* (3, 7) ==STITN{1, 1V /2.8
ESTIEA (+,4) =ESTIFA(2,2)
PATIEY (4,0) ==25TIFS{2,2) g
B3TLFA (4, 9)—-f°11VW(L,?)/2
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_g_
ESTIFA(5,5)=ESTIEN(1,1)
RsILFﬂ(S,?):LSTIF.( 1Y 72.0
ESTIF4(6,6) =ESTIEFA(2,2)
ESTIFW(&,%)=ESTIFW(3,2)/2 0
FITITA(7, 7y =€STI=SN(T,
IATLFAA(Y,3) SESTLIER (2,2)
0 %=1,7
L1=£+1
2304 J=%1,3
FRTIFA(J,K) =ES IFW(K,J) !
DETFPMIVE Ta ANSFORAATION MATRIX
T=00S (ANG(N))Y
SESTY QNS ()
LOTR G i:]’g
po 5 J=1,3
TI(I,J)=0.9
OIVEN R I

I.‘." (:,J):E
e 7 I1=1,7,2
J=T+1

TODANSTORM GTUIFFII0N WATRLY U0 GLUSAL AXKES

PO 95 I=1,9
o9 J=1,%
L(I,J)=0.9
DY 9 L=1,8
EL{I, =L (T, +ESTLE4(T,L) *T1(L,])
10 1=1,8 :
1,3

’(
ESTIFA(L, ) =0.90
po 10 L=1,8
EOTIFMA(L,) =ESTIF I, Y+l (L, D) *TT(L,0)

TETI2N

‘;TR; T
STRRCUTTNE STIFT 2 (N)
COMBON/CONTER/TTITL S (12) L N2, %0, 82,80, 80N, HLu, NiAS, dbotb, wi, i

1,80PC, NCHAT , INDEY, TOU™, INCONT (20)

COMMON/DATA/CORD (200 ,2) (MO (200,4) ,£ 1AT (03) , 8L (00 ,Jn (200)
10Y(202) , T3¢ (10) ,IRC(1G) , 227 (12),7T(230), K98, {050,004 (200) ,08
2ePPTNEDN {200 ,2),CCD5 (2:30)

COMMON/STIFF/MSTITH(12 12),A(200 340) b (LU0, 3,0) ,30 (010,79,
TAREA (200) x:(“!ﬂ),u(.,,Liuﬂ WHAXND, 3(31’n ,\ (510
COANAON/BLAS/E,IHEN,ENY, "‘(203),"‘( ), ST, 0FRLT, DESLL, DAY
12a (1)) .

ToTHSL0 aninNg

CETELATYE TLUARNT CroNXNTOTIINASR
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i

G CocL O
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s

K=NCFE (¥,13)

GtX(N)=(JUFJ(I,1)+COHD(J,1)+CJ£D(K,1))*G.333333
ARY (3)=(CCR D (I1,2) +CORD (J,2) +CHRD(£,2))+0. 333333

38T YP LOCAL CCCRLDINATE SYSTRY

AJ=C0RD(J,1)~CORL(I, 1)
AL=CORD (¥, 1) =CGED (I, 1)
2I=CORD(J,2)-CORL (I, 2)
BK=CORD(K,2)~-CORD(I,2)

A2FRA (N)= (AT*ERK-AK®BI) /2.
IT(ATEA D) L WELDL) SO0 T 220

POR® STUVALN DISD. MAaTalX
AND SAVE CN TAPE

A{d,1,1)=3J-EK
A(N,T1,2) =0,
A(N,1,3)=08%
a(N,1,4) =0,
A(M,1,5)=-54
‘(“ 1,6) =0,
(0,-,1):0.
ﬁ(l 2,2) =AK-Ad
A{N,2, 3)=).
A(N,2,4) =-4K
6(d,2,5)=D,
A(N,?2,0) =Ad
A(,5,1)=AK=-4J
A(N, 3,2) =BJ~-EXK
A(d,3,3)==-AK
A(¥,3,4 =34
1(N,3,5)=Ad
A(M,3,8) ==3.]
WRITTANTD) &, ((A(Z,d),d=1,6),I=1,1)

FORY STTOLS STAZH A4AaTRIX

COMM=ER () / (11 +FAUY * (1, =E1T%2,) %5274 (V)
ESTIFM (1,1) =COAM® (1, =u¥0)

TSTTFE(1,2) =CCEvT4Y

STITA(1,3) =0,

GSTI“”(2,1)—E’”* (1, ')

NATT R s 2y =F3 "'Tl.‘vl(’] 1)

SSTIFﬂ(Z 3) =3.

SSTIFY (3, 1)—c.

FQ?I?M(3 2)y=10.

HSTIFA (3, 3)=Er MY /(2% (1 +ZNU) *AREA(N))

5 LS THE STRESS BACKSUARS
MATTIL A3D IS 3 D T

oG 205 1=1,3

o205 J=1,46

B(X,T,J) =0

293
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o 20% ¥=1,3

294

205 n(n,:,a)=3(u I,J) +a5 1 IFM{I, 8) /2.%A (,K,Jd)
C WRTITR(NTH) N, ((B{(I,J),d=1,5),1=1,3)
[
C BSTIFA I35 ST1FFNS0S MATEHIY
2210 T=1,5%
DY 210 J=1,6
neTIeN (I, J)=0.
pr 216 K=1,2
210 ERTIFM(T, J)SESTIEA(I,J)+2(N,K, I)/2.%4 (8,5, J)
AN 4T TIY ";
s SEANR BIIT FOX 3a) CONNECTIONS
eV WETTAR (R 100) )
149 FURMAT(V.2L0 O NTGAPIVE APEY ELSAENT NO', Ia/05xaliilon £o4l

Sy

AT, ubelb, Ll ,4T8

£ (200)

100) L0

()m{i i‘.

VIL,Ib,5eT.

3,") '.Jk’\ ‘Jl\)'l.)) v

STup
£Ns
- SOV EGNTING BaskyK
¢ R
< FARES STIFFNESS MATUI A
MAOKN/CONT B/ TTIN(12) , 80, N R, U B, uDD, RCY NI D, N
1,100,,nc4a JINDEX,TICUT, INPWIT 20)
COASCU/DATA/CORD (200,2) , ¥ (703,4),I“AW(“““),WJC(vJ).”
Is 28y, 150 (1), 3F ~(10)19£‘(1U)~T(2 Ty e KL, A0
2,P5CCED (200, 2) ,CCDE(250)
'o; {CHZAMAL/NCING, VOUNT N 98T, LTR4T, NITEP, HCTTRR
‘v”' SM/STITE/E3TITN(12,12),0(200,3,%),3 (200,
1,’n§¢¢00),v(5 O),h(d),ﬂ(s),a3Ahn,3(ﬁ T) , 20 (5 10)
DIABUSION Y32 103,2)
THTEAELR WRANC
I
< GREC SPTIFFNFII MATRIK
C
De YD =1, 59k
(M) =0.9
N{NYy=Jl.0
DG 300 %=1, 42480
20 SK (N,M)=0.
< SCAK PLEMENTS
c
ne 400 N=1, MY
IF{T AR () .FQ.?) EN=.05%
IF (RO, 3) JEC.NCE(x,4)) 670 10 19D
CALL STIFTI(X)
Ggn T 101
Tou CATL STITT2 (YY)
191 CaNTINgR
<
o 2UTURNS CSTIFs AS SUTT e 1030 4ATETS
<
o STOT 25TIV™ I SK
< FIEST MUHS
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TPLNOE (5,3) « VUL NCR (N, 1)) 3¢ "0 307
sCN=4
50 Th 208

3J7  NCu#=3

508 D0 360 JJ=1,ACH
MROW 3= (NOP(H,JT) -1) *4DF
IF (§2G%3) 360,305,305

305 20 350 J=1, NTF

NEQWRSHROW D H )
T=(JJ=1) ¥NDY e

C
e THEN COLIJMNS
©
DC 330 KH=1,NCH
NCGLR= (40P (¥, KK) = 1) *1DF
noo 320 A£=1,00F
L= (RE=1)%4TF + X
NCOL = JCOLY + K ¢ 1 -HR(G%3
SZIE STCLING TF BFELOW RAYD
'
TF (L\.\/T) ‘L\)’..-I.)' 31
3T SINILUH  NCOGL) =3F(NHOwE,NCO L)+ 7371 ¥ (T, 1)
329 R ‘
330 CONTTINOZ
3o2u CunTIafy
360 COuTINTD
40U CUKIINUE
< ADOITICH CF LJ‘"": NTRYD rORCES
Do 287 I=1,4F
N=URC ()
=%y
TF(CODE (M) =1.) 265,265,206
2do TE{CUIZ(M . <S¢e?a) GU TC 301 .
293 TF(CODE(Y)=3.) 425,297,425
295 C(®)=C(K)y+UY (H)
iv (L’;DT:(N).NE.Q. €) GO 10 247
301 C(K=1)=C (<= 1) +I4 ()
S50 T 297
425 WRITE(6,426) ¥
3NG2
247 CONTINANE
426 FORYAT(S5X,'2uia0R T4 COOF NIMBERE-NNDU-LYECTIIGN Tindsdaleo', I
-
C HORMAL PRESSURT BCHUMDARY CCHDITION
™

-+

306,306,250
.

[\

>

<

(s> a
O ra

1]
" G

3
..’ A
U oy o

V/72.G
©D(I,2)=COED({J,2)) *DP

(@ Biav BN PRy
™

1]

(@)

C



.0

[ @

. Co €.

302
3ot

ol P

RER

» 39}

w N
LWL

¢

31
331

325

349

13- 296

Y= {(CCED (J, 1) =COED(T, 1)) *PD

II=2%T

STRA=D.D

L())A 1.0 '

C 1) CI{TI~-1)+ (CCSA¥XCX+SIna% L) .
(f I) CA{II) = (STHAXDX-CLCS3*DY)

JJI=2%3

CII=1)=2(JJ=1) + (CCTAR LY +STUARTY)
C(JJ)=C{IJT) - (STHA*DL-CCRA*DY)

TEFAJLEDGET) C(JJT)=C(IJ)={STa*DE{~-C0Ta%DY)
CONTINUY

CCHTINUE

CALCIOLATICA OFY LJADS 2UE G BODY Fukoes

IF(XKCUNT.T. 1) GC TO 3¢

TH{XDHN) 880,£32,840

IF(YDEW) %&ﬁ,BO,EBO

pno 20 IY=1,NF

IF{NOP(ZL,3) .SE.HOP(II,4)) GO TG 20
N85 T=1,3

JI=NCP(TI,D)

X33(T, N =CoED {JJ, 1)
LE(T,2)=CORD{JJ, 2)

VOL=0,186667% (XE (2,1) % (A5(3,2) =XP(1,2)) ¢¥R (1,1} % (X (<, 2) =

1XE(3,2)) +XE(3,1) # (42 (1,2)=4L(2,2)))
0T=VOL*KDEN

YT=YOL¥YOIN

DY A6 T = 1,5

30=%0P(II,T)

C{2*II=1)=C (2%IT-1) +1IT

C(2%3J)=C (2%3J) + VT

L’ l"'""“]"&* .

CoNTIHIE

HANSFLL LCGAD VECTCE 70 D

DISULACTMRENT BCUNCARY CONDITICHS

00 421 J=1, 4F

A=NBC(I)

="y (4)

H=2%~1

IF(CCDE(M)Y uwi1,491,311
I?(CODV(ﬂ)-1.L) 401,325,
IF(CODI(M W LEC.2.) G TO
I?(CUD&(J)‘J ) 401,34p0,u
CALL XCOTFY (5K,C,NS4r,WEAND,H, )
GOTN 401

CALL ODIFY (24,C,H9SZ7F,WEAND, N, U)

31
235
o
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e

(%]
e

iT="7Y (M)

K=+

CALL AGDTIEY (SK,C,NSLF,WEAND, 4, )
431 CCHTINOE

AATOREN

FND

SUIROUTINF ¥CD TrY(Sb, '
DIMENSION SK (510 75),5(
INTEGEP WDAND

TINE ACDTFY 4ODIFTILS THF STIFFNLESS @A fulX

JOH ST
« 53 AS 16 HLCO“NI PCY THe SeMCIFLIND DISZ2uacikdENT

TF(¥) 212,210,220
2290 B(Y) =B (K)-SK(K,M)=*1
S (4,2 =0,0
21) K=RN+M-1
TF(HIEC=K) 24C,220,230
239 B(¥)=R(K)-5¢ (4,4) %]
ST, 1)y=0.0
240 CONTIHOT
SK (8, 1) =1.0
DMy =v

AR TR
REBHRI MRS

¥AD

=
.1
o
L
[
[ ]
lad]
4
@]
-
(=]
[ ]
<o
e
i
3
I
r3
[ ]
Tad
(]
e
+3
-

. C

COMAG I /CONT BATITLA(12) , 02, HE, N E, HOF, dCN, 20D, NEAT, 4547, LI, 414
1,90D7, “CMR T, TNDEX, 67T, THCONT (20)
COMYON/SUICF/e3T 00012, 12)  A(2460,3,0) ,8 (290, 3,8) ,5n(014,75),
TAZTA (200) ,C (S13) ,7 (3) ,Hlﬁ),nuAuu,D()1U),uh\)TJ)

NPEG S wWhHaldl

[ PR ¥V

4

b Y PTT
ISNTT VMATRTIA

(TR (N L))guu,ng,’Wd
240 5 =S (H,L) /7SK (W, 1)

DO 2710 K=L,¥TAUD

T+

SA (4%, ))L;u,_7u,2f3

3
:,J)=s<(:,u; - G%SK (x,7)
.
i

| o IS
!
—~ i

~
s

4

>
A

204
274

V2R QYR
- bR
-

(. (.

.'*\”D uC)AD VF 3.\/.



“
230
309
C
350
dou
370
4y
500
»k.'
<
o
3z

298

-15=

FOR EFACH EQUATION

CH{i)=C{T)=G*C ()
CONTINUE
C(M)=C () /SX id, 1)

BAaCKX=3UBSTITYTION

N o= 9 o-
IF(%)539,590,360
1 = 8

D0 40 K=2,WEXUD

I (53K (%, %)) 37C,400,370
C(N) =C (N) =SK (N,K) *C (L)
CONTINUE

G0 10 359

CONTINGE
TR
28D

SURRGITING 3T87S¢

COAMCR/CONTR/TTITLE (12) , N0, N E, 85,00t , NC , 8L, ¥.lad, woli Ll ,d14
1,59PC, NCMAT, T4DEX,INUT,TNCODT (20)

‘FK“PW/Q\”A/CHQD(ZUO 2) , 80P (200,1) ,TAAT(200) , NI (60) , UK (200)
127 (295), T9C {19) ,J2C (10, 205 (10) ,T(290) , K070, {074, uka (£2U) ,OR
2, PRONFD (200, 2) ,CCDE {204)

Iu 104/ ANAL/ ¥OTHC, XOUNT, N7 65 TE3T, TN, UGT TR, VAL, Ty, 3R T
15°

C ﬁﬂb’/STIii‘
1A::A(7"0) ,C A

COAACK/STRPS,

19413070 (270) , 48GT t,(zﬂo),:u:;TJ()Jo),
Z]LA\F’zJO 4) ,STR (200,3) ,PSTIGTN (200, 4), SST2I0 (20U, 0) g rUis U2
CCAFCH/NONL/RCUR (3) , CEH (3, 10), BETS (3, 19), 775 (30) ,uai (30) ,

FV(3 10,39) , 5RU0C (3, 10,30) , PREFT4 (200 ),:5 SUEV(200) ,Cuniha {20

”"“«n'/nf'u/x,h“,o,_wu TEA2GU) JEC (2200 0¥ I, aiiid UKL *,un\

124 {10)

DIMENSION D1S(2,26C)

TONTVALFHCT (TIS, C)

INTEGER WBAND

REYTND MY

2wy 550010, 10),

¥(12, 2) , A(200,3,6),5 (200, 3
3 (519

}
(R L VEAMD, D (B 10) L AR
U ,?*3),\I”“b\4uu,u,, k!
,(."{)C) < \’Jf""(‘(')(‘(\) PRORCE: W4
2

SRS
'i.—

g &5

,q.n»’ﬂ
-

o s or Ty .7 =~
Cud ik TTH

PRI 7 DISELACELENTIS
I ‘7f:3.ﬁﬁ.“PT EK) GOOTC 902
IF(THERLLEDLG) GC T35 9972
,uL.u(ﬁ 100) ISR Rok ]
WRITE(A,117) (8, {CIS{J, M) ,d=1,.21),3=1,:2)
CONTINUE



-16- ' 299

WCLlasz: DISPULACEHENTS DUY TO EACH ILlhgdsdT AUE
CUMUOLATIVELY ADDED T THOEE TXISTING bpebCulb

Co (3

IF(NITER.YE. 1) GC 10 601
ne 290 #=1, X1
D 20 J=1,¢
PCISTO(J, WY =LISTC {J,0)
23V DISTO(J ')=D STO (J,M)+0IS(J,%)
001 DO €02 ¥=1,4dt
DY 602 J=!,2
bUZ DISIO(b,W)=BEISTP(J,ﬁ)*DIS(J,A)
IT(NITERWANFLECTITELR) G0 TC 302
TF (I \D.(.?).)) GC T2 €053
HOITO (¢, 112) '
WRITE(6,117) (%, (DISTC(I,%) ,d=1,2) ,4=1,ED)
303 Co

NMTTINY]

C CALCULATE FLITMLNT FOHUCES
© CALCULATE FLEAENT STLLINS
C . )

e 299 XC=1,KE

TRLINIT(YM) L EC.2) ENU=.45

N=C

TE(LCR2(NC,3) .'ls".\‘,-('( “)) S3CI6 209

ﬁ'AD(I‘T-&) N, 1{L(Z40) 4d=1,0),%=1,30)

¢ APAD(NTS) ¥, (k(,,J),J=1,6),:=1,3)
DJ 200 T 1,
1=NOP (N, I)
TRA(H.EQ.D)GG T 260
¥ o= (I - 1) =upr
0 240 3 =1,%C¢
15 = J + X
{
A

249 R{IJY = TIS (I,
2ed CcoNtINTZ

Ia = K + Nub

Do 508 I=1,4

573 FORCE(§,I)=0.
DY 3301 = 1,3
STR(N,T)=0.
39 300 J = 1,IA
STRE(N,I)=3THR (K

300 FORCIT (N, I)=FCKC
FORCE (4, 4) =TCEC

290 CONTINDE

Ty (A(N,T,T) *K(J)) / (2.%4L2A (1))
F(J I)+8(4,1,Jd) #k(J)
E {5, B)+EXU% (FOAICE(N,1) #TCICT (4, 2))

’
\

N SALCULATI PRINCIZAL STIOESSES

C A DIRECTIGCHS

C
PO K00 I = 1,87 .
IP (SO (N, ) W KECRCP (N, 4)) &0 70 widd

250 5 0= (FORCH(N,1)+ TCiCH(N,2)) /2

SESOPT (((FORCE(8,2) =FORCE (G, N ) /2.) %24 SCLTE (N, 2)%%e)
SANK=G )
SAT N=G=0)



o O

.G

700
219

Hig

508

4y
229

300

299
304
AN

3072

593

305
207
306

300
-17-

IF{FCECE(¥,2).E0.S4IN)GC TO 709
ANG=5T.29578*¥ATAN{FORCE(N,3) /(FOWCTF(NM,2) -53T %))
o0 TO 210

ANG = Y0.

CONTTHIR

[ Sy, I"I\‘ j:

CALCULATE pPHINCIPAL STRATHS AYD
DIRFRCLTICNS

DO 800 N=1,NE -

IFLHNDP (N, 3) JRELRNCP(N,d}) GO TO 860

E= (uhrtN 1) +GTR (¥, 2)V /2.

TESaRT((STAN,2)V=5T0 (i, 1)) /2. ) *#2 4+ (ST (N, 3) /24 ) %% 2)
mAL =R+

THIN=R-V

IF{STR (4,2) . E0.E2T4) GG 7O 909
FANG=5T, 290 TERATAN (ST {N,3)/2.) /7 (STR(H,2) =2diN))
G TG 229 '
CANG=GY),

COATTIONE

CORTINIE
CHRNCLATIVL STALSSES ARD STTALUR
TE(NTITERLNS.T) GO 10 302

23 8J)7%1 N=1,HZ
IT(UI02 (N, 3) « ¥ELGCE(N,4)) G0 Tn 391

D3 290 i=1,3
PSTRTO(Y,T) =STHTC (2, T)
STRTO (N, 1) =3TRTC (N, I) +3TE (¥, )

PSTIGTC (4
SIGLO(N' )
CCANTINUE
50 TN 896
26 RI7 H=1,8% :
IF(YMO2IN,3) JRELHC2 (N ,u)) 50 TO 897
DG 303 r=1,2

STUTD (N, 1) =22T0TC (0, T) +5TP (K,Y

D2 899 T=1,4 .
SIGTO(N, Ty =PSLGTO (N, L) #F0220F ( §,1)
CONTT MO

CCHNTINUE

-

TATXL 2LINCIPAL SIEESSES ANl STHAZHS AHw viuaBECT

D0 301 X=1,NE

TE(NCP (¥,3) . NELNCP (N,4)) GO TO 301

C1=(SIGTA(N, 1) +S25T0 (4,2)) /2. |

D1=305 T (((SI0TO(2,2) =STATA(N, 1)) /2.4) *<245T0T0 (4, 3) %% 2)
SHAYTO (1) =2 14D 1 ‘ |

SAIRTG (N =C1-C1
rrutsr,tu‘).. L SHTHT
ANGTC (MY =57.25 lc* AT
GO TO 702 A

) fu Ty 701 '
TGN ,3)/ (SIGTC (G,2) =341 400 ()



Do

o —

~N o~

703
T4
in

(]

TEPR RS

1033

[
o

100

117
112

1909

27X,'

-t

-138-

ANGTC (N)=20.0

CONTIVTT

E1= (STETC(H, 1) +STRTO(Y,2)) /2.

P1=80RT (((STRTO(N,Z) =STRTO (N, 1)) /2.) =2+ (STRTC (A,
TEAYTC(N) =2 14F1

EMINTO (V) =% 1=-F1

TFISTATO (4,2} WBL JEAINTC(H)) 3G T0 793
BANGTC{N)=57.23572%ATAN((3TRTU (3, 3) /2.) / (STHTO (¥,
GO TO 704

ANGTC (N)=30.0
C()”T NTIE
ruT’*”"
SUBRCUTINE

CALL JCONLIYN

TF(NTEST.80Q., LTHUSTY GC TC 307

D34S N=1,NF

IF(T%AT () .?g._) U=, 45

IF (NP (M, 3).au.wup(w,u)) ;
C.0.) GC TC ¢

TF(STh{¥,1).
EC (M) =(FORCE (U, 1) =IKe% (TCRC

G070 3u5
a7
d i
r

FAH,2)+TDLCE (X,

*C TC 934
FISTR0,2) JT0L0.) S0 TC G4

EC (M) = (FORCE (1, 2
GO TO Y38

FC (N) =RE ()
CONTITUR

CALL HONLIN (%)
COHTINIE

CONTT JUT

JmERTE (FULUD (i, D127 0T (7,

R ITH INTE?PULAT"‘ STk
CORPESPOUDING TO FFSILON

TF(ITESTL20. LTEST) ¢0 TC 1003
TF{IITEL,. K. NCTITER) U TO 1002
IF(INDEX.ZU.C) GC TO 1003

- T

TR (6, 1000)

LGO1003 d=1,8F
IF(NGP (W,3) . MECECD (N, 4)) GO w0
ARTTE(6,1002) N, CTONPRY (N} ,of (d), 24
CONTIRUE

TJd R

E3TU(N) , 00

FOEYATA

kOR T{V1Y, 10X, JHCRIMZUWT NC,. Y,
,'TAHTV 4 = DIE2LACEARNT IXCBEH”MT'/
MODEY 6 X "E=-T732LACTHNSNTY, 3%
FOZHAT(T19, 2815, 9)
TOTHAT(///, 25,V TABLL & = 70T,

L . A A
DI SELACEFME

74,

1o
Iy 1 /
RRURPI

3L, VY=-DISPLACKEARYIY)
FORMAT (YO, S4,'TABLY 3 - INTESECLATED VALUES'//
! RLEMENT CCNF, BESS, “0DOLIS

RN R VAONE:

Y

301

3)/ce ) ¥%L2)

2) =L ALUTO (N)

4) 1) /Su (3, 1)

{5l

ROV (1) , a0 (&)

, P Y- DTSPLACTARYTY)

Tl L
'S VI RS 34 ALAVLI
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302

2 DEY. STRESS £UDULAS Y/
3 | TANGINT
4 cLIcxY)
1002 TFORNMAT (5%,I6,8K,F10.5,55,F10.3,6%,710.06,04,Pid.4,04,F710.2
- RITHAN
END
SNIROUTING J5178%
c JOIMNT T LEFEET
C > ~

IJ1

L@

[}

SUAROUTING JCTNT STRESS

CAMMNN/CONTR/TITLT (12) , NP, UF, Ni, ND7F, OCH, KLY,

1,ybPC,\CﬂA‘,TNDFX,-OU‘,LNC(U (zoy

CORAON/DATA /CORD (200,2) ,N02 (200,4) ,I 44T (299)

1'1(900),.‘C(1)),Jsr'19),vr‘(13),7(“))),x)ux,
PLCOAD(290,2),CC0E (200

AT, §SLF, LI, NL 4,

JANBC {0d) UL (290),
TN Uk (2d0) LR

LQWJOv/AlHL/NO$UC XCUNT ¥ ST, LTIVST, NITER, NCITCU,VEL, Thu, GuTi

1s°C

COAMA0N/STIFE /R
1A58TA{2DU) ,C (51D
COMMNYN/ININT /T

130(2,2) g8 (200, 2) ,2 1200,2),7(200,2) ,AV0 (200,
DCAVE (200,2), ECY (290, 2) . PCAYD (200,2),81(3, 3)
DIAENSTION DIS(2, 260)

FOUTTALENCE (2I5,0)
TEINITHR JNELNQITES) GO T 301
ITTE(5,523D)
“AITE(E, )
CONTINDE
e 301 N=1,KF
FOFY STRESS=STEATN MaTR97
TP (NNP (N, 3) cbya NCO (Y ,U)) 50 TO 301
pe 1 . T=1,2
M1 g=1,2
1 89(T,Jd)=9.9
3N{1,1)=2%51(X)
SD(2,2)=D¥N (V)
7 1=%,2
Y (N,T)=5.9

-~

DETEHLNE TLANSYCAMATION HA1PIL
E=CUO5 (ANG {N))
S=STU (ANWG ()
Dy 12 1=1,8
pe 13 a=1.5
13 "1 (T,05=2.0
N qu T=1,3

14 T1(I!J)

1o 1T1(%,J)=-5
FLEMEHT MCTLAL DISPLACZAVNTS

STIF(12,12) ,A{200,3,6),51(270,3
)

b0) 4 55(5319,73),

R (8), H(p),vuhnb 3{510), T {510)
) (8,8) ,3L(3,8),A1(209) ,AJ6 {20 ,DKs5(40u) ,0ad (21
2y, 0V (ded, ey,



]

2449
260

12

11

H=NOD (N, T)
IF (%.80.0)
K= (I-1)*%\DF
DO 240 J=1,NL
IJ=J+¥
g{ZJ)=nis (J,
CONTINIE

3 C

-20- 303

Ty 2¢0

¥

¥)

DISPBLACLUAENTS WTTi RESDPECT TH HLEAZNT LulaLn aAXz!
12 1=1,3
H(I)=(0.9 :
no 12 1Jd=1,3
H(I)=HA(IY+T 1 (L,T0) *r (1)
5=-AL(2) /2.
D 100 IT=1,2
PORM STRAIN-DISPLACIEHAENT MATRIY
F=1.=-2.%X/AL (Y) o
G=1,42.,%L/AL (N)
0 2 1=1,2
bu 2 J=1,8
n1(1,Jd)=0.0
31(1,1)y==-¥r/2.
211, 3)=-G/2,.
21 (1,S)=~1/2-
#8101, ="/2.
a1102,2y==%/2.
B1(2,4)==3/2.
B1(2,6)=03/2,
2i1(2,8)=v/2.
FORM 2TLATIVE AISPLACEASZYNT TRTToR
DS 3 1=1,2
H(N,T)=2,0
neo3 J:‘]"J,
Wi, Ty=w (4, 2)+#31(Z,J)*H (D)
AVPREAGE RELATIVE DLSPLACHAL T
NG 11 I=1,2
V{7, TY=V (4, I)+5(i,)
FINLD ZJZAT ARD NOERMAL STHESITS
M o4 I=1,2
P(N,TY=0.0)
20 4 J=1,2
PY,TYy=D (4, T)+3D|T,J) *W 1IN, D)
IF(NITLEJNELICITELX) GO T 1000
{(=X+AL ()
TINLD AVFRAGE SHEAL AND MOBEMAL STRSS3S aluwuss
TIE FLODETNT
DG 10 T=1,2
Viu,I)y=v{n,I)/2.
DC A T=1,2
AVP (N ,T) =D
DIVERS I=1,2
"'(1'1)=1 (G, T)+S5 (2,0) %V (¥, d)
ARy =43 ‘(\)v(?‘) /(z 0%3, 1515%3))
(4IT£3.44.LUITEn) GG TO 3061
:ITL(‘ 400 W,ANG(H),AL(%),Pn/("),C(f(F),I(u,1),»(u,4),AVP1
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1AVP {Y,2)
301 CONTINIR
C CUMSILATIVE AVERAGE STETSSES &U0 SIS3ILACLERENTS
TE(NITER.NELNCITER) GO TO 902
RRTTT(E, 5000)
JETTE 6,005)
232 CoRTINGE
DO 2609 i=1,HME
TF(NOP (N, 3) o vl NCE (1,4)
TF(NITFR,NE, 1) GC 70 6
e 9 1=
BCV (4, 1) =CV (¥, )
ACIVD (N, 1) =CAV2 (§,1)
CV (8, TY=CV (3, T) +V (4,
g CAVP(¥,1) F«V?(d,{)f VL"(N,I)

50T 2009

691 Do 17 1=1,2
CV(Y,T)=DCV (N,T) +V (§,1
17 CAVD(N,I)=5CAVD(X,I)+AVDP(N,I)

¢ CALL JOINT HONLINEAZ SULLCUTIHNK
TP(NTEST.FQ. LTEST) GC TG 2000 '
CALL JAONLY (N)
“IF (WITER.NL.MCTTER) CO TG 2008
A0TTFE (0, 300) ¥, CV (1) ,CV(,2) ,Cave(d,1) ,CAVF{Y,.2) 085 () 4
$000 FCIMAT('0Y,I5,0(119., 3) 2815.7,2F 14 .0y
3u) FOEMAT (D', I5,4014,.7,F15,7 ,L15.>)
2000 CCHTIVGE

VD TOETAT S S TR T G o ST ESSES ARD DISULACLUINTS L. Juldi
5/

D300 FAORAAT (//,59X,YPAELE 10 = CUHMAULATIVE Hiv 0350 Ay Gloveddial
1 JOINT RLEMEKTS!'))

e ENTHAT (C01, 54, %", 4X,YANGLEY ,4 X, VLENGTIH 6%, 1 ChLNLuCIaY, 124,
1% DISQLACRAENT!, 13X,’AVFP1FE ~Ipcss'/3?x,'x',ux,'z',ax,'5aﬁA
7".;\PM\L| 1\)}“'";1,.-\,")\{ tNOR l) -

500 'u'“‘”('O' Wi, 'yt 5(,'LW“11 ATTVE DISPLACHAATSY yud, ' SUtadLA
17PISSLCSY, 10X, '“mIFJVLSS YALUES 1 /124, "SEPAN1, 104, *donaacnt , 9%,
2V, 10K, PN0RMELY, 9%, 050NN 11N, TRORNALY)

PRT UxS

END

SURKCHTING KFAC(J, 5, B)
CONMOI/CHOITER,TITLD (12) , 6D, NF, NB, HDF, NCH, 4LD, i
1,NOPC, NCHAT, INDEX, IOUT, YNCGUT (20)

COMAHON/DATA /COED (200, 2),*ﬂp(2oo h),I”AE(ZOH),“%U(OU),U{('UU)
THY (200) , 738 (10) , JRCLIV) ,PRF (1)), T(200), 407N, YDEN, 084 (LIV) ,UR
2,2FCH0N(200,2),C00E (200)

rﬂ“vov ISTIFF/ESTIFN(12,12) ,A(200,3,0),70(229,3,6) ,5a(510,19),

ARZA(200),C(512) ,2(8), H{R),WBALD,D (B10) ,AR (51V)

wzw NSION U (&)

TNTPGRE WBANE

AT, 488, L1, NT Y

o

[
. £ ' R R RV N R e T - . -
C EMCALCTIATE STIFFNESS AT T Fod SlndudT ¥
i

TE(HOD (56,3) KELNCE (8, 4)) 50 TC S04
CALL STIFTZ (W)
J1=2% 0P (N, 1) =1



J2=2%N02 (N, 1)
K1=2#50P (8, 2) -1
K2=2%50P (4, 2)
L1=2%¥02 (N, 3) -1
L2=2%%GP (Y, 3)
U{1) =C(In
TU2Y=C (D)
H(3)=C (<)
T{#)=C (K2)
T(9)=C(LY)
H{5)y=C (L2
IF{CODE(Y) .NE.1,)
TE2xJ-1

Xz %300 (N,J) =1
5714=90.,9

DO 425 L=1, 0

SUM=CHAeESTIFR AT, L) #1 (L)

A7 (K) =AR (X) #503
¢ TC 503

IF (CODF (). FCL 2, )
T=2%J-1

K=2%NCP (1,J) -1
$U1=0,0

D0 428 L=1,6

SUM=5UA+ESTIFA(T , 1) *J (L)
4

Al (K) AR (&) +51
I=2%]
l:vs:;\_yrn)(\;'})
55d=0.9

DN 427 L=1,¢
SNU=cmy 3T IFM (T,
AE (R) =AL (K) +S01
CONTI WL

GG TV 3

CALL STIETT(N)
T1=2+ 800 (N, 1) =1
2=2ANGP (M, 1)
J1=2# 800 (4,251
J2=2%n0P (N, 2)
F1=2%8CP (¥, 3) -1
X2=2%30DP (N, 3)
Li=2%NCP (N, 4)~1
L2=2%N0D (N, 4)
B(1)y=C(I1)
J(2) =2 (12)
M(3)=C(J1)

T(4) =C(J2)
U(5)=C (K1)

U(o) =C({x2)
M(7)y=C (L)

TRy =C{L2)

@+
T
|
—

2..
F=2%80P (X,J) -1

530

30

[
[\

16

N
-\

501

542

L) %7 (L)



C. Y

[N o

X

190

306
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—
=
e

-~
oo
o

1"

CN
W

D
e i

S

(V7RG o)

~a
—_
.

P L) *U (L)

.-«
+
-

Ma
FC,

-3
D=~ a
1]

) 32
.;‘:
~ b

h

«D“(").mg.:.) G0 TG 4
* 5= 1

£XOP (W, J) -1

.0

1‘1,3
SUM+ESTIFA (I, L) *#U(L)
-‘n(\)'cnﬁ

o= o
WS A\J N o~

CJ

[UERs R Jh o R

HE S NOI £ B 4
-D'Zut"’u')

D NSN3 ALY D W) QO L)
=

o2 | IS IS R TR B | |

O

TTEa(I,L)*0(L)
) +<

AZ(()—A () +<04

CONTINNG

TRTURY

END

SORRCUTI AR LAGDTE

COMMGU/CONTR/TITLE (12) (N2, 55,08, N0k , NCXN, 5L, V%A% , 8521, Li, Ni &,

1,%09C, Ncvah,,ua:<,:)ﬂ1,-uguaq(ég)
cnxN GP?/JAF\/CﬂanlcuO 2),7’ (293 ,4) ,T33T{209) M8 (L) pda [2I0),
TUY (209) ,T3C {12y, IBCOHG) , b3 (10),7T (209) 4 40730, INEN UKk (20V) ,UR
Z,PFCORU(’W) 2),CCRHE(290) ,
COMAQN/ANAL/ZNOTNG QNN T YT ST, LTES T, T T JNCIT e, Yoy Dl GT!
1520 ’ '
COMAGN/3TLIFRoL8TIFS (12 ,2) ,4 (200, ?,)),z (220
1A’“A(20u),?(:10),ﬁ(3),!(Q),NJ.QU,U 513), 483
COMAQN/STRES/DISTS(2,200), 315705 (203, 4,817
TSAINTO (200) ,ANGTC(200) ,ZANSTO{200) ,EAANTO{290) , 840810 (2U0),
2EORCF(200,4) ,37H(200,3) ,PI3T000G(200,4) , 28047 (2240,3) 00l axu(Z
COMMNDY /D7F /DX (200) ,DY (49 ), X(;QO),JV(j””) TE3L {2V ,EeSY (20
16AKX Y())’)),FSGI‘I (2‘)’)),:;. SIZ ()‘)U),\S_(f’ «;‘,LJ"’ 'J,\.JJ(-“
COMMCH/JUTNT/ZIT (S, ) JEL(E, ) AL (290 ,AaE5 (200) , 0635 {2vi) ,0RE (2
139(2,2Y,:45(200,2) ,2 (219, z;,v(EOC,A),ﬂ”“(“”ﬂ,;),:V(zuU,Z),
2CAVY (20, ?),r“V[203,4),PCAVP(?OG,Z},*n(q,*)
DIAENSTON DYS(2,200)
ESUIVLLINCE (DTS, C)

y

Lo

L), oah1d, 1Y),
) ,
230,2) 45445520 (2

-

i

a3

<o '..J Ji e
;-—« [P RPREREE S

SPLACE LLRaINT COGTILIATHS §ITH oW Luviuwladll

o3

DU 103 N=1,N
PRCORD (N,-1) =CORD (¥,1)

PACO2D (4, 2) =CC2D (1, 2)

CORD (N, 1) =CORD(N,1)+DIS(1,M)
CLUD (¥,2)=COEL(Y,2) #3153 (2, N)

L
CONTINTY
COMEIATION N7 YZLOCLTY COHPQLINTS

TT=(TAD/HOINC) /VEL



3

i

209

934

191

192

123

1TO(T%,2) ) *STE(IK,2) #J. 5%

307

_2{4-
J=XOUNT
DO 209 N=1, NE
DX(H)=DIS(1,%)
DY (N)=DIS (2, ))
VK (N)=DL(N) /1T
VY (N)=07 (d) /7T
CHOATIGY
TF(TUBEXLEQ.0) GC ™D 934
WRITE (6, 1) .
YRETTE (6,2) (3,PRCOD (4, 1), PHCCAD(#,2) ,COR2 (M, 1) ,Lamn (3,2) ,VX
VY (§) ,M=1,4D)

COTESTACION OF SYHRALY <ATES A9 DTRECTiUa GF di.
STRATH EATE

DO 300 ¥=1,¥

TE(NOD (4,3) L ¥2.00CP(H,4)) GO TO 300

m0SX (N)=STR (¥, 1) /7T

EPSY(H)-CW“(N 2) /Ti

BANXY (N) =S PR (4,3)/TT

E= (S0SY (M) +EESY (%)) /2.

J°T(((m?31(w)—:vsy(w))/z.)**2+(33%xY(N)/5.)**3)
1(v)=a+P

PQY(1). (LEPST2(N)) GO Tu 301
(u)=a,.23‘7f#" HO(GANXY (N) /24) Z(22SY () -E25L2 (L))

PIASTIC WORK GF DEFCESATION AND POxE8 GF UEFUN
SUMPA=0,9
SUMPD=0. 0
DU 121 TR=1,KE
[7 (NOF (IXK,3) SN2 NCR(LE,4)) GO TC 123
IF(KCUNT.ORD. 1) GC TO 101
211220 5% (SIGTO(T6,1) +PSTGTO (IK ,1)) #ST6 (T4, 1) #0.5% (51ui0 (L&, 2
(STGTO (IK,3) +2SI6TC (TR, 3)) *S 1R (1K, 3)
G0 TO 102
NMD=9,5% (SIGTO(IK,1) *STR(TH,1) +SI570 (IK,2) #3Ta(1k, <) +3LGL0(T
STR (TK,3))
CONTINOT
DUPV=DUP*AREx (IK)
BDOF=DUPY/TT
GO TO 124
DUP=CAVD (IK, 1) *V (1K, 1) ¢CAV2 (IK,2) *V(IZ,2)
DUPV=DUPAAL (IK)
POCF=DURY/TT
TOT AL TNCRFAEYTAL PLASTIC W07 7 AND Pusita uk JLF

SUa2Y+LyUsY

S5T#rE=
SAMPID=S{HM?) + ENOF
coni

CUMULLATIVS 2LAZTIC 08K AND POWIR Us DIFURHATLO



308

CQU”DW‘CCWWPW+SU”ﬁ'
CSUNMPL=Csep+E¥Yen
Ir(Iﬂun\.”ﬁ J) GC 10 335
WPITE(6,122) KOUNT,SUSPH,50MPD,CSIHPH,CSTAED
T PORAAT('1Y,5X,'"TABLE 12— VELOCTITY AUD NiEw CTO=0%0idaiis'//
1 3, '”CDE',BE,'K-COED',%' Y{-CORDT L34, Yumamcuadt, 54
ZYI=-Y-CORDY,5X,"X-YELLCITY!,S¥,VY-VELCCITY?)
FC?!AT('ﬁ',?(,;.,)(,510.7,3X,F10.7,3ﬁ,‘10.7,31,?10.7,3A,£12.5
1£12.5)
122 FORMAT (1! ,5%,"0AGBLE 14 - PLASTIC ﬁ”?ﬂ i“J POITN OF OAFURAATI
1“' VIVNCELMANT NO0OL',15/7/15 OTAL Lacddedian vL2
T 07 DIFULMATIONE=Y, T
Rt ,F20.9/7154, P NS A JiVE v odsg OF

A

1
IRORK="Y,F20 9/1)A VIOTAL !
1152,'((!13 IVE FLASTIC Pd
JEMATION=", leC 1)
935 RETULRY
END

SUBFCNTINR AVER
- THIS SOBWOUYTING AVELAGE STRIASHES,,STRALNS asu srdaleild
c 4T NCDAL TOINTS AND THEN PROUCEEDS TO ChinlUlais PaLiCE
c VALJES AM0 DIBRCTIONS
SCHAAIN/CONT R/TTT LY { 12),rv,ug,"’ NULS, NN, SLD, ula D, N0l LD, 8T,
1,M0PC,NCHAT, IUORY,INGT , LNEO0T {20)
COAHCH/DATA/CORD (200,2) , 0P (200, 4) ,T5aT(220) 180 (b)) ,Ua (200)
TUY (200), T30 (100, 3BC{10) , PR (10) ,T(203) , X054, IDE N, Suk (2JU) ,OR
-‘)")’.‘ ."(‘_JJ"_I,L(‘) (7(\1)) .
CHANON/STUNS JLTSTN(2,200), 51670 (200, 4) ,8TNTY(200, 1) , SAA 420 (21
1SHINTO (2 u),,,"'m"(’uO‘ zrnatn('oc SRPAXTA (IO, salaiu (209),
29;“C"(7U;,‘),)P'('JU,*),U”"hLU(ZO S RSTETY (290, 3) 4 2UISIu(2
COAAOM/DFY /DX (20G) ,0Y(20C) , VX ),vz(za“;,uvq:( JU) ,e¢SY (20
15384V (200), ':',“‘f‘ {lJ3) ,FESIZ {29 ‘) L 0T 208 ,CouiP, 50w
CUMMCH/AVAG/ZAVIE AL (290) , AVS AT (200, AVANS (260) ,A¥TAL(200) ,
1AVTﬂN(ZU‘),qVTANh(ZC'),\!S‘A(zOu),AVSﬁH(EJJ),A.QuJJ(/dJ),
DAVSTAY (20)) ,AVSTHY (200Y, AVSTAN (250), 3Vo 071 (2005 ,4Vi 8ie (200) ,
3AV2ST (2L9)
DIAPNSTOL SFORUE {200,4) ,SSIGTO (200 ,4) ,S5370370 (200 ,3) ,3340 (400
13EPS‘(2UO),S£PSY(qu),uHHﬁA{(2CO)
NO 100 L=1,%F
< INTTYARLIZATICH
N 8IS T=1, 4
STORCE(L,T) =00
379 S5I3TO(L,1) =C.0
NS 900 I=1,3
SSTR(L,I)=0.C
997 3STRTOAL,T) =0.0
SEOSY (L) =0, U
SEPSY (1) =0.0
SZAMXY (L) =9. 06
< VALUZS FCR ADIACFHT  FLIEMTHTS
NCEL=0
1, NE

DG OI2) Hd=

Ny udn =1,

IF (NOP(w1,3

IF(xoP (N1,I
309 N=N1

CNEG RSP (H1,4)) GU TO &1

1 4
3
)
)y=1) 4Gg,3C0,400



o)
<
o

SUR!

+:)1
S 41

in’;)j
fal

GoOd

6Oy

wd 1

327

398
139

309

dOEL=NOEL+1

D 500 J=1,

SFORCH (L, J)—QFURC (L, T) +FCRCE (1i,J)
S3LGTH(L,J) =SSTGTO (L,J4) +SIGTC(Y,J)
29 591 J=1,3

S53Ta (L,J) =SSTR(L, ) +STE (¥,d)
SSTRTG (L,J) =SST2TC(L,d) +STRTC(U,J)
3ERSYX (L) =52PSH{L) +£23X (1)

SELSY (L) =3TPSY (L) +EBST (V)
SOAALY (L) =SGAMKY (1) #5A T Y (1)

cnymTHn:D
CONTINIE
IF
a0 TG 6bhy
NOR L= :
AVERAGE YALIES BY DIVIDIUG 3Y NU43ER OF aAlrrACUED ELE}
20 00 J=1,
S"URV“(x,F)—E
SSTG oo (L J)-‘S
nn t)u1 J=1,
SSTR(L,J)=SS” (M,J)/au:u
SE3TRTG (L, ) =8STRIO(L,J) /N0 L
SEPSY (L) =3EPSX{L) 7d0FL
SE2SY (L) =SZ2ZY (LY /7HOTL
SCAMYY (L)=SGAsXY (L) Z/UOFL

CALOCULATY PRINCIPAL VALUES MY J2TIRCTICTNS

FARCE(L,J) /5H05L
5IGTO(L,J) /3001

b)

%

CALL ERTH (L, 5ECACE,AVSYAY, AVSHIN, AVALS

CALL PRIVN(L, ESIGTO,AVLY K,AJTqé,AV"‘“)

CALL LL\LN(L:,S?).L VI “.,u‘/q N AVEANGY

CATL PPIN(L,ESTRTO, 5 ¥ST8X,4USTYN, 2ViTAT)

T= {SEPSZ (LY +SERSV (L)) /2

FSORT {((SIR0Y(L)=8HPSX 1)) /2. ) #5224 (RS2AVY (L) /L. *¥%¢)
AYDPST1 (L) =F+53

AVDSI2 (L) =R-t :

TEA(STESY L) ST aveSI2(L)) 58 v 307

FUPST (L) =57, 2957 A¥ AT ad ((SGATIV L) /20) /(€205 (L) =aVeSo2 (L))
50 T 30

AVOST (L) =90 . L
CONTINGE

SOVTT IR

HEIe CA CULATED VALIRS
IF (INDEL. B0, 0) c TO 9136

ﬁRIFF(0,1°1) )
WRTTR(E, 102) (L, (CORD(L,d) o d=1,2) o (SFIuCR(L,T) ,221,4),4V5uaK
TAVSYTH (L) ,aVANS (L) ,L=1,97)

WRITE($,202)

ARITE (5, 103) (L, {(CZ7O (L, ), 1=1,2),{35Ta(L,2y,7=1,3) ,aVvi3iK (L),
1T AVIAH (L) JAVEANT (L) ,L=1,19)

ARTTE(5,114%)

AR TTR(é6,300)

ARTOR (A, 102) (L, {SORI (L, 0) ,d21,2), (857970 (L, Th,221,4) ,avVidd(
159048 (L) ,AVTANTS (D) ,L=1, 49

AZTT® (0, 115) ' .

ARITE (6,202)



101

232

3Jv

o U s
— n
U

102

103

104
Ide

310
-27-

33) (L, (..OI‘D(L,J),J 1,2), {353T«¢70(L,20) ,T=1,3) ,AV3TAX (]

YEI{E (o, 1
TATSTAN (L) LAVSTAN (L) ,L=1,P)

WiITE(6,5)

W2ITT (0, 3)

Wk TTT (6, 104) (L, 58PS L(L) ,SOPSY (LY ,53A %KY (L) ,AT250 (L) ,avesL2 (]
1AIPSI (1) ,0=1,49)

FORAAT (1, 5%, " TAGLE A = LHCHE#ENT STRUST AND SUaALN'Y//
15¥, 'STRASS TMIRZdEAT/
11 NODY Z Y Y= ST&ESS (=510%s 5 £Y=-STx!
2 L-5TRISE © MAX-3TWESS 4IN=5TRESS AALEY)
FORMAT (*0Y,5%,'S1IRATY INC
1 ' nenD 4 (=30 dald
1.-5TPATY a N =sTe AT b ')

POFAAT (P00, 5%,"0A3L8 7 - [OTaL 5Tal /.
1! NODR ¥ Y XK=8TRESS
2 Z-STRESS AAX=-STPRSS 4 IN

POIMAT(///, 18,V TCTRL STEALNSY)

FORMAT ('a',lx "TCTAL STRESSHEY)

UORMAT ('0',5%,"TAILE 13 = STIATHN J(ATE3'/))

FORN LT (1HO, NCDY X-5%rAls ¥ ¥ -3T«Als L
17=3THATd R MAX-STRAIL MIU=STRAIN R adoiet)

FORAAT(I5,94,¢76.2,0515.6,812.3)
TOIMAT (IS ,5(,51‘6._,3115.9,‘ 12, 3)
FORYAT(TI0,5E817.4,81243)

IETIRY

YD

SAT2GUTIUR 2RIH (N, A AAKP, ARIND,AHGD)

SIMANSTION A (200,4d) ,aMA YD (20)), AHT 45 (209) ,ANIP(204)

-

B={ald,1)+A(X,2))/2.

C=SG?Z((!A(I =AM, 1)) 72.) ¥4 (01, 3) =N
AMAXD (H) =3+C

A¥IID () =3-C

) +22.3IN2 (1)) 3G 70 701
57.29578¥ATXa (A (N, 1) /(A (N, 2 =ATTED (3)))
:)

ANGP (N)=90.9)
CONTINNT

RATURY

EXD

SURAOUTINT NCNLTK(N)

COﬂﬂGN/CONTR/TIT,F(14),UP NE,d8, DF, NCH,NLD, NAA L, NSas, Ll , dil
1,%02C, ¥CYAT, TR, 10 INP“"”(ZO) ,

CCEUCY/DATA/CARD (200, ?) NG P (200, 9) , TANT (2D, RS (ve) ,Ta (20V)
1nY(2wn),zuP(10),JbL(1J),pwl(1,,, (299) , 490, DTN, ULE {2J0) ,UK
2,PPCCOKD(200,2),CCDE(200)

ﬂw%«d!/u4aa/ NCTNC, KOUHY, 9TEST, LTTIST, MIT88, YOTTPR, Val,TH ,5a T,

CISTO(2,200), 32370 (200, 4, S 0100225, 5 ,3adalu(2
ANSTC(200) , a5 TO(200) L2447 (297, ddidiu(200),
TR (299,3) , P5TGTU (200 ,4) ,PST5T0{2)),3) , 20I810(2
(), CPA(3, 1), HPTS (3, £3) ,ait(30),
”OC(j,su 30V, PRASTA(200) , PUADEY (ZU0) ,Cunlui (20
EDL,ENT, 52 (200) , EC(290) ,DK51T,0441d,0nSII,DKN:




0000

0 00 Ce (0

¢

(@

311
-28=-
128 {19)

MON~LINGARZ AYALIS IS
NONLIN IS A ENUTINE THAT TINTORZ2CLALLS PO
STRPFSSES FEGH KUCWN VALUES OF STZATH

S
»
—
i

U3FS (SIGAA-5T06NA3) VS, 8B3IILGNT CUnVIS

COCABNTE CONFINING PEESSURT TH ULEARWT

SgTRACE
TRACT i
TEASaALTC (V) W R G.) GG 70 e
TR(SHIMTO (MY L0 3.) 50 TN 392

§U1  CONTINUE

C. Y

.G

o

o Ce Cr €O

IF (ARS (SMAXTGC(N) ) .GTLABS (SYINTC(N))) GO T 291
COUPRE (N)= {SMALT C(¥) ¢53I6GTG (N, 4)) /2.

53¢ TO 292
241 CONPRE'(N)= (SHINTC(Y) +5I6TC (W, 4))
242 EPRE=ER(Y)

TROABS (FAALTC(4) ) 6T ADS(EIIJTC (4))) 50 7C 351
PISTTO=ABS (RNTNTC () )
G TS 352

351 DdSTTC=A“ (ErAITC (1))

352 CONTTRUR

=

.

COLE LU
COPrINT

NGoPRouiiUle vERE
E¥y Ul IdiL bliH

[

R Al
b

LETERITHE TG ADJUINT
CIEVES DEFRENDING CN

R ..
_— i,
-

I=IAAT (V)
NCURV=CHE(T)
IF(NCURV=-1) 357,500,310
3ud dC=1
30 TO 325 )
310 20 A re=1, NCURY
IF(CPR(I,NC) -ARS (CONPRE (N))) 340,325,132
34D CONTINUR
325 NPT=aNDIS(T,C)

st
[a]
[

STREALER TR0 aDJCINI NG STRAIN COUrliNaLns uvdkE
UN THE SAJORK FRYNCTIDAL STRAIY OF Tdo vilodont
Do 355 L’“],NPT
IFIGAMINS (T, NC, LE) =3RS (ARSTT0)) 355,350, 33)
3595 LUUT~\UV
TE(N)Y=RYI(L,NC, NPT) /GAMDC (T, NC, NPT)
TF (NITER,UE, ¥CTTFRR) GO TO 3€2
DTERTE (M) =PRLTIIG
BERREV (H)=PY (1, 8C, NDT)
e T 342

STEERDPTAYE FOF BRI
CRIZFSPCNLIRG TU EZPSILGY

) it



o0

SO

. G

(@

3

3

50

549

452

3o

-

305

375

Jov

379

[

~

-2G-

IF CJdLlY COFE STFRESS-

-

IF(NCURY=-1) 386G, 4c0,
HRITT (6,652,
’"“”’PT(‘-’. RRROR Td4 NCUEVYE CARDY)
PEA(N) =ARS(TCESTF) /AR (DISTTO)
I (NITVEZ NP LNQITER) GO T 372
DARSTP{N) =P L ST
CTRpEV () =TOEST i
G T 392
IF MOERE WHAN ONE STLE
TE(ADS(CONPRR(NY)=0.0) 375,373,375
TR (ABRS{CONPDTF () )=-CPL(I,H0)) 384,33
NC=NC=-1
TE(RC.L®.DY GC TC 37C
RCPRTP=TO S5 TEH
35 TS 32%
RN =LKBRS(TOESTR=2PEDEV N ) /6B S (T
TEALNTPER WL MCTT ol ™0 392
PRYSTE (U =?ZS§”G
eERDEY () =T0ESYL
GC TC 332
IF(ARS(CONDPRF(I))5T.CEL (T, ¥CILY))
STINTW=TOP3 TR« (RIS CONPYR(RY) -CPE (T
1 (BOTCUR-TOPETE)
BEAMY =ARS(SATYFL=2RPEDFV (1)) /AS S (PR
IF(SLTER. LULYCITIR) G ™o 34l
DEPSTR (M) =20 STTO
PUETDEV (M) =STENYA
CONTINGE
TRACE CFF
RETHRY
=D
SH3aNPTINE JNCGIL N (1)
COMMCN/DATA/CUREL 1200,2) ,50P (250, %)
UY(?OO),* 2C (19) ,d5C (10) ,PRE (19) ,T(
2,F2C C(ZOF,;),C»DE(ZCO)

Lu1ﬂge/ast¥v P13, ,8L(3,2) a1 (29
1)‘1(2 2)'\(’)0(4 d’ ,P"‘J‘),.) V\LJ(J 2,
2CAVP (200,2) , ECV (200, 2) , caav(zoo
CCHMOY/INTNL/NVAL (2) ,CN2(2, 10) ,Ail(

JOTMT ItI{Z"& i ADFALY
JNCNL A RCOTIHED
STLFT ﬂQﬁWLUJ FaRew

TN
Lol

DETEINI T 2OJCTNT
CURVES DFEPENDING UN T

DENCM=GRNAC (I,8C,LP)=GA4CC (T, NC,12-1)
FUSLE=S (GAMCC (I,NC,LP) -PRSTTC) * (FY (I,
TGDSTR=EY (I,NC, LE) 4F UNER/DE NG

312

NC,LP=1)-TY (o, 80, LB))

TEATY CUPVE IS 3LiVEN
SS-5TRAIYN CURVE IS Give
70, 385
STTC=BEE500(Y))
36.1¢ 3790
LHCY Y /40D T, ul 1) -
TIN=2023T (M)

yTEAT (2 L N2 {eY) LUK (2
200) Kkt , Y

_xL"U}.\:{ (2 \)V\’

U) g oAk ;
"\‘lr(c. ,d
2),011&,3)

2,18) , 271 (2,10

200, VA5 {20d) ,04
342}

(
¢ sV (edd,2) .,

g7 3
TAAT INTIELPOLATLS Foab SHEA
M B 'ACEORERA 08 NG

DyE :).,J Wb I)u
PRES3URE JN

. ‘AR '.Y
Ny NOETiaL

N Noer*AL

4]

59)

VY

N (2

STubso=-oTaAlN

ENDE
THE



313
...30-

I=TMAT (N)
HKVALUE=HVAL (1)
IV (WVALUE-1) 359,300,311
ARITR (6, 452)
TCRMAT (H5A,"EFR0E IN NVALUF CARTY)
TCwM=1./3H(1,1)
IF(CAVE(N,1)-TO4¥) 3%C,200,3%0
5 CONTIRUFE
NS (9) =0.35
Gu Te 292
350 Nv=1 «
DRSS (MY =( (V. =ASS (CAVE (31, 1)) *BH (T, Y Yxx2) 202, 1)
GOOTO 3952
311 N3 V=NVALT:
IF(CNP(L, 1Y ~CAVE (N,2)) 312,374,314
IF(CHP{I, NAV)=-CAVP (N,2)) 315,315,310
AL=AHL(I, D
2iI=21¢1, 1)
364
31H AHI=AH(T,¥AV)
API=RNIE(I,NAV)
GC T Roi
319 DO 340 NV=z,NVALUE
TEACNDAI, MY -AVI (N, 2)) 34D ,32%5,32¢
340 COJATTUNFE

P
v

[N S 9%
AT U
[y

<

i
o
-

@
o)
3
)

H

.

[§®]

TATERDILATE 7OR A ANE B VALUSS CLUdssluaulni I
PRESSUKE = LINZLE INTERECLATICY
325 AHT=AH (T, dV) = (AT {I, V) =RH{T, NV=1)) ¥ (CVP (T, IV)=Cave {N,2)) /
VP (T, V) -CNP (L, 47-1)) :
BUT=BU (T, NV) = (BH (T, NV) =BH (I, HY=1))* (CI2 (T, W) =Cav2 (4, 2)) 7/
T{CHP{I,NVI=-CKP(T,H V=-1))
304 TO&dA=1, /001
TTACAYD (%, 1V -Tud Y 360, 360, 365
359 CONTTIH L
IKS () =2, 35
60 T 332
300 DYS(NY=L(1.-ASS (CAVR (4, 1)) *RHI) #%2) /AKI
332 CONTINNE
RETHR Y

EID



314

. C2 Computer Program for Data Manipulation



i

(o ¢

o Co

b

[ ol &

315
-1-

DIMERSICN X XL (11,32,4),YYD(11,32,4),XA(11,32,4)
DIMENSION YA (11,32,4) ,NN8(18),K1(8),N2(8),%K(16) ,5FY {3,9)
DIMENSION SFX(3,9) TIAE(9),X(9),Y (9),%F (1),YF (1) ,aT (v)
DIMEWSION COF ({6) ,XT(9),YT(9),4FIT(11,32,4) ,YFIT(11,32,4)
DIMENSION UX(11,32,4),VY¥(11,32,4),E504(10,46,8),L1500 (40)
DIMENSION EPSX(103,32,4),EPSY (10,32,4),:203XY(10,32,4)
DOURBLE PRECISIGHE XA,YA,¥,Y,¥T,11

KEAD (5,%) NP,5R,MC,NE1, M2, NC1,NC2,IN,IN1,IN2,7K

READ (5,%*) ((SF«(I,J) ,1=1,3) ,J=1,NP)

REAC (5,%) ((SFY(I,Jd),I=1,3),J=1,5P)

READ(5,%*) (TIYF (K),£=1,N\E) ‘

REAC(5,%) (NMN(I),I=1,IN)

READ(5,%) (N1(I),I=1,IN1)

REAL {S,%) (NZ(I),I=1,TX82)

EFAC(5,*) (MK(I),T=1,I%)

REAC (5,%) TT,NTRH

READ(S,*) (IRCH(I),I=1,NIR)

EZADS THE COOEFDINATES FXCY IHE CIGITIZER
DG 13 JS=1, 3

DC 13 J=1,AR
PO 13 I=1,NC

. FEACD(5,%) ¥XC(T,d,J3),1¥YC(I,d,4d9)

13

107

1C3

109
17

CONTINORE
MULTIPLIES THE CCGRDINATES RY THD SCALE FACTCRS

DO 17 Jp=1,NE

Co 107 J=1,8

po 107 I=1,NC
XXD(I,35,J?)=XXD(I,Jd,JP) *Srx (1,3P)
YYD(1,3,J0) =YY3 (I,Jd,JP)*SFY (1, E)
CCNTINUE

DG 108 J=9,2C

DO 108 I=1,1C

XD (I,Jd,JP)=XxD(1,Jd,JP)*ST¥ (2,JP)
YYn(1,J,J°)=Y¥0{1,J,JP)*SF1 (2, F)
CCNITNNE

LC 109 J=21,3

DC 109 I=1,NC
XXD(I,J,JP)=%xD(I,J,JB) *SFX (3, SE)
YYD (I,J,JdP) =YY (I,Jd,JF) *SFY (3, F)
CCNTINUE

CCNTIWUE

GO TO 6999

ARITES T SCALED NODE CCCEDINATES

DO 19 Ja=1,3E
ARTTE(6,1301)
¥EITE(E,1302) JR,TIMF (JF)
WRITE (6,1303)
DO 2% K=1,HNK



999
958

25

13

1301
1302
1303

1304
1305

oG

2999

120

.

C: € L

1e¢1

169
162

316
-2~

DO 999 I2=1,NIR -
TF(K<EC.IRCW(I2)) GO TC 998

.CONTINUE

GC TC 25

RLITE(€,1304) (X¥D(I,%,J8),I=1,NC)

WRITE(6,1305) (YYC(I1,K,JF) ,I1 ‘1,NO

CONTINDE

CONTINUE

FORMAT (1H1, 16X, YCOBRECTED CCF»LI“AT"Q')

FORMAT (14 ,'NC. C% PICTURE=',1X,I12,54,'TI4E AFTEx S5lagl=?!

1F5.2,'DAYSY)

FCRMAT (14 , ' COCOEDINATES  ¥=A XIS Y=-AKIS?)
FORMAT (1H ,'x=', £ (£9.6,3X)/1H , 1%, €(FS.€,34))
FORMAT (14 , % ¥=',€(F3.6,3X) /1 -,13,6(F9.6,31))

CKEATION OF AN INITIAIiﬂNDISTCETED GTFIC FETWCKR

Do 100 L=1,1Z2,4

JK=KK (L)

JE1=MK (L+1)

JE2=0K (L+2)

JE3=MK (L+3)

DO 100 J=JK,JdK1

DG 1€C0 I=JK2,JK3
A(T,d,1)==-6,35+7-1)*1,27
YA(I,J,1)=CLCBOE+ (J=-1)%1.27
CONTINNUE

GEIC ADJ”S”FTNTS. CCCELCIHATES C¥ £-a¥ISs.
ARFA  WITHd NC S5CUBNDAFEY ERCBLEES.

DC 200 L=1,13,4

JN=KNN (L)

JN1=NNN(L+1)

JN2=NNH (L+2)

JIN3=NNB(L+3)

DC 300 X=2,Nf

D0 300 J=JN,JN1

50 300 I*JhZ JN3

D1=XA(I,J, 1)—xxD(I,J,1)
02=XA(:+1,J,1)+xxn(z,J,1)-XA(I,J,1)-K§D(:+1,J,U
DI=XXD (I+1,J,1)-%XD(1,Jd,1) )

IF (C3-9.) 1£0,1¢1,15¢C

L4=0.

GC 10 152

D4=LC2/L03"

DS=(IXD(I,J,K)-X3D(L,J, 1))*cu

D6=XA(T+1, J+1 1) =X x7(1+1 J+1, 1)=XA(T,I+1, 1) #X4D(1,J+1,1)
L7=XXD (I+1, J+1 1)=2XD(1,d+1,1) ’
IF (27-0.) 1€3,1¢€1,160

£3=9,

G0 TC 162

D8=rC6 /L7

DI=(XXD(T,J+1,K) -XXD (I,3+1,1)) *+L8
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. D10=(DY-D5) * (YYD (X,J,K)-Y¥D(I,d,1))

311=Y¥D(I,J+1,1)-YID(I,J, 1)
IF(D11-0.) 170,171,17¢C

D12=9.

GO TO 172

L12=010/D 11

XA (1,J, n)-xxn(l,b,h)+u1+06+314
CCNIIRNUE

CONTINDZ

GRILC ADJUSIMZINTIS FOR THE COCEDINATES CF Y-AZXIS.
AREA WITH MC BCONDAFY ERUELEFS,

DC 400 L=1,13,4

JN=N¥N (L)

JNT1=NNE (L+1)

JN2=NNN (L+2)

JN3=NNH (L+3)

DO 5G0 K=2,NE

DC 500 J=J%,Jdu1

DN 500 I=JN2,JN3

D1=YA(I,J,1)-YID{I,J,1)

D2=YA(I,J+1,1) +2¥D(L,Jd,1)=YA(I,J,1)-YYD (T,d+1,1)

'D3?YYD(I,J+1,1)°YYD(I,J,1)

IF (03-0.) 18C,131,13C

p4=0.

GC TC 192

C4=C2/D3

D5= (YYD (I,J,K)-YYD(I,d, 1)) *C4

DO=YA(T#1,J+1,1)=YYD (T+1,34¢1,1)=-YA(Z+1,3,1)+Y1ID(1+1,5,1
D7=YYD(I+1,3+1,1)=-YYD(I+1,J,1)

IF(D7-0.) 19¢C,151,190

£8=Q.

GC IC 192

N8=06,D7
DI=(YYD(T+1,3,X)-YYD(I+1,J, 1)) *L8
PD10=(L9-DS) * XXD (I,J,K)=-XX2(I,<c,1))
D11=XXC(I+1,3,1)Y~-XXD(1,J,1) -
IFE(D11-0,) 210,211,210

D12=C.

G0 TC 212

£12=p10/011
YA(Z,J,K)=YYL(I,Jd,X)+21+D5+C12
CONTINUE

CCNTINDE

GEID ADJUSTEENTS FOR THE CCORTINATES ON X-AXI3.
IN THAT AREM INSTEAD CF 'I+1' Tuu 'I-1% [Z 053D,

50 €00 L=1,5,4
JNN=N1 (L)
JHN1=N 1(L+1)
JNN2=N1(L+2)
JNN3=N1(L+3)

)



CooCc

318

DO 700 K=2,NE
DO 700 J=JNN,JNN1
DO 700 I=JN¥Nz,JNN3
D1=xA(I,J,1)-XXD(I,J,1)
D2=XA(I-1,J, 1) +X¥D(I,J,)-¥A(1,3,1)=XiD(1-1,43,1)
C3=XXD(I=-1,J,1)~-XkXD(Z,d,1)
1F(D3-9.) 22(,221,220

221 D4=C.
GO TIC 222

220 CU4=02,D3

222 D5=(XAC(I,J,K)-XXD(I,Jd, 1)) *C4
D6=XA(I-1,J+1,1)-KXD( -1,J+1 1)-XA(L J+1, D) +XXD(1L,d+1,1)
D7=XXD(T=-1,J41,1)=-XXC(I,J+1,1)
IF(D7-0.) 230,231,230

231 CE=0.
GC TC 232

23) DE=DE,D7

232 DY=(XXD(T,J+1,K)=XXD(I,J+1, 1)) *C8
C10=(DS-D5) * YYD (1,J,K)-YYD(I,d,1))
D11=YYD(I,J+1,1)-YYD(I,d,1)
IF(C11-0.) 240,2Lt1,240

251 D12=D,
GC TC 242

240 L12=016/011

232 XA(1,Jd,Ky=XXL(1I,d,K8) +D1+L5+[12

700 CONTINOE

600 CCNTINUE

Gi:ZL ADJISTXEUNIS FOR THE CCOKCINATES 0N ¥-A4XIs.
I¥ THAT AREA LISTEAD CF 'I#1' THZ *¢I-1' IS USED.

oC 800 L=1,5,4
JIN¥=N1 (L)
JNN1=NT(L+1)
JEN2=N1(L¢2)
JNN3=N1(L+3)
2C 900 K=2,N!
DO 900 J=JNN,INN1
DO 900 I=JNNZ,JND3
D1=Ya(I,J,1)-YYD(I,J,1)
D2=YA (I,J#1, 1) +LY¥C(Z,d, N=YA(1,Jd, )-YYD(I,d+1,1}
C3=YYD(X,J+1,1)-Y¥D(I,d,1)
TF(C3-G.) 28C,251,250

251 Du=0.
GC TO 252

259 D4=n2/D3

282 DS=(LYD (I J,B)=YYID(I,d,1)) %Dy
DH=YA(I-1,0+1, 1)-YID(T-1 I+1 1)y=-Ya (i=-1,4, 1)*Y1)(L-],u,‘)
D7=YYD(I-1,5¢1,1)=-YYD (1~ U
IF(D7-C.)y 26C,2¢1,200

261 D3=0.
GO TQ 262

260 D3=C6/D7

2b2 DY9=(YYD(I-1,J,K)-YID(I-1,J,1)) *D5
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n10=(D9-aS)*lXXD(I,J,K)-xxD(1,3,1))
D11=X¥p(i-1,4a, 1)-7XD(I J, N
IF(D11=0.) 2,0 271,270

D12=0.

30 10 272

B12=C10/D11

Ya(I,J,K)=YYCL(I,J,K) +D1+D5+D12
CCNTITNOZE

CONTINUE

GEID ADJUSTNMENTS. COOEDINATES CY X~AXIS.

( IN TdaT AREER INSTEAC CE *J41' TJ3Z 'J-1' I8 US-D.

2C 19090 L=1,%,4
NIN=N2 (L)
NJN1=H2 (L+1)
NINZ=NZ(L+2)

HIN3=N2 (L+3)
DO 11006 K=2,NP
DC 1100 J=8JM,MIM
DG 1100 I=xJN2,M3H3
DI1=XA(1,J,1)-XXp(1,J3,1)
III=1I+1
IF (JeED.32 J2ND. T.32C.11) TII=I-
D2=XA(ITI,J, 1) +XXD(I,Jd, 1)- A(L,J,1)=XXD(I11,4d,1)
D3=XXC(I1I,Jd,1) -%X0(I,J,M
IF(C3-0.) 28C,281,280
c4=0.
GC TC 232
C4=p2/D3
DS= ({XD(I,J,k)=-XX2(I,J, 1)) *LC3
IIT=1+1
TF(J.FG.32 JIND. TOEC.T1T) TTI=I-1
D6E=XA(III,J~-1,1)-XXD(IIX,J~1,1)=Xa (Ll ,d=1,1)+X4D(i,d=1,1)
D7=XX0(IT11,J~ 1 1)=XXD(Z,Jd-1,1)
IF(C7-0.) 290,291,290

H=0.
GG TC 232

5=0¢€,D7
DY= (XXP(T,J-1,K) =X4D(L,J-1, 1)) *[&
D10=(DY-D5) * (YYD (I,J,K)~-Y¥YD(I,<,1))
D11=YYD(T,Jd-1,1) =YYD(I,Jd,1)
IF(p11-0,) 31¢,311,310
D12=C.
GO TC 312
p12=C10/D11
XA (Z,d,8)=KXC(F,3,K) +C1+4L5+C12
CONTINUE
CCNTINUE

NAZ
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NIN=N2 (L)

NJN1=N2 (L+1)

KIN2=NZ(L+2)

NIN3=N2 (L+3)

DO 1300 X=2,NP

DG 1300 J=XNJM,NJIN1

B0 1300 I=NJNZ,¥3N3
D1=YA(T,Jd,1)-Y¥D(I,J,1)
D2=YA(I,J=-1,1) +YY¥D(L,Jd,1)-YA(X,d,1)-YYD(I,J-1,1)
p3=YYD(I,d-1,1)-Y¥¥C(1,J,1)
IP(D3~0.) 32C,321,320

Du=Q.

3C TC 322

s4=p2/D3
o5={YYD(L,J,R)=-YYD(Z,J, 1)) *C4
T1I=T+1

TF(J.EQ.32 .2ND. T,EQ.11) III=I-1
NHh=YA(ITI-1,d,1)-YYD (X11-1,3,1)-YA(ZI-1,d,1)+YYD(L{~1,d, 1)
DT=YYD(III~-1,3,1)-{YD({I~-1,7,1)
IF(C7-0.) 33C,331,33¢C

pg=Q.

GG TC 332

DE=LEé/D7T :
D9=(Yin(I-1,3,K) -YYD(I-1,d, 1)) *CA
D10=(DY=~D5S) * (XXD (I,J,K)~-XXD(I,2,1))
B11=XxD(I-1,2,1) -XXD(Z,3,1)
IF(D11-0.) 340,341,340

£12=0.

GC TC 342

C12=C10/D11
YA(Z,d,R)=YY(C(Z,d,R)+D1+L5+L12
CONTINUER

CONTIRNRA

2O 1406 J=1,)P

WRITE (0, 1306)

WRITE(€,1302) J,1IME (J)

WRITE (6,1303)

Do 145¢ 110=1,13,4

JK=MK (T10)

JEX1=MK (I110+1)

JK2=KK (T10+2)

JK3=1K (I10+ 3)

DC 1450 X=JK,Jx1

DO §47 I2=1,81p

IF(K.EC.IECH (I2)) GU TC 990
CONTINUE :

GO TC 1459

WEITR (€,1304) (XA(1,K,d),I1=30K2,Jd83)
WEITE(6£,1305) (Y2(I1,K,J),T1=dKZ,TJK3)
CONTINGOE

CCNTTNUE

FOEMAT (141, *CCORLINALIES ADJISTED AFTES DADA JEDICLIuvat,
1Y TECHNTQUE IS AFPEL1EL!')

GO In 9392
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CUBRVE~-FIT KRCUTIWNF

DC 1500 I9=1,13,4
JK=MK (I9)
JRI1=¥EK (I9+1)
JK2=MK (19+2)
JR3=MK (19+3)
g0 1500 SC=Jk,JdK1
DC 1500 I=JKz,JK3
DG 155C J5=1,KP
X (JS)=Ya(Z,dC,JdS)
Y(JS)=¥A(I,JC,d5)
Wl (JS)=1.
1550 CONTINUE
XF (1) =0.
YF (1) =0.
N=Y
ISCAL=1
MXDG=2
IPRINT==1
NF=0
CALL CURVFT (X,Y,%T,%,ISCAL,%Xl5,C!
DC 16900 X=1,)E
XT (K) =X (K)
DC 160G J=1,MCOF _
TF(NCOF.EQ.1) GO TC 351
IF(XT(K).5u.0) oC TIC 351
IF(J.EC. 1) GC T 351
YT (X)=YT (K) +CCF (J) *XT (&) ** (J-1)
G6G TO 1600
351 YT (K)=COF (1)
GO TC 1600
1600 CONTINUE
" DO 352 L=1,NE
PER'(Y(L)*YTIL))*100./Y(L)
IF (ABS (PKR)=-%.) 61,361,362
362 ¥YT(LYy=Y (L)
3ol XFIT(I,JC, L)-YT({)
YFIT(I,JC,L) =X1(l)
352 CCNTINNE
1500 CONTINUE
WRITF (6,1308)
1303 FOR4AT (141, 'FITTED CCOKDINATES?')
DC 1650 JS=1,M[
IF(IS-1) 371,372,371
372 WRITF (6,1309) JS
1309 FOPMAT(1HO,'EICTCEE! ,I3/)
GC TC 381
371 WRITE(F,1310) JS
1310 FCR¥AT (11, 'EICTURZY,13))
331 DO 16350 I11=1,13,4
JK=MK (I11)
JK1=4K (L11+1)

‘.7

.' ‘C(JI'.LLLTI\:T‘ .‘ir,)::,ll')
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JK2=MK (L 11+2)

JE3=MR (T11+3)

D0 1650 JC=JK,JK1

DO 995 T2=1,NIP

IF(JC.EQ.IRGK (I2)) GC TIC 934

CCNTINUE

GO TO 1650

WRITE(6,1311) JC, (XFIT(I,JC,J3),I=J%2,JK3)
WIITE (6,1323) (YFUT(I,dC,Js),I=JE2,JK3)
FCRMAT (11 ,'nfw' I13,2%,"XFI1',10F7.3)
FORMAT (1H ,3%,'YEIT',10F7.3)

CONTINYE

CCHMPUTATICN OF VIICCITY CCHFCNENIS.

5992

1312

421
1313

411
1314
422

1315
1351
1700

Ca

HRITE (6,1312)

FORAAT (101, *VELOCITY CCMPCNENIES C%LuJL%ITD FLCY FLiTrJu?

1' CCCPCINATES."Y)

N2G1=NP~-1

DO 1700 JSs= 1,Nﬂh1

JS1=35+1

IF(JIS=-1) 4t1,u21,411
WRITE(6,1213) J5,dS1

FORMAT (140, YEICTCKE! ,L2,'-1,12)
;506 TC 422

WLTTE(6,1314) JS,d87
FCRYAT (141, 'ILLT?BL',IE,'-',IZ//)
po 17€0 Jc1=1,13,

JK=MK (JC1)

JR1=ME (JC1+1)

JK2=MK (JC1+2)

JX3=MK (JC 1+ 3)

DO 1700 JC=JEK,JE1

0C 1756 I=JKZ,JK?2

UX (T,dC,J5)= (XA (I,dC,d51)-2A(1,JC,dS)
VY (I,JC,JS)= (YA (1,JC,J81)~YA (I ,JdC,J5)
CCNTINDE

DO 993 I2=1,NIR

IF(JC.EQ.IRCK (I2)) GC TC 992
CONTINUF

GC TC 1700

WRITE (6, 1315) JC, (U4 (I,dC,d8),T=dK2,JK2)
WETTF(6,1351) (VY(T,JdC, J»),I=JK2,JK3)
FORMAT (14 , *BCa',I3,5%,'Mx*, 34, 1126, 2)
FOPMAT (1 ,11%,'VY',3X,1188.2)

CCNTINUE

-3

) /2
) /7

-3

MPUTATICN OF STHAIN RATES AWL DIFFCTICON CF DPRINCIZAL

STFAIN RAIE,

1316

NRITE(6,1316)
FORMAT (191, 'STHATY RATES AL DIRECTIOR OF PRINCIZaL',
1" STDAIN SATE.')

7
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DO 1800 JsS=1,KP01
IF{Js-1) 511,%12,511

512 WRITE(€,1317) s

1317 FCPMAT (1HD, *SEI',I2,/1H 9K, YKy, 18X, YN, 17X, YE25a0,104,
1'FPSYY, 15X, YERSYYY 17X, 2SI Y, 11X, "ESTE' /1 ,5%,'—-=1,15%,'~--"?
117x,'~--—',1éx,'—-~-',15x,'--—-',1ux,'——-—',9x,'--—-')

G0 TC 513 ‘
511 WRITE(€,1313) J&

1318 FORMAT (VHT1, *SET!,I2,/710 9K, 'K, TEL, YN 170, "625410, 104,
1YEPSYY, 15X, VEPSAYY , 17X, "2ST V11X, YESTRY /1 ,9X,V=-=-",148x," "=~
IRNAPRELLE LR RS SRR e D FRE Lt e R AR b ) Rl |

513 JdS1=35+1 ~
oo 1890 L=1,13,4
JEK=MEK (L)
IF{(L.NE.9 AXND., L.NE.13) GC TCO 35896
JE=JK-1 '
4396 JEI=MK (..*1)
IF(L.NE.1 .,aM., I.NE.S) GC TC 68973
JK 1=JK 1"1
94898 JK2=FK (L+2)
JE3=MK (L+3) -1
DG 1850 J=JK,JK1
J1=J+1
DO 1350 %=JKZz,JK:
KE1=K+1
IPSX(K,J,J5)=C.5% ((UX(K1,T,d5) =UX(X,J,0S8))/ (EA(K1,u,dS)~
1XA(K,J,d8))+ (UX(¥1,J31,3S)-U%{K,d1,38))/(XA(K1,d1,08) -
1XA(K,J1,35))) '

PSY (K,J,J5)=0.5* ((VY(K,J1,38) -VY (¥,J,3%)) /(YA (K,dl1,J3)~
1YA(K,J,J3)) + (VY (KI,U1,J°)-VY(n1 J,S8) )/ (YA (X1,31,45) -
1YA (K1,3,33)))

EB3XY(X,J,d8)=0.h¥ ((UX(X,J1,38)~

( ,J,JS))/(.A(&\,«:],JJ)-
142 (K, d,35)) + (04 (K1,J1, J»)-nx(“1, Js
)

))/ (YA (K1,.71,03) -
)/ (XA (K1,d0,J8) -
GH) )/ (XA 1K1 ,351,d5) -

1Ya (K1,4J, Ja)]+(VYln1,J,Ja)-VY(n J
IXA(K,J,JS))+(VY(KI,J1,US)—VY(K G
1TXA (K,31,J5)))
XN=(X \(A,I,J“)+(h(“ J1,J<)+AA(u1,u1,] ) + XA (¥1,08,455)
1/4,
YN=(YA(K,J,JS) +YA(K,J1,38)+TA(K1,J1,33) +Ya(£1,J,J))
1/4.
f(AJS( PSX(K,J,308)=2B8Y(£,4C,08)). LE.D.0000001) GG 70 D21
F=2 ., *EPSAY (K,J,JS)/(EPSK(K,J,dE8)=-FPSY (FK,d,d5))
PSI=0.5*ATAN(F)
ESTI=(PSI*3604)/(2.%3.14159)
GC TC 522
521 IFP(FPSXY(K,Jd,Jd3)-0.0) 531,532,533
531 PSI=135,
G50 TN £22
532 EST=0.
G3C T S22
533 EST=U5,
5224 AI3=(ADRS(EDPSX(%,d
142.% (ABS (EPSXY (%
ESTR (K,J,J5) =50k

Jb))**é +ABSHETS Y (¥ ,J,33)) *%2.
T(u.66567)*5Q31(A13)
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DG 991 12=1,NIE :

IF(J.F2.IGCOW (I2)) G0 TC 4930
491 CCNTINUE

G0 T0 1850
9919 RRTTE(S,1329) ¥H,¥%4,EPS5¥(¢,J,dS),BHSY (X,.0,J5),

1625¥XY (K, J,J8),0PS1,L85T6 (¥,d,8S)
132J FORMAT(IH ,E14,3,4E20.3,10%,810.2,24,5811.2)
1850 CCNTINOE
1300 CONTINOE

d

c ;
C  CCHPUTATION OF ¥IMTI EFFECTIVE STRAINS AT (XHd,74d)
L9

WRITE (6,1321)

1321 FORMAT (141,54, TEFECTIVE  STEATINS.')

Js=1

JS2=2

JS3=3

DC 1990 L=1,13,4
JK=MZ (L)
IF(L.NF.9 LAM. L.NE.13) GG TO $€97
JK=JK-1
9397 JK1=MF (L+1)
IF(L.NE.1 .AND. L.KE.5) 60 T0 $89)
JK1=JK1-1
3399 JK2=MK (L+2)
JE3=YK (L+3) -1
DO 1950 J=JK,JR1
DC 1950 I=JKz,JK:
ESPX=(T1/2.) (7P SA(L1,J,JdS) +EZSX(T,d,152) #2.+
1E2SX(2,d,d33)%2,)
ESFY= (TT/2.) % (3PSY¥(L,d,05) +EESY (L, ,JdS2) 2.+
1EPSY(T,Jd,J53)%2.)
ESFAY= (TT/2. )% (SESKY (T, 3,J3) +TES4Y (3,3,052) %2, +
1E2SXY(I,J,JS3)*2.)
BI3= (ADS (ESFX) #%2. +A0S (ESFY) %% 2, +2.% (ARS (ESTAY) %%2,))
TST=SORT (0. €€6667) *SORT (BT 3)
D2 989 I2=1,MIR
IF (J.5C. LRGY (I2)) GO TC 985
989 CONTINNE
GC TC 1950
)88 WHRITE(6,1322) J,I1,RST
1322 FOPMAT (1d , 'FCW',I3, 'NCCE', I3, E10.73)
1930 CONTINUE
1909 CONTINUE
~ STOP
END



