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ABSTRACT

The analysis of underground opening stability requires the
understanding of different possible failure mechanisms. An
eigenvalue analysis was conducted to investigate various modes of
deformation azound a borehole.

The development of yield zones around boreheles with the
presence of local weaknesses such as joints and fissures were also
investigated. Local weaknesses are represented in the finite element
studies by elements with a material strength lower than that of the
surrounding elements. The process of yield initiation and
propagation around a borehole was captured and studied in detail for
several cases.

These results point out the importance of local weaknesses or
imperfections on the borehole failure mechanism. A rock mass can
often be treated as a transversely 1isotropic material with the
variation of strength being a function of the orientation of the
weakness plane relative to the principal stress. Hence, by adopting a
generalized failure criterion for rock that exhibits transversely
isotropic strength, the effect of distribuied weakness on the yield
initiation, propagation and failure mechanism of a borehole may be
studied.

The model implemented into the finite element program is
assumed to be linearly elastic, brittle perfectly plastic. A number of
cases with different parameter combinations were studied and the
results surnmarized in a chart which permits an identification of

different modes of borehole failure mechanisms. It was found that

1v



elastic block-type failure mechanisms, similar to those generated by
iocal weaknesses, are also possible. Practical implications of the
different modes of failure and the characteristics of the ground
convergence curves for the design and monitoring of underground
openings such as tunnels are discussed.

A special finite element analysis was conducted to reproduce
the block-type failure mechanism which was observed during
laboratory tests of a circular opening in jointed coal.

Finite element analyses were also conducted to simuiate the
block-type failure mechanism which was observed during the
construction of the Frejus Tunnel linking France and Italy.

Finally, a simplified approach was adopted to study the extent
and shape of the yield initiation zone near a circular opening by
comparing the elastic stress distribution with the Mohr-Coulomb
yield criterion and the transversely isotropic yield criterion. The
extent of the yield initiation zone estimated by the simplified
approach was compared with that generated by the finite element
analysis.

Results from this research also provide a basic understanding

for the failure mechanisms observed in other underground openings

such as caverns.
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1 INTRODUCTION

Rocks differ significantly from many other engineering
matzrinls because of the presence of discontinuities in the form of
fissures, joints, bedding planes, etc. The engineering properties and
the behaviour of a rock mass depend on the strength of the intact
rock and the number, orientation, spacing and strength of the
discontinuities. In this thesis, discontinuities are termed weaknesses.

An underground opening, whether it is a borehole or a tunnel,
drilled in rock, is like!y to encounter such weaknesses. Even with a
reguiar pattern of weaknesses in a rock mass, there are many
possible cenfipurations and locations for weaknesses to intersect an
opening. The behaviour ¢f an opening will depend on its size and
location relative to the weaknesses. It is sometimes difficult to
analyze underground opening stability because the strength of the
rock mass will depend on the size of the opening. For example , if an
opening is small relative to the weaknesses, then the behaviour will
be governed by the properties of the rock mass. In this case,
weaknesses are referred to fissures. If the size of the opening
increases, then there are more chances for the opening to intersect
the weaknesses. The behaviour of the opening will then be
dominated by them. Weaknesses in this case, are referred to as
joints because the properties of the joints and their effects (extent
and orientation) on the failure modes of the opening have to be
considered.

In the analysis of underground opening stability, most of the

research work assumes the rock mass to be homogeneous. This



occurs when the size of the opening is relatively small compared to
that of the fissures, or an opening is in a highly fractured rock mass.
In this research., the effect of weaknesses (size and relative location)
on the failure mechanism of undervrrund openings is presented.
While this study is direct. borehole failure mechanisms,
the results and findings are directly applicable to the design and

monitoring of underground openings such as tunnels.
1.1 Problems Encountered During Drilling Deep Boreholes

Borehole breakouts and excessive wall movements are widely
observed in exploration holes for oil, gas and oil sands. Borehole wall
movements and breakouts may occur during drilling, before the
casing can be cemented into place or during production in the
producing formation. In recent years, the high costs of drilling deep
boreholes in frontier areas combined with the decrease in revenue
due to low oil prices have put pressures on the oil drilling industry to
intensify research on borehole failure mechanisms. A Dbetter
understanding of the factors that dominate the failure process is
needed before guidelines can Ue established for the control or
prevention of borehole instability. Improvements in borehole
stability control techniques would not only lead to a marked
reduction in drilling costs but also to an increase in the quality of
geophysical logs.

The physical processes that control the deformation and failure
of a borehole are not fully understood because of an incomplete

understanding of the relevance of the following factors:
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1. Magnitude and directions of the in situ far-field siresses;
Stress concentrations created by the borehole;

Extent, orientation and distribution of weaknesses near a borehole;

£WN

Strength and deformation properties of the rock mass and

imbedded weaxnesses;

(¥

Stress redistribution process as initiated by the weaknesses;
Pore and fracture pressure as well as radial flow;

Dynamic pressure fluctuations during the drilling operation;

o =B I =)

Thermal stresses induced by the temperature difference between

the drilling fluid and the rock mass;

\O

Permeability change in the rock mass due to the migration of fine
particles from the drilling fluid into the pores and fractures of the
rock mass; and

10. Chemical interaction of the drilling fluid and the rock mass.

Any combination of these factors may cause excessive
deformation or instability of the borehole wall which in turn may
lead to increased drilling times due to stuck pipe, and sometimes,
abandonment of the hole. The cost of borehole instability related to
delays and redrilling costs continues to cause major expenditures, in
the order of millions of dollars per year, for the Canadian petroleum

industry.

1.2 Scope of Thesis and Research Approach

The purpose of this research is to investigate several of the

factors which control the formation of different modes of failure of



deep boreholes. It is hoped that the results presented in this thesis
will assist the oil drilling industry in developing guidelines for the
control or prevention of borehole failures. Although this study is
focused on borehole failure mechanisms, the results provide a better
understanding for the failure modes observed in underground
construction, tunnelling or mining.

The two most 1mportant mechanisms leading to borehole
failure are ductile yielding (plastic flow) and britiie rupture of the
borehole wall. Ductile yielding typically occurs in materials such as
clay shales which are often encountered in production areas. The oil
industry generally handles problems in clay shale by changing the
chemical composition of the drilling mud. This aspect and ductile
yielding will not be considered in this study. Instead it will
concentrate on the problem of breakouts in brittle rocks which are
frequently observed in Alberta and other parts of Canada.

Of the ten factors listed earlier, the first five were investigated
by the author because of their relavence in controlling of the brittle
rupture process.

Although borehole breakouts are frequently observed, it is
seldom possible to obtain sufficiently detailed or quantitative
measurments in the field to allow a comprehensive evaluation of the
actual failure mechanisms. Hence, it is necessary to simulate the
most relevant processes numerically and to compare the results with
laboratory tests. In order to understand the failure mechanisms of a
borehole, the process of yield initiation, propagation and eventually
rupture of the wall must be known. In this thesis, these processes

are investigated by the finite element method because it can take



into account complex boundary conditions as well as variations in
material properties and is able to provide displacement fields during
the yielding processes at each step of the analysis. The following

approaches were adopted and documented:

1. In chapter 2, a review of the approaches adopted by others to
study borehole instability problems is presented. The capabilities

of these approaches are addressed.

o

In chapter 3, possible modes of deformation at the borehoie wall
are investigated by studying the eigenvalues and their
corresponding eigenvectors of the global stiffness matrix in the
finite element analysis. The physical meaning of eigenvalues and
eigenvectors are discussed.

3. The effects of local weaknesses on the mode of failure around a
borehole are investigated in Chapter 4. Local weaknesses are
represented in the finite element analvsis by elements with a
reduced strength. The development of yield zones and the
resulting stress redistribution caused by the local weaknesses is
highlighted.

4. The influence of weakness orientation on the modes of failure is

described in Chapter 5. A generalized failure criterion for

transversely isotropic material was adopted and implemented into

a finite element program. Parameterc necessary for the model

were identified from published test results. The failure

mechanisms obtained in this chapter are compared with those

determined in Chapter 4.



5. The transversely isotropic model presented in Chapter 5 is used to
simulate the Tfailure mechanisms observed in laboratory tests
(Guenot, 1979) and in the field (Lunardi, 1980). The extent and
shape of the observed rupture zones are compared with the yieid
zones from the finite element analysis.

6. A simplified approach to approximate the extent and shape of
yield imitiation zones around circular openings is described in
Chapter 7. The results generated from the simplified approach
are compared with those from the finite element analysis.

7. In chapter 8, a summary chart is provided to assist in identifying
various modes of failure based on the information contained 1n
the previous chapters. Conclusions and practical ‘mplications to
borehole drilling and for the design and monitoring of

underground openings are discussed.



2 REVIEW OF STUDIES RELATED TO
BOREHDLE BREAKOUTS

2.1 introduction

In the following, some recent findings from analytical,
numerical and laboratory studies of deep borehoie failure
mechanisms are reviewed. The intention is to provide an overview
of the wvarious approaches that have been used to investigate this
problem and to gain insights into the mechanisms that may cause
borehole instability during drilling.

Although many different approaches have been used to study
the problem of borehole stability, they can be basically divided into

five groups:

1. Elastic stresses from analytical closed-form solutions have been
applied to failure criter'a of rock in order to determine the
approximate location and extent of the yield initiation zones (e.g.,
Daemen (1983) and Detournay and St. John (1988)). This
simplified method 1is ideally suited for parametric studies.
However, the extent of the yield initiation zones give only an
indication where and how failure starts but not how it propagates
because stress redistribution process is neglected. It is important
to distinguish between yield initiation and propagation because

different mechanisms may be involved.



2. Analytical solutions for the determination of plastc strains and the

W

extent of yield zones have been derived from plasticity theory
(e.g., Daemen and Fairhurst (1972)). These methods are suitable
for comparing the extent of vield zones for different consututive
relationships and different yield criteria. However, they are only
applicable to continuum behaviour and are based on hc nogencous
material assumptions with relatively simple boundary conditions
(e.g., far-field stress ratio N equal to unity). Solutions for

boreholes in non homogeneous material are not readily available.

The finite element method has been used to study the extent of
yield zones (e.g., Desai and Reese (1970), Morita and Gray (1980)).
This method can take into account more complicated boundary
conditions and the presence of local weaknesses such as joints.
However, displacement fields are normally assumed to be
continuous within the body and therefore, it cannot adequately
model separation of sheared surfaces or muiltiple instabiiity
modes. Nevertheless, this method was adopted because local
weaknesses can be represented by elements with a reduced
strength. The influence of local weaknesses on borehole stability

under various far-field stress ratios can then be studied.

A new approach, recendy developed by Vardoulakis (1988), treats
borehole stability as a bifurcation phenomenon. This approach
appears promising because it can distinguish between the two
dominant modes of failure: the formation of shear bands and the

buckling of slabs at the borehole wall under uniform far-field



stresses. The bifurcation analysis is mathematically complex and
much more research is needed to verify it. However, some of the

concepts of this method will be adopted in conjunction with the

finite element analvses.

5. A numerical simulation procedure based upon the boundary
element method and a micromechanics model are used to model
the progressive spalling of the borehole wall (Ewy et al.,, 1987).
The borehele boundary is discretized into many small elements
and the cross section of the borehole is changed by removing
elements where the tangential stresses exceed the strength of the
rock and by placing new elements at the stable boundary. The
stresses are recalculated and the process repeated until a stable
borehole shape is reached. More research is needed to investigate
the effects of stress concentration at the tip of the breakout and
the stress redistribution process before this model can properly

simulate failure.

2.2 Factors Affecting Borehole Statility

The initiation and propagation process of yielding around
boreholes is influenced by many factors as pointed out in Chapter 1.
It is necessary to understand each individual factor better before an
elaborate analysis can be carried out. The following serves to

highlight some aspects which are currently being studied by

different researchers.



2.2.1 Stresses at the Borehole Wall

A solution for the distribution of stresses around a circular
opening in an elastic material was first proposed by Kirsch (1898). It
shows that the deviatoric stress (difference between tangential stress
O¢ and radial stress G;) is greatest at the wall. For materials which
satisfy the Mohr-Coulomb yield criterion, yielding is expzcted to
initiate at the opening wall. Once the rock has yielded, stresses must
be redistributed and the yield zone propagates into the rock.
Santarelli et al. (1986) have shown that non-linear or confining
pressure-dependent elasticity can lead to a decrease in tangential
stress at the opening wall and to a maximum deviatoric stress at
scine distance from the wall. The resulting stress distribution is very
similar to that near an opening in elastic, perfectly plastic rock (e.g.,
Obert and Duvall, 1967). Therefore, Santarelli et al. suggested that
yield initiation can occur inside the vock and propagate toward the
opening wall. This theory provides a possible explanation for the
failure mechanism which was observed by Hoek and Brewn (1980)
where rupture was first noticed inside the rock. This may also help
to explain the observation made by many researchers (including
Maury, 1987) that yielding is often not experienced at the
underground opening wall when the stresses predicted for elastic
rock reach the strength. Stress levels exceeding the strength by a

factor of two to three are often needed to induce failure.



2.2.2 In Situ Horizontal =ar-Field Stress Ratio N

Gough and Bell (1¢%2) suggest that borehole breakouts are
caused primarily by shearing in zones of concentrated compressive
stresses resulting from non-equal horizontal far-field stresses
(N#1.0). Zoback et al. (1985) and Haimson and Herrick (1986)
suggest that, for homogeneous materials, the angle and extent of the
breakout is a function of the strength of the material and the in-situ
horizontal far-field stress ratio. The direction of the maximum
extent of the breakouts should correspond to the direction of the
minor principal stress. Therefore, knowledge of the breakout angle
and extent, together with the rock strength properties should permit
determination of the in-situ far-field stresses.

Contrary to the findings from the aforementioned authors,
Kaiser and Maloney (1987) and Ewy et al. (1987) indicated that
knowledge of the borehole breakout angle or extent cannot be used
to  back-calculate the in-situ far-field stresses with sufficient
accuracy. Kaiser and Maloney have shown that the borehole
breakout angle is sensitive to the strength of the rock (i.e., the
cohesion intercept), and that the direction of the breakout does not
necessarily correspond to the direction of the minor principal stress.
This is supported by Ewy et al. who found that there is no unique
relationship between the in situ stresses and the breakout shape and
size. The same breakout angle can be obtained from different

combinations of strength and stresses.
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2.2.3 Horizontal to Vertical Far-Field Stress Ratio K, and Drilling

Fluid Density

Drilling fluid is used to remove the cuttings and to apply a
support pressure to the borehole wall. The magnitude of the support
pressure can be adjusted by varying the density of the drilling fluid
(0.0 Mg/m3 for air, 1.0 Mg/m3 for water to 2.1 Mg/m3 for heavy
mud). By varying the drilling fluid density, borehole breakouts or
excessive deformation may be prevented. Guenot (1987) suggested
that four different modes of failure can occur near a borehole
depending on the relative magnitude of the support pressure and the
horizontal to vertical far-field stress ratio. The principal stresses
(tangential Gg. radial G, and vertical Gy) at the borehole wall can be
adjusted by changing the support pressure. The four failure modes

at the wall are shown in Figure 2.1, and are described as:

1) Mode A- Shear surface resembling an onion peel-like shape if Gg >
Oy > O;

2) Mode B- Shear surface resembling a torodial shape if oy > Cg > O

3) Mode C- Shear surface resembiing a spiral shape if 6y > Gr> Gg

4) Mode D- Extension mode

Modes A to C are shear failure modes. If the support pressure
is much higher than Gy or Gg¢ at the wall, hydraulic fracturing may
occur (Mode D). Mode A corresponds to very low support pressure, a
condition which is encountered in mining and tunnel construction. It

is perceived to be the most common and relevant mode of borchole



instability. Failure Mode A can be seen in the testing of a) an
artificial sandstone (Kaicer and Maloney, 1987) and b) a coal under a
combination of shear and buckling, etc. (Kaiser et al.,, 1985). Modes B
and C are seldom observed and remain to be confirmed by
laboratory and field testing. A diagram was proposed by Guenot
(1988) to indicate which mode of failure is expected as a function of
drilling fluid density and in situ stress ratio Kg. This approach may
be suitable for parametric study and remains to be verified

experimentally.
2.2.4 Temperature

Because temperature increases with depth, the circulating
drilling fluid tends to cool the sock in the lower part of a borehole
and warm it up in the upper part. The temperature change caused
by the drilling fluid induces thermal stresses in the immediate
vicinity of the borehole. These thermal stresses may be beneficial or
detrimental to borehole stability. Guenot and Santarelli (1988) and
Kaiser and Maloney (1987) have shown that cooling may increase or
decease borehole stability or change the failure mode. Heating of the
rock tends to decrease borehole stability and it may be necessary to
increase the drilling fluid density in order to keep the borehole in a
stable condition. Kaiser and Maloney (1987) have also indicated that
increasing mud weight and simultaneous cooling may promote
breakouts when N # 1.0.

The effects of drilling fluid density and temperature can

drastically modify the staic of stress near a borehole. Hence, proper

13



control of drilling fluid density and temperature may be an effective

means of preventing or controlling brittle borehole failures.

2.2.5 Weakness planes

Babcock (1978) suggested that borehole breakouts were the
result of drilling through steeply dipping fractures. His hypothesis is
based on the assumption that, depending upon the orientation and
location of a weakness plane, shear stresses vary and may exceed the
strength of these weaknesses. Analytical solutions for determining
the extent of the yield zones are given by Daemen (1983) who
compared the shear stresses in elastic rock on a given plane with its
shear strength. These solutions may be applicable to estimation of
the yield initiation zone. Parametric studies based on a similar

approach can be found in Kaiser and Maloney (1987), who studied

the combined effects of drilling fluid temperature and weakness

planes on the extent of potential yield initiation zones.

This brief summary introduces only some of the important
factors contributing to the stability of a borehole. Much more

research is needed to enhance our understanding of the borehole

failure mechanisms.
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MODE A ( 64,>C, >0, )
SHEAR

MODEB (0, >0, >G_ )
SHEAR

MODEC (©,>0_ >G;)

Horizontal In Situ Stresses
Failure Mode Uniform N=1

Non-uniform

N =1

SHEAR =
MODED
EXTENSION
. Modes of Rupture Initiation near Borehole
Figure 2.1 | Modified from Maury, 1987).
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3 INVESTIGATION OF BGREHOLE INSTABILITY BY
EIGENVALUE ANALYSES

3.1 Introduction

Most of the research work on borehole stability is aimed at
predicting the extent of the yield zones, the convergence and the
internal support pressure at failure. Less attention 1s given 1o
distinguishing the factors which contribute to the formation of
various observed failure modes Vardoulakis et al. (1988) have
recently attempted, by application of the bifurcation theory, to
distinguish, analytically, two of the many commonly observed failure
mcies (formation of shear bands and slabbing). Bifurcation of a
deformation process means that at some critical state, the continuing
deformation process may branch into two (or more) entirely
different modes. Typical examples are: bulging, buckling, shear band
or kink band formation commonly observed in unconfined
compression tests. Mathematically, bifurcation means that the
equations describing the equilibrium condition do not provide a
unique solution.

There are basically two approaches to study deformation
process at bifurcation. The first approach is based on several
simplifying assumptions with respect to material behaviour, loading
history and boundary conditions. It is necessary to derive complete
solutions for the stress and strain fieidd of a problem in order to
predict the modes of deformation at bifurcation. Detail formulation

of problem and solution process involved in bifurcation analyses can
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be found in Vardoulakis et al. (1978) and Vardoulakis (1984).
Analytical solutions for bifurcation analyses are mathematically
complex even under simple boundary conditions. The analytical
solution depends strongly on the assumed constitutive relationships
and therefore parametric studies for different material behaviour
under more complicated boundary conditions become extremely
difficult.

An alternative approach, to study the deformation process at
bifurcation, is to simulate the loading process by finite element
analyses. The advantage of the finite element rnethod over closed-
form solutions is that it is general enough to be applied to most
boundary value problems. More than one incremental displacement
solution is possible at the point of bifurcation but each will satisfy
the equilibrium equations. This loss of uniqueness can take place
when the incremental global stiffness matrix becomes singular (i.e.,
when the determinant oi the incremental global stiffness matrix
becomes equal to zero). This condition can be detected by checking
whether the lowest eigenvalue of an incremental global stiffness
matrix approaches zero (Hill, 1959). The eigenvectors belonging to
the eigenvalues which are equal to zero represent different possible
modes of deformation at bifurcation. The procedure in the finite
element analysis involves an evaluation of the incremental global
stiffness matrix and performing an eigenvalue analysis at each
loading step.

The finite element method was adopted to study bifurcation
problems by de Borst (1986) who studied the development of shear

bands in the biaxial testing of sands. De Borst showed that the
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formation of shear bands at bifurcation can be clearly represented
by the eigenvectors belonging to the lowest eigenvalue. The
inclination angle of the shear bands agree very well with those
predicted analytically and measured in experiments. The tinite
element method was also applied to the problem of rock bursting by
Bardet (1988). Rock bursting is a violent failure process encountered
in deep underground excavations in brittle rock. It involves a rapid
convergence and oscillation of the excavation walls, followed by
slabbing and failure of the rock. Vardoulakis (1984) analysed this
instability mode as a surface instabiltiy phenomenon. Bardet (1988)
showed: 1) that the stresses from the finite element method at the
onset of surface instability agree with those analytically calculated
following Biot (1965), and 2) that surface instability may be induced
by several modes of deformation with closely spaced eigenvalues
which are not considered in the bifurcation analysis by Vardoulakis
.(1984). This example shows that the finite element method has
advantage over the analytical method in the evaluation of modes of
deformation.

Borehole instabilities was studied by Vardoulakis et al. (1988)
as bifurcation phenomena. For a deep borehole situated in a
homogeneous isotropic medium subjected to a uniform siress at
infinity, the basic mode of deformation is the uniform closure of the
borehole wall.  Vardoulakis et al. (1988) found, analytically, that
another possible bifurcation mode, which also satisfies the
homogeneous boundary condition, is the warping of the borehole

wall. Vardoulakis et al. (1988) suggested that this warping may lead

to the two, frequently observed failure modes: 1) the formation of
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shear bands at the borehole wall, and 2) the buckling of slabs due to
activation and subsequent unstable propagation of pre-existing
iatent cracks parallel to the surface (Figure 3.1). Whether shear
bands will form or <labbing occur depends on the material
parameters (angle of friction) and on the assumption that the
material is rigid-plastic with strain hardening and dilatant
pehaviour.

The objective of this study is to assess whether it is possible to
use the finite element method to detect the bifurcation point of a
borehole when the internal pressure is gradually reduced. It is not
intended to compare the modes of deformation with that found in
Vardoulakis et al. (1988) because the constitutive relationship used
in this study is different from their assumptions. Rather, it is hoped
that this study will provide an understanding on the eigenvalue
approach on the problem of bifurcation of boreholes using the finite

element method.

3.2 Physical Meaning of Eigenvalues and Eigenvectors

In order to understand the significance of eigenvalue analysis,
it 1s necessary to first consider the quantity termed the perturbation
energy. Perturbation energy is a measure of the stability of a

situcture subjected to a slight external disturbance. It is defined as:

w = [y <Acij> {Ag;) dv (3.1)

\D



where,

Aoy, Agj; = Incremental stress and incremental strain tensors
respectively;

dv = Differcntial volume element for integration.

For elastic and strain hardening materials, the perturbation energy is
always positive. For perfectly plastic material, it is zero and for
strain softening material it is negative. Therefore a zero or negative
perturbation energy indicates unstable behaviour. The perturbation
energy is different from plastic work since work is still required to
deform a perfectly plastic or strain-softening material, and plastic
work is always positive.

Expressing the incremental stress sirain relationship of a

material as:

where,

Cijmn = Incremental stress strain relationship;
and substitute Equation 3.2 into Equation 3.1. Equation 3.1 then
becomes:

w = Jy A&ij Cijmn A€Emn dv, (3.3)



Let us now study the relationship between Equation 3.3 and
eigenvalue. In the formulation of a finite element analysis, the

following general type of nonlinear equilibrium equation 1is arrived:

[K] {Ad) = {AR) (3.4)
where,
(K] = Jﬁv (B]T [C] [B] dv (Global stiffness matrix);
[B] = Strain displacement matrix;
{Cl = Constitutive matrix;
(A8} = Incremental displacement vector;
{AR} = Incremental external load vector.

Given an externally applied load increment, {AR]}, the
displacement increment, {AJ}, defined in this manner is solved.
Because the equaticns of equilibrium will not be catisified exactly 1In
a numerical analysis, an iterative procedure is required to ensure
that the error is small and will not be accumulated in subsequent
joad steps. Discussions on the numerical iterative procedure and
convergence scheme used in SAGE (code used for this analysis) are
presented by Chan (1986). For a stable structure, unique solutions
for the displacement increment, {A3}, can be found and there is only
one set of displacement increments that satisfy equilibrium under a
given set of boundary conditions. When the structure becomes
unstable, however, the deformation process may bifurcate or branch

into entirely different modes. Mathematically, bifurcation means
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that there are more than one set of displacement increment solution.
This loss of uniqueness can take place when the global stiffness

matrix, [K], becomes singular (i.e., the determinant of [K] bccomes

equal to zero).

The eigenvalues, A, for a global stffness matrix, [K]. by

mathematical definttion, is given as:

[K] {A3) = A {Ad} (3.5)
Multiplying both sides by <A&>, Equation 3.5 becomes:

<AS> [K] {Ad) =<Ad> A (A}
or,

<Ad> [K] {Ad} = A = constant (3.6)

After substituting [K]= Iv [B]T [C] [B] dv into Equation 3.6, it becomes:

Jy <A8> [BIT [C] [B] {A8} dv =A (3.7)

Since <Ad> [BiT = <Ae> , where <Ag> is the incremental strain vector,

therefore Equation 3.7 becomes:

fy <Ae>[C] (Ag) dv = (3.8)

By comparing the form of Equations 3.3a and 3.8, it can be seen that
the eigenvalues of the global stiffness matrix are related to the

perturbation energy. Zero perturbation energy and zero eigenvaluc



indicate that the structure is unstable. If there is more than one zero
eigenvalue, it is possible to have more than one mode of deformation.
Therefore the instability point also correspends tce the bifurcation
point. It is now clear that bifurcation can be detected by searching
for more than one zero eigenvalue of [K] in the finite element
analysis. However, in a numerical process, the point at which the
lowest eigenvalue becomes exactly zero cannot be detected (de Borst,
1986), therefore we may take approximation and consider small
eigenvalue being equal to zero. Since the eigenveciors in Equation
3.6 are the displacement increments, they represent different modes

of deformation at bifurcation.

3.3 Deformauation Mode Assessment by Eigenvalues and Eigenvectors

Before investigating the possible modes of deformation of an
unstable borehole, the eigenvalues and eigenvectors of the
constitutive matrix of a single element for a linear elastic and a
linear elastic, p. .ctly plastic material will be considered in order to
understand the basic modes of deformation under simple boundary
conditions.  The results of the eigenvalue analyses are shown in
Figure 3.2. For a linear elastic material under plane strain conditions,
the minimum energy required to deform an element is by pure
shearing as indicated by the lowest eigenvalue. The remaining two
modes of deformation are extension/compression, and uniform

extension (or uniform compression). It shows that the eigenvalues

2
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for an elastic material are always positive, indicative of a stable
deformation process.

For a linear elastic, perfectly plastic material, the confined
compression test is considered. In this case, the vertical stress 1s
increased until yielding occurs and then the stress dependent
constitutive matrix is evaluated. The Mohr-Coulomb yield criterion
is assumed. The same three modes of deformation are found. For a
perfectly plastic material, the eigenvalue is zero at the vyield point
indicating the deformation process is in a state of an unstable
equilibrium. The extension/compression deformation mode has the
lowest eigenvalue (A=0).

At the bottom of Figure 3.2, a Mohr strain circle is constructed
from the eigenvector belonging to the zero eigenvalue. In the Mohr
strain circle, Point A represents the extension/compression mode of a
plane normal to the direction of the minor principal stresses O3.
‘Point B corresponds to the plane, or line, of zero extension of the
same mode. Since every point on the strain circle has the same
eigenvalue, points A and B represent the same mode of deformation,
only they are looking from a different frame of reference. According
to the strain circle, the inclination of the failure plane in a material
with $=45° takes place on a plane inclined at y=67.5%. This is exacily
the inclination of the failure plane expected from limit equilibrium
stress considerations (see Mohr stress circle in Figure 3.2). In the
laboratory testing of soil samples under confined compression
conditions, it is often found that slip planes will form at large strain.
Also the inclination angle of the slip planes are sometimes relatively

close to that predicted from the Mohr stress circle. The following
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section will show that slight inhomogeneities in the material may

change the deformation process from one mode to another.

3.4 Shear Band Formation in Confined Compression Test

In this section, a plane strain, confined compression test is
simulated numerically using the finite element method. The material
is assumed to be transversely isotropic with its strength being a
function of the orientation of the weakness planes relative to the
principal stresses (model introduced by Nova and Sacchi, 1979). The
details of this model and the material parameters adopted will be
discussed in Chapter 5. The finite element idealization of the
specimen is shown in Figure 3.3. The left vertical and bottom
boundary were assumed to be perfectly smooth with free vertical
and horizontal movement boundaries, respectively. An element with
a reduced strength relative to the surrounding elements was placed
on the right edge at mid height to introduce non-homogeneous
deformation or imperfection in the specimen. Hence, yielding will
have to initiate at this location. The loading of the sample is
simulated by controlling the displacement at the top while keeping
the confining pressure G3 constant.

The results of the analysis are presented in Figure 3.4. Without
the weak element, the strain within the specimen is uniform and
therefore the shear strength is mobilized everywhere at the same
time. The resulting mode of deformation is uniform as expected

from the previous eigenvalue analysis of the constitutive matrix.



However, a slight imperfection within the specimen causes a
Jocalization and leads to the formation of two shear bands. The
development of the yield zone at three stages of the test is shown in
Figure 3.4. Yielding is initiated at the single weak element and
propagates at 45° to the direction of the minor principal stress (for
$=0°). These yield zones propagate in the form of narrow bands
until they reach the specimen boundary. During subsequent
deformation, the bands get wider. The angle of the shear band (at
45° to the .irection of the principal stresses) is as expected from
limit equilibrium considerations (Y=45°+¢/2=45° if $=0°).

This example demonstrates that imperfections in a body can
change and often dominate the deformation process.  Although the
inclination angle of the shearing planes from finite element
simulation agree with that from limit equilibrium consideration. the
shearing mode results from weak element introduction cannot be
treated as true bifurcation. In the following section, the possible
modes of deformation of a circular opening will be investigated
without imperfections in the material, loading and boundary

conditions.
3.5 Modes of Deformation of a Circular Opening (Borehole)

In this study, plane strain conditions are assumed to be
representative for a deep section of a borehole. Wall deformations
are assumed to take place in a plane normal to the borehoie axis (i.e,
the problem can be treated as a 2D plane strain case). The borehole

is situated in a homogencous, isotropic rock mass, and subjected to a



uniform, constant stress at infinity. The materiai behaviour is
treated as linear elastic, perfectly plastic satisfying the Mohr-
Coulomb yield criterion. Yielding is induced by gradually reducing
the internal pressure in the borehole. At cach step of pressure
reduction, the eigenvalues and the corresponding eigenvectors of the
global stiffness matrix are calculated using a standard library
subroutine program IMSL (1987). Appendix A provides a brief
description of how this subrountine program is implemented into
SAGE. The analysis is continued until the error in convergence
cannot be reduced below the allowable tolerance (0.0001) within 50

iterations. The error in convergence is defined as:

| ASI |
error = 'I—'S—I—'I— < tolerance (3.4)
where,
| A811 = Norm of the change in incremental nodal
displacements of the whole structure at iteration i;
i 811 = Norm of the total nodal displacements of the

whnole structure at iteration 1.

Two different mesh densities (Mesh A with 56 elements and Mesh B
with 128 elements) were employed to study the eifects of mesh
refinement on the eigenvalues (Figure 3.5).

The normalized ground convergence curve (u/ue, where uc =

convergence of the unsupported opening in an elastic material) for
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both meshes A and B is shown in Figure 3.6. The convergence is the
same everywhere because the horizontal far-field stress ratio IN s
equal to unity. The two convergence curves are identical and
demostrates that the amount of displacement at the borchole wall is
not affected by the mesh refinement. The analysis was temporarily
stopped at P;j=16.4 % because further pressure reduction will causc
the error in convergence greater than the allowable tolerance. P; 1s
the pressure inside the borehole normalized to the maximum far-

field stress (P; = EEN’ ps 1is the actual support pressure). The

analysis was then continued by prescribing uniform displacements at
the borehole wall using Mesh B only. Very small displacement of
0.005 mm was prescribed and the eigenvalues and eigenvectors of
the global stiffness matrix were again evaluated. The analysis was
finally stopped at u/ue = 6.23 because it was found that further
prescribing displacements did not render any changes in the
eigenvalues and eigenvectors. Minimium A/E at this last step was
found to be 0.0010.

The first seven iowest eigenvalues for Mesh A are plotted as a
function of P; in Figure 3.7a. The lowest A/E value starts to decrease
at P;=30 %, and the curve is relatively steep at Pi=16.4 %. The lowest
A/E for Mesh A at Pi=16.4 % is 0.0047. This value of A/E (0.0047) is
relatively close to zero. The internal pressure corresponds to zero
eigenvalue can be extrapolated from the last point of the curve. If
the same extrapolation is done for the rest of the eigenvalues, it is
found that they do not converge to the same pressure although they

are close. This indicates that the lowest eigenvalue will reach a value



of zero first and there is no other zero eigenvalue. Therefore there is
instability but no bifurcation.

Figure 3.7b shows the effect of mesh refinement on the first
seven lowest eigenvalues at Pi=164 %. At Pi=16.4 % (and u/uc =
3.89), the minimum eigenvalue, A/E=0.0047, for Mesh A is reduced
by 50 % to 0.0024 for .ne refined mesh. This figure also shows that
the difference between the lowest and the seventh lowest A/E value
for the refined Mesh B is lower than that in Mesh A. This may
explain the reason that the lowest eigenvalue is not exactly zero or
cannot be decreased any more is probably due to numerical
accuracy, both mesh refinement and calculation precision.

The eigenvectors at P;=16.4 % (u/ue = 3.89 ) for the first seven
lowest eigenvalues from Mesh B are presented in Figure 3.8 to scale
and are simplified in the schematic diagrams of Figure 3.9. The
deformation modes for the first seven lowest eigenvalues are not
affected by mesh refinement. Mode 1 corresponds to the uniform
closure of the borehole wall. Three other deformation modes are:
Mode 2 corresponding to a translation, where the displacements at
the borehole wall are of same magnitude and direction, Mode 3,
elliptical deformation, where the magnitudes of the displacements
are increased on one side and decreased on the adjacent side, and
Mode 4 called 'warping mode', where the displacements of the
torehole wall create a wave-like shape as described by Vardoulakis
(1988). .

The uniform closure of the borchole wall (Mode 1) from Mesh B
has A/E equal to 0.0024. We have mentioned earlier that in

numerical process, the point at which the eigenvalue is exactly equal
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to zero cannot be detected. Therefore, we may consider very small
eigenvalue being equal to zero. In this analysis, we may consider the

lowest A/JE = 0.0024 to be zero for the following reasons:

1. The lowest eigenvalue corresponds to an uniform closure of the
borehole wall which is expected for a borehole situated in a

homogeneous isotropic rock mass subjected to uniform far-ficld

stresses;

o

The structure has reached an unstable point at P;=16.4 %. This
means that there should be at least one zero energy mode. Figure
3.7a and 3.7b show that the lowest eigenvalue tends toward zero

below P;=16.4 %. The magnitude of A/E is affected by mesh

refinement.

The other six eigenvectors cannot be considered as zero energy
‘mode at this time because their eigenvalues do not converge to zero
at pressure below Pj=16.4 %. Recall from Section 3.4 that slight
imperfections in the material can often change the deformation
mode. The eigenvalues for Mode 2 to 4 are higher than for Mode 1
but they are relatively close together. This may suggests that each of
the three modes may govern the deformation process 1f slight
disturbances favour their formation. Such disturbances near the
borehole may be induced by local variauons (e.g., due to rock

stiffness variations) or by weaknesses (discussed in later chapter).



3.6 Summay and Conclusions

The lowest eigenvalue obtained in this study is not exactly
zero, but it is small enough to be considered as zero. 'The approach
described in this chapter deserves further study because it is general
enough to be applied to most boundary value problems. It is
recommended in the future study that more refined mesh to be used
to gain an understanding of the trend of the eigenvalues.

For a borehole situated in a homogeneous isotropic rock mass
subjected to uniform far-field stresses, the basic mode of
deformation for a stable borehole is the uniform closure of the
borehole wall. Other modes of deformation (translation, elliptical
deformation, or warping) may become dominant depending upon the
influence of imperfections near the borehole. The warping mode of
deformation proposed in the analytical bifurcation analysis by
Vardoulatis (1988) happens to be one of the deformation mode
found in this study with eigenvalue relatively close to zero. The
translation and elliptical modes of deformation found in this study
deserve further study by analytical bifurcation analysis and
laboratory verification.

From the finite element simulation of a confined compression
test, it is found that slight imperfections in the specimen can change
the failure mechanism from the basic homogeneous deformation to
the formation of shear bands or zones. This aspect of change of
failure mechanisms has initiated the investigation of the effects of
imperfections on deep borehole failure mechanisms which will be

discussed in the following chapters.
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4 EFFECTS OF WEAKNESSES ON BOREHOLE
FAILURE MECHANISMS

4.1 Introduction

Chapter 3 has also shown that slight imperfections in a
homogeneous specimen can change the failure mechanism from
homogeneous yielding to the formation of localized yield zones. The
objective of this component of the research was to investigate, by
finite element simulations, various failure mechanisms of a borehole
in the presence of imperfections such as fissures and joints.
Depending upon the size of borehole relative to the weaknesses, and
also their orientation and distribution in a rock mass, there are many
possible configurations and locations for local weaknesses to intersect
a borehole wall. It is not intended that all possible cases be studied,
but rather, to investigate whether the presence of local weaknesses
change the failure mechanisms of a borehole, and to capture the
development of such a failure mechanism by finite element
simulations.

In this finite element study, weaknesses are represented by

elements of reduced strength.
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4.2 Simulation of Borehole Drilling by Finite Element Method

The analyses were conducted with the finite element code
SAGE, developed by Chan (1986). Figure 4.1 shows the finite
element mesh which is composed of 8-node quadrilateral, iso-
parametric elements outside the borehole and 6-node triangular iso-
parametric elements inside the borehole. Displacements are
prevented in the x-direction along the center line of the borehole and
in the y-direction along the bottom boundary.

The simulation sequence is illustrated in Figure 4.2, The

analysis of the different cases introduced later followed the steps

listed below:

Step 1. Apply initial stresses to all elements by loading the right
boundary with the minimum horizontal far-field stresses (Op)
in the horizontal x-direction and the upper bondary with the
maximum horizontal far-field stresses (G y) in the horizontal
y-direction. The horizontal far-field stress ratio N is given as
the ratio of o to oyg. (The borehole is drilled in the vertical
z-direction and plane strain conditions are assumed).

Step 2. Remove elements inside the borehole. Determine the
unbalanced nodal forces at the borehole boundary.

‘Step 3. Reinstate the initial stresses by applying nodal forces at the
borehole boundary equal but opposite in direction to those
determined in Step 2.

Step 4. Change the properties of all elements to linear elastic,

perfectly brittle plastic. Select the location of weaknesses and
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change the properties of corresponding elements to weak
element properties.

Step 5. Simulate drilling by proportionally and incrementally
reducing the nodal forces around the periphery of the
borchole.

Step 6. Repeat Step 5 until the error in convergence cannot be
reduced below the allowable tolerance (0.001) within 50
iterations. Tolerance is defined as the ratio of the norm of the
change in incremental nodal displacements of the whole
structure at iteration i to the norm of the total nodal
displacements of the whole structure at iteration 1 (see

Equation 3.4).

The Von Mises yield criterion was used for all the elements.
The elements represent weak rocks such as chalk (Hoek and Bray.

1977) and their properties are summarized below:

Rock Mass Loca! Weaknesses

Peak Uniaxial Yield Strength (MPa) 5 1
Residual Uniaxial Yield Strength (MPa) 1 0.2
Young's Modulus E, (MPa) 1000 1000
Poisson's Ratio, v 0.25 0.25




4.3 Selection of Location for Weaknesses

Because the weak elements have a reduced strength, yielding is
expected to occur first at them. Once yielding is initiated, a further
reduction of support pressure inside the borehole will cause the
elements which are near to the weak elements to yield due to stress
redistribution. The yielding process propagates in a stable manner
until a failure mechanism is formed. In this section, a simplified
analysis is presented to provide some basis for selecting the best
location for weaknesses so that different failure mechanisms can be
observed.

For a borehole situated in an elastic, homogeneous, isotropic

rock mass, the stress components at the burehole wall are:

Or = Pj On (4.12)
Cg = oy (N+1) - 2 oy (N-1) cos20- P; oy (4.1b)
Oy =V (0+0Cg) for plane strain condition (4.1¢c)
where,
O, Og, Oy = Radial, tangential and vertical stresses;
P; = Support pressure at the borehole wall normalized

toc oy (given as a percentage);

OH = Maximum horizontal far-field stress;

Onh = Minimum horizontal far-field stress;
(0)

N =%

= o
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Poisson's ratio;

0 = Angic from direction of O} to point of interest.
Yielding is initiated at the borehole wall if the stress components (O,
Gog, Oy) satisfy the Von Mises yield criterion, i.e., the material has

yielded if:

F((01-66)2 + (G-Gv)2 + (Oy-Gr)2 - 2Y2) =0 (4.2a)

or, 1s elastic if:

F((61-00)2 + (0g-6v)2 + (0v-01)2 - 2Y2) <0 (4.2b)
where, Y= Unconfined compressive strength
In this exam. © 3y 1s assumed to be 5 MPa and v to be 0.25.

For N=1.0, Gg in Lkquation 4.1b is reduced to 10 - 5P;. The Von Mises
yield criterion of Equation 4.2a becom. - oly a function of Pj (i.e.,
independent of ©).  This suggests that yiciding is initiated at every
point around the periphery of borehole and that there are no
preferred locations for introducing weak elemenss. However, if
N=0.5, the Von Mises yield criterion is a function of P;j as well as 6.
Figure 4.3 assists in determining the location for potential yield
initiation of weak elements around the periphery of a borehole. In
this figure, the minimium wunconfined compressive strength, Ymin,
required to prevent yield initiation is plotted against O for P; = 0%

and 80%. Ymin is obtained by substituting Ymin for Y and setting
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2Y min2 = (61-0g)2 + (Co-Cy)? + (0v-01)? in Equation 4.2a. The normal
and weak elements are assumed to have an unconfined compressive
strength of 5 and 1.9 MPa, respectively. If a single weak element 18
placed at location A (6=45°), then yielding could just be initiated w
this location when P;=80% (this is assuming the borehole after
excavation is immediately supported by an internal pressure of 4
MPa). Oncc yielding is initiated at A, the surrounding elements could
become unstable because of 1) yield propagation from the weak
element, and 2) stress redistribution due to the presence of weuk
element. The normal elements, which are located between 0° < 0 <
57.5°, also yielded when the internal pressure finally dropped to
zero (P;=0%). On the other hand, placing weak elements in the range
of 57.5° < © < 90° (arrow labled B) will not promote yield propagation
because the surrounding elements are stable even at no support
pressure. This analysis shows that, in choosing the critical locations
‘for weak elements to initiate and propagate to the surrounding
clements, it is also necessary to consider those elements which will
become unstable when the internal pressure is dropped. It will be
shown later in this chapter that, by placing weak elements at 6=45"Y,
the failure mechanisms of a borehcie can in fact be changed. It will
also be shown that they are not affected if @ > 60°. Althcuga the
analysis presented above can ouly predict yield inittaiion, it serves 10
provide a basis for selecting critical lccations for weak elements and

for choosing the stress ratio for the following analysis.



4.4 Borehole Failure Mechanisms in the Presence of Weaknesses

Case A in Figure 4.4A shows the development of a continuous
yvield zone as the support pressure is reduced, if no weaknesses are
introduced for N=0.5. The dots in the figure denote the Gaussian
integration points which have reached yielding. The shape of this
vield zone is similar to those simulated by Wong and Kaiser (1986)
for a shallow tunnel in soft ground. Cases B to D (Figure 4.4B and
4.4C) show the process of yield initiation and propagation around a
borehole in the presence of weaknesses for N=0.5. They showed
that local weaknesses can change the shape of the yield zones and
the type of failure mechanisms from those without weaknesses.
With N=0.5 and two weaknesses introduced near the borehcie, a
vield zone i¢ initiated at the weak elements, and propagates in the
form of narrow bands which eventually merge. An elastic block of
rock, enclosed within the bands of the yielded rock, tends to
pushicd into the cpening if further deformations are permitted 10
occur as the internal support pressure is further reduced. This
elastic block acts similarly to a key block and, if kept in place,
prevents the surrounding yielded material from moving or collapsing
into the opening. This kind ot failure mechanism is analogous to the
one introduced by the k- block theory (Goodman and Shi, 1985) for
blecky, non-yielding rock. In cases B to D, however, a 'key block’ 1s
surrounded by yielded rock. Progressive failure and ultimate
rupture of the borehole is only possible once the confinement
provided by the block to the surrounding yielded rock is released,

i.e.., when the block is allowed to move excessively.



The development of this failure mechanism is termed block-
type failure. It is not only dependent on the presence of weaknesses,
but on the stress ratio N, the number of weaknesses and their
locations or proximity to the borehole.

Figure 4.5 illustrates several situations that were studied but
where block-type failure mechanisms did not develop. This figure
demonstrates that:

1) Single weakness may induce yield initiation but normally does not
influence the ultimate shape or extent of the yield initiation zone
because the weak element is quickly incorporated into a gencral
vield zone. Block-type failure mechanism cannot develop because
no converging vyield zones exist. Hence, the end product is
independent of the location of a single weakness (see Figure 4.5,
left side).

2) Two (or more) weaknesses in regions of low stress concentration
do not promote the development of block-type failure (Figure 3.5
top and middle for N=0.5). The top case confirms the analysis 1n
Section 4.3 that placing weak elements at 6 > 60° do not promote
yield propagation.

3) If N is equal to unity, the presence of weaknesses does not greatly
change the development of a continuous uniform yield zone (as
predicted by analytical or numerical solutions for a homogencous
continuum).

4) For N=0.5, the same was observed if two weaknesses are far apart

or arranged so that yield zones degenerate into a single zone (see

Figure 4.5, bottom).
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This study supports the earlier findings presented in Chapter 3
that the presence of weaknesses may change the failure mechanism
under certain conditions. In boreholes under sufficiently non-
uniform far-field stresses, the presence of weaknesses, 1if critically
located ar - aear the borehole wall, will change the failure
mechanism . 2 a fully yielded zone to a mode with an elastic block
enclosed by narrow bands of yiclded rock. Whereas it is difficult to
describe mathematically the process of yield propagation at this
stage of this study, much evidence in support of this failure
mechanism can be found in underground construction. Chapter 6
will describe such a failure mechanism observed during laboratory
testing of coal and in actual tunnel construction. The observed
failure mechanism will be compared with the results from a finite
element simulation following the procedure outlined in this chapter.

In the presence of weaknesses, the stress distribution near a
borehole will not be uniform and will not correspond to that near an
opening in an elastic, homogenecus, isotropic material. The stress
distribution along the x-direction for an elastic, homogeneous,
isotropic material and the case with two symmetric weaknesses are
compared in Figure 4.6. Figure 4.6(a) shows that at Pi=100 %,
weaknesses lead to a distribution of G and Gg differs slightly from
those in a homogeneous, isotropic material. The borehole becomes
unstable when the two bands of yielded rock merge together at
P;=505 9%. The distribution of O; and g at this state differ
significantly from that of the homogeneous case between r/a =1 to

2.5. At a distance of r/a greater than 2.5, the distribution of ¢, and
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Gg approaches that of the homogeneous case indicating that the
stresses are not affected by the presence of weaknesses. The
presence of weaknesses lead to a large decrease in radial stress away
from tne borehole. This decrease in radial stress is in agreement
with the fiilure mechanism with an elastic block enclosed in yielded
rock. The stress distribution along the y-direction is presented in
Figure 4.7. For Pi=100 9%, Figure 4.7(a) indicates that the stress
distribution of O, and Gg with weaknesses do not differ significantly
from that of the homogeneous case. When the two bands of yielded
rock merge together at Pi=30.5 %, the distribution of ©g follows the
same pattern observed in the x-direction (i.e., great difference at r/a
=1 1o 2.5 and no difference at r/a > 2.5). However. the distribution of
o, with weaknesses at Pi=50.5 % differs only slightly frora that of the
homogeneous case.

The stress distribution in Figure 4.6(a) are redrawn in Figure
4.6(b) showing the uaeviatoric stress (Geg-Or). For an elastic,
homogeneous, isotropic material, the deviatoric stress is maximum al
the borehole wall indicating that yieiding should intiatc there and
propagate into the rock. However, weaknesses lead to a different
distribution of stresses such that the maximum deviatoric stress is
away from the borehole wall, at a distance of r'‘a equal to 2.06 for
this case. This corresponds to the location where the two bands of
yielded rock merge. This analysis suggests that weaknesses wili lcad
to a critical stress condition inside the rock such that the propagation
and merging of the two bands of yielded rock becomes possible. The

deviatoric stress distribution along the y-direction in Figure 4.7(a)

are also redrawn in Figure 4.7(b). In this direction, the deviatoric
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stress from the case with weaknesses is very low at the borenole
wall and that their distribution is slightly lower than that from the
homogeneous case at r/fa > 2.06. This may explain the reasons why
yield propagation did not go towards the y-direction.

Santarelli et al. (1986) addressed the question of whether
yielding initiates at the borehole wall or inside the rock. They have
shown that a material with non-linear or confining pressure-
dependent elasticity can lead to critical stress conditions inside the
rock rather than at the borehole wall. Hence, yielding could be
initiated inside the rock and propagate toward the borehole wall
The preseni study provides an alternative reason for critical stress
conditions inside the rock, i.e., weaknesses at or near thc borehole
wall. It seems likely that such conditions are frequently encountered

in reality.

4.5 Practical Implications of Findings for Design and Monitoring of

Underground Openings

While this study 1is directed to borehole failure mechanisms,
the results and findings are directly applicable to the design and
monitoring of underground openings such as tunnels.

The ground convergence curves for the x and y-directions of
Cases A to D are shown in Figure 4.8. It should noted tha: Case A
with no ‘weakness is stable until P; is reduced to 30 %. At this
pressure, u/ue in the x and y-directions are equal to 46.3 and 2.6,

res;rectively. The curve in the x-direction is shown only up to u/u, =



13 in order to compare the trend of the four different cases more
clearly. It is interesting to observe that all convergence cuarves in the
y-direction tend towards the same point (about 1.5 wu¢ at 50 %
support pressure) indicating that the convergence at this stage does
not permit differentiation between the various modes of failurc. In
the x-direction where the deformations are much larger, the same
observation can be made (at about 10 ug). Case D, with a weak joint
needs much higher support pressures (at more than 6.5 ug) than
Cases A to C to prevent collapse and to maintain small displacements
or gocd ground control. In general, it can be concluded that
convergence measurements are good indicators of instability but
poor indicators for the identification of the type and location of the
failure mechanisms (Kaiser, 1987).

Localized measurements are needed to establish the actual
mode of behaviour and to detect the location of instabilities. This i
illustrated in Figure 4.9 where the simulated ground strain data that
would be detected by Extensometers ! to IV (Case D) is presented.
Extensometers 1 (in the y-direction), II and IV (at the x-direction}
are in non-yielded rock and therefore give no indication that a major
instability is approaching. Even at collapse (P < 50 %), only 0 to 0.24
% average strain is recorded at these locations. However, the
strategically well placed Extensometer III provides early evidence of
instablity (> 2 % strain at Pj=75 %). It follows that measurements of
relative displacements at appropriate locations are needed to

properly locate and identify failure modes. Pattern monitoring will

likely miss critical conditions and only strategically well placed

'h
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instruments, based on a clear vision of the potential failure mode,

can be useful (Kaiser, 1987).

4.6 Summary and Conclusions

Since rock masses are seldom homogeneous, weak:esses. cannot
be ignored for the assessment of stability for boreholes and
underground construction. A kinematically acceptable block-type
failure mechanism can develop if there are multiple weaknesses
under non-uniform far-field stresses, provided that sufficient
yielding is allowed. The presence of weaknesses may lead to higher
deviatoric stresses inside the rock and cause yield initiation at some
distance behind the wall.

Convergence measurements at the wall of an opening are
insufficient to differentiate amongst the various modes of failure.
Instruments for monitoring purposes must be located at strategic
positions which are based on a hypothesis of several likely behaviour
and failure modes. Measurements taken from these carefully
selected locations are to be compared with predictions from
numerical or analytical models in order to confirm the assumed
modes of failure.

The results presented above illustrate that knowledge of the
locations, extent and number of weaknesses are essential for the
design of a stable borehole or other underground openings.
However, the locations, orientation and distribution of joints, fissures

and other discontinuities in a ror%: mass are extremely variable and



difficult to quantify or predict. Fortunately, many sedimentary and
metamorphic rocks show preferred orientations or regular patterns
of weaknesses. The rock mass can therefore often be treated as a
transversely isotropic material with the variation of strength being a
function of the orientation of the weakness planes. In the next
chapter, this aspect and the effect of weakness orientation and stress
ratio on the yield initiation and propagation around a borehole will

be studied, and the resulting failure mechanisms compared with

those described in this chapter.
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Figure 4.4A

Development of Failure Mechanisms around
Boreholes without Local Weaknesses (N=0.35).
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Figure 4.4B

Development of Block-Type Failure Mechanisms around
Borcholes with Two Local Weaknesses (N=0.5).
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5 EFFECTS OF ORIENTED WEAKNESSES ON
BOREHOLE FAILURE MECHANISMS

5.1 Introduction

The development of yield zones around boreholes in the
presence of imperfections in the form of local weaknesses such as
single joints or fissures have been investigated by the finite element
simulations described in Chanter 4. It was found that the number of
weaknesses and their locations or proximity to the borehole are
importa: - factors which 2fluence the development of different types
of failure mechanisms. Many sedimentrTy and metamorphic rocks
show preferred orientations or regular patterns of weaknesses and a
rock mass can often be treated as a transversely isotropic material
with the variation of strength b.ing a function of the orientation of
the wealniess planes. In this chapter, the obiective is to study the
effec: of the weakr~3s orientation and the horizontal far-field stress
ratio, N, on the yield initiation and propagation modes around a
borehole and to compare the resulting failure mechanisms with those
described in Crapter 4.

A generalized yield criterion develope. by Nova and Sacchi
(1979) for rock which exhibits transversely isotropic strength was

adopted, and implemented into the finite element coede SAGE (Chan,
1986).
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5.2 Properties of Transversely Isotropic Model

The model is assumed to describe a linear elastic, brittle
perfectly plastic rock. Appendix B.1 illusirates that five constants
(Eq. E2. vy, V>, Go) are needed to characterize the elastic deformation
properties of this transversely isotropic material. The five elastic
constants can be determined by performing three uniaxial
compression tests as indicated in Figure B.2 in Appendgix B.2.

Several yield criteria have been proposed for transversely
isotropic material. Table C.1 in Appendix C.1 provides a iist of
references on the sty Of transversely isotropic materials.  Different
assumptions +.-= ber:. made to describe the variation of strength
with the ornico e~ ci the weakness planes, and all of these require

considerable amount of curve fitting of test data in order to obtain
1e parameters for the model.

The theory proposed by Nova and Sacchi (1979) was adopted
for this study because 1) the yield criterion is applicable to a three
dimensional state of stress, 2) only four strength parameters are
needed to describe the variation of strength as a function of the
orientanon, 3) the four strength parameters can be identified from
available or published test data, and 4) the yicld criterion can be
reduced to the Mohr-Coulomb and the Tresca yield criteria for
isotropic material.

For a state of stress in the standard triaxial test, the yield
criterion developed by Nova and Sacchi (1979) takes the following

general form:
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(o1 -03)

( 5 . 9
5 . 1{ [(c cos®n +sin2T)  cmin

+ (Om B cos2T + Oy sin’n + Tmp sin27M) tanOmin)

* [(cos?n + « sin2N) Cmin + (Om P sin21M + G, cos2M

..Tmnsin2ﬂ)lan¢nﬁn]}J/2

- sin2n \L:and;)m;n Cm 2 + Cmin 5

where.
Om
Gn

Tm n

Cmax
Cmin
Omax

¢min

|l

-

B -1 (o - 1
4

O] cos2M + O3 sin?T);

o1 sin?n + ©3 cos2M;

(61-03) . .
—s sin2n;

e

Cmax,

Cmin’

tanOmax

TanGmin

Angle between the direction of &1 and the plane
of transverse isotropy (see Figure 5.1);

Stresses in the plane of transverse isotropy;
Stresses  ~rmal to the plane of transverse isotropy:
Major principal stress;

Minor principal stress;

Maximum cohesion intercept;

Minimum .cohesion intercept;

Maximum angle of friction;

Minimum angle of friction;

Yield function = O (if material is yielded);

< 1 (if material is elastic).

6N

(5.1



Only four parameters needed to describe the variation of
strength as a fuanction of the orientation of the weakness planes

relative to the major principal stresses (Cmax, Cmin> O®max and ¢min).

5.2.1 Reduction of Transversely Isotropic Yield Criterion to Isotropic

Yield Criterion

The iransversely isotropic yield criterion of Equation 5.1 can be
reduced to an isotropic yield criterion by putting @x=B=1. Appendix
C.2 shows that the resulting yield criterion takes the following form:

(61 -03}

3 = {(c + 01 tan0) (c + ©3 tan(j))]l/2 (5.2

Lo

Equation 5.2 predicts the stresses at yielding being the same as
those predict by the well known Mohr-Coulomb yield criterion
although expressed in a different form. Equation 5.2 can be further
reduced te the Tresca yield criterion if $=0, ie.:

(01 - 03) _
S =c (5.3)

5.2.2 Transversely Isotropic Yield Criterion for cohesive material

(¢=0)

For ¢=0, the transversely isotropic yield criterion of Equation

5.1 reduces to:
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g1 -O
F :'(__—l—:;—i)— _ {[(a C052n+5in2n) Cmin * (COS?-T] + Sinzn)

e

) (o - 1)
Cmin]l/2 - sin2n [Cmin -5 (5.4

For vertical and horizontal planes of transverse isotropy (M=0? and
90°), Equation 5.4 becomes:

(01 - 03} —_
F =—-———;—-—-~‘--\fa Cmin (5.54)

<

Also, for plane of transverse isotropy at 45° to 61 (M=45°), Equation

5.4 becomes:

(01 -903)
Fz'——lg‘—g“-cmin (5.5b)

Equations 5.5a to 5.3b indicate that regardless of the orientation of
the weakness planes, the failure planes (Figure 5.1) in a frictionless
maicrial are «iways orientated at 159 from the direction of <.
Figure S.1 also shows that minimum resistance tc yielding is reached
when the weakness planes are orientated at 45° to the direction of
o1 for all values of o (Point A). Maximum resistance to yielding is

VO Cmin and is reached v the weakness planes are orientated at

1n1=0° or 90° (Points B and B ;.
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5.2.3 Transversely Isotropic Yield Criterion for Purely Frictional

Material (c=0)

For a purely frictional material, the transversely isotropic yield

critericn in Equation 5.1 reduces to:

(01 -03)

= 5> [(Gchos2n + Opsin2T) + Tymasin2n) tanOmin
*(Om P sin?n + 0p cos2T - Tin sin2n) tan(bmin]”z

- (B -1
- sinan [‘“‘bmiﬂ Om _9_2__2] (5.6)

For vertical and horizontal planes of transverse isotropy (M=0° and
90°) respectively, Equation 5.6 becomes:

G1-0 —
F="(‘—'13_‘—3‘)‘~\/0‘103B tanQOmin (5.7)

For any other orientation (1), Equation 5.6 cannot be reduced any
further and a parametric study was carried out to procuce Figure
5.2. It is interesting to note that for the two cases (Omin=15° and
40°), minimum resistance to yielding (Points C and D in Figure 5.2) is
reached on planes orientated at 45°-Qqin/2 from the direction of o
for all values of § (1 to 3). This result is expected from the Mohr
stress circle in Figure 5.2, Failure will first occur on planes
orientated at 45°-¢min/2 from thz direction of ¢ 1. Figure 5.2 also
shows that if 3=1, resistance to yielding is independent of weakness

orientation (i.e., in isotropic material).



5.3 Strength Parameters for Transversely Isotropic Yield Criterion

In order to mecasure the strength parameters (Cmax. Cmin. Omax
and ¢min) for the transversely isotropic yield criterion, a number of
triaxial tests have to be cirried out to measure the variation of axial
stress ai failure as a function of the confining pressure and of the
weak plane inclination angle M. The testing procedure is described in
Appendix C.3. A typical set of experimental results on slate obtained
from Donath (1963) is shown in Figure 5.3. The deviatoric stress at
failure predicted from the transversely isotropic yield criterion are
plotted for comparison with the exrerimental results. It can be seen
that beiter predicitons are made if the weakness planes are
orientated close to the potential failure planes.

The following table summarizes the strength parameters for
differ »nt materials. They were determined from published data

using the procedure described in Appendix C.3.

Experimental Material Cmin | dmin o B

Results (MPa)

Donath (1963) |Martinsturgy 7.1 20° 13.5 5.5
Slate

Attawell and Penrhyn 14 .4 30° 5.4 2.0

Sandford (1974)] Slate

McLamore and {Austin 37.5 17° 2.6 4.0

Gray (1967a) Slate

McLamore and |Green River | 27.7 18° 1.7 2.1

Gray (1987b) Shale




5.4. Implementation of Transversely Isotropic Yield Criterion into

Finite Element Code SAGE

Five constants (Ei, E2, Vi, V2 and ¢ ' to characterize the elastic
deformation properties of a transversely izotropic material and four
constants (Cmax- Cmins ®max and Gmin) 1O describe the transversely
isotropic yield criterion are needed. The sransversely isotropic yield
criterion was implemented into the finite element code SAGE (Chan,
1986). In this model, the material is assumed to behave linearly
elastic up to peak with a sudden decrease in strength from peak to
residual. The peak strength is governed bv the four strength
parameters (Cmax, Cmin, ®max and ®min) and the residual strength by
the two parameters (cres and Qres). The transition from peak to
residual strength is reflected in an abrupt reduction of cmpmax tO Cres
and Omax to dres- The material is assumed to deform in a perfectly
plastic manner after the residual strength is reached. The sudden
contraction of the yield surface after the pesk swrength has been
moebiiized, will leave the state of stress outside the yield surface
when the strength nas decreased to resicual. In plasiuicity anaiyses,
if the stress state i, outside the yield surface, which is inadmissibie,
it is often assumed that the stress siate can be found by projecting
the current stress state onto the yieid surface. Therefore, it is
assumed that the stress state after the peak strength will be the
projection of the peak stress on to the yield surface (Chan, 1986).
The method of stress calculation during the transition from peak :0

residual strength is discussed in detai! by Chan (1980).

-1
/
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The elasto-plastic constitutive matrix for this model s
presented in Appendix D. The plastic strain increment is assumed to
be perpendicular to the yield surface (i.e., associated flow rule is
assumed), and for a frictional material, volumc is increased duc

10

shearing. Appendix E describes the implemeniation of the model
into the computer code, and also provi ‘s instructions on how to sct
up an input file. In Appendix F, @ = ‘urut and output files of a
simulated confined comprassion st a material with weakness

planes at M = 35° , are attached for . .- rence.
5.4.1 Testing of Implement: . Model

A simple confined compression test under plane strain
ccnditions was simulated in order to test whether the program
provides the predicted stresses at yielding. Four elements with 21
nodes were used for the finite element mesh and it was loaded by
prescribing vertical displacemenis in small increments under &
constant confining pressure of 35 MPa. The material selected for this
example is Martinsburg slate (Donath, 1962). The peak and residual

strength parameters are given as follows:

e

Peak Strength Parameters |Residual Strength Parameters
%’1 2x_ = 670 g)rcs = 200
(bmin = 200 Cres = 7.1 MPa

Cmax = 95.9 MPa

Cmin = 7.1 MPa

~1



Three analyses were carried out with weakness planes orientated at
N=0°, 35° and 90°. The results are shown in Figure 5.4, and they
indicate that the material behaves as a linear elastic, brittle.
perfectly plastic material with yielding reached at the predicted
stress level. In this example, the lowest strength is reached when
the weakness planes are orientated at n=35° which is also the
direction of the failure plane (N=45%°-0min/2. if Omin=0rcs=20° (for
peak and residual)). It should be noted that in this exampie, Omin I8
assumed to be equal to Ores. and this is the reason why there is no
abrupt drop in strength when the weakness planes are orientated to
the direction of the failure plane. If Ores was assumed less thun
Omin. then there would also be a drop iIn strength for weakness
rlanes orientated at N =35".

An eigenvalue analysis of the elasto-plastic constitutive matrix
was carried out for the above case with the weakness planes
orientated at M =35°%. The physical meaning of the eigenvalues and
their corresponding eigenvectors were discussed in Section 3.2. The
results of the eigenvalue analysis are summarized in Figure 5.5. Tt
can be seen from this figure that the modes of deformation for
transversely isotropic material are the same as those for an isotropic
material. The Mohr strain circle ai the bottom of Figure 5.5 indicates
that the potential failure planes are orientated at v =55° which is
expected from limit equilibrium considerations. The two analyses
presented above demonstrate that the transversely isotropic yield

criterion is correctly implemented into the finite element program.
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5.5 Borehole Failure Mechanism in Transversely Isotropic Rocks

Four cases (E to H) with different combinations of far-field
stress ratio and weakness plane orientation were studied. The
material properties were assumed to correspond with those reported
by Donath (1963) for Martinsburg slate. The peak and residual
strength parameters were already described in Section 5.4.1. The

elastic deformatiorr properties are summarized below:

Elastic Deformation Properties
E{ =915 GPa

E> = 59.1 GPa

vy = 0.204

vy = 0.331

Gor = 24 GPa

The development of the failure mechanisms are summarized in
Figures 5.6A and 5.6B. It can be seen that block-type failure
mechanisms (Cases E and G), similar to those generated with local
weaknesses in homogeneous, isotropic rock (Figures 4.4B and 4.20)
also develop if the weakness orientation is either horizontal (M=90°)
or vertical (1=0°) and the far-field stress ratio differs from unity.
This is because yield initiation and early yield zone expansion occurs
at positions similar to those that were introduced selectively by local
weaknesses. In other words, if the far-field stress ratio differs from
unity, block-type failure mechanism can develop in an isotropic

material with local weaknesses present at critical locaticns or in rock
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with transversely isotropic strength. However, under a uniform
stress field (N=1, Case H), yielding may propagate from two locations
but a block-type failure mechanism does not form. It will be shown
in Chapter 7 by a simplified approach that if N is unity, yielding will
always initiate at the same two locations relative to the direction of
the weakness plene. This supports the earlier findings presented in
Chapter 4 that the location of yield initiation and the far-field stress
ratio are important factors that govern the development of different
types of failure mechanisms.

The extent of yield zone for n=0° {(Case E) is about 2.5 times

less than those for n:45° (Case F), as shown in Figure 5.6A. However,

instability occurs earlier for 11=0° (P;=54 % for N=0° and Pj=45 % for

nN=45°). This is very important to the design of monitoring program
bocause if the extensometers are not closely spaced, then 1t ig

possible that this block-type failure mechanisms will not be detecied.
Once the elastic block is allowed to move into the opening, then
controliing the borehole stability may become difficult. These two
cases iilustrate that measuring the extent of yield zone alone 1is
insufficient to differentiate between various failure mechanisms. and
also it cannot be used on its owr to decide whether instability is
approaching.

The direction of the failure planes at each yielded element for
Cases E to G are plotted in Figures 5.7A to 5.7C, respectively. They
were calculated on the basis of limit equilibrium prediction that the
direction of the failure planes are rotated at 45° - Omin/2 from the
direction of the major principal stresses. The direction of the major

principal stresses were obtained from the computer output. Since



there are nine integration points at each element, the direction of the
failure planes shown in these figures represent the average of the
nine integration points, and they were plotted at the center of the
element. The failure planes are drawn across the eclements for the

purpose of illustrating the direction only. The following observations

are made:

1. Case E with vertical weakness planes (n=0°, Figure 5.7A).

At Pi=70 %, yielding was first initiated at location A. The
failure planes at this location indicated that shearing occurred across
the weakness planes, and the direction is orientated towards location
B which is inside the rock mass. When the borehole became unstable
at P;i=54 %, the failure planes near location B clearly indicated the
merging of the two yielded zones. The direction of the failure planes
at locations A and B support this study that the formation of block-

type failure mechanism is kinematically admissible.

2. Case F with weakness planes orientated at 45° to 6, (M=45°, Figure
5.7B).

In this case, yielding was first initiated at location C when
P;=85 %. The faiiure planes at this location indicated that shearing
occurred across the weakness planes and the direction is orientated
towards location D. When instability was reached at P;=45 %, the
direction of the failure planes generally ranged between 20° to 60°
from the x-axis. This suggests that some of the elements were
sheared along the weakness planes and some were across the

weakness planes. The yielded zone can be divided into three regions
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(I. I and III) as shown in the figure. Regions I, I1 and III are the
areas within which the direction of the failure planes are greater
than 45°, equal to 45° and less than 45°, respectively. It is
interesting to note that Region II has a very narrow range. dn
indication that most of the yielded element has failure planes across
the weakness planes. This suggests that the yielded rock mass may
be highly fractured, and that the method of controlling stability may

be different from those with an elastic block formed.

3 Case G with horizontal weakness planes (1=90°, Figure 5.7C).
Yielding is first initiated at location E when Pij=50 %. The
direction of the failure planes is horizontal, indicating that shearing
has occurred along the weakness planes. This is different from Case
E where yielding at the borchole wall is initiated by shearing across
the weakness planes. After yielding is initiated by shearing along
the weakness planes, the failure planes propagate across the
weakness planes, and toward location F which is inside the rock
mass. At P;=31 %, the borehole became unstable when the failure

planes merged at location F. Similarily to Case E, the direction of the

failure planes show that the block-type failure mechanism 1s

kinematically admissible.

The stress distributions along a line parallel to the x-direction
for Case G with horizontal weakness planes (M=90°) and N=0.5 are
presented in Figare 5.8. At P;=100 %, the stress distribution for Case
G with horizontal weakness planes are identical to those of an

opening in an elastic, homogeneous, isotropic material because nonc
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of weakness planes yield near the borehole. When the two bands of
yielded rock merge at Pij=31 %, the distribution of G, and Gg are
significantly different from those of homogeneous isotropic material
within a distance of about 2 radii. It is interesting to note that the
variation of Oy, Og and (G.-Gg) along the x-axis are very similar to
those with local weaknesses presented in Figure 4.6. Both figures
indicate that a maximum in deviatoric stress occurs away from the
borehole wall (at r/fa = 1.25 for Case G). This differs significantly
from the stress distribution for an elastic, homogeneous, isotropic
material where the maximum in deviatoric stress is found at the
borehole wall. The location of the maximum deviatoric stress
corresponds to the point where the two bands of yielded rock merge.
This study supports the earlier findings that localized yield zones,
created by local weaknesses or rock with transversely isotropic
strength, will lead to a critical stress condition inside the rock such
that the propagation of the yield zone is forced to merge.

The stress distributions along a line parallel to the y-direction
for Case G are presented in Figure 5.9. At Pij=100 %, the stress
distribution for Case G with horizontal weakness planes are identical
to those of an opening in an elastic, homogeneous, isotropic material.
When the borehole became unstable at P;j=31 %, the stress
distribution for ©g 1is significantly different from those of
homogeneous isotropic material within a distance of about 1.5 radii.
However, the stress distribution for G, is only slightly less that in a
homogeneous isotropic material. These results are very similar to

those with local weaknesses presented in Figure 4.7. The deviatoric
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stress distribution with horizontal weakness planes is higher than for
a homogeneous isotropic material when 1/a is iess than 1.2.

At the point of merger of the yield zone (Figure 5.8, Pi=31 %),
the tangential stress at r/a = 1.2 is reduced to about 40 % of the
tangential stress expected near an opening in elastic rock. This can
be of great importance for the design of frictional bolts because the
frictional resistance developed between the rock mass and the bolts
is a function of the tangential stress. If the tangential stress at this
point is reduced, then the fricitional resistance will also be reduced.
Longer bolts penetrating to r/a > 1.25 would be needed in order to
reach the area with higher tangential stress, and hence mobilize

more frictional resistance.

5.6 Practical Implications of Findings to Design and Monitoring of

Undergrcund Openings

The ground convergence curves at two points (R) and (S) for
the three cases E to G, M=0°, 45° and 90°) with N=0.5 are shown in
Figure 5.10. The convergence curves at (R) are similar for all three
cases because no yielding occurs at this side of the opening and it is
difficult to differentiate among the various modes of failure that
occur near (S). At point (S), the amount of convergence for the Case F
(M=45%) is much greater than for the two cases 1=0° and 90° because
yielding is initiated at (S) and propagates into a continuous yield
zone to relatively larger extent compared to the other two cases. The

convergences for the two cases N=0° and 90° are similar up w P;=55



% because iwo independent yield zones on either side of (S) develop
for these two cases. The merging of the two bands of yielded rock
occur at Pj=54 % for N=0° and at P;=31 % for N=90°, hence, a borehole
with weakness planes paraliel to the major principal stress
approaches an unstable condition earlier than those with weakness
planes parallel 1o the minor principal stress. This is because yield
initiation at the borehole wall is closer to point (S) for the former
than for the latter case. Less propagation is needed for the two
bands of yielded rock to merge if the initiation zones are closer
together.

The simulated ground strain curves at three locations near (S)
for Case G (=90°) where an elastic block is created is presented in
Figure 5.11. When the material is elastic at the point of
measurement and at P; > 50%, the average radial strain at Location V.
closest to the borehole wall, is greater that those at Locations VI and
VII which are further away from the borehole wall. However, when
the borehole becomes unstable at P;j=31 %, the highest average radial
strain is recorded at Location VI which corresponds to the point
where the two bands of yielded rock merge. The average radial
strain at Location V tends to decrease rapidly when the two bands of
yielded rock merge. This is an indication that the elastic block
enclosed within the bands of the yielded rock tends to be unloaded
and pushed into the opening. It is also of interest to note that
extensometers at all these locations would respond linearly (as if the
opening were in elastic rock) until the yield zones merge at P; < 50%.
This is of great practical importance since linear convergence or

strain curves are normally associated with stable conditions.



This study supports the earher findings that convergence
measurements are poor indicators for identifying the type and
location of failure mechanisms. It follows that localized
measurements of relative displacements at appropriate locations are

needed to properly locate and identify failure modes.

5.7 Summary and Conclusions

A transversely isotropic yield criterion was implemented in a
finite element progras i~ wrder to study the effecis of oriented
weaknesses and the far-iield stress ratio ¢ w-- 7¢'l initiation and
propagation around a borehole, and to compare the failure
mechanisms with those generated by local weaknesses. The model
describes a linear elastic, brittle, perfectly plastic rock. Four cases
with different combinations of weakness orientation and far-field
stress ratio were studied. It was found that block-type failure
mechanisms similar to those generated by local weaknesses are also
possible if the weakness orientation is parallel to the direction of the
principal stresses and the far-field stress ratio differs significantly
from unity. This is because yielding is initiated at positions similar
to those that were introduced selectively by local weaknesses.

Localized yield zones created by local weaknesses or
transversely isotropic strength will lead to critical stress conditions
inside the rock such that the propagation and merging of the two
bands of yielded rock becomes possible.

Convergence measurements at an opening wall are insufficient

to differentiate among the various modes of failure. Instruments for



monitoring purposes must be located at strategic positions chosen on
the basis of scveral hypoiheses of likely behaviour and failure.

The block-type failure inechanisms identified in this thesis by
numerical simulations will in ihe next chapter be investigated
further by comparing namericai predictions with laboratory and

field observations.
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6 INVESTIGATION OF UNDERGROUND OPENING FAILURE
MECHANISMS IN TRANSVERSELY ISOTROPIC ROCKS

Block-type failure mechanisms ¢ to those described in
Chapters 4 and 5 have been observed in laboratory tests of small
circular openings in samples of jointed coal, and during the
construction of tunnels in rock with parallel weakness planes. In the
following, it is attempted to compare these observed failure

mechanisms with those simulated by finite element analyses.

6.1 Failure Mechanisms of Small Circular Openings in Coal

Although problems of borehole instability are widely
encountered in hydrocarbon exploration, the mechanisms and
processes controlling the occurence of instabilities and the transition
from stable to yielding and later to rupture are not well understood
because it is seldom possible to make sufficient measurements in the
field to permit a comprehensive evaluation of the actual failure
mechanisms. Hence, ii is necessary to conduct laboratory tests 10
simulate the relevant failure processes in a manner that permits
collection of sufficient data for conclusive interpretation.

Testing of small circular openings in sampl2s of jointed coal
have been conducted by Guenot (1979) to investigate the initiation
and propagation of yield zones up to rupture of the wall of the
opening. The experimental facilities, the sample preparation

techniques and the instrumeniation have been described in dewail by

99
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Kaiser and Morgenstern (1981). A sample of regularly jointed coal
(Test No. MC-4) with time-dependent strength and deformation
properties described in Kaiser and Maloney (1982) was tested over a
period of two months. The sample was first subjected to a uniform
stress ratio (N=1.0) in order to assess the deformation properties of
the sample (Test MC-4.1). The sample was unloaded and a circular
opening of 152 mm in diameter was excavated in the center of the
sample. The sample was then subjected to two multi-stage creep
tests MC-4.2 and MC-4.3 with six creep stages each. The duration of
each creep test was about one day and the stress ratio was kept close
to unity (N=1.08 and 0.98). Plane strain conditions were mainiained
by gradual application of longiitudinal stresses to ensure zero strain
paraliel to the opening axis. The sample was instrumented with 15
extensometers located on two concentric rings, at r/a equal 1.46 and
1.98 (r is the radial distance from the center of the opening to the

center of the extensometer and a is the radius of the opening).

6.1.1 Description of Results from Test MC-4.2

For Test MC-4.2, the sample was loaded in stages until rupture
of the opening wall was visually detected during cree; at oy =13.3
MPa. A v-shaped piece of intact rock, about 20 mm by 20 mm in
area, broke from the wall of the opening at this stress level. The
propagation of this rupture zone slowed down after 28 hours of
creep but the rupture process proceeded immediately after the
sample was further loaded to the final stress level at oy=15.9 MPa.

The sample was then unloaded and the loose broken material was



101
removed from the wall. Figure 6.1 illustrates the shapc of the
sample at oyg=13.3 MPa and the extent of the rupture zonc after
unloading the sample and removing the loose broken material from
the opening. The sample was then reloaded to the final stress level
of oy=16.6 MPa (Test MC-4.3) to observe when and to what exient
rupture would propagate if the rock mass were no longer confined

by the broken rock. A complete description of the failure process for

Tests MC-4.2 and MC-4.3 was given by Guenot (1979) and Kaiser ¢t
al. (1985).

6.1.2 Generation of Failure Mechanisms by Finite Element

Analysis

For the following reasons, it is expected that the yield initiation
and propagation process simulated by the finite element analyses

will not completely match the observed rupture behaviour:

1. The yield initiation and propagation process simulated in the finite

element analysis is limited to small displacements and continuous
displacement fields.

2. The time-dependent properties of the coal are not modelied by the

finite element analysis code adopted.

3. The material parameters for describing the transversely isotropic
strength of coal was not accurately defined.

4. Local weaknesses are present even though the coal sample is, in

general, tegularly jointed with a predominant joint set.
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Nevertheiess, an attempt was made to simulate the observed

failure mechanism with the following assumptions:

1. The elastic defermation properiies of the cecal were chosen based

on the triaxial test results described in Kaiser (1979).

28]

Weak elements were placed in the model because it was found
from Figures 5.6A and 5.6B that block-type failure mechanisms are
not possible for N equal to unity if no weakness exist.

3. The location of the weak elements and the strength parameters for
coal were selected so that a block-type failure mechanisms will

develop at a stress level in the vicinity of oyg=13.3 MPa.

The simplified approach presenied in the following chapter
provide guidelines for selecting the strength parameters so that the
extent of the yield zones in the finite element simulation will be close
to the extent of the observed rupture zone.

Figure 6.2 shows the finite element mesh and the location of
the weak elements for this analysis. The material parameters for the
snalysis are summarized in the table presented in Figure 6.2. Both
the rock mass and the local weak element were assumed to be
transversely isotropic.

The extent of the yield zones simulated by the finite element
analysis, and also the extent of the observed rupture zones are
presented in Figure 6.3. Yielding is initiated at four locations on the
wall at about oyg=10 MPa, and propagates on opposite sides but more
rapidly toward the weak elements. An elastic block enclosed by two

bands of yielded rock and the weak elements is formed at oy=14
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MPa. This block tends to be pushed into the opening if Oy is further
increased. The maximum extent of the simulated yield zone is at r/a
equal to 1.4 which is slightly less than the extent of the measured
rupture zone ~f r/fa equal to 1.6. Figure 6.3 also shows that block-
type failure mechanisms cannot be formed 1if local weaknesses are
not present (see opposite side of weak element).

The closures of the opening wall at four locations (A, B, C and D)
are shown in Figure 6.4. It can be seen that the closures predicted
by the finite element analysis compare reasonably well with those
measured in the tests. Both finite element and measured closures do
not give any indication of yield inititation at the wall.

The strains measured from the extensometers at 15 locations
around the circular opening are presented in Figure 6.5. Most strain
measurements show a sudden increase in compressive strain when

the sample is first loaded to oy=1.5 MPa. This was interpreted by

AL £IDTON e A ,
UuUciioL \19/9) tc be d

of the coal sample. The strain attributed to this effect was
subtracted from the measured strain, and the revised curves are
presented in Figure 6.6 tcgether with the strains obtained from the

finite element analysis. The following comparisons are made:

1) It can be seen that at various locations, the strain p-edicted from
the finite element analysis compare extremely well with those
measured in the test.

2) For the closest row of extensometers (9 to 16), the strain predicted
from finite element analysis (except extensometers 16) foliow the

trend measured 1n the test. The deviation of extensometer 16
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may be due te local variation <of strength in the sample. The
strain predicted at extensometers 10, 11, 13 and 15 match very
well with those measured. Less accurate prediction is made at
evicnsometers 9 and 12.

3) Initiation of yielding, which is indicated by the change in
curvature, is clearly detected at extensometers 9 to 15.

4) For extensomeiers (17 to 21) away from the opening, all the
predicted strain show compression and follow the general trend of
those mesasured. The poorer agreement is because compressive
strains due to coal compaction was not included in the predictive

model.

6.1.3 Summary and Conclusions

The block-type failure mechanism observed in the laboratory
test of an opening in coal could b~ reproduced by the rinite eiement
sirnulation with a transversely isotropic material model and an
assumed local weakness. Despite the uncertainity of the material
parameters, 1t is concluded that the location and the process of
yielding simulated in the finite element model compare very well
with those measured in the test. The predicted closure of the
opening wall and the predicted strains at various locations away
from the opening agree well with the measured strains. Local
weaknesses are needed for block-type failure mechanisms to
develop in transversely isotropic rocks if the stress field is nearly
uniform. Finite element analysis 1is limited to continuous

displacement fields, and therefore cannot be used to model the



rupture process after the elastic block is allowed to move into the

opening.

6.2 Failure Mechanisms of a Tunnel in Rock with Parallel We kness

Planes

Block-type failure mechanisms similar to those described in
coal have been observed during the construction of the Frejus Tunnel
which links France and Italy. The tunnel is approximately 13 Km
long. The depth of the overburden varies from 600 to 1200 m along
most of the length of the tunnel. The tunnel was excavated in part
through schist with weakness planes being more or less tangential to
the wall of the tunnel as shown in Figure 6.7. The influence of major
discontinuities on the modes of failure as described by Lunardi
(1980) arc illustrated b hree examples in Figure 6.7. More
detailed descriptions of the geological condition at the Frejus Tunnel
can be found in Lunardi (1980).

It is much more difficult to model the rupture process and the
ground response during the construction of a tunnel than the
excavation of a circular opening under controlied laboratory

condition as described in Section 6.1 for the following reasons:

1. The ground convergence characteristics and the stress cistribution
around the tunnel is affected by the construction method and

sequence, as well as the support system.
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2. The wall displacements and ground pressure on the lining of a
tunnel may increase with time for several weeks or months
depending on the time-dependent behaviour of the rock mass, the
rate of advance of the tunnel face and the response of the support
system.

3. The rock mass parametiers cannot accurately or only with great
difficulty be determined for numerical modelling.

4. The presence of local weaknesses may not be known or only be
detected during supplemental geological and geotechnical

investigations.

Because all of the above uncertainties may affect the analysis
of the Frejus Tunnel, the following finite element analysis only
attempts to investigate the location of yield initiation, the extent of
yield propagation and to provide support for the earlier finding that
block-tvpe failure mechanisms may develop in transversely isotropic
rocks under wuniform far-field stresses provided that local
weaknesses are present. No attempt is made to match the simulated

with the observed convergences.

6.2.1 Description of Failure Mechanism at Frejus Tunnel

For the following studies, it is assumed that local weaknesses
are present and that their locations are as shown in the finite
element mesh in Figure 6.8. The excavation process is simulated by
reducing the support pressure of the tunnel while the far-field stress

CH=25 MPa is kept constant (N=1.0). The material parameters shown
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in Figure 6.9 are selected on the basis of published test results on
schists (Lunardi, 1980).

The extent of the yield zones simulated by the finite element
analysis, and the ground convergence curves at 4 points are
presented in Figure 6.9. It can be seen that yielding is initiated at
P;=50 % at Locations 3 and 4 first which are opposite tc each other at
the tunnel wall. When the support pressure is further reduced to °5
%. yielding is also initiated at Location 2 and it propagates toward the
weak elements. An elastic block enclosed by the two bands of
yielded rock and the weak elements, is formed at Pi=25 % and tends
to be pushed into the tunnel as the support pressure is further
reduced. This kind of block-type failure mechanism is similar to that
observed earlier in coal, and the location agrees well with that
observed during the construction of the Frejus Tunnel as shown in
Figure 6.7.

The convergence between two oppesite points on the tunncl
wall for six directions (A to F) are presented in Figure 6.10. This
figure also compares the observed convergences obtained from Berst
et al. (1980) at four different stations (4.835 Km, 4.994 Km, 5.172
Km, and 6.066 Km) along the Frejus Tunnel. At all four stations along
the tunnel, the maximum convergence occurred in Direction D. This
supports the findings from the finite element analysis that an elastic
block is being pushed into the tunnel in the Direction D before other
yielded zones move in. The observed convergence in Direction A is
less than that predicted by the finite element analysis. This may be
due to the associated flow rule being used in the model. The

associated flow rule assumes that the plastic strain increment 1s
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perpendicular to the yieid surface (Equation D.4, Q=F) which
sometimes may tend to over prediting the volume change. It should
bc emphasized that this case study made no attempt to match the
simulated and the observed wall displacements, but rather to
investigate the location of yield inititation and the development of
yield zone.

The observed convergence in other directions, vary from
station to station along the tunmnel. This indicates that variation in
local conditions (material properties, construction sequence etc.) at
different stations along the tunnel can create ditficulties for finite
element simulation to match with the observed convergence.

The observed convergence in Direction A vary from 100 mm to
480 mm for different stations along the tunnel. Sulem et al. (1987)
based on a curve fitting technique suggests that the time-
independent convergence is about 20 % of the total observed
‘convergence. The convergence from the finite element analysis (at
P;i=25 %) is only about 9 mm which is much less than the time-
independent convergence (20 mm to 96 mm) as suggested by Sulem
et al. (1987). This is because the finite element formulation in the
model is based on small strain and small deformation. Large
displacements (11 mm to 87 mm) must have occurred when the
elastic block of rock moved into the tunnel or when failure
propagated.

Finally, the extent of yield zones around the tunnel from the
studies by Guenot (1980) and Frank et al. (1980) are schematically
illustrated in Figure 6.11. These two studies use the finite element

code, ROSALIE, developed at the Laboratoire Central des Ponts et
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Chaussées in Paris, France. The rock mass is assumed to behave as
linearly elastic, perfectly plastic satsifying the Mohr-Coulomb vield
criterion. The joint behaviour is similar to the rock mass except tha
it is britle and perfectly plasuc after reaching the peak strength.
The Mohr-Coulomb vyield criterion for the joint is expressed in terms
of normal and shear stresses at the joint. It is assumed that there 1is
no plastic volume change in the joint. The cohesion and angle of
friction for the rock mass and the joint can be found in Figure 6.11.
Stress calculation in the finite element code is based on the Modified
Newton-Raphson method. Non-associated flow rule can be used.
Details of this finite element code is described in Guenot (1980).
Guenot (1980) and Frank et al. (1980) studied the cases where the
joints are orientated at 50° and 30° to the x-axis, respectively
(Figure 6.11). The joints are assumed to be equally distributed
around the tunnel. The stresses from the finite element calculation
are first substituted into the Mohr-Coulomb yield criterion of the
rock mass. If the rock mass has not reached yielding, the stresses
are rotated into the normal and shear stresses component at the
joint. They are substituted into the #Mohr-Coulomb yield criterion to
determine whether yielding has occurred in the joint. Both studies
show that a block-type failure mechanism does not develop without
the presence of a local weakness. Although yielding propagates from
Location 2 and 3 similar to those in Figure 6.9, block-type failure

mechanism does not develop unless local weaknessses are present

when N is equal to unity.



6.2.2 Summary and Conclusions

When a tunnel 1is excavated through rock with parallel
weakness planes under a uniform far-field stress, block-type failure
mechanism can only develop if local weaknesses exist and trigger an
instability mode. The locations of yield initiation from the finite
element simulation agree reasonably well with the field observation.

There are difficulties in modelling the ground convergence
behaviour of a tunnel because it is not only a function of the material
properties, but also a function of the constructicn method and
sequence, and their interaction with the support system.
Convergence measurements between two opposite points on the
tunnel wall are good indicators of instability but they cannot identify
the modes of failure.

Site investigation and visual monitoring during construction
must concentrate on detecting major or dominant weaknesses at

critical locations.



111

N=1.08

H

l Dircction

of Joints

/O e— O, =N Oy
/ Diamecter

of Borchole
ket 600 mm- 152 mm

- 600 mmHpey

-— . - —
- —
- -

Borchole Wall

Extent of the Rupture
Zone after Unloading
of the Sample

!Cracks

+

V-Shaped Intact
Rock Broken
from the Wall at

GH =13.3 MPa

-
—‘q————

Scale (mm)

0 S0 100

Fioure 6.1 Sketch of Sample for Test MC-4.2 (First Rupture of the Opening§
& ) Wall and Extent of Rupture Zonc at the End of the Test). |




Number of
Elastic Deformation Strength Elements =436
Propertics Parameters Number of
Nodes =1309
Epl B V1| V2 G i min min a | B
(MPa) (MPa)| € res (MPa)| Pres
Normal o .
Element | 1500|1000} 0.2 | 0.3 500 7.5 7.5 6.7 J13.1
Weak o
Element 1500 {1000} 0.2 | 0.3 500 0 7.5 1 1
Figure 6.2 Finite Elecment Mesh for the Study of Failure Mechanisms

around Circular Opecnings in Jointed Coal.




N=1.0

(&)
l H . i
Direction

of Joints
P — N |
Oo O =NOy §

chuk
Element

Extent of Simulated
Yield Zones

ey
e
I.’:.

[ 3]
o 0200

Elastic Block !

VObserved Extent of
Rupturc Zones at

TR Gy=13.3 MPa

Figure 6.3 Comparisons of the Extent of Simulated Yield Zones
gu : with the Obscrved Rupture Zones.




Extcnsomeicr
Anchor Points

Assumed j

Weakness _
?&

22

20

Location Av]

Applicd Pressurc Oy (MPa)

20 20

Location C

Applied Pressure O'H (MPa)

Location D

—

s

0 1 2 3
Closure of Opening Wall u/a (%)

0 1 2 3

Closure of Opening Wall u/a (%) :
o——a Measured i
®-—~ & Simulated

Closures of Opecning Wall at Four Locations for Test MC-4.2

Figure 6.4 (Comparisons of Simulated Closures with the Measured).




20

10 -

21 Jzo
16412 23
08 0.2 0.0 179\~ s

20

10 -

10¢ 74

Extensometer
Anchor
Points

ST v ¥

0.8 -0.2 0.4

20

Applicd  Pressurc O, (MPa)

10 A

0

14

L
Y
SalNy;

-0.4 02 0.0 0.2 0.4 0.6 -1.0 0.0 1.0 2.0

20

-0

¢ Extensmn Strain (%) Compression —

10 - V | >
0 - -+ r
4 0.4

-01 0.0 0.1 0.2

Figure 6.5

Ground Sirain Curves Measured from Fifteen
Extensometers for Test MC-4.2.




17 9
13/ 1119
10} 1‘-.&
3D
. 18 \
£ Extensometer
E Anchor
— Points
o=
g
= 20
2 11 19
= > s
= S
< 104 y)
0 - v
-0.4 -0.2 0.0 0.2 0.4 0.6-1.0 2.0
20
| I
1 18 13 ——— Strain Predicted
) X from Finite Elecment
10 4 ,' . Analysis
7 | ———= Strain Measured
] : from Tests Adjusted
for Crack Closure
0 {4 r—te—r———— } ' —
-0 0.0 0.4 0.8 -0.1 0.0 0.1 0.2
#——— Exicnsion Swrain (%) Compression ———

Figure 6.6 (Compazrisons of Simulated Strain with

Ground Sirain Curves at Fifteen Locations for Test MC-4.2

the Measured).




ot
st
~-1

Bedding §
Planes §

\ N=1.0
\\

P Locations for
Mecasurcmgcnts

|€—G6 m—®

3m

Intact Rock
Moves into
the Tunncl

N

Berdding Planes only.
No  Muajor Discontinuity.

Intact Rockl
Moves into g
the Tunnel

Major
Discontinuity

Bedding Planes with
Major Discontinuity.

Intact Rock
Moves into
the Tunnel

BY ajor &quingDPlancs. with
Discontinuity ajor iscontinuity.

W

Figure 6.7

The Effects of Major Discontinuities on the
Modes of Failure in Frejus Tunnel




(e) —
U =25 MPa
+ rfa =1.42
- Gh =N GH
A
7Local
Weaknesses
=
[aw]
o~ p
- Pofll====t
// /If ‘l\\\
y :
| - 120 m —> | §
Number of
Elements =165
Number of
Nodes =473
Figure 6.8 Finitc Element Mest for the Study of Frejus Tunnel.




119

P. (%)

-— 80—
=0
=
2
+ c
| S
2
Z
§
P =35% < .
0 T l T T X ] v ] ] j
0 1 2 3 4 S
Convergence (mm)
Ground Convergence Curves
at the Tunnel Wall ﬁ
P =25%
! [Eract X
Assumed Normal Weak
Propertics Element Elcment
E]=SSGPa mincres Cmincrcs
E2 =52 GPa =2 MPa =0
Gz=25 GPa ¢min q>rcs ¢min Pres
o .
v, =0.18 =25° =5
\Y 2=0.21

Weaknesses
. Dcvelopment of Yicld Zones and Ground Convergsnce
Figure 6.9 Curves for the Frcjus Tunnel




100 Direction
® x A
o~ 80 * B
= . 5
‘= o D
g 60 « E
a F
[5]
©
z 40
= T 3
g 20 A
2
Q‘ —
O ¥ *‘[ Ll -' T ] l L] ! L] l L] r L i T
0 1 2 3 4 5 6 7 8
Convergence (mm)
a) Convergence Simulated from Finite Element Analysis (FEA).
Station =z
4835 Km 4.994 Km 5.172 Km 6.066 Km | FLA
[
&L
b
3 . . .
S —{ Direction D Dircciion D Direction D Direction D A
e
=
§ Dircc. F Direction B Direction B Direction B D
=
. Direction E Direction F Direction A Direction C F
[
o . . . .
&g Direction B Direction E Direction C Direction A E
Nt
T S
= o . . . . . .
5'::0: Dircction A Direction C Direction E C
<
=0 _| Dircction C Dircction A Direction F B
=
=
(%)

Convergence Measured
(Data from Berest ct al., 1980).

in the Field

Figure 6.10

Convergence between Two Opposite Points on the Tunnel

Wall for Directions A o F.




(Modified after
Guenot, 1980)

E =50 GPa
v=02

Rock Mass ¢ =9 MPa|§

0
0 =130
Joint
Pcak Residual
¢ = 3 MPa c=0
0
¢ =25 ¢ =25°

(Modified after
Frank et al., 1980)

X
@

Rupturc |
of Joints §
Rupturc §
of Rock §
Mass

Figure 6.11

Extent of Yield Zones around the Frejus Tunncl
from other Studics.




7 SIMPLIFIED APPROACH TO PREDICT YIELD INITIATION
ZONES AROUND BOREHOLES IN ROCK

7.1 Introduction

The finite element method has been used in the previous
studies to investigate the various modes of failure around boreholes.
The finite element method is no doubt a powerful numerical tool to
determine the state of stress and displacement fields around
boreholes. However, a considerable amount of time and cost must be
expended for each analysis. Hence, a simplified, approximate
approach may be useful for the determination of the extent and
shape of the yield initiation zones around a borehole.

In this simplified approach, the stresses for a circular opening
in an elastic, homogeneous isotropic material are compared to three
different yield criteria for rocks. This approach parallels the method
developed by Widerhofer (1670), Kastner (1976), and later by
Daemen (1983). Experimental justification is given by Kastner
(1979) and Jaegar and Cook (1979).

Instabilities around circular openings caused by parallel
discontinuities have long been recognized by Szechy (1970) and Hoek
and Brown (1980). Recently, Babcock (1978) and Gough and Bell
(1982), both based on field observations, presented different views
for the cause of breakouts in a borehole. Babcock (1978) suggested
that breakouts are the results of the drill encountering steeply
dipping fractures while Gough and Bell (1982) suggested that they

are exclusively caused by shearing in 2zones of concentrated
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compressive stresses resulting from non-uniform, horizontal far-field
stresses. The simplified approach presented in this chapter will
demonstrate that both may be contributing factors to the
development of yield zones around boreholes.

The extent of the yield initiation zones from this approach 1is
approximate because stress redistribution processes are neglected.
Furthermore, the displacement field cannot be determined.
Nevertheless, the simplified approach 1is beneficial for sensitivity

studies before a detail finite element simulation is carried out.

7.2 Stress Distribution Around Circular Openings

The stress distribution for a circular opening in an elastic,
homogeneous, isotropic material, originally developed by Kirsch

(1898), is given in the following (see Figure 7.1 for definition of

symbols):

o 2 q2 4
or=—2”—[<1 PN -3 - (- -4 3 cos-’-e}
2
a
+ P T (7.1a)
69=_2Pj'\:(1 + NO)(1 + ;7) + (1 - N)(1 +3 ;z') cosze}-ps;'g‘
(7.1b)

S 2 4
T,e=-2ﬂ[(1 - N)(1 + 2 ar_z__ 3 a;,,-) sinZO} (7.1c)

1J
‘59



where,
P, = Support pressure inside the circular opening;
6 = Angle from the direction of G.

In the following studies, plane strain condition is assumed for a
deep section of the borehole. Yield intitiation zones are defined as
the areas where the shear stress equals or exceeds the shear
strength of the rock.

The stress distribution in an elastic media is shown in Figure
7.2. It can be seen that, for N=1.0, the distribution of G; and G¢g are
independent of the orientation 6, and that the maximum deviatoric
stress (OG;-Og) 1s found at the borehole wall. Hence, it is expected that
yield initiation will occur at the borehole wall and that propagation
will be uniform all around. This is an ideal situation where a
borehole is situated in a homogeneous material under uniform far-
field stresses. For N=0.5, yielding is expected at the borehole wall in

tae direction of oy because deviatoric stress is maximum in this area.

7.3 Extent of Yield Initiation Zones around a Borehole

The aim of the following analysis is to predict the extent of the
yield initiation zones by substituting the stresses from Equation 7.1
into different yield criteria. Propagation of yield zones due to stress

redistribution must be considered separately.
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The extent of the yield initiation zones around boreholes are

investigated using three different yield criteria as foliows:

1. Von Mises yield criterion;
2. Mohr-Coulomb yield criterion; and

3. Transversely isotropic yield criterion developed by Nova and
Sacchi (1979).

7.3.1 Von Mises Yield Criterion

The Von Mises yield criterion can be applied to homogeneous

isotropic material. It is given as the following:

(Gr-0g)2 + (Gg -Oy)2 + (Cr-Oy)2 + 6 Trp2 =2 Y2 (7.2)
where,

Y = Unconfined compressive strength;

Gy = Vertical stresses along the borehole axis;

il

Vv (G + Og), assuming plane strain condition is

maintained.

If the stress components Oy, C¢ and Trg from Equation 7.1 are
substituted intec Equation 7.2, the extent of the yield initiation zones

is determined as follows:

The material is elastic if:



(Or-00)2+(Cp-0y)2 +(0r-0y)2+6 T,62-2Y2<0

The material has yielded if:

(Or-00)2+(Cg-0y)2+ (Or-6y)2+6 Tp2-2Y220

The extent of the yield initiation zones for N=1.0, 0.75 and 0.5
are presented in Figure 7.3. The result shows that for homogeneous
isotropic material, the location and shape of the yield initiation zones
are a function of the stress ratio. For N=0.5, the yield initiation zones
extend towards the direction of oy. This is in agreement with the
hypothesis from Gough and Bell (1982) that systematic oriented

borechole breakouts are caused by non-uniform far-field stresses.

7.3.2 Mohr-Coulomb Yield Criterion

According to the Mohr-Coulomb yield criterion, yielding of a

rock mass is initiated when:

5 =C + Op tand (7.3)
where, S = shear strength of the rock mass;
c = cobhesion intercept;
o = angle of friction;

Oq = normal stress.
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However, weak discontinuities with a strength lower than that of «a
rock mass are often present around boreholes or tunnels. Yielding of
a weakness depends on its strength and orientation. This is
illustrated schematically in Figure 7.4. B is the angle from the
direction of weakness planes teo the direction of major principal
stresses. Yielding will occur if the weakness is orientated at u** <

< pn* (see Figure 7.4). The procedure adopted to check the extent of

yield initiation zones can be summarized as follows:

1. Obtain stress components Gy, Og and Trp from Equation 7.1;

_l\)

Calculate 0 from the Mohr stress circle as shown in Figure 7.5(a);

W

. Obtain 8 and & (angle of weakness planes from the direction of Oy,

Figure 7.5(b);

;_\‘

. Calculate n from 8,0, and §. The relationship between [, 8.6, and &
is shown in Figure 7.5(b).
5. Check whether rock mass has yieided as shown in Figure 7.6(b):

6. If rock mass does not yield, check whether the weakness yields as

shown in Figure 7.6(c).

Figure 7.7 shows that for N=1.0, the yield initiation zone of the
rock mass is circular, whereas it is non-uniform if weaknesses are
present. Yielding occurs both in the rock mass and in the
weaknesses. Figure 7.8 presents the extent of the wield initiation
zones for N=0.5. For weaknesses orientated at 0° < § < 20° and =80°
< & < 90°, the yield initiation zones are extendsd towards the
direction of Oy, whereas it is at the margin of the yielded rock mass

zone if 45° < £ < 70°. Both Figures 7.7 and 7.8 support the
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hypothesis of Babcock (19773) that borehole breakouts can be the
results of the drill encountcring weaknesses. The location of
overstressing is very sensitive to orientation of the weaknesses and
the stress ratio.

In order t¢ demonstrate the validity of the simplified approach,
the extent of the yield initiation zones are compared with those from
a finite element analysis (Kaiser et al., 1985). The finite element
analysis was carried out assuming that the rock mass would behave
like an elasto-plastic material with anisotropic strength
characteristics.  The assumed, isotropic deformational properties of
the elements are, Young's modulus E=1.5 GPa and Poisson's ratio v=
0.2. The anisotropic strength behaviour was obtained by

simultaneous consideration of the following criteria:

-Linear elastic, perfectly plastic stress-strain relation for intact rock
satisfying the Mohr-Coulomb yield criterion (0= 30° and c= 4 MPa).
-Directional yield criterion to describe the strain-softening behaviour
of the discontinuities (peak cohesion =1.5 MPa, ultimate cohesion

=0.3 MPa and ¢$=30°).

The finite elen:znt method provides the extent of the yield
zone after stress redistribution. It is compared with the vyield
initiation zone predicted by the simplified approach in Figure 79,
This figure shows the comparisons of the spatial extent of the yield
initiation zones around circular openings at different levels of
applied stress. When yielding first occurs in the weaknesses at oxg=95

MPa, the yield zone predicted by the finite element analysis is larger
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than the extent of yield initiation zone towards the direction of Gyy.
When the rock mass starts to yield at oy=7 MPa, the spatial extent of
yield initiation 7-n~s due to weaknesses and in the rock mass are
very similar to those predicted by the finite element analysis. When
more yielding occurs in the rock mass at ox=13 MPa, the spatal
extent of the yield initiation zones due to weaknesses predicted by
the simplified approach are very close to those predicted by finite
element analysis. At the final stress level of opy=15 MPa, the
simplified approach underestimates the radial extent of yield
initiation zones for both weaknesses and rock mass but the spatial
distribution is still very similar. The above comparisons suggest that
although the simplified approach underestimates the radial extent of
yield initiation zones due to yielding of weaknesses or the rock mass,
the shape of the yield initiation zones predicted by the simplified
approach are similar to those predicted by finite element analysis at
all level of applied stress and can be used to estimaie the expected
borehole response. The effects of stress redistribution do not scem

to dominate as long as the yield initiation zones are limited to r/a <
1.2.

7.3.3 Yield Critertion for Transversely Isotropic Rock (Nova and
Sacchi, 1979)

In this section, the extent of yield initiation zones are
investigated for rock that exhibits transversely isotropic strength.
The stresses frua: Equation 7.1 are substituted into the yield

criterion of Equation 5.1 developed by Nova and Sacchi (1979).
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Figure 7.10 and 7.11 show the location and extent of yield
initiation zones for N=1.0 and 0.5, respectively. Fizure 7.10 confirms
the earlier findings from the Mohr-Coulomb yield criterion that the
presence oI weaknesses willi create nomn-uniform yieid initiaiion
zones (four zones) even for N=1.0. Figure 7.10 also shows that, for
N=1.0, the location of yield initiation at the borehole wall is only a
function of the weakness crientation. Figure 7.11 demonstrates that,
for N=0.5, four yield initiation zones are created when weaknesses
are parallel to the principal stress axes. For almost all other
weakness orientations, only two yield initiation zones will be created
at the borehole wall. In Section 5.5, it was shown that, for N=0.5, the
yield initiation zones will act like local weaknesses and promote the
formation of the block-type failure mechanisms when the
weakiiesses are parallel to the principal stress axes. Chapter 6 shows
that, for N=1.0, block-type failure mechanisms cannot be created if
the two vyield zones are too far apart unless there are distinct

weaknesses located at some critical point around the boreholes.

7.4 Limitations of Applicability and Conclusions

The spatial extent of yield initiation zones determined from the
simplified approach presented here 1s slightly underestimated
because stress redistribution is neglected. However, the simplified
approach provides a rational tool for the assessment of the location
and shape of yield initiation zones around boreholes or underground

openings before a detail finite element analysis is carried out.

-

0
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The following conclusions can be drawn from this chapter:

For a homogeneous, isotropic rock mass, the location and shape of
yield initiation zones are affected by the far-field stress ratio N.
The presence of local weaknesses in the rock mass near a borehole
will Ttesult in a non-uniform yield initiation zones around «a
borehole even if N is equal to unity.

Four yield initiation zones are created at the borehole wall if a
borehole is drilled in a stratified material and under uniform
stress. The locations of these four yield initiation zoues are only a
function of the weakness orientation. The simplified approach can
be used to assess the extent and shape of the yield initiation zones
because. if N =1, block-type failure mechanisms cannot be
developed unless there are distinct weaknesses located at some
critical point between the yield initiation zones.

For a borehole drilled through a stratified material, and if N
deviates from unity, two or four yield initiation zones are created
depending on the orientation of the weakness planes relative 1o
the direction of the principal stresses. The simplified approach can
be used to assess the extent and shape of the yield imii:iation zones
if only two yield initiation zones are created because block-type
failure mechanisms cannot be developed unless there are distinct
weaknesses located at some other critical peints near the borehole.
However, the simplified approach cannot be used to assess the
extent and shape of the yield iritiation zones if the weakness
planes are aligned with either the maximum or minimum far-field

stresses. because these four yield initiation zones will act like locul
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weaknesses and promote the formation of block-type failure

mechanisms.
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8 SUMMARY, CONCLUSIONS AND
PRACTICAL IMPLICATIONS

8.1 Summary

The effects of local weaknesses on the modes of deformation
was first demonstrated with the numerical simulation of a confined
compression test as outlined ir Chapter 3. If local weaknesses are
not present in the specimen, an extension/compression deformation
mode was determined when the specimen was subjected to confined
compression.  However, a small local weakness within the specimen
triccered a localization and formed two shear bands.

An evaluation of the eigenvalue of the global stiifness matrix in
the finite element analysis can provide information on the stability
of the structure. When the structure becomes unstable which is
indicated by =zero perturbation energy, the lowest eigenvalue will
aiso equal 10 zero. 1his 1s the condition at wnich biturcauon occurs
because there will be more than one set of displacement increment
solution when the global stiffness matrix becomes singular. The
eigenvectors belonging to the eigenvalues which are equal 1o zero
represent different possible moc s of deformation at bifurcation.

in order (o evaluate different modes of deformauon of a
borehole when it approaches instability, an eigenvalue analysis was
carried out for a borehole. The lowest eigenva.ue obtained in this
study is not exactly equal to zero, but it is small enough to be
considered a4as zero because the structure has reached an unstable

point and the corresponding eigenvectors show an uniform closure of
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the borehole wall which is expected for a borehole situated in a
homogeneous isotropic rock mass and subjected to a uniform stress
field. The reasons of not getting zero eigenvalue may be due 1o
numerical accuracy. both mesh refinement and caiculation precision.

Three other groups of closely spaced eigenvalues were
identified but they cannnot be considered as zero energy mode
because their ecigenvalues do not converge to zero below the unstable
point. The eigenvectors of these thre= groups served to identify a
translation mode, an elliptical deformation mode and a warping
mode. The warping mode of deformation of the borehole wall s
similar to the surface wave mcde described by Vardoulakis (198%),

Althcugh the eigenvalues for the last three group are higher
than the lowest eigenvalue, they are relatively close together. Thix
may suggest that anv of the these modes may be induced depending
on the kind and amount of disturbance introduced in nature. There
are many causes of disturbances that could govern the formation of
these modes. Vvardouiakis (1988) suggested ihat the warping mode
may be induced by pre-existing, latent, surface parallel cracks
leading to the buckling cor peeling off of slabs. In other wordxs,
disturbances such as surface parallel cracks may govern the
formation of the warping mode.

The effects of local weaknesses on the modes of failure around
boreholes was then demonstrated by numerical simulations of failure
mechanisms as outlined in Chapters 4 and 5. In Chapter 4, it wus
disce -ered that block-type failure mechanisms are possible if the
borehole is subjected to non-uniform far-field stresses and if at lecast

two local weaknesses are critically located.  This will change the
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stress distribution around the borehole and lead to a condition that 18
conducive to yielding at depth, away from the borehole wall.
Chapter 5 demonstrates that block-type failure mechanisms similar
to those introduced by local weaknesses are also possible 1if the
weakness planes »-  uallel to the direction of the principal stress.
This i1s because " .zations of yield initiation, for this condition are
very similar to those introduced selectively by local weaknesses. For
weakness planes deviating from the direction of the principal
stresses, only continuously yielded zones are formed around
boreholes.

The findings presented in Chapter 4 and 5 provide the basis for
simulating the failure mechanisms observed in laboratory tests and
in the field during tunuel construction. In Chapter 6, the location and
extent of vield zones determined by finite element simulations are
compared with those observed in the laboratory and in the field. It
is found that the location and extent of yield zones can be modeiled
reasunably well provided that weaknesscs are preésent

A generalized yield criterion developed by Nova and Sacchi
(1979) for rock which exhibits transversely isotropic strength was
implemented into the finite element code SAGE (Chan, 1986). The
model is assumed to describe a linear elastic, brittle perfectly plasuc
rock. The yield criterion can be reduced to the Mohr-Coulomb and
the Tresca vield criteria for isotropic material. This analytical tool
was developed in order to study the effects of weakness properties
and their orientation, and the far-field stress ratio on the extent of

yield zones and the amount of deformations near an underground

opening.
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This study provides a deeper understanding of the vartous
factors which conirol the formation of different types of failure

n:echanisms around borehole and other underground openings.

The+o factors ere.

1) The magnitude and directions of the in situ far-field stresses; and
2) The extent, orieniation, location and number of weaknesses ncar
an opening.

Figure 8.1 shows a chart which groups the modes of failure
investigated in this research. It can be seen that block-type failure
mechanisms (Modes IV, V and VI) are more likely to develep in the
presence of weaknesses and if the far-field stresses are not uniform.
It also indicates that the direction of breakout is not only controlled
by the stress ratio and their directior, but also by the presence of
weaknesses near an opening. The formation of a continuous uniform
yield zone (Case 1) is only & very special case of all the possible
failure modes. This chart suggests that more research is needed to
cain a bherter understanding of the other factors which control the
problem ot borehole instability and the formation of different types
of failure mechanisms. In fact, this research constitutes only an
incremental contribution toward the ultimate goal of de eloping tools
to control borciiole instability.

Chapter 7 iniroduced a simplified approach to approximately
determine the location and extent of yield initiation zones around
circular openings. It was found that the spatial distribution and
extent of yield initiation zones determined by this simplified
approach corresponds well with results from more complex methods

as long as the vyield zones are relatively small and confincd.
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However, the block-type failure modes cannot be identified by the
simplinned approach because the stress redistribution process is
neglected. In other words, the simplified approach cannot be used if
conditions are favourable for the development of block-type failure
mechuanisms. Nevertheless, the simplified approach provides a
rational tool for the determination of the location and shape of the
yield initiation zones around boreholes or underground openings

before a detail finite element analysis is carried out.

8.2 Practical Implications to Oil Drilling

One of the methods of controlling borehole stability is by
varying the support pressure. The support pressure can bes adjusted
by varying the density of the drilling fluid. The oil industry
generally looks for simple measurements such as borehole breakout
angle or borehole diameter ratio in the field in order to assess the
magnitude and direction of stresses at the borehole wall, and then
use this information to adjust the support pressure. In this study, it
was found that the location and extent of yield zones were not
uniquely related to the magnitude and direction of the in-situ
stresses.  Local weakness would change the shape and extent of a
yicld zone. This is demonstrated by the two examples (Cases A and
D) in Chapter 4 where block-type failure mechanism was created by
the presence of local weakness. The shape of the elastic block may
also be ~ifferent, depending on the location of the weaknesses. This

is illusirated by Cases B and C in Figure 4.4B that even the support

.
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pressures are about the same near unstable condition. the shape of
the yield zones in Case C is very different from those of Case B.

Information regarding cuttings circulating in the drilling fluid
can be seen from Figures 4.4A to 44C. Cases B to D in Figures 4.48
and 4.4C show the size of elastic block is relatively large compared to
the size of the borehole. This may suggests that relatively large
pieces of rocks (elastic blocks) found in the circulating fluid will
indicate that it is more difficult to maintain a stable borehole.

Cases B and D, with an elastic block, reached unstable condition
when the support pressure is reduced to about 5C %, whereas it is
30 % for Case A with general yielding. This suggests that much
higher support pressure will be needed to reduce deformation for
cases with elastic block than with general yielding. However. f{rom
the ground convergence curves in Figure 4.8, it can be seen that Casc
D with a weak plane shows that the borehole is likely to deform
:xcessively even if a relatively high support pressure is provided.

Support pressure may drop temporariiy when the drill rod 1s
being temoved from the borehole. Cases B to C in Figure 4.8
illustrate that siight reduction of support pressure (if Py is at 50 %
and 65 9%, respectively) can be detrimental to borehole stability
because a large amount of deformation will be induced.

If borehole irstability is due to the presence of weaknesses,
then one method to control stability is by reducing the size of the
borehole. This is justified by Figure 4.5 which shows that reducing
the size of the borehole essentially reduces the number of
weaknesses intersecting the borehole, and hence, it is less likely to

create elastic block-type failure.



8.3 Practical Implications for Deszign and Monitoring of Underground

Openings

The implications described above for borehole stioiliy are
generally true for the design and monitoring of underground
openings such as a tunnel.

Practical implications for the monitoring of tunnels based on
the ground convergence curves (Cases A to D in Figure 4.8 and Cases
E to G in Figure 5.9) and the ground strain curves (Case D 1in Figure
4.9 and Case G in Figure 5.10) have been discussed in Sections 4.5
and 5.6. In general, it can be concluded that convergence
mecasurements will give an indication of the stability of an opening,
but it is insufficient to differentiate among the various modes of
failure. Localized measurements of relative displacement at
appropriate locations are needed to properly locate and identify the
actual failure mode. Pattern monitoring will likely miss critical
condition and only strategically well placed instruments, based on a
clear vision of the potential failure mode, can provide useful
information.

The presence of weaknesses will lead to a distribution of stress
such that maximium deviatoric stress is away from the borehole
wall. However, it dces not much change the stress distribution of an
elastic rock at a distance of 2 radii away from the opening. This is of
practical importance for the design of frictional anchor because good

frictional resistance can be mobilized at this distance for the
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particular conditions illustrated by the ©block-type failure

mechanism.
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APPENDIX A

Subrountine Program For Eigenvalue Computation

The global stiffness matrix, ABIF. .: SAGE is stored as an one
dimensional  array. In order to call the IMSL library subroutine
EIGRS for eigenvalues and eigenvectors computation, ABIF must be
written in the format suitable for EIGRS.

Atfter the element stiffness matrices are calculated and
assembled into the global :iffness matrix, subroutine SETBIF is
called to arrange 63 eiz1eats in ABIF suitable for TICRS.

Subroutine SETBIF .- .writi=r .s follows:

sROUTINE SETBIF (ABIF, S, NVEL, L], NS, NNET, MAXABF,
FOUTE MMNNET)
PLICIT REAL*8 (A-H, 0-2)
“.31F = GLOBAL STIFFNESS MATRIX STORED AS A VECTOR
S = ELEMENT STIFFNESS MATRIX
NVEL =16 FOR 2-D RECTANGULAR ELEMENT
LJ = LISTING OF DEGREE OF FREEDOM FOR EACH ELEMENT
NS =16
NXNET = NET DEGREE OF FREEDOM
MAXABF = ARRAY TO STORE THE DIAGONAL ADDRESSING IN
THE SKYLINE AND EXTENDED SKYLINE METHOD
IOUTt1 =F' © CONTAINING OUTPUT INFORMATION
MMNNET .. (NNET*NNET+NNET)/2
DIMENSION ABIF (MMNNET), S(NS,1), L¥1), MAXATEMNET)
DG 12 1=1, NVEL
LIR=LJ()
-~ (LJREQ.0O)GO TO 12
KK=1
DO 11 J=KK, NVEL
LiC=LJ{))
IF(LJCEQ.0)GOTO 11
IF (LIR-L.JC) 5. 6, 7
6 KLM=MAXABF(LJR)
GOTO 10
5 KLM=MAXABF(LJC)-(LJC-LJR)
GOTO 10
7 KLM=MAXABF(LJR)-(LJR-LIC)
10 ABIF(KLM)=ABIF(KLM)+S(,)

nnoonononc LT
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11 CONTINL
12 CONTIN UL
REURN
END

After obtaining ABIF. the program calis the subroutine EIGRS to

carrv out the eigenvalues and eigenvectors computation.  Subroutine

EICRS is briefly described as follows:

IMSL ROUTINE NAME EIGRS

PURPOSE To compute the eigenvalues and (optizuiaily)

the eigenvectors of a real symmetric matnx.
USAGE Call EIGRS (A, N, JOBN, D, Z, 1Z, WK, [ER)

ARGUMEXNTS A Input rcal symmetric matrix of order N,
whose eigenvalues and eigenvectors are to be

compnuted. Input A is destroyed if IJOB is

equa, - O or 1.
N Input order of the matrix A.

JOBN Input option parameter. If JOBN.GE.10, A 15
assumed 'o be in full storage mode (1n uus
case, A must be dimensioned exactly N by N
in the calling program).
If JOBN.LT.10 then A is assumed to be in
symmetric storage mode.

IJOB=0, compute eige¢nvalues only



1Z

WK

IJOB=1, compute eigenvalues and
eigenvectors.

IJOR=2, compute eigenvalues, eigenvectors
and performance index.

110OB=3, compute performance index only.

1f the performance index is computed, it is

returned in WEK(1). The routines have

performed (well, satisfactorily, poorly) if

WEK(1) is (less than i, between 1 and 100,

greater than 100) respectively.

Output vector of length N, containing the

eigenvaluer of A,

Output N by N matrix containing the

eigenvectors of A. The eigenvector in column

J of Z corresponds to the eigenvalue D(J).

1f IJOB=0, Z is not used.

Input row dimension of matrix Z exactly as
specified in the dimension statement in the

calling program.

Work area, the length of WK depends on the

value of 1JOB.

1JOB=2 or 1, the length of WK is at least N.

1JOB=2, the length of WK is at least
N{N+1)/(2+N).
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1JOB=3, the length of WK is at least 1.

IER QOutput error parameter.
Terminal error:
IER=128+J, indicates that subroutine EQRT2S
failed to converge on eigenvalue 1.
Eigenvalues and eigenvectors 1 ... , J-i have
been computed correctly, but the
eigenvalues are unordered. The
performance index is set to 1000.0.
Warning error.
IER=66, indicates 1JOB is less than O or 1JOB
is greater than 3. IJOB is set to I.
IER=67, indicates IJOB is not equal o 0, and

I1Z is less than the order of matrix A. IJOB is

set to 0.
PRECISION/
HARDWARE Single and double/H32
Single/H36, H48, HO60.
REQUIRED IMSL
ROUTINES EHOBKS,” 3S, EQRT2S, UERTST, UGETIO.
NOTATION Information on special notation and

conventions is available in the maual

introdnction or through IMSL routine UHELP.
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ALGORITHM

GRS calls IMSL rcutine EHOUSS and EQRT2S to compute
cigenvalucs and (optionzlly) cigenvectors. When eigenvectors are
computed, EHOBKS is called to backtransform the eigenvectors.

When P (performance index) is less than 1, the performaice of
the routines is considered to be excellent. When P is between 1 and
100 the performance is good. When P is greater than 100 the
performance is considered poor.

The performaiice index was first developed and used by the
EISPACK project at Argonne National Laboratory. Details of the

performance index can be found in the following two references:

I. Wilkinson. J. H., 1965. The Algebraic Eigenvalue Problem.
Clarendon Press, Oxford.

2. Smith. B. T.. Boyle, J. M., Garbow, B. S,, Ikebe, Y., Klema, V. C. and
Moler, C. B., 1974. Martrix Eigensystem Routines. Springer-

Verlag.

PROGRAMMING NOTES

1. A is preserved when 1JOB=2 or 3 (IJOB=MODJOBN,10)). In all

other cases, A is destroyed.

o

The computed eigenvectors are normalized to each having

Euclidean length of 1.
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3. VWhen IJOB=3 (i.e., to compute a performance index only) the
eigenvalues, D. and ecigenvectores, Z, are assumed to be the

input.

EXAMPLE

In the following example, EIGRS is called with JOBN=2 so that
eigenvalues, eigenvectors and a performance index are computed for

matrix A, which is stored in symmetric storage mode.

INPUT:

INTEGER N, JOBN, 17, IER

REAL 10), D), Z(4.4),WK(14)
N=4
1Z=4

5.04.01.01.0
4.05.01.01.0

l_l.() 1.04.0 2.0_‘
1.01.02.04.0
In symmetric storage mode A(1)=5.0, A(2)=4.0,

A(3)=5.0,.....,A(10)=4.0
JOBN=2

A=

Call EIGRS(A, N,JOBN, D, Z,IZ, WK, IER)

OUTPUT:
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[IER=0
D=(1.0, 2.0, 5.0, 10.0) (eigenvalue.)

-0.70710 0.00000 -0.31 20.63245
0.70710 0.00000 -0.3102.20.63245
0.00000 0.70710 0.63245 0.31622
0.00000 -0.70710 0.63245 G.31622

7=

(eigenvectors)

WK(1) < 1 (performance index)

Note: Z 1$8 unique to within a sign change for each column.



APPENDIX B

Elastic Deformation Properties

Transversely Isotropic

B.1 Elastic Constitutive Matrix for Transversce

Many sedimentary rocks (shal-s.
metamorphic tocks (schists, slates, gneissc
that their properties vary with direcr s,
homogeneous anisotropic rock, the =¢ un

related as follows:
€i; = Ajjk1 Okl
where, Eij = Strain tensor;

Ck| = Stress tensor;

Ajjkl = Compliance tensor.

Rock

of

Isotropic Rcoks

adstones, coal) or

.re anisotropic, meaning

For a

and

stress

linear elastic

tensors are

(B.1a)

Equation B.la in an arbitrary X, y, z coordinate system can be written

in matrix form as follows:
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Ex ~ Ox |
Ey Oy
€2 Gz
Vxy Txy
Yz (=[A]] Ty (B.1b)
Yzx Tzx
Yxz Txz
'YZ). ‘[Zy
L Y)'X — L Tyx -

In the most general three dimensional case, the compliance tensor
A jjk1 has 81 independent components. However, due to the
symmetry of both the strain tensors (Yzx = Yxz» ¥Yyz = Yzy» ¥xy = Yyx)
and the stress tensors (Tzx = Txz. Tyz = Tzy, Txy = Tyx), the maximum
number of independent elastic constants i1n the compliance tensor
Aijk1 is teduced to 36 (i.e., Ajjki = Ajikl and Ajjk1 = Ajjik). Equation
B.1b reduces to:

e — —

Ex Cx
Sy Gy
€2 Oz
- =TA (B.2)
|| &
Yye Tyz
- Yex = — Tzx —

The number of independent constants in the compliance matrix can
further be reduced to 21 if a strain energy function is assumed to
exist such that Ajjx1 = Axkjij (Lekhnitskii, 1963). Matrix Ajjk1 1n
Equation B.2 now becomes symmetric. In some cases, the number of
independent constants in the compliance matrix can be further

reduced by modelling the anisotropic rock as an orthotropic or

transversely isotropic material. Orthotropy implies that three
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orthogonal planes of symmetry exist at each point in the rock and
that these planes have the same orientation throughout the rock.
Trarnsverse isotropy implies that at each point in the rock, there is an
axis of symmetry of rotation and that the rock has 1isotropic
propertics in the plane normal to this axis.

For a material with three orthogenal planes of symmetry in
elastic properties normal to an x, y, z coordinate system, Equation B.2

reduces to the following:

1 -Vyx " Vzx 7
= = 0O 0 O
Ex Ey E
T oex Vvx L Vay 0 0 O  ox |
g E.V Ey E. G
Y V,x V,y 1 o
€ _ LX : = O 0 O z g ‘
Yxy - E, E; E; 1 Txy (B.3)
Yyz 0 0 0 Gry 1O 0 Tyz
T Yex T 0 0 0 0 g- 0 f =T
Yz
8 0 0 0 0 E; i
where,
E,, Ey. E, = Modulus of elasticity in the x, y, z directions,
respectively;
Gixy. Gyz, Gzx = Shear moduli in planes parallel to the xy, yz and
zx coordinate planes, respectively;
Vyx = Poisson’'s ratio characterizing the extensional

strain in the x-direction due to a compressive
stress acting in the y-direction (similarily for

Vzx and Vgzy).
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The number of independent constants in the compliance matrix

is now rcduced o 9.
For a material with a plane of transverse isotropy parallel to

the xz coordinate plane (see Figure B.1), Equation B.3 further reduces

to:
1 -vo -v g -
E, E» E, 0 0 0
Cee | ¥ L2225 0 o [ ox ]
e E E Ex .
Y Vi -vp 1 oy
& .| = = 0 O 4) z »
Yay |7 Ei Ex E 1 Txy (B.4)
Yy 7 0O 0 O G (1) 0 Tyz
- ex T 0 0 0 0 & O Tox =
Z _(d+vi)
| 0 0 0 0 0 ZT B
where,
E, =E>=E; = Modulus of elasticity in the plane of transverse
1sotropy;
Ey =E> = Modulus of elasticity in plane normal to the plane
of transverse isotropy;
G2 = Shear modulus in plane normal to the plane of
transverse isOtropy;
Vi = Poisson's ratio characterizing the extensional

strain in the plane of transverse isotropy due to
a compressive stress acting parallel to the plane

of transverse 1sotropy,
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Vo = Poisson's ratio characterizing the extensional
strain in the plane of transverse isotropy due to
a compressive stress acting normal to the plane

of transverse isotropy.

The number of independent constants needed to describe the
elastic deformational response of a transversely isotropic material is
five (Ej, E2, G2, v1 and v2). Rocks such as shales, sandstones or coal
are often treated as transversely isotropic materials by assuming the
weakness planes, jointing, lamination or stratified layers are planes
of transverse isotropy.

For a material with full symmetry, Equation B.4 reduces

further to:
1 -v -V ]
EE E 0 00
— - -v 1 -y - -
£ LA . 4 c
o E EE 9 00 ity
y "V 'V 1 G-y
£ A A
ve || EEE QOO e (B.5)
Xy 1 Xy
Yyz O 0 O S 0 O Tyz
T Yex T 0 0 0 0 1(—} o | T~
1
L 0O 0 0 0 O G; o
where, E = Modulus of elasticity for isotropic material;

Poisson's ratio for isotropic material.

The number of independent constants for isotropic material is finally

reduced to two (E and v).
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The elastic constitutive matrix [CE ] for a transversely isotrcpic
rock is obtained by taking the inverse of the compliance matrix in

Equation B.4, resulting in the following:

[~ ox ]  ex ]
Gy €y
Gy €z ,
Ty |= [CF] Yy (B.6)
Tyz L Yyz

— Tzx = Yzx -

where, [CE] = Elastic constitutive matrix;
1
[CE]

= x
(2v322+vi-1)

In this study, plane strain condition is assumed along the
borehole axis (z-direction). The elastic constitutive matrix 1is

obtained by setting €, = Yyz = Yzx = Tyz = Tzx = 0 in Equation B.6:

Oy )
Oy | =(V1+1)(2v22+Vv1-1) *

— E1(va2-1) -E1(v22+Vv1)
(d+v1)  B1V2 71wy 0 0 0
-Ejva  E2(vi-l) -E1Vv2 0 0 0
-E1(V22+V1) . Ei(va2-1)
(1+Vvy) -E1v2 (1+v1) 0 0 0
0 0 0 G2(2v22+Vv1i-1) 0 0
0 0 0 0 Ga(2vo2+vi-1) 0
E1(2v22+Vvy-1)
0 0 0 0 0 STV
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Ei1(v22-1) -Ejva{l+Vvy) 0 €x
-E1v2(1+vy) E2(vi2-1) 0 Ey
0 0 Go(1+Vi)2Vv22+Vv-1) Yxy
(B.7)
and,
V2 .
O, = V] Oy +E;E1 Oy

B.2 Determination of Elastic Constants for Transversely Isotropic

Rocks

The elastic constants of Equation B.7 refer to an arbitrary x, y, z
coordinate system. Let x', y', z' be another coordinate system such
that z'-direction coincides with and that the two coordinate systems
are oriented to each other by a rotation angle ¥ (see Figure B.1). The
iransformation of elastic constants from the x, y, z coordinate system
to the x', y', z' coordinate system is given by Amadei (1983) as

follows:

in4 in2
él _ COETX s1£2x+ sm42)( _IG;__ %2_) (B.8a)
éﬁ cog:x . sigjx N sm:Z] ((32 2];!12) (B.8b)
({Q' = cogjx + sin22y, (E—+é—+:§vll (B.8¢c)
] _\é—z vzcgzs‘jx ) V22r114x . smj—Zx (fgl-l""ﬁl—z' ) _é_z) (B 8>

Vi _ vasin2y  vicos?y
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where, E = Moduius of elasticity in x'-direction;
5, = Modulus of elasticity in y'-direction;
» = Shear modulus in y'-direction;
vy = Poisson's ratio in x'z' coordinate plane;
V> = Poisson's ratio in x'y' coordinate plane.

The five elastic constants of transversely isotropic rocks can be
determined by performing three uniaxial compression tesis as shown
in Figure B.2. If % =0° and 90°, four of the elastic constants (Ejp, Eo, Vi,
Vo) can be determined as shown in Figure B.2. The last elastic
constant G» can be determined by placing the planes of transverse
isotropy at 45° to the applying stresses. For x=45°, Equation B.8b

becomes:

1 1 1 1 1 PARVE] €45

B “4E, 2E; 12 G B )T oy

or,

1 4ess 2 va-1 1 )
G2~ oy + Ey " E, (B.9)

where E;j. E; and v, are the parameter obtained from the previous

two tests.
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APPENDIX C

Properties of Transversely Isotropic Model
C.1 Svwmmary of Transversely Isotropic Models
Year Authors Strength of materiall Parameters Number of
being a function of required in parameters
c20, b=0 ¢=0, 020 the model

1944 |Casagrande v Suhs Suv 2
and Carillo

1950 |Hill VJ F,L,N 3

1960 [Jaeger ) S1, S2, T1, T2 4

1965 |Livneh and v Cmax, Cmin. 4
Shklarsky Omax, Omin

1967 {McLamore v 51, 82, T1, T2, 6
and Gray n, m

1968 |Pariseau v F,G,M, U,V 5

1970 |Baker and v c1, c2, 01, &2 4
Krizek

1971 |Davis and \ Sun, Suv, Sus4s 3
Christian

1979 {Nova and v Cr, Ct, My, My 4
Sacchi

1980 |Smith and \ a,b,c,defg 7
Cheatham

Table C.1 List of References for Transversely Isotropic Models
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C.2 Reduction of Transversely Isotropic Yield Criterion to Isotropic

Yield Criterion

The transversely isotropic yieid criterion takes the following

form:
(c1-03) :
—'—2‘—'—={{ [ (o cos?n +s5in?T)  Cmin
+ (Om B cos?n + Op sin?M + Tmp sin2M) tan®min]
* [(0082T1 + O sin2M) Cmin + (Om B sin2n + G, cos2T)
- Tmn Sin2T\) tan¢m1n]}1/2
. B -1 (o - 1)
- 51n2T] [tan(bmin Om ——2':_ + Cmin ~ - (C])
where, Om = O1 cos21] + G3 sin?7n;
On = G sin?n + O3 cos?1);
(C1-03) .
Tmn =7 5 sin2n.

The following shows that for ae=PB=1, Equation C.1 reduces to the

yield criterion for isotropic rocks:

For oo=B=1, Equation C.1 becomes:
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(C01-C3) ) .
——1—7—‘—:{ [Smin + (Om co0s2MN + Oy sin2Mn + Ty sin2n) tand)min]

“~

“[cmin + (Sm sin2M + Op c0s2MN - Tmp sin2M) talmbmin]}”2

(C.2)

The term (Gm cos21M + Cp sin?N + Tmn sin2mn) in Equation C.2 can be

written  as:

Om COSZT] + Op SinzT] + Tmn Sin2T'|
= Om (1 - sin?n) + 6p (1 - cos21M) + Ty Sin2M
= (Om + On) - (Om Sin?MN + Op cos2M - Tmp sin2MN)

= (0] + 03) - (O sin?7M + Oy co0s27M - Tyn Sin21) (C.3)

The term (O sin2M + Gp c0s2MN - Tmn sin2M) in Equation C.3 is reduced
to 63 only, after substitution for 6y, Gn and Tmn.

Therefere Equation C.2 is simplified to the following:

(61 -03)
2 = [(Cmin + 011tan®dmin)(Cmin + O3 tan¢min)]1/2
(C.4a)
or,
(01 - 03) -
5 =[(c + 61 tandmin)(c + O3 tandmin)]/ (C.4b)
where, Omin = ¢ = Angle of friction for isotropic material;

¢cmin = ¢ = Cohesion intercept for isotropic material.
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Equation C.4b is the yield criterion for isotropic material, although it
is expressed in a form different from the well known Mohr-Coulomb

yield criterion which is normally wriiten as:

(C1-03) o1 +063 01 -0C3
— 5 cosh =c + ¢ 5 - 3 sind) tand (C.5)

el

Equation C.4b can be further reduced to the Tresca yield

criterion if ¢=0, i.e.:

C1-03 _
——=c (C.6)

P4

C.3 Determination of Strength Parameters for Transversely Isotropic

Yield Criterion

The procedure to determine the strength parameters for
transversely isotropic yield criterion is best illustrated bty an
example. The experimental results on Martinsburg Slate from
Donath (1963) are used for this purpose.

Section 5.2.2 and 5.2.3 show that failure will first occur on

planes orientated at 45° - Qr;_m from ihe direction of G 3. At this

orientation, both o and 3 are equal to 1 which means that the
transversely isotropic yield criterion reduces to the isotropic yield
criterion as shown in Eguation C.4b. Equation C.4b can be written in

another form as shown in the following:
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Cmin . i
=——(Ng-1)+Np0O C.7)
1 mﬂOmin( o-1) 6003 (C.7
‘o .
where, No = 1an2(45° +—+4

2

Equation C.7 represents a siriaght line in a &1 versus G3 plot. The

. . . . Cmin
slope of the line is equal to Ng¢ and the 1intercept 1s equal to —*wr'*——o' -
! temnin

(No - 1)at oz =
The experimental results on Martinsburg slate are given 1n
Figure 5.3, and the procedures to determine the strength parameters

are given in the following:

1. Chcose the lowest strength values for each confining pressure.
Plot these data in a diagram with axes &1 and 63 as shown 1in
Figure C.1. The experimental results should approximately Iie on a
straicht line., Determine the slope of the line and the intercept

at

e b

63 equal to zero. cmin and Qmin can now be calculated.

9

The determination of o and P is more involved. « and P are
determined at each confining pressure level and the overall

average is calculated. At m=0°, the transversely isotropic yield

criterion in Equation 5.1 reduces:

At yielding,

(01 -03)
5 = [(a Cmin + P O1 tan®min)(Cmin + O3 tar’@min)]”2

e



I N6

(C.8
Similarily. at 1=90°, Equation 5.1 reduces to:
(G171 -03) . .y
2 = [(Cmin + 01 tanOmin)(AX Cmin + ﬁ G 3 t3“Qmin)}l"2
(C.8b)

In Equations C.8a and C.8b, the axial stress at failure at each
confining pressure can be obtained from the experimentai result.
Therefore the only unknowns are & and B. Table C.2 shows the o
and B values at each confining pressure. and the average of ¢ and §

were used for the transversely isotropic yield criterion.



187

(MPa)
150 200 250

4
100

50

0 50 100 150
0’3 (MPa)

200 250

Figure C.1

Dectermination of Sirength Parameters
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At M=0°,
]
c,- o, =
2 =[(acxxxin+ﬁcl‘an¢gnin)(cm +0'E“inq)min)]
o
At M =90
1
0'1- (e 5
5 =[(acmin+ﬁ 03lan¢min)(c tanq)min)]
For Martinsburg Slate, Cmin=7'l MPa
. =20°
"min
Confining Pressure Deviatoric  Stress o} D
03 (MPa) Gl- 0'3 (MPa)
n1=0° 7 =90°
3.5 124 190 14.8 8.1
10.5 150 227 15.1 7.4
35 237 300 13.1 5.8
S0 300 353 12.0 6.3
160 430 500 12.4 5.0
i Average 13.5 6.5

Table C.2
Isotropic Yicld Criterion.

Dctcrmination of o and 3 for the Transverscly




APPENDPIX D

Elasto-plastic Finite Element Formulation

D.1 Elasto-plastic constitutive matrix formulation

To obtain an expression for the elasto-plastic constitutive

matrix [CEP], the following assumptions were made:

1. The total strain increment is the sum of the elastic strain

increment and the plastic strain increment, i.e.:

{de} = (deE} + {deP}; (D.1)

2. The change in stresses is due to the change in elastic strains only:

{do} =[CE] {deE}; (D.2)

where, [CE] = Elastic constitutive matrix;

3. A yield function exists such that:

P
for elastic deformation; (D.3a)
i P P P

189
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oF
and < aGU > {dGij} <0

for elastic unloading; (D.3b)
P P P
d<9E is150
for plastic deformation and strain hardening; (D.3¢)
P P P
d) F(Gij, Eij) =0, F(ojj + Acij, € + Asij) =0

oF
and < aoij > {dojj} <0

for plastic deformation and strain softening; (D.3d)

4. A plastic potential exists such that:

(deF} = @ (%;}; (D.4)

5. The consistency condition is given as follows:

P . . .
F(oij, eij) > 0 is not permissible; and

F(Gij, eg) = 0 for plastic deformation. (D

The above five assumptions are commonly made for plasticity

analyses. Substituting Equations D.1 and D.4 into D.2, one obiains:
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9
(do) = (CE| (ae) - & (%2 )] D.6)

From Equation (D.5),

oF JoF
dF:<§E> {d0]+<'a—€—P-> {deP} =0 (D.7)

Substituting Equations D.4 and D.6 into D.7, one obtains:

JOF F
<35 > [CE] {de} - (0<'g—->[CE] {%} +(1L)<a£p>{—Q

(D.8)

therefore,

oF
<35> [CE]

® = {de} (D.8)
JF 3 F 0
<56> [CE1 (58 - <5p> 1 5 )

Finally, substituting Equation D.8 into D.6, the following elasto-plastic

constitutive matrix is provided:

{do} = [CEP] {de)} {1».9a)

where,
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J F .
(CE (52 < a§5>lt"il
T < QJeP” { 00 J

[CEP] = [CE] - o )
<35> ICE1 { 5% }

Note that the first term in the dencminator of Equation D.9b
represents perfectly plastic deformation and the second term
represents strain hardening and softening deformation. The
following three conditions may occur:

oF Qg}

l.<sp> < f rai teni rmation;
SeP {80 0 for strain softening deformation;

oF 2Q : A :
2.<5-€T;> {'a—g } = 0 for perfectly plastic deformation;
JF  dQ

3. <3ep > {55 > 0 for strain hardening.

This study only deals with two dimensional perfectly plastic
deformation and associated flow rule is assumed (i.e., Q=F), and

therefore Equation (D.9b) is simplified to the following:

OF _OF
[CE1 (55 < 35> [CEI

OF oF
<35> [CEI{ 55}

[CEP] = [CE] - (D.9¢)

The elastic constitutive matrix for the transversely isotropic material
was already discussed in Appendix B. The following section

F . . .
evaluates the term < 35 for the transversely isotropic yield

criterion.
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JdF : .
D.2 Evaluation of < 35 = for Transversely Isotropic Yield Criterion

Recali that the transversely isotropic yield criterion takes the general
form of Equation C.1. The plane of transverse isotropy is orientated
at an angle M from the direction of ¢, and is defined in the finite
element coordinate system as shewn in Figure D.1.

The peak strength of the material is described by the
transversely isotropic yield criterion, and it can be expressed in

teims of Oy, Oy and Txy as follows:

F=D- { [(Ct cos2n + sin2M) Cmin
+(Om P cos?n + 6 sin21 + Tmp sin2M) tan®min]
* [(cos?n + o sin?MN) cmin + (Om P sin?n + Op cosn
- Tmn sin2mM) tancbmin] }”2

L -1 (Ot-l)]

+ SinZT] [tan¢min Cm ) + Cmin 2 (D.IO)

Cx + O ]
where, Om = —’(—2—X-+ D (cos2m - sin2n)

Ox + O
On = —75—2-—1 + U (sin?1M - cos2n)

Tmn = D (Sln2'l]);

Gy -Gy 2 21/2
D =[(_L2_l) + Txy :| ;
n =900"§+(’) forGyZGx;
= 180° - £ + ® for oy > Gy;
1 T
) =3 sin-1 _Bi;

E = Angle from planes of transverse isotropy
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to the direction of x-axis defined in Figure D.1

Since the model assumes that the transition from peak to
residual strength corresponds to an abrupt reduction of Cpmax 1O Cres
and Omax to Ores, the transversely isotropic yield criterion of
Equation D.10 is reduced to the isotropic yield criterion of Equation
C.4b as described in Appendix C.2. The residual strength of the
material is described by Equation C.4b which can be expressed in

terms of Gy, Oy, and Txy as follows:

1/2
F=D { [c + (gl_;_g_x_+ D)tan(t)][c + (gl;—c-v—-l))tanq)] }

(D.11)

The derivatives of the yield criterion with respect to Gy, Gy, and

TX.\‘ are:

gF _Ox-Oy 1_1 [ 09v _@;u_] 2
dox =74 D "2y vl 9ox T Y 30, (D.123)
OF Gx-0, 1 1 [ dv du
—_— = L = — )
doy 4D Zva sLl" 9o, ¥V 9o, (D.12b)
oF Ty 11 ov du ]

LS S A + v o— D.12¢
dt)\y D 2 u v u a‘txy v aTxy ( L)

Ox +C

where, u =cC+ (_X—T'Z——L + D)tan¢
Ox + 0O

Y =c + (—xi—-‘y" - D)tan¢

au [1 Gx‘*'cx]
do, L27 4D tano




Qu _ du

doy  J0x

Jdu Txy

a‘fxy =D tand

av 1 Gx - Oy

0C, =[ 2° T 4D ]“‘“‘b
dv av

d0y  dOx

dv_ _ du

dTxy  OTxy

The implem:ntation of the transversely isotropic yield
criterion, Equatio:: D.10, and the derivatives of the yield criterion,

Equations D.12a to D.}12¢c, are provided in Appendix E.
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APPENDIX E

IMPLEMENTATION OF MODEL AND INPUT DATA

INSTRUCTIONS FOR SAGE (Cyber 205 Version)
(Last Update - June 01, 1987)

E.1 General features of SAGE

SAGE is a computer program developed at the University of
Alberta to analyze deformation of soil and rock structures. The
program is written in FORTRAN and has been installed on different
types of computer systems including the IBM system, the Amdahl
MTS sysiem, the CDC Cyber 205 vector computer system and the
Apple Macintosh Microcomputer. The program has been applied in
analyzing a wide variety of geotechnical problems such as
excavation, dam, shaft and tunnel constructions.

The initial development of the program was to analyze the post
peak deformation of strain softening soil. But the program has now
been extended to include 2 and 3 dimensional analyses using total
and effective stress formulation for fully undrained and drained
conditions. A variety of non-linear elastic and plastic models with
associated and non-associated flow rules are also available.

The following is a list of the main features of the program:
1. Basic Formulation.

Displacement finite element formulation assuming small strain

and small deformation.
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2. Element Types.
Two dimensional 3 to 6 nodes trianguiar, 4 to 8 nodes
rectangular and three dimensional 8 to 20 nodes solid elements.
3. Types of Analyses.

3.1 Plane stress, plane strain, axisymmetric and three
dimensional analyses;

3.2 Non-linear elastic hyperbolic model;

3.3 Elastic perfectly or brittle plastic model using Von-Mises,
Tresca, Drucker-Prager, and Mohr-Coulomb yield criteria
with associated and non-associated flow rule;

3.4 Elastic plastic strain hardening and softening (weakening)
model;

3.5 Elastic hyperbolic softening model.

4. Drainage Condition.

4.1 Total stress analysis;

4.2 Fully undrained effective stress analysis;

4.3 Fully drained effective stress analysis.

5. Standard Features.

5.1 Prescribed concentrated point force or distributed pressure
boundary condition;

5.2 Prescribed displacement boundary condition;

5.3 Changing material properties at any stage of the analysic,

5.4 Program restart at any stage of the analysis;

5.5 Newton Raphson and Modified Newton Raphson iterative
scheme for non-linear analysis;

5.6 Choice of 2 x 2, 3 x 3, 2 x 2 x 2, 3 x 3 x 3 integration

scheme;
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5.7 Load inciement subdivision for non-linear analysis.
6. Special Features.
6.1 Element birth and death option;
6.2 Automatic application of stress relieve due to excavation;
6.3 Skyline and extended skyline matrix equation solver;
6.4 Choice of stress calculation for non-linear analysis:
(1) Euler forward integraticn scheme;
(i1) Improved Euler scheme;
(i111) Runge-Kutta scheme.
7. Post Processing Programs.
7.1 Finite element mesh and deformed mesh plotting;

7.2 Stress and strain contour plotting;

-
/

L

Displacement arrow plotting.

E.2 Implementation of Transversely Isotropic Model into SAGE.

The structure of the prcgram, SAGE, is written in a format
which allows any additional models to be added into the program
without changing the main routine. The model number used for the
transversely isotropic material is 405. Subroutine, LAYOUT, in SAGE
is used to read in the information for defining the problem such as x,
y coordinates, element numbering and material properties. If the
model number in LAYOUT is 405, the program will go into the
subroutine, ELASTC, to obtain the elastic deformation properties for
the transversely isotropic material. Subroutine, YIELD, is used to
check whether the stresses have satisfied the yield criterion. If the
model number in YIELD is 405, the program will pass the stresses

into the subroutine, NOVA, to check whether yielding has been
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reached (Equation D.10). NOVA also contains the derivatives of the
transversely isotropic yield criterion (Equations D.12a to 12¢).  After
the stresses have reached the peak strength, subroutine, MOBILE. is
cailed 10 repiace ihe peak strength parameiers (max»> Cmax -Omin and
cmin) by the residual strength parameters (Ores, Cres)-

Subroutines, ELASTC, NOVA AND MOBILE are provided in the

following for references:

The definitions for the variables in the subroutines are given as

follows:

ANS DERIVATIVE OF SHAPE FUNCTION IN LOCAL S DIRECTION.
ANT DERIVATIVE NF SHAPE FUNCTION IN LOCAL T DIRECTION.
AN ELEMENT SHAPE FUNCTION.

a3 ELASTIC CONSTITUTIVE MATRIX.

LJ LISTING OF DEGREE OF FREEDOM FOR EACH ELEMENT.

U ELEMENT NODAL DISPLACEMENTS.

BL ELEMENT STRAIN DISPLACEMENT MATRIX.

X ELEMENT X COORDINATES.

Y ELEMENT Y COORDINATES.

y ELEMENT Z COORDINATES.

FL ELEMENT LOAD VECTOR.

DFDS YIELD FUNCTION GRADIENTS WITH RESPECT TO STRESSES.
LS PLASTIC POTENTIAL CRADIENTS WITH RESPECT TO STRESSES.
DFDE YIELD FUNCTION GRADIENT WITH RESPECT TO PLASTIC STRAIN.
CEP ELASTO-PLASTIC CONSTITUTIVE MATRIX.

ANR DERIVATIVE OF SHAPE FUNCTION IN LOCAL R-DIRECTION.
IPRINT PRINT-OUT CONTROL ARRAY.

XX X COORDINATES IN GLOBAL NUMBERING.

YY Y COORDINATES IN GLOBAL NUMBERING.

7z Z COORDINATES IN GLOBAL NUMBERING.

X ARRAY STORING THE CODE FOR THE DEGREE OF FREEDOM.

1X = 0, THAT DEGREE OF FREEDOM IS FIXED.
IX = 1, THAT DEGREE OF FREEDOM IS FREE TO MUVE.

X ARRAY STORING THE DEGREE OF FREEDOM OF EACH NODE.
JX =0, THAT DEGREE OF FREEDOM IS FIXED.
JX >0, JX IS THE DEGREE OF FREEDOM Ci- THAT NODE.
NOTE THAT BOTH IX AND JX STORE THE DEGREE OF FREEDOM
IN ONE DIMENSIONAL FORM. THEREFORE IX(5) IS NOT
THE CODE FOR NODE 5, BUT THE 1ST DEGREE OF FREEDOM
OF NODE 3 IN 2-D ANALYSIS OR 2ND DEGREE OF FREEDOM
OF NODE 2 IN 3-D ANALYSIS. SIMILIAR METHOD OF STORAGE
IS USED FOR ARRAYS PP AND BB. ARRAYS P1 AND P2
ONLY STORE THE NON-ZERO DEGREE OF FREEDOM.

PP TOTAL GLOBAL LOAD VECTOR FOR EACH NODE.



BB TOTAL NODAL DISPACEMENT VECTOR.
P1 UNBALANCED NODAL FORCES - ONLY NODES THAT ARE NOT
FIXED ARE INCLUDED - DIMENSION OF P1 MUST SE AT LEAST
THAT OCF BB.
P2 UNBALANCED NODAIL FORCES - SIMILIAR TC P! BUT USED IN THE
FEATURE OF SUB LOAD INCREMENT
DIMENSION OF P2 MUST BE ATLEAST THAT OF BB.
NNET NET DEGREE OF FREEDOM.
NEL TOTAL NUMBER OF ELEMENTS
A GLOBAL STIFFNESS MATRIX.
MAXA ARRAY TO STORE THE DIAGONAL ADDRESSING IN THE SKYLINE
AND EXTENDED SKYLIME METHOD.
E ' .MP ELEMENT MATERIAL PROPERTIES ARRAY.
THE FIRST SUBSCRIPT INDICATES THE MAXIMUM NUMBER OF
PARAMETERS IN ANY ONE OF THE MATERIAL MODEL.
THE SECOND SUBSCRIPT 1S ATLEAST THE NUMBER OF MODEL
USED IIN THE ANALYSIS.
ELMP (NELMP NMT)
ICO ELEMENT NUMBERING ARRAY
STRESS ELEMENT STRESSES ARRAY (STRESS AT THE GAUSSIAN POINTS)
STRAIN ELEMENT STRAIN ARRAY (STRAIN AT THE GAUSSIAN POINTS)
STGTH ARRAY TO STORE THE YIELDING INFORMATION AT THE GAUSSIAN
POINT OF EACH ELEMENT
PORE ARRAY TO STORE THE PORE PRESSURE AT THE GAUSSIAN POINT
THIS ARRAY IS USED ONLY IN EFFECTIVE ANALYSIS.
NGP THE NUMRER OF INTEGRATION POINTS.
=0 FOR 3X3 OR 2X2 INTEGRATION & NGP=4 FOR 2X2 INTEGRATION.
=27 FOR 3X3 OR 2X2 INTEGRATION & NGP = 8 FOR 2X2X2 IN
THREE DIMENSIONAL ANALYSIS.
NICO =13 FOR 2-DIM. ANALYSIS AND 25 FOR 2 OR 3-D ANALYSIS.
NELMP FIRST DIMENSION OF THE ELMP ARRAY.
NSTGCTH FIRST DIMENSION OF THE STGTH ARRAY.
NSS FIRST DIMENSION OF THE STRESS AND STRAIN ARRAYS.
FILE 1 =ITAP1 TEMN "ERORY FILE DURING PROGRAM EXECUTION.
FILE 2 =ITAP2 INi. AL STRESS INPUT.
FILE 3 =ITAP3 FILE FOR SPECIAL INTERMEDIATE RESTART.
FILE 4 =ITAP4 TEMPERORY FILE DURING PROGRAM EXECUTION.
FILE 5 =IN1 FILE CONTAINS INPUT INFORMATION,
FILE 6 =IOUT1 FILE CONTAINS OUTPUT INFORMATION.
FILE 7 =]TAP7 FILE CONTAINS OUTPUT INFORMATION IMN BINARY CODE.
IPRE =] FOR SINGLE PRECISION ARITHEMATICS.
IPRE=2 FOR DOUBLE PRECISION ARITHEMATICS.
IBIN =0 FOR BINARY OUTPUT IN FILE 7 AND 8
IBIN =1 FOR FORMATTED OUTPUT IN FILE 7 AND §
[SUBROUTINE ELASTIC |

SUBROUTINE ELASTC(CE,ELMP,IEL,IM,NELMP,IPS,STRESS,STRAIN,NGP,
1 IGP,MODEL,NSS,IPRE,IOUT1,STGTH,.NSTGTH,TENERR,ITM,NITEQ)
C IMPLICIT REAL*8(A-H,0-Z)



C
C1201

DIMENSION CE(6.1).ELMP(NELMP,1),STRESS(NSS,NGP.1),

1 STRAIN(NSS,NGP,1),STGTH(NSTGTH,NGP, 1)
WRITE(6.1201) IEL.IM.NELMP,(ELMP(I,IM),I=1,NELMP)
FORMAT(//.5X. TEL.IM.NELMP,ELMP"./,5X.315./.5X,6E12.5) .
CALL PRESET(CE.6.6)

IF(MODEL.LT.500) GO TO 5
SIGM=STRESS(1,IGP,IEL)+STRESS(2.IGP.IEL)+STRESS(4.IGP,JEL)
SIGM=-SIGM/3.D0
VOID=STRAIN(1,IGP,JEL)+STRAIN(2,IGP,IEL)+STRAIN(4,1GP,IEL)
VOID=ELMP{12,IM)+(1.DO+ELMP(12,IM))*VOID
V=ELMP(7,IM)

C1=3.D0*(1.D0-2.D0*V)

IF(MODEL.EQ.9) C1=1.D0
E=SIGM*(1.D0+VOID)*C1/ELMP(12,IM)

IF(E.LE.0.D0) E=ELMP(6,IM)

IF(MODEL.EQ.9) GO TO 1

GOTO6

IF((MODEL.LT.10).0R.(MODEL.GT.99)) GO TO 7

CALL HYPER(STRESS,NSS,NGP,ELMP NELMP,IEL,IM,

1 IGP.IPRE.E,V.IOUT1,IPS,MODEL ,STGTH,NSTGTH, TENERR ,ITM,NITEQ)
GOTO6

IF{(MODEL.NE.3). AND.(MODEL.NE.405)) GO TO 9
EX=ELMP(6,IM)

VX=ELMP(7,IM)

EY=ELMP(8,IM)

VY=ELMP(9,IM)

GY=ELMP(10,IM)

SITA=ELMP(17,IM)

DATA P1/3.14159265358979312D0/

SITA=SITA*P1/180.00

COS=SITA

SIN=SITA

SITA=2.DO*SITA

CSITA=SITA

CALL FUNTN(COS,IPRE,2)

Q0S8=4008*C0S

CALL FUNTN(SIN,IPRE.4)

SIN=SIN*SIN

VXZ=(VY*SIN+VX*COS)/EX

CALL FUNTN(SITA,IPRE.4)

SITA=SITA*SITA

COS=C08*COS

SIN=SIN*SIN
EYY=(COS/EY)+(SIN/EX)+0.25D0*SITA*(1.D0/GY-2.D0O*VY/EX)
EYY=1.DO/EYY

CALL FUNTN(CSITA,IPRE,2)

CSITA=CSITA*CSITA
EXX=(COS/EX)+(SIN/EY)+0.25D0*SITA*(1.D0/GY-2.D0*VY/EX)
EXX=1.DO/EXX
VXY=0.25D0*SITA*(1.DO/EX+1.DO/EY-1.D0/GY)-

1 VY*COS/EY-VY*SIN/EX

VY=-1.DO*VXY*EYY

VX=VXZHEXX
GXY=CSITA/GY+SITA*(1.DO/EY+1.DO/EX+2.D0*VY/EX)
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15

12

GY=1.DO/GXY
BEXEEX
EY=EYY
CE(3.3)=GY
IF(JPS.NE.1) GO TO 13
C=1.D0/(1.DO-VY*VY)
CE(1,1)=EX*C
CE(1,2)=VY*CE(1.1)
CE(2.2)=EY*C
CE(2.1)=CE(1,2)
GOTO 14
IF(JIPS.NE.2) GO TO 15
C=(VX+1.D0O)*(2.DO*VY*VY+VX-1.D0)
C=1.D0/C
CE(1.H=EX*(VY*VY-1.D0)*C
CE(1,2)=-1.DO*(EX*VY*(1.DO+VX)*C
CE(2,1)=CE(1,2)
CEQ,2)=EY*(VX*VX-1.D0)*C
CE4,1)=C*(VX*EX*(VY*VY-1.DO)-EX*EX*VY*VY*(1.DO+VX)/EY)
CE(4,2)=-1.DO*C*EX*VY*(1.D0+VX)
CE(4,4)=CE(1.1)
GOTO 14
C=1.DO/(EY*(1.D0-VX)-2.DO*EX*VY*VY)
CE(1,)=C*EX*(EY-EX*VY*VY)/(1.D0+VX)
CE(4,4)=CE(1.1)
CE(1,2)=C*VY*EX*EY
CE(2.1)=CE(1,2)
CE(4,2)=CE(1,2)
CE(2,4)=CE(1,2)
CE(2.2)=C*EY*EY*(1.D0-VX)
CE(1,4)=C*EX*(EY*VX+EX*VY*VY)/(1.D0+VX)
CE(4,1)=CE(1.4)
E=ELMP(5,IM)
V=ELMP(7,IM)
IF(IPS.NE.1) GO TO 12
C1=E/(1.D0-V*V)
C2=V*C1
C3=(1.D0-V)*C1*0.5D0
GOTO2
IF(IMODEL.EQ.2) GOTO 1
C=E/((1.D0+V)*(1.D0-2.D0*V))
Cli1=(1.D0-V)*C
C2=V*C
C3=(1.D0-2.D0*V)*C*0.5D0
GOTO2
C1=E+4.D0*V/3.D0
C2=E-2.D0*V/3.D0

=V
DO 41=1.2
DO 3J=1,2
CE(1.J)=C2
CE(1.H=C1
IF(IPS.LE.1) GO TO 4
CE(1.4)=C2
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CE@4.hHh=C2
CE(1+4.1+4)=C3
CONTINUE
CE(3,3>=C3
IF(IPS.GE.2) CE(4,4)=C1

14 RETURN

END

ISUBROUTINENOVA |

Hon

SUBROUTINE NOVA(DFDS IGP,IEL,IPRE ,ELMP NELMP,IM NSTGTH,NGP,
1 STGTH, TAU,TOTSIGF,ICONT)

IMPLICIT REAL*8(A-H,0-Z)

DIMENSION TOTSIG(3),PTAU(3),DUDX(3),DVDX(3),DWDX(3).DSDX(3).
1 DSNDX(3),DFDS(6),TAU(3),STGTH(NSTGTH,NGP,1}, ELMP(NELMP,1)
IF(STGTH(2,IGP,IEL).EQ.0.D0) AUFA=1.D0
IF(STGTH(2,IGP,IEL).EQ.0.D0) STGTH(4,IGP,IEL)=0.D0
IF(STGTH(2,IGP,IEL).NE.0.D0O) AUFA=

1 STGTH(2,IGP,IEL)/STGTH(4.I<GP,IEL)
IF(AUFA.LE.0.D0) WRITE(6,101) AUFA
IF(STGTH(3,IGP,IEL).EQ.0.D0) BETA=1.D0
IF(STGTH(3,IGP,IEL).EQ.0.DO) STGTH(5,IGP,IEL)=0.D0
IF(STGTH(3,IGP,IEL).NE.0.D0O) BETA=

1 STGTH(3,IGP,IEL)/STGTH(5.,IGP,IEL)
IF(BETA.LE.0.DO) WRITE(6,102) BETA

DATA PI1/3.14159265358979312D0/

GO TO (1,2), ICONT

DO 31=1,3

PTAU)=TAU()

CONTINUE

GOTO4

DO 51=1.3

PTAU(D)=TOTSIG()

CONTINUE

PTAUX=PTAU(1)

PTAUY=PTAU(2)

SLIM=1.0D-10

SIGM=(PTAU(1)-PTAU(2))*0.5D0

SIGMM=SIGM

IF(SIGMM.LT.0.D0) SIGMM=-1.D0*SIGMM
TAUM=SIGM*SIGM+PTAU(3)*PTAU(3)

CALL FUNTN(TAUM,IPRE,1)
SIG3=(PTAU(1)+PTAU(2))*0.5D0
PTAU(1)=S1G3+TAUM

PTAU(2)=SIG3-TAUM

TAU3=PTAUQ3)

IF(PTAU(3).LT.0.D0) TAU3=-1.DO*PTAU(3)
IF(TAU3.LE.SLIM) PTAU(3)=0.D0
IF((SIGMM.LE.SLIM).AND.(TAU3.LE.SLIM)) PTAU(3)=0.D0
IF(TAUM.NE.0.D0) TAUM=PTAU(3)/TAUM

CALL FUNTN(TAUM,IPRE,S)



PTAU(3)=0.5DO*TAUM

IF(PTAU(1).EQ.PTAU(2)) PTAU(3)=0.D0
TETA=(90.DO-ELMP(17,IM»)*P1/180.DO+PTAU(3)

COTETA=TETA

SNTETA=TETA

TETA=2.DO*TETA

COTA=TETA

CALL FUNTN(COTETA,IPRE,2)

COTETA=COTETA*COTETA

CALL FUNTN(SNTETA,IPRE 4)
SNTETA=SNTETA*SNTETA
SIGT=-1.DO*(PTAU(1)*COTETA+PTAU(2)*SNTETA)
SIGR=-1.DO*(PTAU(1)*SNTETA+PTAU(2)*COTETA)
SIGTR=0.SDO*TETA*(PTAU(1)-PTAU(2))

UN=STGTH(4,IGP,IEL)*(AUFA*COTETA+SNTETA)+2.D0*
1 STGTH(S,IGP,IEL)*(SIGR*BETA*COTETA+SIGT*SNTETA+
2 SIGTR*TETA)

VN=STGTH(4,IGP,IEL)*(COTETA+AUFA*SNTETA)+2.D0*

1 STGTH(S,IGP,IEL)*(SIGR*BETA*SNTETA+SIGT*COTETA-
2 SIGTR*TETA)

20

21

10

11 DUDX(1)=(BETA*COTETA*E+SNTETA*F+TETA*H)*2.D0*STGTH(5,IGP.IEL)

WN=STGTH(5,IGP,IEL)*SIGR*(BETA-1.D0)+
1 0.5DO*STGTH(4,IGP.IEL)*(AUFA-1.D0)
WNTE=WN*TETA

IF(WNTE.LE.0.D0) WNTE=-1.DO*WNTE
QN=0.5DO*(PTAU(1)-PTAU(2))
IF(QN.LE.0.DO) QN=-1.D0*QN
SQUV=UN*VN

IF(SQUV.EQ.0.D0) GO TO 20
IF(SQUV.LT.0.D0) SQUV=-1.D0*SQUV
CALL FUNTN(SQUV,IPRE,1)

GOTO21

SQUV=0.D0

SWN=SQUV-WNTE

IF(SWN.LE.0.D0) SWN=-1.D0*SWN

GO TO (6,7), ICONT

F=QN-SWN

RETURN
SIGM=0.5D0*(TAU(1)-TAU(2))
R=SIGM*SIGM+TAUB)*TAU(3)

CALL FUNTN(R,IPRE,1)
DSXY=TAU(1)-TAU(2)

IF(R.EQ.0.D0) GO TO 10
A=TAU(3)*(COTETA-SNTETA)/R
D=TETA*TAU(3)/R
E=-1.D0*(0.5D0+0.25D0*DSXY*(SNTETA-COT: TA)/R)
F=-1.D0*(0.5D0+0.25D0*DSXY*(COTETA-SNTETA)/R)
H=0.25DO*TETA*DSXY/R

GOTO 11

A=0.D0

D=0.D0

E=-0.5D0

F=-0.5D0

H=0.DO

8]

W
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DUDX(2)=(BETA*COTETA*F+SNTETA*E-TETA*H)*2.DO*STGTH(S5,IGP,IEL)
DUDX(3)=(BETA*COTETA*A-SNTETA*A+TETA*D)*2.D0O*STGTH(S.IGP,IEL)
DVDX(1)=(BETA*SNTETA*E+COTETA*F-TETA*H)*2.DO*STGTH(5,I1GP,1EL)
DVDX())=(BETA*SNTETA*F+COTETA*E+TETA*H)*2.D0O*STGTH(5,1GP.IEL)
DVDX(3)=(BETA*SNTETA*A-COTETA*A-TETA*D)*2 DO*STGTH(5 JGPIEL)
DWDX(1)=STGTH(5.IGP,IEL)*(BETA-1.D0O)*E
DWDX(2)=STGTH(5,IGP,IEL)*(BETA-1.D0O)*F
DWDX(3)=STGTH(5,IGP,IELY*(BETA-1.D0}*A
IF(R.EQ.0.D0O) GO TO 12
DSDX(1)=0.25D0*DSXY/R
DSDX(2)=-1.D0*DSDX(1)

DSDX((3)=1.DO*TAU3)/R
GOTO 13

12 DSDX(1)=0.D0
DSDX(2)=0G.D0
DSDX(3)=0.D0

13 DO §1=1.3
DWDX()=DWDX(I*TETA
IF(SQUV.EQ.0.DO) GO TO 14
DSNDX(D)=(0.5D0*(UN*DVDX(D)+VN*DUDX(1))/SQUV)-DWDX(I)
GOTO 15

14 DSNDX(()=-DWDX(I)

15 DFDS(1)=DSDX/D)-DSNDX(I)

8§ CONTINUE
DFDS(4)=0.D0
DFDS(5)=0.D0
DFDS(6)=0.D0

101 FORMAT@GX,,ERROR-AUFA SHOULD NOT BE NEGATIVE' 1X,
1 '"AUFA=',G13.5)
102 FORMAT(3X, ERROR-BETA SHOULD NOT BE NEGATIVE',1X,
1 'BETA=",G13.5)

RETURN
END

[SUBROUTINE MOBILE |

SUBROQUTINE MOBILE(TAU,STGTH,IPRE,NGP,IGP,IEL MODEL,IM,ELMP,

1 NELMP,TAUP,IOUT1,DELEPS,STRAIN,IPS,DELSIG,NSTGTH,NSTRS,ICODE)
C IMPLICIT REAL*¥(A-H,0-Z)

DIMENSION TAU(1),STGTH(NSTGTH,NGP,1),TAUP(1),ELMP(NELMP,1),
1 DELEPS(1),STRAIN(6,NGP,1),EPS(6),DELSIG(1)

DATA PI,LROOT3/3.14159265358979312D0,1.7320508756887719D0/

DATA EPS(5),EPS(6)/0.D0,0.D0/

IF(MODEL.LE.99) RETURN

IF((MODEL.EQ.100).OR.(MODEL.EQ.200)) GO TO 2

IF(MODEL.GE.300).AND.(MODEL.LE.303)) GO TO 4

IF((MODEL.EQ.400).OR.(MODEL.EQ.402)) GO TO 4

IF(MODEL.EQ.405) GOTO 5

IF(ICODE.NE.1)GOTO 1

ICODE=0

RETURN

2 IF(ELMP(9,IM).NE.0.DO) STGTH(2,IGP,JEL)=ELMP(9.,I1M)
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RETURN

IF(ELMP(10,IM).NE.0.D0) STGTH(2,IGP,IEL)=ELMP(10,IM)
IF(ELMP(11,IM).NE.0.D0) STGTH(3,IGP,IEL)=ELMP(11,IM)*P1;180.D0O
RETURN

IF(ELMP(15,IM).EQ.999.D0) STGTH(2,IGP,IEL)=STGTH(4,IGP,IEL)
IF(ELMP(15,IM).NE.999.D0) STGTH(2,IGP,IEL)=ELMP(15,IM)
IF(ELMP(15,IM).NE.999.D0) STGTH(4,1GP,IEL)=ELMP(15,IM)
ITVELMPI6,1M).EQ.999.D0) STGTH(3,IGP.IEL)=STGTH(S,IGP,IEL)
IF(ELMP(16,IM).NE.999.D0) STGTH(3,IGP,IEL)=ELMP(16,IM)
IF(ELMP(16,IM).NE.999.D0) STGTH(5.IGP,IEL)=ELMP(16,IM)
RETURN

CALL SINVNT(TAU,SIGM,X12,X13,XJ2,XJ3)

SIGM=SIGM/3.D0

RXJ2=XJ2

CALL FUNTN(RXIJ2,IPRE,1)

CALL ELSTR(ELMP,NELMP,DELEPS,DELSIG,EPS,IPS,NGP,IGP,IEL,
1 MODEL.IM)

WRITE(6,1202) (DELEPS(1),1=1,NSTRS),(EPS(),I=1,NSTRS)
FORMAT(SX, TOTAL STRAIN="6E12.5,/,5X,;ELASTIC STRAIN=,

1 6E12.5)

DO 14 ]=1,NSTRS

EPS(1)=DELEPZ'I)-EPS(I)

1IF((1.EQ.3).0R.(1.GE.5)) EPS()=EPS(I)*0.5D0

CONTINUE

WRITE(6,1203) (EP&(1).1=1,6)

FORMAT(SX,PLASTIC STRAIN(TENSOR)=",6E12.5)

CALL SINVNT(EPS.,E1.,E2,E3,EP2,EP3}

CALL FUNTN(EPZ,IPRE,1)

EP2=2.DO*EP2*ELMP(11,IM)/ROOT3

IF(MODEL.LE.299) GO TO 6
STGTH(4,IGP,IEL)=STGTH(4,IGP,IEL)+EP2
PHI=ELMP(9,IM)*(ELMP(10,IM)*EP2*EP2+EP2)/

1 (1.DN+EP2*EP2)+ELMP(8 IM)

CALL FUNTN(PHILIPRE,S)

STGTH(3.1GP,IEL)=PHI

RETURN

STGTH(3,IGP,IEL)=STGTH(3,IGP,IEL)+EP2
EP2=STGTH(3,IGP,IEL)

IF(MODEL.GT.99).AND.(MODEL.LE.109)) STGTH(2,IGP,IEL)=

1 ELMP(9,IM*(ELMP(10,IM)*EP2*EP2+EP2)/(1.DO+EP2*EP2)+ELMP(8,IM)
IF(MODEL.GT.109).AND.(MODEL.LE.199)) STGTH(2,IGP,IEL)=

1 ELMP(8,IM)*(1.DO-(EP2/(ELMP(10,IM)+EP2/ELMP(9,IM))))
RETURN

VOL=-(DELEPS(1)+DELEPS(2)+DELEPS(4))

PO=ELMP(13,IM)

PRI=-(TAU(1)+TAU(2)+TAU4))/3.D0
PRI1=-(TAUP(1)+TAUP(2)+TAUP(4))/3.D0O

PIPI1=PRI/PRI1

PIPO=PRI/PC

PI1PO=PRI1/PO

CALL FUNTN(PIPI1,IPRE,9)

CALL FUNTN(PIPO,IPRE,9)

CALL FUNTH(PI1PO,IPRE,9)
VOL=VOL-ELMP(11,IM)*(1.DC+ELMP(12,IM))*PIPI11+ELMP(11,IM)*
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1 ELMP(10,IM)*(PIPO*PIPO-PI11PO*P11PO)*0.5D0
1IF(VOL.LE.0.D0O) GO TO 999
STGTH(2,IGP,IEL)=STGTH(2,IGP,IEL)+VOL
SIDE=ELMP(10,IM)-ELMP(11,IM)
IF(SIDE.LE.0.D0) CALL ERROR(EL,IGP,IM,ELMP(10.IM),
1 ELMP(11,IM),3'MOBI'LE '10UT1)
SIDE=STGTH(2,IGP,IEL)*(1.DO+ELMP(12,IM))/SIDE
CALL FUNTN(SIDE,IPRE,8)
STGTH(3,IGP,IEL)=ELMP(13,IM)*SIDE

C WRITE(6,1201) STGTH(2.IGP,IEL),STGTH(3,IGP.IEL)
C1201 FORMAT(SX,P.VOL IN MOBILE ="'E15.55X,PO IN MOBILE =",
C 1 E15.5)
999 RETURN
END

E.3 Input Data Instructions

Instructions for setting up input files are provided below. Each
card represents a single line with 80 columns in the input file. The

cards must be arranged in the same order as indicated in the

following:

|CARD 1 Project Title Card ]
Input - FORMAT
(TITLE(1),1=1,20) (20A4)

note columns variable entry

1. 1-80 TITLE(20) Enter project title.

note/

1. Maximum 80 characters

{CARD 2 General Information Card l

Input - FORMAT
IANALZ,IPS,INFORM,THICK,(IPRINT(I),I1=1,5),

ITAPS,IRES (315,G10.0,715)

note columns variable entry
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11-15

16-25

26-30

31-35

IANALZ

IPS

INFORM

THICK

IPRINT(1)

IPRINT(2)

Type of analysis.

=1, Linear elastic small deformation
analysis.

=2, Linear elastic large deformation
analysis.

=3, Non-linear elastic or plastic small
deformation analysis.

=4, Non-linear elastic or plastic large
deformation analysis.

Mode of analysis.
=1, Two dimensional plane stress

analysis.

=2, Two dimensional plane strain
analysis.

=3, Two dimensional axisymmetric
analysis.

=4, Three dimensional analysis.

Information code for the size of the
global stiffness matrix.

=0, Program execution proceed without
interuption.

=1, Program execution will stop after
determining the size of the global
stiffness matrix.

Thickness of the 2-D elements.

Displacements, stresses and strains
print-out.

=0, No print-out is required during non-

linear iteration process. Only final
result is printed.

>0, Print-out is given at every IPRINT(1)

iierations.

Unbalanced load vector print-out
=0, No print-out is required.

>0, Print-out is given at every IPRINT(1)

iterations.



6. 36-40 IPRINT(3)

7.  41-45 IPRINT(4)

8. 46-50 IPRINT(5)

9. 51-55 ITAPS
10. 56-60 IRES
note/

Final nodal force vector print-out

=0, No print-out is required

=1, Final external nodal forces are
printed.

Element load vector due to external
traction print-out.

=0, No print-out is required.

=1, Print-out is required.

Listing of degrzes of freedom print-out.
=0, No print-out is required.
=1, Print-out is required.

Output in binary form during
equilbrium iteration process.

=0, No output is required.

>0, Output is required and is stored in
FORTRAN unit ITAPS.

Program restarting code.

=0, No intermediate restart.

=1, Analysis restart in between loading
step.

1. The current versiocn of the program can only perform small
deformation analysis. Therefore IANALZ can only be 1 or 3.

2. The program will determine the degrees of freedom and the size
of the global stiffness matrix if INFORM=1 so that the maximum
size preset in the program will not be exceeded.

3. The thickness of the element in two dimensional analysis is

assumed to be uniform.

If THICK=0.0, a unit thickness is

210

assigned. For axisymmetric analysis, THICK refers to the angle of
rotation in radian. This entry is ignored in three dimensional

analysis.

4. The nodal displacments, element stresses and strains will be
printed at every IPRINT(1) iterations in non-linear anlaysis. If
IPRINT(1)=0, only the final converged result is printed.
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The unbalanced load during the equilbrium iteration process
gives an indication on the rate of convergency of the problem and
the region in the structure at which unbalanced nodal forces is
the largest. When the problem has converged, the difference
between the unbalanced nodal forces and the applied external
forces at the nodes should be small.

For those elements subjected to external boundary traction, (i.e.
pressure applied at the boundary), the program will calculate an
equivalent nodal force vector based on the equivalent work
principle so that the work done by the nodal forces at the nodes
is equal to the work done by the traction over the surface
boundary. This print-out gives the equivalent nodal forces at the
nodes.

The listing of the degrees of freedom gives the sequential
numbering of the degrees of freedom of each node. This
information is useful when there is singularity in the stiffness
matrix due to an input error. Also in modelling stage
construction of a dam or excavation, the degrees of freedom at
each node is changing throughout the analysis. If there is any
input error on the numbering of the elements, this listing will
give an indicationn of the location of the error.

In linear or non-linear analysis the final result of each loading
step is stored in FORTRAN unit 7 in binary form. The information
contains the nodal forces, nodal displacements and element
stresses and strains. This enable the program to restart the
analysis at any loading step desired. Moreover this information
can be used in post processing programs to interpret results such
as plotting stress contours. However, if program execution is
terminated during the equilbrium iteration process in between
loading steps due to insufficient computer time or other reasons,
the analysis can be restarted from the point where the program
execution was terminated if the intermediate information is
stored in FORTRAN unit ITAP8. Otherwise the analysis can only
be restarted from the last loading step. The information in unit
ITAP8 is essentially the same as that in unit 7 except that unit
ITAP8 stores the current displacements and state of stress of the
problem while unit ITAP7 store the converged result of each
loading step. When the solution of a given loading step has
converged, the information in unit ITAP8 is transferred and
accumulated on unit 7. However in order tc save storage space
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and avoid storing duplicated information, the information for the
last loading step is not transfer from unit ITAP8 to 7 unless
ITAP8=0 in which case only the converged results are stored in

unit 7 including the final loading step. ITAPS can be any positive
integer number from 8 to 99.

9. If the program execution is terminated in between loading steps,
the analysis can be restarted provided FORTRAN unit ITAP8 is
available and set IRES=1. Otherwise set IRES=0. To restart at the
beginning of any loading step, IRES should be zero.

|CARD 3 General Information Card |
Input - FORMAT
NSTEP,ISTEP! ,NEL,NNOD,NIP,NMT,IDGR,ISITE,
IEFF,ITAP7 (1015)

note columns variable entry

1. 1-5 NSTEP Total number of loading steps.

2. 5-10 ISTEP1 Analysis starts at step number ISTEPI.
3. 10-15 NEL Total number of elements.

4. 16-20 NNCD Total number of nodes.

5. 21-25 NIP Number of integration points.

=2, For 2x2 integration.
=3, For 3x3 integration.

6. 26-30 NMT Total number of material types.

7. 31-35 IDGR Displacements and strains reset code.
=-1, Both strains and displacements will
be reset zero after the first step.
=0, Only displacement will be reset zero
after the first step.
=1, Displacements and strains will not
be reset zero.

8. 36-40 ISITE Initial stress code.
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=0, No initial stresses are specified.
>0, Initial stresses are specified.

41-45 IEFF Effective stress analysis code.

=0, Total stress analysis.

=1, Undrained effective analysis with B
effect only.

=2, Undrained effective analysis with A
effect only.

=3, Undrained effective analysis with
both A and B effects.

46-50 ITAP7 Number of steps of binary information
stored in FORTRAN unit 7.

note/

o

N

The total number of steps refers to the number of steps in this
run. It can be less than or equal to the total number of steps of
the analysis. By specifying a number less than the total number
of steps of the analysis enable the intermediate results to be seen
before proceed any further.

If 1ISTEP? is greater than 1, FORTRAN unit 7 must be available
with the information of the last loading step (i.e. step ISTEPI -1)
in order to resume the analysis.

The total number of elements includes those elements which may
be absent at the beginning of the anlaysi. It is the total number
of elements in the entire finite element mesh.

The total number of nodes is similar to the total number of
eiement above. It includes those nodes which may not be active
at the beginning of the analysis and all boundary nodes whether
they are fixed or free to move.

NIP refers to the number of integration points in evaluating the
stiffness matrix and in calculating the element stresses and
strains for two dimensional rectangular elements and three
dimensional solid elements. The number of integration points for
the two dimensional triangular elements is always 4. For two
dimensional elements, NIP=2 indicates 2x2 integration and NIP=3
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indicates 3x3 integration. For three dimensional elements, NIP=2
indicates 2x2x2 integration and NIP=3 indicates 3x3x3
integration.

NMT is the maximum n' nber of material types in the whole
analysis. It is not necessary to use all the material model in any
one step of the analysis. Therefore vou can have material type

which is not bzing used in step 1, for example, but will be us~d in
step 3.

To incorporate in-situ stresses into the soil, the switch-on-gravity
technique is often used. The material properties used in the
switch on gravity analysis can be different from the actual
properties of the material. Therefore different Ko condition can
be incorporated. In fact the Poisson's ratio can be any value
between 0.0 and 0.5 but cannot be equal to 0.5 in the switch on
gravity analysis to simulate different Ko condition. Since
displacements and strains are relative to an arbitrary datum, the
displacements and strains due to the switch-on-gravity analysis
are usually neglected. However in non-linear analysis where the
material is depended on thc amount of straining, then the
reference state of the strain can bz important and the strain is
often referenced to the state of zero stress. Therefore in this case
only the displacement may be reset to zero.

Rather than using the switch-on-gravity technique, the in-situ
siress field can be specified. This can be done by specifying the
number of stress quantities to be entered.
ISITE=0N, no initial stress is specified.
ISITE=1, Stress x-x and Press are specified.
ISITE=2, Stress x-x, Stress y-y and Press are specified.
ISITE=3, Stress x-x, Stress y-y, Stress x-y and Press are
specified.
ISITE=4, Stress x-x, Stress y-y, Stress x-y, Stress z-z and
Press are specified.
ISITE=5, Stress x-x, Stress y-y, Stress Xx-y, Stress z-z,
Stress y-z and Press are specified.
ISITE=6, Stress x-x, Stress y-y, Stress x-y, Stress z-z,
Stress y-z,Stress x-z and Press are specified.

If ISITE is not zero, the stresses must be contained in
FORTRAN unit 2 with maximum of 6 stresses in any one line
and FORMAT (6G10.0). For the case of 6 stress components the
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pore pressure, Press, will be entered in the second line. The
pore pressure must be specified at all time even in total stress
analysis but it may not be used. Therefore in total stress
analysis with 6 stress components are specified, a blank line
must be introduced between each line before other stress
components are entered. The pore pressure entered will act as
the inititial pore pressure in effective stress analysis which
may be hydrostatic pore pressure or any departure from
hydrostatic under steady state flow condition. In either case
the total pore pressure should be entered. The initial stress
components should be in terms of effective stresses in effective
stress analysis.

The first line will contain the stresses at the first
integration pcint of the first element and the second line
contains the stresses at the second integration point of the first
element etc. The number of lines is equal to NRxNIPxNIP+4xNT
where NR is the number - two dimensional rectangular
elements and NT is the number of triangular elements or
NSxNIPxNIPxNIP for three dimensional analysis wher NS is the
number of solid elments. The input must be in order starting
with the first element and ended with the last integration point
of the last element.

It is important to input a stress field which in itself is in
equilibrium and satisfy the equation of equilbrium at the
nodes. Unbalanced stress field will lead to instability in non-
linear analysis. The program will automatically calculate the
unbalanced load whenever an initial stress field is specified
and applied on the structure as an external load. The
magnitude of this artifical 1nad will depend on the degree of
unbalance forces the initial stress field introduced. A stress
field which satisfies the equation of equilbrium will have zero
unbalanced load. In the caes of effective stress analysis, the
stress components entered are effective stresses out
equilbrium must be satsified using total stresses.

When IEFF is not zero, either the pore pressure B effect or the A
effect or both may be considered. The B effect considers the
generation of the pore pressure due to changes in the hydrostatic
component of the stress tensor only while A effect considered the
generation of the pore pressure due to shearing. When IEFF is
not equal to zero, the stiffness matrix may not be symmetric.
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ITAP7 indicates the number of steps of binary information
stored in FORTRAN unit 7 in restarting the anlaysis at the
beginning of the loading step. To restart the analysis other than
step 1, the information on the current state of the problem must
be given in FORTRAN unit 7. To minimize computer storage
space. only the information of the latest step is actually required
to restart the analysis. Therefore if ITAP7=1, oniy the latest sicp
is supplied; if ITAP7 =2, the last 2 steps are supplied etc.

[CARD4  Equilbrium_lieration Control Card |

Input - FORMAT

IEQM,MITEQ,EQTOL (215,G10.0)

note columns variable entry

1. 1-5 IEQM Frequency of updating the stiffness

matrix.

=1, Stiffness matrix updated at every
iteration.

=2, Stiffness matrix updated at every
other iterations.

=3, Stiffness matrix updated at every
third iterations etc.

5-10 MITEQ Maximum number of equilbrium

iterations allowed.

2. 10-20 EQTOL Tolerance in displacement error.

note/

1. In non-linear analysis, an elastic analysis is first performed at the
beginning of every loading step. The stiffness is then updated at
the second iteration and will be updated according to that
specified by IEQM.

2.

The displacement error is calculated by the norm of the
incremental displacments to the norm of the total displacements.
The tolerance should be expressed in decimal and not in
percentage. A typical tolerance is 0.0001.



|CARD 5 Methods of Stress Calculation Control Card |

Input - FORMAT
ISM MITS.STOL (215,G10.0)

note columns  variable entry

1. 1-5 ISM Select stress calculation method.

=1, Euler Forward Integration Scheme.
=2, Improved Euler Scheme.
=3, Runge-Kuiter Scheme.

2. 5-10 MTS Number of subinterval during the
integratior. process.

3. 10-20 STOL Tolerance in stress calculation.

note/

1. The Improved Euler scheme requires approximately double the
computational effort than the Euler Forward scheme and the
Runge-Kutter requires four time that of the Euler Forward
scheme. However, the Improved scheme gives better result than
the Forward scheme even though the number of subinterval is
reduced. This scheme is recommended in non-linear analysis. To
gain higher accuracy in sensitive problem, the Runge-Kutter
scheme should be used

2. MITS specifies the number of subintervals the strain increment is
subdi 1 into in calculating stresses. More subinterval will
result higher accuracy but also higher cost. A typical value
will be 10.

3. The stresses in elasto-plastic analysis may not satisfy the yield
criterion exactly. The value STOL limit the error in satisfying the
yield criterion which is expressed in decimal and noi in
percentage. A typical value will be 0.0001.

[CARD 6 No Tension Analysis Control Card ]

Input - FORMAT
INTM,MITNT, TNTOL (215,G10.0)



218

note columns variable entry

1-5 INTM =0, All material is capable of taking
tension.
=1, Some material is not capable of
taking tension.

1. 5-10 MITNT Maximum number of iterations allowed
in determining the principal stresses
in three dimensional analysis.

2. 10-20 STOL Tolerance in principal stresses.

note/

1. The no tension analysis is performed using the stress transfer
method by applying equivalent nodal forces due to the excess
tension in the major principal stress direction (Since compression
is considered as positive quantities, tension will first occured in
the major principal stress direction). Presently the stiffness of
the element which is in tension is not reduced during the no
tenison analysis. This procedure in the current version of the
program result in very slow convergence characteristic and
sometimes give unexpected results. The no-tension feature
should be used with caution. In three dimensional analysis the
principal stresses are calculated using an iterative procedure
therefore a limit on the number of iteratins is required. Also if
the Hyperbolic Elastic model is used in threee dimensional
analysis, the principal stresses are required in evaluating the
stiffness matrix. This input will also be used in calculating the
principal stresses. This input will also be used in calculating the
principal stresses. This input is ignored in two dinensional
analysis. Whenever INTM=1, the analysis should be considered

as material nonlinear analysis and IANALZ in card 1 shouid be 3
or 4..

2. The principal stresses in three dimensional analysis are
determined by an iterative method which may contain error. The

tolerance in stresses must be expressed in decimal. A typical
tolerance in stresses is 0.0001.

[CARD ENTRIES 7 A Series of Cards for Entering the Nodal Coordinates |




Input

note

noitie

The number of cards must be equal to the total number of
nodes (NNOD) spedified in card 2.

Each card must contain the x and y coordinates and two
displacement codes for two dinensional analysis, or x, y and z
coordinates and three displacement codes for three
dimensional analysis.

The cards must be in sequence starting with node 1 and ended
with node NNOD.

- FORMAT
X(1).Y(1),IX1,IX2 for two dimensional analysis. (2G10.0,213)

X(D.Y{D),Z(1),IX1,IX2,IX3 for three dimensional analysis.
(2G10.0,213)

For two dimensional analysis.

columns variable entry

1-10 XD x coordinate of node I.
11-20 Y (1) y coordinate of node I.
21-23 IX1 x displacement code.

=0, Node is fixed in the x-directicn.
=1, Node is free to move in the x-
direction.

24-26 I1X2 y displacement code.
=0, Node is fixed in the y-direction.
=1, Node is free to move in the y-
direction.
For three dimensional analysis.

columns  variable entry

1-10 X(1) x coordinate of node 1.



11-20 Y (1) y coordinate of node I.
21-30 Z(1) z coordinate of node I.
31-33 IX1 x displacement code.

=0, Node is fixed in the x-direction.
=1, Node is free tc move in the x-
direction.

34-36 I1X2 y displacement code.
=0, Node is fixed in the y-direction.
=1, Node is free to move in the y-
direction.

37-40 IX3 z displacement code.
=0, Node is fixed in the z-direction.
=1, Node is free to move in the z-
direction.

|{CARD ENTRIES 8 A Series of Cards for Element Numbering |

Input

note

The number of inputs (each may contain 2 or 3 cards) must be
equal to the total number of elements (NEL) specified in card 2.

Each input must contain 13 entries for two dimensional
analysis or 25 entries for three dimensional analysis.

The cards must be in sequence starting with element 1 and
ended with element NEL.

- FORMAT
(1CO(1),1=1,8),1IE 1S,IG,IB,IM for 2 dimensional analysis. (1215)

(1CO(1),1=1,25),IE,IS,IG,IB,IM for 3 dimensional analysis. (1215)
For two dimensional analysis.

columns variable entry

1-5 ICO(1) Global node number of node 1 of the
element.
6-10 1CO(2) Global node number of node 2 of the

element.
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36-40

41-45

46-50
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56-60

1-5

1ICO(3)
1CO(4)
ICO(5)
ICO(6)
1CO(7)
ICO(8)

1CO(9)

I1ICO(10)

ICO(11)

ICO(12)

ICO(13)

2
[{]

Global node number of node 3 of the
element.

Global node number of node 4 of the
element.

Global node number of node 5 of the
element.

Global node number of node 6 of the
eiement.

Global node number of node 7 of the
element.

Global node number of node 8 of the
element.

Element type code (IE).

=1, Two dimensional triangular element.

=2, Two dimensional rectangular
element.

=3, Two dimensional rectangular
Lagrangian element.

Element present or absent code (IS).

=0, Element is absent in step 1 of the
analysis.

=1, Element is present in step 1 of the
analysis.

Body forces code (IG).

=0, No body forces for this element in
step 1 of the analysis.

=1, Body forces are applied in step 1 of
the analysis.

Boundary traction code (IB).

=0, No boundary traction is applied on
this element in step 1.

=1, Boundary traction is applied on one
side of the element.

=2, Boundary traction is applied on two
side of the element.

=3, Boundary traction is applied on
three side of the element.

=4, Boundary traction is applied on four
side of the element.

Element material properties number
(IM).

(Note new line)



note

For three dimensiona! analysis.

columns

1-5

6-10

11-15

variable

ICO(1)
1CO(2)
ICO(3)
1CO(4)
ICO(5)
ICO(6)
1CO(7)
ICO(8)
ICO(9)
1ICO(10)
ICO(11)
1ICO(12)

ICO(13)

ICO(14)
ICO(15)
ICO(16)
ICO(17)
ICO(18)

1CO(19)

entry

Global node

element.

Global node

element.

Global node

element.

Global node

clement.

Global node

element.

Global node

element.

Global node

element.

Global node

element.

Global node

element.

Global node

element,

Global node

element.

Global node

element.

Global node

element.

number

number

number

number

number

number

number

number

number

number

number

number

number

(note new line)

Global node

element.

Global node

element.

Global node

element.

Global node

element.

Global node

element.

Global node

element.

number

number

number

number

number

number

of node

of node

of node

of node

of node

of node

of node

of node

of node

of node

of node

of node

of node

of node

of node
of node
of node
of node

of node

3 of

4 of

5 of

6 of

9 of

10

11

13

14

15

16

17

18

19

the

the

the

the

the

the

the

the

the

of the

of the

of the

of the

of the

of the

of the

of 1

of the

of the
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36-40 1ICO20) Global node number of node 20 of the
element.
41-45 ICO(21) Element type code (IE).
=4, Three dimensional solid element.
46-50 ICO(22) Element present of absent code (IS).
=0, Element is absent in step 1 of the
analysis.
=1, Element is present in step 1 of the
analysis.
51-55 ICO(23) Body force code (IG).

=0, No tody forces for this element in
step 1 of the analysis.

=1, Body forces for applied in step 1 of
the analysis.

9 56-60 ICO(24) Boundary traction code (IB).
=0, No boundary traction is applied on
this element in step 1.
=1, Boundary traction is applied on one
side of the element.
=2, Boundary traction is applied on two
side of the element.
=3, Boundary traction is applied on
three side of the element.
=4, Boundary traction is applied on four
side of the element.
1-5 1CO(25) Element material properties number
(IM).
(Note new line)
note/
1. The first 8 entries are the node numbers of each element. The

first 4 entries must be positive integers and any of the remain 4
can be zero if the intermediate nodes in the rectangular element
are absent. For the triangular elements the first 3 entries must
be positive integers and the following entries can be zero if the
intermediate nodes are absent. It is not recommended to
degenerate the quadralateral element into triangular element by
collapsing the corner nodes unless some element singular is
desired. The element must be numbered in the counter clockwise
direction and all corner nodes must be numbered first and
followed the intermediate nodes, see Figure E.1.
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The 7 and 8 entries should be zero for triangular elements.

The Lagrangian element has a node in the center of the element
and the stiffness matrix is formed using static condensation
technique.

By using this code which can be changed at any step during the
analysis, any element in the finite element domain can be added

or deleted. This enables the modelling of dam construction of
foundation excavation.

Body forces include that due to gravity and the horizontal forces
due to earthquakes. The unit weight of the material is entered
through the material properties card but note that if the y-axis is
in the vertical upward direction, the y-body force should be
negative. similiarly in the x and z direction, the sign of the body
force should coincide with the direction of the axes. If only
gravity is acting on the element, enter zero for the body forces in
the other idrections. The body forces are applied only once at the
beginning of the analysis. The body forces can also be applied to

any element after the first step which is done through the control
cards of each loading step.

The program calculate an equivalent nodal force due to the
surface traction applied on the element. The number IB refers to

the number of sides at which the element is subjected to surface
traction.

This is the material number defined by the user and not the
model number for different types of model such as linear elastic
models or elasto-plastic models.

The three dimensional elements must have at least 8 corner
nodes with varying number of side nodes yp to a total of 20
nodes. The corner nodes must be wmbered first with the first
four nodes on one face and the other four nodes at the opposite
face. The mid-side nodes on the first face are then numbered
followed by the mid-sides of the other face. (finallly the mid-side
nodes in between these two faces are numbered, see Figure E.1.

The value of IB in three dimensional anzlysis refers to the

number of faces at which the element is subjected to surface
traction.
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|CARD ENTRILS 9 Element Material Properties Cards ]

Input

The following cards contain thc properties of each type of
material. The number of material must be the same as is
specified by NMT in card 2. There will be 17 entries for each
type of material with 6 entries per line. The first entry is a
code in real number to identify the type of model to be used.
Refer to Table E.1 for detail.

- FORMAT
(ELMP(),I=1,17) (6G10.0)

note/

Some general comments for all types of material.

1.

The first entry is the model number and it must be a real
number, preferably with a decimal.

Second entry is the tensile strength of the material. This entry is
ignored if the material is capable of taking tension as specified in
card 6. In this case, simply enter zero. If some of the materials
is not capable of taking tension, enter the tensile strength of
these material and enter a very large number (larger than the
maximium stress the material will likely experience) for the rest
of the materials.

The thirds, fourth and fifth entries are the body forces in the x, y
and z directions respectively. The body forces is in force/unit
volume, i.e. the unit weight of the material. The sings of the body
forces must coincide with the direction of the corresponding axes.
Ente- zero if the body force in that direction is absent. The body
forces should be in terms of total stresses even in effective stress
analysis.

The sixteenth entry is the pore pressure A parameter which will
be used only in effective stress analysis and the other material
parameters should be interms of effective stress except the body
forces. Whenever the A effect is being considered, the analysis
becomes non-linear even the material is linear elastic and
IANALYZ in card 1 should be 3 or 4. Also the A effect will result
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in a non-symmetric stiffness matrix. This input is ignored if IEFF
is not 2 or 3 in card 2.

5. The seventeenth entry is the pore pressure B parameter when
only the pore pressure B effect is being considered, the stiffness
ratrix 1s symmetrical for linear elastic material and frictionless
material. for frictional materiai the stiffness matrix will not be
symmetrical. No iterative process is required for B effect only
unless the material is non-linear. In effective stress analysis, the
material parameters should be in terms of effective stresses

except the body forces. This input is ignored if IEFF is not 1 or 3
in card 2.

6. The Poisson's ratio is required for most of the material. If the
material i1s incompressible, such as saturaged clay, the Poisson's
ratio is equal to 0.5. In this case a Poisson’s ratio of 0.499 should
be used because Poisson's ratio of 0.5 will result in a numerically
ill-condition stiffness matrix and lead to inaccurate results.

{CARD ENTRIES 9 Linear Elastic Model (1) |

Input - FORMAT
First line MODEL,SIGMAT,GAMMAX GAMMAY GAMMAZ.E,

(6G10.0)

Second line NU, (enter 5 zeros) (6G10.0)

Third line (enter 3 zeros) A, B (6G10.0)

noie columns  variable entry

1-16 MODEL Material model number.

=1.0, Linear elastic material (1).
11-20 SIGMAT  Tensile strength of the material.
21-30 GAMMAX Body force in the x-direction.
31-40 GAMMAY Body force in the y-direction.
41-50 GAMMAZ Body force in the z-direction.

51-60 E Elastic modulus.
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1-10 NU Poisson's Ratio.
(note new line)
31-40 A Pore pressure A parameter.
(note new line and column position)
41-50 B Pore pressure B parameter.
[CARD ENTRIES 9 Linear Elastic Model (2) J
Input - FORMAT
First line MODEL ,SIGMAT,GAMMAX ,GAMMAY GAMMAZK,
(6G10.0)
Second line G, (enter 5 zeros) (6G10.0)
Third line (enter 3 zeros) A, B (6G10.0)

note columns variable

1-10 MODEL
11-20 SIGMAT
21-30 GAMMAX
31-40 GAMMAY
41-50 GAMMAZ
51-60 K

1-10 G

31-40 A

41-50 B

entry

Material model number.
=2.0, Linear elastic material (2).

Tensile strength of the material.
Body force in the x-direction.
Body force in the v-direction.
Body force in the z-direction.
Bulk modulus.

Shear modulus.
(note new line)

Pore pressure A parameter.
(note new line and column position)

Pore pressure B parameter.

[CARD ENTRIES 9 Hyperbolic

Elastic Model |
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Input - FORMAT
First .ine MODEL,SIGMAT GAMMAX,GAMMAY ,GAMMAZK,
(6G10.0)
Second line KU,N,RF,C,PHI.PA (6G10.0)
Third line GFDAB (6G10.0)
note columns variable eniry
1-10 MODEL Material model number.
=10.0, Hyperbolic elastic material.
11-20 SIGMAT  Tensile strength of the material.
21-30 GAMMAX Body force in the x-direction.
31-40 GAMMAY Body force in the y-direction.
41-50 GAMMAZ Body force in the z-direction.
1. 51-60 K Initial modulus in the hyperbolic model.
1-10 KU Unloading modulus in the hyperbolic
model.

(note new line)

10-20 N Exponent in the hyperbolic model.
21-30 RF Ultimate strength factor.

31-40 C Cohesion.

41-50 PHI Soil friction.

51-60 PA Atmospheric pressure.

1-10 G Initial Poisson's ratio.

{(note new line)

11-20 F Factor to determine the variation of
Poisscn's ratio.



21-3C D Factor to determine the variation of
Poisson's ratio.

31-40 A Pore pressure A parameter.
41-50 B Pore pressure B parameter.
note/

1. An explanation o. ‘he material parameters irn. the hyperbolic
model can be found in the following publications:

Duncan, J. M. and Chang, C. Y., 1970. Non-linear analysis of
stress and strain in soils. Journal of the Soil Mechanics and
Foundation Division, A.S.C.E. vol. 96, SMS5, pp. 1629-1653.

Duncan, J. M., Byrne, P.,, Wong, K. S. and Mabry, P., 1980.

Strength, stress-strain and bulk modulus parameters for finite
element analysis of stresses and movements in soil masses.

Report No. UCB/GT/80-01, University of California.

2]
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|CARD ENTRIES 9 Elastic Brittle Perfectly Plastic Von-Mises Model

-

Input - FORMAT
First line MODEL,SIGMAT,GAMMAX GAMMAY GAMMAZ.E,

(6G10.0)

Second line NU,SIGYP,SIGYR (enter 3 zeroc: (6G10.0)

Third line (enter 3 zeros) A, B (6G10.0)

note columns variable entry

1-10 MODEL Material model number.

=100.0, Associated Von-Mises material.
11-20 SIGMAT  Tensile strength of the material.
21-30 GAMMAX Body force in the x-direction.
31-40 GAMMAY Body force in the y-direction.

41-50 GAMMAZ Body force in the z-direction.



51-60 E
1-10 NU
1. 11-20 SIGYP
2. 21-50 SIGYR
31-40 A
41-50 B
note/

Elastic modulus.

Poisson's Ratio.
(note new line)

Peak uniaxial yield strength.
Residual uniaxial yield strengih.

Pore pressure A parameter.
(note new line and column position)

Pore pressure B parameter.

1. The material is assumed to be linear elastic until the peak yield
strength is reached. Residual strength is mobilized immediately

after peak and subsequently unloading and reloading will only
mobilize residual strength.

2. If SIGYR=0.0 or SIGYR=SIGYP, the residual is assumed to be equal
tc the peak strength. If SIGYR=0.0 is desired, enter a small non-
zero value such as 0.000001.

|CARD ENTRIES 9 Elastic Brittle Perfectly Plastic Tresca Mod: -: |

input - . RMAT

First line MODEL,SIGMAT,GAMMAX GAMMAY - .7 " AZLE,
(#G10.0)

Second line NU,SIGYP,SIGYR (enter 3 zeros) (6G10.0)

Third line (enter 3 zeros) A, B (6G10.0)

note columns variable

1-10 MODEL
11-20 SIGMAT
21-30 GAMMAX

entry

Material model number.
=200.0, Associated Tresca material.

Tensile strength of the material.

Body force in the x-direction.



31-40 GAMMAY Body force in the y-direction.
41-50 GAMMAZ Body force in the z-direction.
51-60 E Elastic modulus.
1-10 NU Poisson's Ratio.
(note new line)
I. 11-20 SIGYP Peak uniaxial yield strength.
2. 21-30 SIGYR Residual uniaxial yield strength.
31-40 A Pore pressure A parameter.
(note new line and column position)
41-50 B Pore pressure B parameter.

note/

1. The material is assumed to be linear elastic until the peak yield
strength is reached. Residual strength is mobilized immediately
after peak and subsequently unloading and reloading will only
mobilize residual strength.

2. If SIGYR=0.0 or SIGYR=SIG". . the residual is assumed to be equal

to the peak strerngth. If SIGYR=0.0 is desired, enter a smail non-
zero value such as 0.000001.

CARD ENTRIES 9 Elastic Brittle Perfectly Plastic Drucker-Prager

Model
input - FORMAT
First line MODEL,SIGMAT,GAMMAX GAMMAY , GAMMAZE.
(6G10.0)
Second line NU,ALPHAP,KAPPAP,ALPHAR,KAPPAR (enter 1
Z€70)
(6G10.0)
Third line (enter 3 zeros) A, B (6G10.0)

note columns variable entry
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1-10 MODEL Material model number.
=300.0, Associated Drucker-Prager
material.
11-20 SIGMAT  Tensile strength of the material.
21-30 GAMMAX Body force in the x-direction.
31-40 GAMMAY Body force in the y-direction.
41-50 GAMMAZ Body force in the z-direction.
51-60 E Elastic modulus.
1-10 NU Poisson’s Ratio.
{note new line)
1. 11-20 ALPHAP Modified peak cohesion.
1. 21-30 KAPPAY  Modified peak friction.
2. 31-40 ALPHAR  Modified residual cohesion.
3. 41-50 KAPPAR  Modified residual friction.
31-40 A Pore pressure A parameter.

(note new line and column position)
41-50 B Pore pressure B parameter.

note/

1. The material is assum.d to be linear elastic until the peak yield
strength is reached. Residual strength is mobilized immediately

after peak and subsequently unloading and reloading will only
mobilize residual strength.

2. If ALPHAR=0.0 or ALPHAR=ALPHAP, the residual is assumed to

be equal to the peak strength. If ALPHAR=0.0 is desired, enter a
small non-zero value such as 0.000001.
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3. If KAPPAR=0.0 or KAPPAR=KAPPAP, the residual is assumed to
be equal to the peak strength. If KAPPAR=0.0 is desired, enter a

small

non-zero value such as 0.000001.

[CARD ENTRIES 9 Elastic Brittle Perfectly Plastic Mohr-Coulomb Modeﬂ

Input

note

- FORMAT

First line MODEL,SIGMAT,GAMMAX ,GAMMAY GAMMAZE,
(6G10.0)

Second line NU,COHP,PHIP,COHR,PHIR (enter 1 zero)
(6G10.0)

Third line (enter 3 zeros) A, B (6G10.0)

columns variable entry

1-10 MODEL Material model number.

=400.0, Associated Mohr-Coulomb
material.

11-20 SIGMAT  Tensile strength of the material.

21-30 GAMMAX Body force in the x-direction.

31-40 GAMMAY Body force in the y-direction.

41-50 GAMMAZ Body force in the z-direction.

51-60 E Elastic modulus.

1-10 NU Poisson's Ratio.

(note new line)

11-20 COHP Peak cohesion.

21-30 PHIP Peak friction.

31-40 COHR Residual cohesion.

41-50 PHIR Residual friction.

31-40 A Pore pressure A parameter.

(note new line and column position)
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41-50 B Pore pressure B parameter.

ncie/

1. The material is assumed to be linear elastic until the peak yield
strength is reached. Residual strength is mobilized immediately

after peak and subsequently unloading and reloading will only
mobilize residual strength.

\9]

If COHR=0.0 or COHR=COHP, the residual is assumed to be equal to
the peak strength. If COHR=0.0 is desired, enter a small non-zero
value such as 0.000001.

3. If PHIR=0.0 or PHIR=PHIP, the residual is assumed to be equal to
the peak strength. If PHIR=0.0 is desired, enter a small non-zero
value such as 0.000001.

CARD ENTRIES 9 Elastic Brittle 2erfectly Plastic Transversely
Isotropic Model

Input - FORMAT
First line MODEL,SIGMAT,GAMMAX ,GAMMAY GAMMAZE],

(6G10.0)

Second line V1,E2,v2,G2,Cmax,Cmin (6G10.0)
Third line  MKmax.Hmin.Cres-Mres.X.(enter 1 zero) (6G10.0)

note columns variable entry

1-10 MODEL Material model number.
=405.0, Associated transversely
isotropic material.

11-20 SIGMAT  Tensile strength of the material.
21-30 GAMMAX Body force in the x-direction.
31-40 GAMMAY Body force in the y-direction.

41-50 GAMMAZ Body force in the z-direction.



9

9

51-60

1-10

31-40

41-50

51-60

11-20

21-30

31-40

E1

Vi

V2

G2

Cmax

Cmin

Hmax

[C9]

Modulus of elasticity in the plane of
transverse 1isotropy.

Poisson's ratio characterizing the
extensional strain response in the n'2ne
of transverse isotropy due to a
compressive stress acting parailel :0 the
plane of traasverse isotropy.

(note new line)

Modulus of elasticity normal to the plane
of transverse isotropy.

Poisson's ratio characterizing the
extensional strain response in the plane
of transverse isotropy due to a
compressive stress acting normal to the
plane of transverse isotropy.

Shear modulus in plane normal to the
plane of ftransverse isotropy.

Maximum cohesion intercept for
transversely isotropic material.

Minimium cohesion intercept for
transversely isotropic material.

Maximum coefficient of friction for
transversely isotropy material.
(note new line).

Minimium coefficient of friction for
transversely isotropy material.

Cohesion intercept at residual strength
for transversely isotropic material.

Coefficient of friction at residual strength
for transversely isotropic material.
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3 41-50 X Angle of rotation between the plane of

transverse isotropy and the coordinate
systems X, y, z.

51-60 (enter 1 zero).

note/

1. 2Hmax = tal’l(bmax , and Zumln = tanq)min. ¢max and ¢m|n are the
maximium and minimium angle of friction for the transversely
isotropic material respectively.

2. The material is assumed to be linear elastic until the peak yield
strength is reached. Residual strength is mobilized immediately

after peak and subsequently unloading and reloading will only
mobilize residual sirength.

3. See Figure B.1 for definition of symbols.

IGROUP CARD ENTRIES 10 Control Cards For Each Loading Step

The following input is composed of a title card and other cards
to indicate any changes in information up to the current
loading step. This sequence of input is to be repeated NSTEP
number of times where NSTEP is the total number of steps
specified in card 2. The first set of input should correspond to

the first loading step and the last set corresponds loading step
NSTEP.

ICARD ENTRIES 10.1 __ Title Card For This Step

-

Input - FORMAT
(TITLE(1),I=1,20) (20A4)

note columns variable entry

1. 1-80 TITLE(20) Enter title for this step.

note/

o))



1. Maximum 80 characters.

|CARD ENTRIES 10.2 Loading Step Control Card ]
Input - FORMAT
NCELNCNO,NCSLOP,NCPL.NCPD,NLOAD,KL.OAD (715)

note columns  variable entry

1. 1-5 NCEL The number of cards to be entered to
change the element information.

2 5-10 NCNO The number of cards to be entered to
change the noda! information.

3. 11-15 NCSLOP The number of cards to be entered for
elements on an inclined boundary.

4. 16-20 NCPL The number of cards to be entered for
point load at the nodes.

5. 21-25 NCFD The number of cards to be entered for
prescribed displacements

6. 26-30 NLOAD The number of subincrement the load
vector is being subdivided into
within one loading step.

7. 31-35 KLOAD The subincrement number during
intermediate restarting.

note/

1. This indicates the number of entries in below to change the
element information such as the element material properties,
boundary load, etc. This is not the number of elements to be
changed.

2. This indicates the number of entrics below to change the nodeal
information and not the number of nodes to be changed. Any
change in point load, boundary traction or prescribed
displacement should not use this variable. Only changes in the
degrees of freedom of the nodes should be used.
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This feature is presently not available.

This indicates the number of entries below in applying
concentrated point loads at the nodes.

This indicates the number of entries below to prescribed the
nodal displacements a certain value. For prescribing zero

displacement it is more efficient to use the feature on varying the
degree of freedom of the nodes.

The load vector of each loading step can be subdivided into
NLOAD subincrements., An iterative process is used in eahc
subincrement until the solution has converged. The maximum
number of iterations specified in card 3 refers to the total
number of iterations allowed in each loading step and not in each
subincrement. It is expected that the number of subincrement
increases. For situation of excavation or constructing an
embankment, the loadings due tc adding or deleting elements are
determined by the size of the elements. This loading can
sometimes be too large if the structure is marginally stable or the
material is very sensitive to the change in loading. Therefore the
applied load can be subdivided into subincrement in order to
obtain stable solution. If NLOAD=0, NLOAD is set equal to 1.

If program execution terminated in between loading step, the
analysis can be restarted using the restarting feature described in
card 2. To restart the analysis with NLOAD>0, the number of
subincrement already applied must be known which can be
determined form the computer output. KLCAD represents the
number of subincrements at which the anlaysis should be
restarted. For example if the load vector of a loading step is
subdivided into 10 subincrements, i.e. NLOAD=10, and KLOAD=1
initially and let say the analysis is terminated after applying 6
subincrements with a total of 30 equilbrium iterations already
completed but the solution has not yet converged to the seventh
subincrement. The analysis can be restarted at the 31-st
iteration of the sixth subincrement provided FORTRAN unit
ITAP8 and FORTAN unit 4 are available. Only in this case where
the information in FORTRAN unit 4 is useful and must be stored
in permanent disk space after program execution has been
terminated. When restarting the analysis in between loading
step and subincrement, FORTRAN unit 4 from previous step now

o
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becomes FORTAN unit 3 and a new unit name should be used for
unit 4. A permanent file space is recommended for unit 4
whenever tie subincrement feature is used. For this example,
IRES=1 in card 2 and KLOAD=7 for restaring. Without unit 4
being available restarting can only be done at teh beginning of a
loading step, i.e. IRES=0 and KLOAD=1. If KLOAD=0, KLOAD is set
equal to 1.

[CARD ENTRIES 10.3  Chairg: of Eiement Information Card |

Skip the following entries if NCEL=0.
Supply NCEL number of cards with the following format.

Input - FORMAT
IEL1,1S,1G,IB,IM,IEL2 (615)

note columns variable entry

1-5 IEL1 Beginning element number.

pocnd
.

6-10 IS Element present or absent code.
=0, Element is absent in this step.
=1, Element is present in this step.

o

11-15 1G Gravitv load code.
=0, ¢-+ +¥y load is not applied.
=1, Cravity load is applied on this
element in this step.
3. 16-20 1B Boundary traction code.
=0, No boundary traction is applied on
this element in this step.
=1, Boundary traction is applied on one
side of the element.
=2, Boundary traction is applied on two
side of the element.
=3, Boundary traction is applied on
three side of the element.
=4, Boundary traction is applied on four
side of the element.

4. 21-25 IM Element material number.
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=0, No change in element material
number.

>0, Element material is changed to typc
IM.

26-30 IEL2 Ending element number.

note/

=0, The above changes only applied to
element IELI.

>0, The above changes applied from
element IEL1 to IEL2 for IEL2 >
IEL1.

1. The following cases may apply.

a.

IS=1 in previous step and IS=1 in this step.

In this case there will be no changes in the degrees of
freedom of the element. This will be the case if the
element material type is changed or some external
boundary traction is applied on the element.

IS=0 in previous step and 1S=1 in this step.

The element is added in this step. The degrees of
freedom for all the nodes in this element are set free in
all directions even though some of the nodes in this
element may be fixed in the previous step. Note that in
the process of setiing the nodes free to move, the degrees
of freedem of the nodes which are attached to other
clements with IS=1 will be set free even though some of
these degrees of freedom were fixed before. For example
if the element be:ing deletec. is on a vertical boundary
which allows movemesni ¢f the boundary nodes in the
vertical direction cnly, the deletion of this eleinent will
set both degrees of freedom free ol ths node which 13
attached to the eiement adjacernt to it. herefore it is
necessary to reset the degrees of ireedom of this node or
similiar nodes using the change of noda! information card.
No-e that the clement stresses, strains and the

dis plar ements of the nodes not attached to other
eleme-ts are zero at the beginnirg of this step.

IS=1 in the previous step and IS=0 in this step.
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The element is being deleted in this step and the degrees
of freedom of all the nodes which are noi attached to
other elements with IS=1 will be eliminated. Note that in
the process of fixing some of the degree of freedom for
this element, the degrees of freedom of the nodes which
are attached to other elements with IS=1 will be set free
everi though some of these degrees of freedom were fixed
before. This is similiar to the case above, therefore it is
nccessary to rest the degree of freedom on this node
using the change of nodal information cards. Moreover in
this case the element stresses and strains and the nodes
not attached to other elements are zll being set equal to
zero.

d. I1S=0 in the previous step and IS=0 in thi, step.
The element is absent in previous step and absent in
present step. This is an unusual case and produce no
changes in the information of this element except IM.

t

The gravity load is only applied on the elements specified for this
step only. IG 1is set zero after every step.

3. The value of IB in three dimensional analysis refers to the
number of faces at which the element is subjected to surface
traction.

4. If IM>O0, the rmaterial number 'will be changed to type IM and the
degree of freedom of this element will be unchanged for the case
when the element is removed. 1S=0, or the element is being
added, 1S=1.

[CARD ENTRIES 10.4  Change of Nodal Information Card |

Skip this entrie- .f NCNO=0.
Supply NCNQO number of cards if NCNO>O0.

Input - FORMAT
NODELIX1,IX2,NODE2 for 2 dimeunsional analysis. (415)
NODELIX1,IX2,IX3, NODE2 for 3 dimensional analysis. (515)

For Two Dimensional Analysis



note columns

note

—t
—
]
Praed
)

16-20

For Three Dimensional

columns

11-15

16-20

variable
NODE1

IX1

1X2

NODE2?

variable
NODLEI

IX1

1X2

IX3

10
pan
1J

entry
Beginning node number.

Nodal degree of freedom code.

=0, First (x-direction) degree of freedom
1s fixed.

=1, First (x-directicn) degree of freedom
is free to move.

Nodal degree of freedom code.

=0, Second (y-direction) degree of
freedom is fixed.

=1, Second (y-direction) degree of
freedom is free to move.

Ending node number.

=0, The above changes only applied to
node NODEL.

>0, The above changes applied from
nodes NODE1 to NODE2
(NODE2>NODET1).

Analysis

Nodal degree of freedom code.

=0, First (x-direction) degree of freedom
1s fixed.

=1, First {x-direction) degree of freedom
is free to move.

Nodal degree of freedom code.

=0, Second (y-direction) degree of
freedom 1is fixed.

=1, Second (y-direction) degree of
freedom is free to move.

Nodal degree of freedom code.



=0, Third (z-direction) degree of
freedom is fixed.

=1, Third (z-direction) degree of
freedom is free to move.

I
S
t
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NODE2 Node number 2.
=0, The above changes only applied to
node NODEL1.
>0, The above changes applied from
nodes NODE1 to NODE2
(NODE2>NODE1).

[CARD ENTRIES 10.5  Boundary Traction Input Card

The following set of cards are used to specify the element
surface traction.

Skip these cards if 1B for all elements are zero.

It is important to keep track of the value of IB and the number
of times IB are being specified with non zero values in card
entries 8 and 10.3. There will be 2xIB number of cards for
each element. Therefore there will be 2XIBXNE number of
cards where NE is the number of element subjected to surface
traction. The first two cards contains information on the first
side of the element with non zero IB value. If IB is greater
than one tor any element, then there will be 2XIB number of
cards for that element. After the surface traction has been
read in for that element, the value of IB will be assigned zero.
Therefore the value of the surface traction only applies to the
current step..

|CARD ENTRIES 10.5.1 Boundary Nodes Card |

Skip these cards if IB for all elements are zero for this step
which include step number 1.

Enter the boundary nodes subject to boundary traction.

Input - FORMAT
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214

NODE1,NODE2,NCDES3 for 2 dimensional analysis. (315)

IAXISNODE1,NODE2 NODE3 NODE4ANODES NODE6 NODE7 NODES
For 3 dimensional analysis (915)

For Two Dimensional Analysis

columns variable
1-5 NODEI1
6-10 NODE2
11-15 NODE3

For Three Dimensional

columns variable

1-5 IAXIS
6-10 NODEI1
11-15 NODE2
16-20 NODE3
21-25 NODEA4
26-30 NODES
31-35 NODE6
36-40 NODE7
41-45 NODES

entry

Node number 1 (corner node).
Node number 2 (mid-side node).
Node number 3 (corner node).
Analysis

entry

Code to identify the face of the element.
Node number 1 (corner node).
Node number 2 (mid-side node).
Node number 3 (corner node).
Node number 4 (mid-side node).
Node number 5 (corner node).
Node number 6 (mid-side node).
Node number 7 (corner node).

Node number 8 (mid-side node).

The corner node number must be positive.

The axis code for the 2-D analysis, IAXIA=1, 2 and 3 for the
faces on the positive r, s and t direction and IAXI5=-1, -2 and -
3 for the faces on the negative r, s and t directions respectively.
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The positive 1 axis will contain local corner node number 1, 4, 5
and 8. The positive s axis will contain local corner node
number 1, 5 6 and 2. The positive t axis will contain loca!l
corner node number 1, 2, 3 and 4.

2. If the mid-side node is absent, enter zero.

For the 3-D case, the node numbers musi be always be in the
counter-clockwise direction.

[CARD ENTRIES 10.5.2 Boundary Traction Card ]

Input

note

A

ppote

Enter the boundary value of the boundary traction at the
nodes.

Skip these cards if IB for all elements are zero.

- FORMAT
XF1.YFI,XF2,YF2,XF3,YF3 for 2 dimensional analysis (0G10.0)

XF1.YF1,XF2, YF2 XF3,YF3,XF4,YF4,XF5,YFS,XF6,YF6, XF7,YF7,XF8,.
YF8 for 3 dimensional analysis (6G10.0)

For Two Dimensional Analysis

columns variable entry

i-10 XFi Tracuon 1n x-direction at node 1.
11-20 YF1 Traction in y-direction at node 1.
21-30 XF2 Traction in x-direction at node 2.
31-40 YF2 Traction in y-direction at node 2.
41-50 XF3 Traction in x-direction at node 3.
51-60 YF3 Traction in y-direction at node 3.

For Three Dimensional Analysis

columns variable entry
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11-20
21-30
31-40
41-50

51-60

XF1i

YFI

XF6

YF6

YF7

Traction in Xx-direciion
Traction in y-direction
Traction in z-direction
Traction in x-direction
Traction in y-direction
Traction in z-direction

Traction in x-direction
(note new line)

Traction in y-direction
Traction in z-direction
Traction in x-direction
Traction in y-direction
Traction in z-direction

Traction in x-direction
(note new line)

Traction in y-direction
Traction in z-direction

Traction in x-direction
(note new line)

Traction in y-direction
Traction in z-direction

Traction in x-direction
(note new line)

Traction in y-direction

at

at

at

at

at

at

at

at

at

at

at

at

at

at

at

at

at

at

at

node 1.

node

node

node

node

node

node

node

node

node

node

node

node

node

node

node

node

node

node

node

9

S8}

o
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21-30 7ZF7 Traction in z-direction at node 7.

31-40 XF8 Traction in x-direction at node 8.
(note new line)

41-50 YF8 Traction in y-direction at node 8.

51-60 ZF8 Traction in z-direction af node 8.

note/

1. The values of XF1,XF2 etc. are the tractions at the nodes in
pressure units and they are not the nodal forces. The program
will approximate the pressure distribution with a parabola using
the values of the pressure given at teh nodes. If the mid-side
nodes is absent, only a linear distribution can be made. The signs
are determined according to the direction of the axes. For
example if XF1 is positive, the pressure i1s acting in the positive x
direction etc. To resolve the traction in the x, y and z direction,

just multiply the pressure by the sine or cosine of the angle with
respect to the axes.

2. If the mid-side node is absent, enter zero pressure.

|CARD ENTRIES 10.6 _ Point Load Card ]
Skip this entry if NCPL=0.
Supply NCPL number of cards if NCPL:0.

Input - FORMAT

NODE!,XLOAD,YLOAD,NODE2 for 2 dimensional analysis
(15,2G10.0,15)

NODE1 ,XLOAD,YLOAD,ZLOAD,NODE?2 for 3 dimensional analysis
(15,3G10.0,15)

For Two Dimensional Analysis

note columns variable entry



1-5 NODEI1 Beginning node number.
1. 6-15 XLOAD Foint load in x-direction.
16-25 YLOAD Point load in y-direction.
26-30 NODE2 Ending node number.
=0. The above changes only applied to
node NODEI.

>0, The above changes applied from
nodes NODE! to NODE2
(NODE2>NODE]1).

For Three Dimensional Analysis

note columns variable entry

1-5 NODE1 Beginning node number.
1. 6-15 XLOAD Point load in x-direction.
16-25 YLOAD Point load in y-direction.
26-35 Z1.OAD Point load in z-direction.
36-40 NODE2 Ending node number.

=0, The above changes only applied to
node NODEI.

>0, The above changes applied from
nodes NODEIL to NODE?2
(NODE2>NODE1).

notes/

1. The signs of the point loads should coincide with the directions of
the corresponding axes.

[CARD ENTRIES 10.7 Prescribed Displacement Card ]

Skip this entry if NCDL=0.

Supply NCDL number of cards if NCDL>0.



Input -

249

FORMAT

NODELIDI,GISPLNODE?2 for 2 and 3 dimensional analysis

note columns

notes/

variable

NODEI1

ID1

DISPL

NODE2

(215,G10.0,15)
entry
Beginning node number.

Degree of freedom code.

=1, Displacement applied in x-direction.

=2, Displacement applied in y-direction.

=3, Displacement applied in z-direction
for three dimensional analysis.

Prescribed displacement.

Ending node number.

=0, The above changes only applied to
node NODE]1.

>0, The above changes applied from
nodes NODE1 to NODE2
(NODE2>NODEJ1).

1. The sign of the displacement should coincide with the directions
of the corresponding axes.
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5
3 - 6 Nodes Triangular Element
—@— 2
4
S
7 o3
6
——p T
4 - 8 Nodes Rectangular Element
45 -® 5
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Figure E.1

Types of Elements Available in SAGE.




APPENDIX F

INPUT FILE EXAMPLE

A simple confined compression test under plain strain

conditions was selected, as an example to demonstrate how to set up

an input file. The finite element mesh is shown in Figure F.1. Four

elements with 21 nodes were used for the finite element mesh and it
was loaded by prescribing vertical displacements in small increments
under a constant confining pressure of 35 MPa. The analysis was
carried out with weakness planes orientated at T =35°.

The parameters selected for this example are summarized in

the following table:

Elastic Deformation Strength Parameters
Properties Peak Residual
E;1=91.5 GPa Cmax = 95.1 MPa Cres = 0

E> = 59.1 GPa Cmin = 7.05 MPa Dres = 20.0°
vy = 0.204 Omax = 67.1°

vy = 0.331 bmin = 20.0°

Go = 24 GPa

The analyses were carried out in 5 steps, summarized as

follows:

1. Step 1 is to apply uniform stress of 35 MPa to all the elements.




2

Lh

2. Step 2 is to apply vertical pressure to elements 1 and 3 until the
peak strength 1s reached.

3. After the peak strength is reached, steps 3 to 5 are to apply
uniform vertical displacements to nodes 5, 8, 13, 16 and 21 to

calculate the stresses at residual strength.

The program 1is stored in CDC Cyber 175, at the University of
Calgary. Cyber 175 is the front end of the computer system which
performs the editing function and the storing of the input and output
files. The iame of the source code is called SAFEANI205, and the
object code is called SAFELO. The actual execution of the program is
carried out in CDC Cyber 205 which is called the back end of the
computer system. In order to submit a run, a batch file is created to
transfer the input file and the object code from Cyber 175 to Cyber
205. When the execution is completed, the batch file will then
transfer the output from Cyber 205 back to Cyber 175 for editing

and storing. The batch file is listed as the following:

/JOB

/NOSEQ

UOFAG620, STDEX.

USER,U=300620,AC=UOFA2 PA=PASS.

RESOURCE,JCAT=STANDBY ,WS=1500,TL=1500.

REQUEST,BHFIL6/1000.

REQUEST,T1/1000,RT=W.

REQUEST,T4/1000.R T=W.

REQUEST,BHFIL7; . 00.

REQUEST,BHFILE&/1000.
MFLINK,BHFILS,DD=C6,ST=MD2,JCS="USER,620,CECL","GET,ANITEST.".
MFLINK,MAPROG,DD=UU,ST=MD2,JCS="USER,620,CECL.","ATTACH,SAFEANI205.".
LOAD MAPROG,CN=GO/1000,LIB=F200LIB,L=0.
GO,BHFIL5,BHFIL6,BHFIL7,BHFIL8,TAPES=BHFILS5,TAPE6=BHFIL6, TAPE7=BHFIL7,T
APE8=BHFILS.
MFLINK,BHFIL6,DD=C6,ST=MD2,JCS="USER,620,CECL.","DEFINE,RESULT.".
MFLINK,BHFIL7,DD=C6,ST=MD2,JCS="USER,620,CECL.","DEFINE,RESTART7.".
MFLINK.BHFIL8,DD=C6,ST=MD2,JCS="USER,620,CECL.","DEFINE,RESTARTS.".



SUMMARY.
END OF FILE.

The input file is called ANITEST, and the output file is called
RESULT. RESTART7 and RESTARTE are files which store the
necessary information to restart the prograi» in case the <iecution 18
terminated due to insufficient computer iime assigned, or to resiart

the program at any intermediate Steps.

ANITEST is listed below:

PLANE STRAIN COMPRESSION TEST (TRANSVERSELY ISOTROPIC MATERIAL)

3 2 0 1.0 0 0 0 0 0 8 0
5 1 4 21 2 2 1 0 0 I

2 20 0.0001

2 20 0.0001

1 20 0.0001

-0.00635 -0.015875
-0.00635  -0.0079375
-0.00635 0.00
-0.00635 0.0079375
-0.00635 0.015875
-0.003175 -0.015875
-0.003175 0.000000
-0.003175 0.015875
0.00 -0.015875

0.00  -0.0079375

0.00 0.00

0.00 0.0079375

0.00 0.015875
0.003175 -0.015875
0.003175 0.00
0.003175 0.015875
0.00635 -0.015875
0.00635 -0.0079375

u—lu—awu-an-lv—t»-lr—lv-a;_‘.—n—tr—u—a—t»—aoocoo

0.00635 0.00

0.00635 0.0079375

0.00635 0.015875

3 11 13 5 7 12 8 4 2 1 0 1
1

1 9 11 3 6 10 7 2 2 1 0 0
1
11 19 21 13 15 20 16 12 2 1 0 2
1

9 17 19 11 14 18 15 10 2 1 0 1
1

405.0 0.000 0.0 0.0 0.0 91500.0



9
0.204 59100.0 0.331 24000.00 95.10 7.05
1.21 0.185 0.0 0.185 55.0 0.0
1.0 0.000 0.0 0.0 0.0 51500.0
0.204 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
STEP 1 ALL ROUND CONFINING PRESSURE=35 MPa ,ORIET=55DEG.TO HORIZ.
3 0 0 0 0 1 1
1 1 0 1 0 0
2 ! 0 2 0 8,
4 1 0 1 0 0
3 7 4
0.0 -35.0 0.0 -35.0 0.0 -35.0
2 6 3
-33.0 0.0 -35.0 0.0 -35.0 0.0
3 7 4
0.0 -35.0 0.0 -35.0 0.0 -35.0
2 6 3
-35.0 0.0 -35.0 0.0 -35.0 0.0
STEP 2 APPLY VERTICAL PRESSURE=-57.20 MPa TOTAL SiGMA1=-92.20 MPa
2 0 0 G 0 1 1
1 1 0 1 0 4]
3 1 0 1 0 G
3 7 4
0.0 -57.2 0.0 -57 20.0 -57.2
3 7 4
0.0 -57.2 0.0 -57.2 0.0 -37.2
STEP 3 PRESCRIFE DISPL.=-0.0000001 TOTAL PRESC. DISPL.=-0.0000001
0 O 0 0 5 1 1
5 2 -5.0000001 U
8 2 -0.000000: ¢
13 2 -0.600C001 0
16 2 -0.0000001 0
21 2 -0.0000001 0
STEP 4 PRESCRIBE DISPL. ACEMENT=-0.0NNNS TOTAT DISDE =\ n0NNSNY
0 0 0 0 S 1 ]
5 2 -0.0000001 0
3 2 -0.0000001 0
13 2 -0.0000001 ¢
16 2 -0.0000001 0
21 2 -0.01000061 0
STEP 5 PRESCRIBE DISPLACEMENT=-0.00010 TOTAL DISPL .=-0.0001501
{ { { 0 s 1 1
5 2 -0.0000001 0
8 2 -0.0000001 0
13 2 -0.60000G01 0
16 2 -0.06000001 0
21 2 -0.00006uG! 0

2 begin the execution of the program, enter "submit, batch, e".

The results of this analysis is shown in Figure F.2. This figure shows

whn
wh



that the material pehaves as a linear elastic, brittle, perfectl
material with yielding reached at the predicted stress lev
output file. RESULT, is attached at the end of this appendix
reference.
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vuseststy of Alherta

casssamerveansernow cessensemuavn sarsstmszmssesssumsnsnmuna assssscensw
sevssensrcussusnes resssasevens eesssuvrasvennamnan seensavsnn
. . »
. )
. 2 COMPUTER »PaQOCRAM sCa »
. ANALYSIS B FINITE ELIMEXRT cn
. ..
- .s
- $53555855¢° L YN ¥ N rrFFrTrE Y YTY FEEEEfERELELE * >
. £5855353355%5 XYY YV Y PR Y ¥ FERFEFCERELY tCEECCEEEEE Y .=
. $s ai b - [ 4.4 £
- 3 aa &a rr £E »e
- 55355533585 % I YYY Y YY R R¥-9-¥) FEEeEETaY SEREEETTEEEE ..
- $35535S3538553$ EYYY Y YYY PP Y2 FEFFFEFTP ECEEZEE ZEERE s
- ss aa aa e zE LR )
- %s La aa Fr e aw
L SE335S3355SS aa A r> ceecEeELERE aw
L S35S3SSE555S3 aa aa re EEEECEEREEREE LR}
. 2w
L LN ]
THIS PROGRAM I3 DEVELOPED ay DAVE » CHaNM e

DEPARTMENT DOF ClVviL ENMCINEERRIXC LR

UNIVERSITY OF ALSERTA. EDMONTON ALBERTYA L]

-a

ALL RITHMTE RESTZAVRD L]

L LR J
L4 LN

OF THIS PROSRAM ANG/OR

wARNIND THE DEVELOPER

WARREKTYY WHATSCEVER EXPRESEED OK ImM>(IECT.

IMCLUDING UPDATES . AnD THE OCCUMENT

THE UNIVERSITY OF ALBRERATA MAKES NO

TIOM ARE PAEE FRZM ZARDRY AND/CR DEFECTS

1§
n

e

THAT THNE PROGRAM AND ANY MODIFIZATIONS .

cEg » 0L & a

.~

PROJECT T1ITL
oave APR
THIS

1.

1 N F 0 R M a T 1 0N

ANISDTROPIC PLANE STRAIN COMPRESS ION TEST7 (NOVA BRITTLE MDDEL!

1987 TIME (MRS :MIN:SRC) 13:89:49

IS A SMALL DEPORMATION NON-LINRAR ELASTIC-PLAXTIC

TWO CIMENSIONAL PLANME STRAIN ANALYSIS

QCUBLE PRECIZSION ARITHEMATICS

To YT s L 3 TR & 5§ A % A L Y S$ I S IEPP ©
c o ¢ o0 LUV Ex
TOTAL NMUMBEAR OF STEPS Ik THNE ANALYSIS # 1 ANALYZ IS STARYS AT ETEP NUMBER 1
YUTAL NUMBER OF ELNMENTS (NEL) = 4 TOTAL NUMEBER OF NODES (MNNOD) 2t
NUMBER OF INTECRATION POINTS (NIP) = 2
WG. OF MATERIAL YTYPE = 1 THICKRRSE = 1.00000
IN-BITE T ISPLACEMERY CODE: (JOGR) « )
IDE 8 O, CISPLACEMENTS 'willi BE SET Y0 2ER0 APTER THE FIPST ANALYSIS
IDGR ¢ O, DISPLAZEMENTS AND STRAINS WiilL BEZ SET TER0 AFTER THE FIRSY AKALYSIS
IN-BSITE STRESS aml STRAIN CODE: (ISITE) = -]
ISITRE = ©, WO 1WITIAL STRESS IS GCIVEN
ISITE = 5, ONLY SICMA-rx witLi BE CIvEN
1S1ITE = 2, SICMA-XX AND SICMA-YY WILL BE CIVEN
ISITE = 3, SIGCMA-XX, SICMA-YY AND SIGCMA-XY WILL BE CIVEN
INPORMAT IOR CODE ¢ IHFORM) = )
INMPORM & 1, EXECZLUTION WILL SYOP AFTER DETEAMININDG THE S JE DF ThE CLOBAL MATRIX
INPORM & ©. PROCRAM PRAOCELED WITHOUT INTERUPTIONM

PRAINT-OUYT CONTADL (IPAINTY)
1PRINTC1) » o DISPLACEMENTS . STAESSEE AND STRAINS PRINT-OUT
IP IPRINY(Y) ®» O, KO PRINT-QOUY 13 REQUIRED BURING EQUILSE ITERATYIOU ONLY FINAL VALUERS &AE
17 TPRIMY(1: > O, INTERMUDIAYE RESULYS WILL Bt CIVEN FOR TVERY YPRINT (1) !TERATYION
1PRINT(2) » o UNBALAMNCED LOAD YRCTOR QURING EJUILB. 1TERATIONK
1P IPIENT(2) »w O, WD PRINT-QOUT 11X AREQUIRARD
17 IPRINT(2) 5> ©, UNEALANCED LOAD YECYTOR wiiLl B€ Clvin FPOR SVEAY IPRINT(1) IYERATION APOVE
IPRINTY (3 © FINAL UNBALANCED LOAD VECYOR
17 IPRIWT(3) @ C. MO FINAL UNBALANCED LOAD VECTOR wiLL B PRINTRD
17 IPRINT(3) > O, FINMAL UNBALAMCED VYECTOR witl SE CIVER
IPRINY (&) & [ ZILEMENTY LOAD VECTOR
1F IPRINY &) @ ©, O ELEMENY LOAD YECTOR wiil 82 PRINTIC
1P IPRIMY > O, ELEMENT LOAD VECTYOR FOR SURFACE TRACTION WilLL B8R PRINTED

IPRINTI8 )

d ° LISYING OF DRCARRS OF FREERDOM

PRINTED




¥ JPATRY (R, = O.
1F 1IPRINTIB) > O

RE oIS INC OY SECREEY OF 1434 4 1 e 2 4

BINARY OQUTPUY CODE (1TaPR: @ <
1

FRTNYED
LISTING OF DEGREES 0OF FAEZEDOM wiLl BE PRINTED

1Ta ¢« CmR s © ANLY CONVERLZED RESULTYS will SEf SYORED 1IN TAFPE o =
1" I1TAPS > C. AESULYS OF THE LATESY ECUlLBALlUM ITZRATION TR P iNAL AMEBLLTS OF TKE LASTY STES
wiliL SE STORED Im [TAPS "6()
PROCRAM RESTARTING CODE | 1RMES) o < -~
IF jnEgs ¢ OM = O PROCRAM AZSTARTY 4T THE BECINNIWE OF TWE LOADIMC STEP
17T 1mEg3 s 1 PROGRAM RESTART [N BETYWEEN LOADINGC STEPS
ABDIY1JNAL DLTRPUT CCODE !TAPR: ® <
1F [Yary <« T O ~C ACDIYION&EL UTPUT IS MEQUIREC
1v 1toamy > O AQODITIONAL QUYPUT INODICTAYINCG THE CONMvERCINE CHARACYERISYIC OF Twt PROBLEM 13 PROVIDED InN Fl (€ [Tarsg
NUMSER COF F1LEf PROVIDE 1w RESTARTINC FILE =
EQUILARIUM JTERATICN
MTTHOD OF EFOU!LBRIUmM [ TERATION 1EQM: » N
1EOM = FULL. NEWTOW-RAPMSON TTERATITN
leom = O FLLL NEWTCN EVERY OYwWE® | TCRATION
Fom = 2 fLLlL REWTDN EVERY SEZONC !TERATICN E7C
MLEIMUY NUMBER FCR EVERY L CLD INCAEMEN® =“ITEQ b4 s
CLNYERCENZE TC.ERANCE ‘ECYCL. = [ 1COO0E-C3
17 2oTp. !S5 LESS Tmas OR EOUAL YT leEnRe CEFauLT '3 © oc
LITKEN ACCELERATO® DURING MODIFY WNEWTON-RAPHSON (TERATON C1EClY ® <
STRESS CALCULATION ITERATICON
METHMOD OF STRESS CALCULAYION ITERATION (13M) & 2
i3m s LLER FORWARD ZTHEME
12oM a 3. [MPROVED BULER SCHEMZ
leom = 3 AUNGE-RUTTER METHDOD
WUMBER O0F SURINTERVYALS OURIKC STYRESS CALCULATICON tM1TS)y & 10
CONYERGENCE TOLERAWIE (3TOL) @ Q. 10000R-03
17 $STOL 1S LESS TWNAN OR EBOUAL TO TEAD. CEFAULY 18 o 001
KO-TENSIION ANALYSTS
CODE OF NU TEMSIDN AANLYSIS (INTM) = 1
I7 IMTM20C AL MATERIALS ARE LAPABLE TO IUSTAIN TEX3 ION
INTM > © SOME MATEAIALS CANNCY SUSTAILIN TENSION
MAXIMUM KUMSEE OF I1TERATION ALLOWED TC DETERMINE PRIMCIPAL STRESSES Ik 3- DIMENIISNAL ANALYSIS (MITNT) » o
CONYERGENCZ TOLERANCE 1K 3 -DIMENSIONAL ANALLTSIS FTNTOL G = IR Y-T-T-1-] 3L R }
1Ff 7TwTOL 1S LESS TwAN OR EOUAL YO ZERD. DEFAULT 18 p-1% .
% 0 O & L €C 00 R DI N &T ES
NQDE 1-Z200RD ¥Y-COOAD %) v NoDe x-COQCRD y-COORD u v NOoDE E-COORD v-CoOORD W v i
T -0 SJIFODCE-O2 -0 I1B8TSCE-OY < -] = <0 §395000L-G2 -©0 7337%0r-02 c M 1 -0 E3s00c0t-02 o o © ' «
4 -¢ 6130COE-02 © 783730 -02 =} 1 5 -0 EXIBOCOE-C2 c 1587%0E-0O1 c 1 ¢ -0 317%00E-02 -0 TSOE -0 ) © '
7 -0 . J217500E-0C2 o o 1 1 8 -0 317%300E-012 © 15a780t-01 1 1 [} o © -0 1 T60E -0 1 o 1
10 © © -0 78378 0E~-02 1 t 1 ©c 0 (-] 1 1 12 o ©° o 7937802 -03 1 1 v
13 © © © 1887%0E -0 1 1 18 © 317800E-02 -O 1 © AR 3 ©.3178008-02 o © Al 1
Te ©. 118002 -C2 © 183730E-O1 1 1 Ty © §38000Eg-02 -0 1 © 18 © $33000CR-02 -0 733780R-02 1 '
te ©.838000E-02 TR v 1 20 0 838000K-02 © 1 3 2 © #3%000R0-02 O 1E8780R-01 1 A
g
L
i
ELE ~ 0o ° &t Wy 3 E RS TP 1S 1C 1B 1M ELE N O D E Moy m s g RS TP 18 1C 1B 1m "
i
' 3 10 1 s T v 2 a L 2 < 1 A 2 1 s 1 13 to 7 2 2 1 o [ Al
) 1 ¥ ] 21 %3 18 16 12 2 o 2 1 . * 17 1 1% ta e e 10 2 v o ’ l
.
MATERIAL PROPESNTIES FOR ™MOUDEL NUMBER Al LINEAR ELASTIC I!3DTROPIC MODEL t
et et eemceeuctemvanesame-mesmaceseoa . .- .
Mart TYree MCOEL Y. STETWN X 8CDY POuCE Y SO0V FORCR 2 poCcY FORCE g-mMOopDULUL [ 4-R ®RATIOD EMPTY
ZM®TY EmpTY EMPTY EMPTY EMPTY EMPTY EMPTY EmmTY !
i 2 1 (-] 9.0 o © 0.0 7800 © 20800 ©.0 (-] ‘
o.C 0.0 (-2 -] ©.¢ ©.© o © 0.0 0.0 H
|
‘ MATER 1AL PROPERTIES P32 MODEL NUMER: 108 ELASTICS LASTICS TRANSYESSELY ISOTROPIC KODEL ‘
LIV TYrg MmOTEL tTEN. STCTN X-8BO0Y FEWCE Y-300Y PORCTE 2-800Y FORCE eEin) x3IL. 211, RATIOD(NW) BRD aNGLE |
i COWMIP) COWIPS PRICT(F) FRICT(P) CONIR} FRICT(K) 2{(¥Y) MDD rO0f. RAYIOtY) EMRAR (V) MOD.
l (MAXT) ¢mINl) (Maxt) (aiml) I
i \) 408 . 0.0 0.0 0.0 0.0 S1800. ©.204a00 88 . 000 |
' o8 100 7.08500 1.2100 16800 © . tasoo se oo .33100 34000 '
| |
|



4w & TS 1S s t e ® N .= .
avsssusnssssasssarsesssatiuLl eese
1
261
YITLE FORM Tmis STEP STE® 1 AL, MOUND CONFINING FRESSUNEeISmPa ORIET=SSDEC TC wOR12Z )
NUMBER DF | INE ITNPUT PFOR NEW ELEMENT . 1
MU~ f® 0F L INE INPUY POR NEW NDDES . c
Nus "G DF _InE INPUY FO® SLCPE BOUNDARY : <
N a Cr LINE IwPUY PDE NEwW POINT (DAL H T
NUMBES OF L_INE INPUT FORM WEW DISPLACEMENT T <
NUMBEA 07 [ OAC [NMCREMENTS . .
LOALC INCREMENT BECIN AT INCREMENT WuMBER f
remFw FLEMPNTY LCDED OR DELETECe»
(K- L M-I 2 z 1e e Lo
. - c . <
3 3 . c 2 o
4 a M -] . c
SCTL, TETARE CF TREELLCm 22 MAX WEL” BANCWITT™ » te gL . 1y STIFFNESS MATRIX STTIE ® 37
i
STE® NUMBER = N APPLIED LOAD INCREMENTY = 1 ITERATICN @ <
v
s B
u-018%L v-DlsSPL NODE u-Dl3rL v-Dl1sSPL NOQER [EX-B& 149 v-DISPL
R t o o© o o 2 oo -0 18340C0E -0% 3 o v® -0 3J28800E-0% a ¢ o -0 4vO200E-08%
s c o -0 S$s330tE-0% § -0 101623E€-08% ¢ © 7 -0 101823E-0% -0 J26800E-0F 8 -0 101623E-08 ~-C $E380'2:08 ¥
9 -0 203244E-0% o ¢ 10 +0 203248€-06 -0 16%800E-0F% 11 ~0 23032 E-05 -0 J7s800%-0% T2 -0 203248€-0% -0 4pOIOCOE-OS !
'3 -0 203746E-OS -0 $83801E-OF 14 -0 3JOsSEIPR-0L ¢ O 'S -Cc 304363E-0S -0 312880CE-0S 1€ +C 3048EWE-O03 -C E883E01E-OS
t7 - e-o08 o o I8 -0 4064&432F-08 -0 18§3400E -0S "9 <O 408AS3E-O0% -0 12L800E-0OS 20 -0 QUESS2E-08 -0 423DIVOCE-OS
sy -0 2E-0% -0 §838012-0%
[ S L s vt &R g $ S§S £ S A N O s TR A1l NS
1d x-C00AD Yy-CDORD v CHMAa-vY SICHMA-XY S51CmMa-21 SICma-? S:GmMa-3 anfL e YigLd S§YGTH-2 ¢
SICTH-3 STCTw-& S ARESF R KRN CAMMA - XV STRAIN-22 STRAIN- STRAIN-I ANGLE STETH-§ STLTH-8
, sescesms STRESSES ANMD ST T HUMRER Yesssemms 1
"1-0 B008E-02 © 1I3IREE-02 "% LSV O © 29CAE-14 -C 18028+02 -O 3IBOOF+02 -0 IBOOE-1T ©c o ~C. 21012202 © 28310&e02
: © 12108e0) O YOBOEeOY - -0 ,uER% 93 O 10B4E-18 O © -0 3088k-03 -0 301" - € I¥Y19E-11 © 1380fe00 O ©
112-©0 sOOCBE-02 O 128TIE-0Y 2 14COEe02 +C BI2IHE-"A4 -O 1802E¢02 -0 FEOCE*02 -0.3800E.QZ 7 © *0.210 <072 C PH10Ee02 !
© 13108+01 © 708QE+0Y 7 «0 " CGUPE-03 O 21683E-18 © © -C 20B9F+0N -0 JIOVE-O3 -0 343IPL-'3 O 1880Fe0O O O
121-0 13422-02 0 33882 -02 - JCO0Te02 © 113SE-13 -O© 1802E*02 -0 JIHOCOR+0T -0 JIWOQEeO02 © O ‘©. 2101FeG2 O BB10Re02
i 0 1210201 © Y0RGRe0 - BRI T2 ] © a3ly’7z -1 ©.© ~9.20882-03 -0 32012-0) 2 1088E-12 C 1880800 © o |
t22-0 1342¢-02 © 1232E-01 S RicRe0R © 23728-13 -0 1502€«02 -0 3800R+023 -0 1800R«+02 o O -0 2101802 O tE310Fe02 |
W GETET & YOI0Fe0r & JIOTE-8F -C¢ scksE-63 - SLTRE-TI EG -CT208¥Y-0T ¢ JToTE-©3 C T TiYEE- X CEAR Y E-1LEXT) . .
- cees STRESSES AND STRAGNS N ELEME - NUMBIER Jesasencs {
). 2tE+02-0 1282L-01 -OC 3JSOOE+C2 -C 1BCCEe02 O SBSEE-1S -O 1HO2E+02 -O0 350CE+02 -0 .800EeO: © ©° -0 2V01E+02 © 8E10Ee02 |
JEe01 © T08LO0E¢0! -O 3201£-03 -0 2088E-03 C 2033IE-‘° c o -0 20%8E-S3 -0 l201E-02 C So29E- 14 © 18850Ee00 O ©
., $~08E-N2-0 I3ISSE-02 -O 3SO0O0E*O2 -O 3IFOOE+02 O $02I5-14 -O 1BO2E+O0Z -0 3ISOO0E+02 -0 I300E+02 © © -0 21018402 O 8$§10LecC2
© 1ZVCEeC1 © 7CIDE+01 -0 I201E-O03 -0 2039F-03 O FICIL-tE O © -0 208%E-C3 0 3201E-03 © $524£-13 O 1880Ee0C C© O :
13422-02-0 “"282E-01 -0 JIBOOE+02 -0 2B0CEeO2 © 252%E-11 -©C 1802B¢02 -C 38500EfeC2 -0 JISODE+02 c © ~0.2101E+02 © 831 202
210EeO01 © TNRQOLeOY -O J201£-03 -© 2WEIE-0I © 7420E-"8 © © -0 20802-03 -0 3J2012-0) o 1881217 o 13802eCQ o © H
1 5 13432-02-0C 1I3§SE-0J -O 3300E+02 -O 3ISOOE+02 O 8ICTEZ-14 -O 1802E+02 -O IZO00E+O2 -0 3500E+02 o o 0. 2101E+02 O 8§102«02
© 12'02+01 © T0302+01 -0.3x01E-03 -0 2088E-03 -0 2270=-18 o ¢ 0 2089L-03 -0 IJ01E-03 -0 SIGAE-1] © 1880C*00 c ©
L} Lad e STRESSES A0 STRAINS !N ELIMEKT NUMBER 3esessans
"1y % 1382E-02 O0.3336E-02 O IS00E+C2 -0 JIBOOReO02 -O $92PE-14 -O 130328+02 -O 3S00L+*02 -0 JIE00Le0C2 © o 0 21018+02 © S8 fge02 |
! © 1210201 © TOS0Z*01 -0 32014-03 -C 2089E-03 -O 2188EK-)13 © © -0 2 ?2-03 -0 3201€-03 -0 B&3ISE-13 © 18B0Re0O ©c o !
12 © 12438-02 © 1282E-01 -0 JIBSOOE+0Z -0.3800R+02 © 11888-13 -0 130528+02 -0 3E008+02 -0 IFO60E+02 ©o o ~0.210tRE*02 © . 98108+ 02 |
© 17T'0PeOt © TOSOEeOY -O JIIOIE-OI -0 2088E€-03 © 43137¢- o © -0 2039E-03 -0 120'E-03 © 1088E-12 © 188CE+0C0O ©.0 |
2t © s008E-02 ©0.23138 02 0 3IBO0E«02 -© 3IBOOE+O2T -O BI3VE- «C 1802E+02 -0 3IBWORSO 2 -0 . INOO0ORe02 o ° 0 2101€+03 C PhiNEvaa
| © 12102401 © 7080E¢01 O 3221203 -C 2088£:03 -0 .21148E~ (- 0 20882-03 -0 1201E-0) -0 B303E-12 © 188B0%¥e00O c .0
23 © $008E-02 O 1282E-01 -0 .33008¢02 -0 3JIE00R+0Z o 4c002E- -0 18C22+02 -0.3300k+02 © JkOO0Ee02 © ° 0. 2101202 ©.%8108ec2
| © 1210E«01 © 7030E£+01 -0 32012-03 -0 2088R-03 © . 14848E - e o -0.2089E-021 3J2012-03 ©.d8718-12 © 1880E+00 ©.0
' semeasns STREZSES AND STRAINS A ELEMEWT suMBRR anw =o=s
vy o 1382g-02-0 * *"2-03 -0 3BOOP+02 -0 JIHOOEvO2 -O eve - -0 130287202 -0 3‘00!'0? +0 .3300Ee0c2 o ©° *0.210124¢012 © .95102+02
© 1Z2°0EeCt O “s0y -©.32012-01 -0 208CF-23 -G TRJ1E- ©.o “0.20880-05 -0 .JACTE-VF -0 4LIASE-I] 0.1880R00 ©.0
12 0 1343L-02-0 L r&k=02 -0 3300R+02 -0 JE00LeO2 ©.J0948¢L~ “© 1802E*0Y -0 .3800E+02 -0.3300R~02 ©.0 ~0.21018+02 o .
© 12108¢0) ©. 728OL¢07 -0 .32012°-G3 -0 208E2-03 ©.T7887C~ o.0 ~0.2088E-03 -0 .320%12-03 ©.t8218-12 © 1880800 ©
21 © $0C2E-03-C.1232E-01 -0 .3800E+02 -© 3800802 -0 4E70E- -0 1802LF*02 -3 3B8002+02 -0 .3300E+02 0.0 *0.21012¢02 °.
© 12 2401 ¢ T,00+01 -0 3201E-0) -0 208 ~03 -0 .1874AR- 2 0 ~¢.20832-03 -C .33012-03 -0 4198C~12 © 1860R¢00 2
23 © 80°82-02-0.3338€-02 -0 3800F+02 -0.3800R+02 G 83a7E- ~0 1802€eu_ ©.3800E+«02 -0 .38002002 © © “Y 21C12e02 o
© 1210ge55 O TOROE+01 -0 .32012-01 -C.2088%-02 ¢c.3083E - c. 0 -0.2¢762-03 -0 32012-03 © © 18%0R+D0O -4
S U ™M M A &V o r C Om ¢ UTYT RN T 1 Mok
MEsssustsIEsEsECIOIER ERIRESSRELDERR AW
ITERATION STIPYF REPORM EOLUTICN TIME S$TRESS CALCUL .
tMIle) SEC . Ml Ll SEC ) iMlLLl 3EC.)
: ' " )
: ToTay ' [}) . =3
TIME 1N POR THIS STEP = t81 MItil! SED
TIME QUY FOR TWIS SYEP s 387 KiiL! SRC
TIMR LLAPSED FOR TKIS STEP = 253 M(Lt! SEC

€ %D
BN EtEFIC AP ORNINGE RSP RNRESIIBINNSEAVARY S

cr T Y E P

Ny Mg ER 1




esnsaretivans

.

. £ COMPUTER PROCRAM ¥OR

. SOIL ANALYSIS 8 FINITE ELEMENT

.

- £T58855555 5 PN ¥ Y. ¥-9-FAREY fewEsprgr vre ECERELEREELE

L] 55585555555 5 hAbbLALLLA . srpEARNERETY EEECLEEERCEL

. ss S ‘“r EL

. s e . EE

- 5:%£35555585 ZaaAdatasadad FroRErEer CTERELCEEEEETE

» $5$555358SS «“AbAb0ADALAD tewparrrr ETEEEEEECZERE

. sS aa as e et

- 53 sa aa ey et
$33ETTLITTSS sa A er

TECECPCEREEE

SS8SEII585 5 aAA Al re ezeEeceeeEEte

~nig PROGRAM 1S DEYELOPEC 3Y DAVE
DEPARTMENTY CF CIVIL ENGINRERING
UNIYERSITY OF ALBERTS. ZDMONTOW ALBERTA

CHAN

ALL RIGHTES RESERVED

sessrhL inem
sEssamseLiam

WARNINC THE DEYELDPER OF THIS PROCARAM AaND/UR

THE UNIVERSITY

WARRENTY WHLETSODEVER EXPRPESSED OR FMIL1%D

INCLUDIKG UPDATES .

THAY TwE PRIOGCRAM AMD aANY

1o

R EEENN]

OF 4LBINTL MAKES ND

MODIPFICAYIONS

tJy

AND THE DOCUMEN ATIC: ake PREE FROM CTRRDRS AND/IR CEPECTS
—
C E w & % & L 1 N7 O K wm a8 T ) 0N
PROJECT TITLE ANISOTROPIC PLR2YE STRAIN CCMPRZSS 10N TEST (NOVYAE BRITVLE MOODEL:
saTe ArR 1, ‘a7 TIME (HRE-MIXK:SEC) 138 OB : 80
THIS 15 & SMali ODEFORMATION NON-LINKEAR ELasTIC-PLASTIC
TWD CIMENSIONAL PLANE STRAIN ANALYSIS
POUBLE PRECISIOK ARITHIMATICS
T T AL s TR 2 %S 8 N A L ¥V ) 3 -EPF = o
cC oo © L ve x
TOTAL KUMBIR QOF STRPS [% TWHE ANALYSIS = 2 ANALYSIE STAATS AT ETEP NUMOER = I
TOTAL NUMBER CF RLEMENTS (KEL) = 4 T8TAL HUMBREA OF NODES (NWOD) = 21

NUMBER OF INTEGRATICON POINTS (NiP) ® 2

NG . OF MATER]AL TY®ER o 2 THICKMESS ®© 1.00000
Ik-BITE DISPLACENMENTY CODE:
1062 * O,
10GR < o,

{1DCR) = :

DISPLACEMENTS WiilL BE SET TC QERO AFTER THE FIRgYT AnNALYSIS

DISPLACEMENTS aXD STRAINE + . VL SE $2T 2ZBK3 APTER THZ FIRST ANALYS!S

I1M-S1TE STRESS AND 3ITRAIN CODE -
1S1TE » ©, NO

t1s1YRY w [-]
INJTIAL STRESS IS GCIYER

1SITE = 1. ONLY SICMa-Irx wiliL St clvew
ISITYE a2 2, SICMA-XX AWD SICMA-YY WIlLL 2f CIVIN
1SITE » 3. SICMA-XX, SIGMA-7YY AND SICMA-XY wWiti BE CIVvEM

1WPFOK7:<Y10N CODE
Turonm e 1

(1NFORM) = o

EXECUTION WIL. STOP AFTER DETYPRMIXING THE SI2Z OF THE GLRBAL MALYR T X
INFORM s O. PROCAAM PROCEED WITHOUY INTERUSTION
PR INT-0OUT CONTROL (IPRIOT)
IPRINRTOYI) & o DITPLACEMENTS . STRESSES AND STRAINS PRINT-OUT
1P IPRINTI1 3 O, WO PRINT-UUT IS RECUIRED DURING Eoull®l IYERATION ONLY FINA. YALUES ARE
IF IPRINT(1) > O, INTERMEDIATZ “€SULTS wiLl Bae CIVEN POR EVERY 1PRINT(1) ITERATIOWN
IPRINT(2) ¥ [ UMBALANCED LOA: VECTOR DURIME EOUILE. I1TERATION
1¥ IPRIMY(2) ®» ©, MO PRINT-OUT IS REOUIRED
17 JIPRINTI(Z) ©., UNDALANCED LOAD VYECTYOR WILL BF G vaM POR EVERY JPRINT(1) JTERATION &BOVE
IPRIGT(Z) ® ° FINAL UNQALAWCRD LOAD YECTOR
IF IPRINT(Y) = . MO FINKAL UNBALANECED LOAD VERCTOR w,Li B8 PRL1STED
IF 1PRINTLII) O . FINAL UKRALANCED vECTYOR WIiLL BR sivan
IrPRINTIA) & o ZLEMENT LDAD VECTOR

ND ELEMZNTY LOAD VYECTOR WiLL 2% PRINTYED
LEMENMY LOAD VZCTOR FOR BURPACE TRLETION wiii SC PRINTRD
L1ISTING OF DEGRERES OF PREEOOM

(-]
©
1IF IPRINT(&) o &,
ir IPAINTY > ©, €
1PN INT(S) = [}

PRINTED




TYWRYEEN T L

T FRTNYED

Y s - [RE4 H
17 1®PAINT (B, 3 O, LISTING OF DEGREES OF FPREEDOOM wWilLi @2 PRIXTED
siNaARY QUTPUY CODR (1TAPE) = ]
¢ J1APS ¢ O ® © ONLY CONVERGED RESULTS wilLi 3F SYOHED IN TAPE o 7 ”
1r I1va > © REZULTS OF THE LATESY BOUILBRIUM [TERATION OR FINAL ARSULTS OF THE LAST STEP a— 6 3
wilL BE STORED Iwn (Tars
PROCAAM AESTARTING CUBOE (1RES) @ ©
17 1mES < OR e« 9 PRADGRAM RESTAWRT 2T vHE BECINMIMEC 0F THE LDADINCG STEP
1 IAPS o 1| PROCRAM AESTARY |nx SEYwEEN LOADINC STEPS
400DIT1DOmAL CUTPUT CODE ' jTare ) s <
ir tYyaes ¢ o NG 80DITIONAL OQUTPUT S REOUIRED
¥ 11TaPe » ¢ aDDITIONAL OUTPUT INDICATING THE COMVERCING CHORACTE®ISTIC OF THE PROBLEM 1S PROVIDED [N FILE 1TARPS
NUMBR® OFf F 1. g PROVIOE 1% NESTARTING fILE o N
EOUILORIUM | ERETICN
METHCD OF EQUILBRIUM (TERSTION ' €O0MI ¢ H
lgom = FULL NEWYDON-RAPWSON [TERATION
JEOM & 3 FL,L WNEWTON EVEIRY OTHEFR I TZRETICH
SEOM & 2 BULL NEWTOMWN EVERY SECOUND ITERATION ETT
MAEIMUM NUMBER FCR EVERAY LOLD [NIREMENY (MITEOQ: = A
CCHMvERCENCE “DJLEBAANCE (ECTCL ' = ‘ 10O000OE -0
if ECTOL. IS (€SS Tmam O EQULL. "I 2ERD ce=apL? !S o 0O
LITaEN ACSELERATTR DURING MODIFY MEWTON-MAPHMSON (TERATOM (IJEOIT: = c
STAESS CALELLATION {TZRATICHN
MEYTHOD OF STRESS CALEULAT{SK UTERATION (JSMi = 2
1SM » 1, BULL™ PFDRMARQ T WIME
JEOM ® 2, IMRRC Y. &L 7E TCNEME
IBOM » 3 RUNCE KTtk WEYNOD
MUMBER OF SUBINTERwALL DUATLS STRESS TALCULATION (MITS) » 10
1 CONYEZACENCE TOLERAWSE (SYQL., = o 10co0E-03
IF STOL 1% LESS TwASN wn ROUAL TC 2ERO, DEPAULY 18 O oO1
! MO-TENKSIDON ANALYSIS
! CODE OF WO TENS ION AANLYSI IS 1INTWM) @ 1
: 1P INTMeO ALL MATEZRIALS ARE CAFPABLE TU SUBTAIN TENSION
INTM > O SOMZ ™ATER1ALS CANKOT SUSTAIN TENSION
M KIMMUM XUMBER OF ! TERATIO. ALLOWED TC OETEKMiKE PRINCIPAL STAESSES N 3- DIMEKSIONAL ANALYSIS (MITHY) = o
CONVERCENCE TOLEZAAKCE [N J-0IMEXIIONAL ANALYSIS (THTOL ! « 0 100002-1H 4
IF INTOL IS LESS THAN DR EQUAL TC Z£RD. DZFAULTY IS E-18
N 0 C 3 ¢ T D Cr
n0oDE X-COORD v NoDE x-coonp Yy-CcOORD %) v MODE X-COORD Y-COOKD u v
0 S3IBOCO0E-02 -0 1%3780EL-0O1F o ] 2 +C $380COR-02 -0 T783T7$0E-02 © 1 3 2 83Is000¢-02 o © [ 1
4 -0 838000E-02 & 7IITEOR-G2 o ' 5 -0 s3s000L-02 © I80¢-01 © i € 'O T:7GO00CE-02 -0 1§87$OE-O! 1 E
9 -0 3178008-02 -] 1 t 8 -0 117800E-02 © 188730E-01 1 v 9 © c ~0 . 1EBTBOCE-O1 1 [
. te o © -0 781780R-02 1 1 11 ©o o -2 -] 1 i 12 ¢ © O.T¥3780E-02 l 1
‘ 13 o o o 188780201 1 1 14 © J17300LE.02 -© 188750E-O 1 o '$ ©0.317800E-02 © O 1 1
10 © J17800E-02 © 184780R-01 1 1 17 © §3B0COR-02 -C 182780C-01 t -] 18 © 6§33000€-02 -0 7T"3ITNOE-C? A t
ts ©0.8180002-02 O© O t ] 20 © §380008-02 ©.733760C-02 1 1 21 ©.63800C2-02 ©. 18B7L7L-C 1 1
)
1
TF IS 1C 18 X eLe W oD E N U M3 E RS ™ 1S IC 18 Im
\ 3 T 1 1 k4 12 f 3 a 2 1 -] 1 i} 2 ) ] 11 . 10 ol 2 2 ) -]
i 3 (R 19 21 13 15 20 tE 12 2 1 o 2 1 . L] 17 ] 1 1e '8 5 10 ? 1 o
t
MATER IAL PAOFERTIES POR MODEL NUMBER 1 LIMEAR ELASTIC ISDYROPIC MODEL
Ay TrrpeE MODEL TEN STCYM X J0DY FORCE Y BODY FORCHE X 300DY FORCE E-MODULUS PO . RATID EMPTY
| EmMPYY emPT Y EMPTY EmMBPTY 2P YY EmMPYTY gmMPTY EMPTY
. H 1 .S SIS v © 0. ¢ s 3238 S Toe0C [T <) Q.0
i 0.0 ©.0 ©.0 0.0 c.o ©.0 0.0 .0
i
¢
!
i L PROPERTIRE FOR MODRL NUMBER £¥-11 ZLASYICS PLAKSTICS TRAWSVERSELY 1SO0TROUPIC MODEL
)QAV MODIL TENR STGCTH 2-B0DY POARCE Y-BODY PORCE 2-300DY PFORCE Ei(H) wMDD P01. RATIO(NM) BED. ANGCLE
COHIP) COM(P) FRICT(P) PRICTI(R) SOMI(R) FRICTIR) E(V) MDD POI . RATICtY) SHEAR(Y) MOD .
(MAXKT ) (MIN]) (MAK]) (Miny)
! a08. o © ©.0 0.0 c.0 t1800. ©.310600 8% . 000
{ 88.100 Y.0B0O 1.2100 - 18800 .0 . 188600 s®ioC .33100 2&000 .
!



A WA . v S 1 s
IEEEEY RN RN NN

N U ™ B E R :
assyeemessammtags oy

264
TITLE FOR YH!S STEP STEF 2 amPLY VERTICAL PRESEURES-E7 JOmPa YOTAL S{CMAla-82 IOmPa
NUMBEA OF “INE INPUT POR NEW ELEMENT . 2
NUMBER OF L INE INPUY FOA NEw NODEX ® c
NUMBER OF LINE INPUT FOR SLOPE BOUNDARY : [
NUMBER OF L INE INPUT FOR NEw POINY L0ap 3 ©
NUMBER OF LINE INPUT FOR NEW DISPLACEMENT z c
NUMBE®R OF LCAD INCREMENTS = A
L0480 INCREMENT BEGIN AT INCREMEMY NUMBER s '
sonEw ELEMENY ADDEDY OR DELETEDe s
FhOM E. TC EL 1S 1T e [
' 1 c 1 c
3 3 N < c
TOYAL, DEGREE OF FREEDOM = iz Y% 3 HALF @ANDWIDTYTN ND DlA EL = 19 STIFPNESS MATRIX 517E = 37s .\
STEP NUMBER @ 2 APPYL IEC LOAD INTREMENTY & 1 ITEMATION = ©
'
N C D & b o ! 8 P L ACE ME N TS :

MODE u-olsPL v-DISPL NODE v-pIsrL ¥-DlsPL NOoDE u-o1s8: v-D1sky NCDE u-DISPL Yy-ClisPL !
Al 0 © ©o.0 2 ¢ o -c 708282£-0% 3 © o 0 14129CE-04 4 © o -0 IV1187782-04
s ¢ © -0 2828012-04 1] o sy00TIE-0" © © 7 © 8700718-0T7 0 141280E-04 ) © 270071 -07 -0 J82BO1E-O8
» O 1740188 -08 o .0 1o 0 1740582.C8 -0 7CE282E-O% AR © 174014%Z-06 -0 1841350€-04a 12 2 174014E-C8 -O 21': AR -O4

13 © 174014E-06 -O 2328012-04 ‘4 0 2861021E-08 © 8 © 2510212-08 -0 141280F-048 8 C 28102108 -0 2R.% .+ -DA
7 o Jasozsz-of o o A 0. 348028E-06 -0 TO8232E-O% 8 © 348028T-06 -O 1412%0E-04 20 © 348C282-06 -O 111¢” 2-08 .
21 © 34a028E-08 -O 232BO1E-0O4
E L & ™M ENT s TR g 3 S £ S & N D S Y R a1l NS
1 y-CODKD SI~Mma-z SI1SMa-VYY SI1CMa S1IGMA-22 SIGMa- 1 S1Ema-) ancLe Yiewpo
ETCTH-a STRAIN-XX SYRAIN-VYY GAMMA-¥Y STRaIN-22 STRALIN- STRAIN-] ANGLE STCTH-3
STRESSES anD STRAINS IN ELEMENT hUNI!l 1. caes®

[11-0 SO0OBE-02 © I3ISKE-CT -0 . 380DEe¢0O2 -0 §230E+02 1334%-13 -0 .2308EcD2 -0 JISOOR+02 -O $220E+02 o 1336E-13 -O 930BE-O1 o ).
© 12102403 © 7CROE <01 © . 27408-04 -C 29A5E-C1 O.ll’l -18 o .Q © 2740C-04 -0 Sa98C- T © 1824€-1D O 1880800 © o .

12-0.8008E-02 ©O.1252E-01 -0 JROOE+O2 -O p220g+02 -0 PIISR~3 -G .3838E+02 -0 31300E+02 0 $220E+CT -O 93842-12 o 9% vOoR~02 |

i ©. 1210201 © TOSOE+0 ©.2740E-04 -0 885882-9) -0 341RE-1T 0.0 ©.27402-08 -C.5888K-9) -0 1C8TE- 12 o o o i

1210 13428-02 ©.3I3%82-02 -0 .3300k+02 -C 32208+02 0 B93IE-1) -0 .3388E*02 -0 .38002+02 <0 .922CRe02 O .ID4BE-1I3 -0 $309E-01 o 88128402
O 121022071 O 70C8OE=01 ©0.274C8-04 -0.8B83E-0O3 ©.3832E-17 © .0 © 27408-03 -0 8EFIS"-03 o ti1Jaee-12 © 1880g+00 o o ]

}23 © 13828-02 ©.12822-01 -0 .J300E+02 -0 $220E+02 0.97832-13 -0.1348E+02 -° 3800E+02 -O 82202202 ©C B7SSE-13 -C 2308E2-01 ¢ 9810802 |
O 1210B«01 O TOBOE*O1 ©O. YSOE-O4 -0 EHREE-OX o.387&8£ -1 o o © 27408-04&4 <O B89%AT-0) C 111ae-12 © 1880200 o O !

s sesss IYKFSSEZ EnD SYRETNEZ Ik ELEAENY WUNBER SewsssE s |

l\l-e $O0ME-02-0 12%32E-01 <O 1800E+O2 -0O 32202402 -0 SITIE-14 -O . 3C4BE+D2 -O SE00E+02 -0 9220E*02 -0 $3IB32EL-12 -0 PpIOFL-C c sgrogeO2

' © 1210E+01 O TOBOT+O1 © 2780E-C4 -0 GBSPEE-OI -O I1PABE- 14 ©c o © 2780F.04 -0 3883L-03 -O $138E-14 ©c 18802+00C © 9o '

12-0 LOOSE-02-0 3IISSE-02 -O IJBOOE#O2 -0.9220E°02 0 2331E-13 -O 3Je4BE+02 -0 3IEO0VE.O2 -O $8220E+02 © 233BE-13 -C SIONE-O © 08V1O0E=02
© 1210E+«0t ©O TOSOE+O! ©.27A0E-04 -0 BABSE-O) 0O.870TE-~- 1} ©c © 2. T80CE-CE -0 BBB3AE-C2 © 2720E£-112 C 18%0F00 o 0

21-0 13422-02-0 12852E-0 -0 JEOOR+C2 -C $220E+O2 ©c zT7oE-13 -0 1848C+02 -0O L2122 %04 ¢ $220E402 © 2775€-13 -0 $3I0RE-OF C 8810L~02
© 1210801°0 7TOS0E+01 ©.274CE-O4 -0 ARBEE-0O3 ¢ 1012E-17 o .0 C 274CE-C 2 Bl sg-03 C J1864€E-11] 2 1880E*00O o o

220 .1382€-02-0 33I3BE-03 "° 3800E«02 -0 R222E+02 -O 2884E-13 -0 .388GF*02 -0 38OCE~02 -0 92I20B*02 -0 2849E-13 -0 O 985102+ 072

‘; o 12108¢01! © 7TOSO0Ee0) 2740E-04 -0 $893E2-03 O 1040E-17 ©.0 © 2740¢-04 -O 88932-05 -O J2a90-13 © o o

! smssesen STRESSES AND STIA!NS IN ELEMEUT "UNI!I PER R L LR A

11 ©.13422-02 © . 3ISBE-02 -O 3IEO0CECCGZ -0 g$220¢°02 288&E-14 -O JBALE+CI -0 3500E+02 -0 .92200+02 ©.2989E-14 -0 0 $B10E8+02

i C. . 1210€¢01 O 7TO08CE~C!H © 2%ap0E-0& -0 3888E-0] 0 10842 - 18 ©C 2740B-04 -0 . 3893E-03 0.33878-148 © ©c o

92 6 1342-02 O 1282E-01 -0 .380CEe02 -0 $2208+0C2 -O.88972-13 -0 . 3800ReO2 -0 9220K+C2 -0 . 8811213 -O © s8I0R 02

! 0.12102+01 O TOSOE+0) G 2T40E-04 -0 SBEBE-O3 -0.31842-17 . Q ©.27402-048 -0 P82-03 -0 H821%-11 ° o O

27 ©.%500&E-02 0.32E8E-02 -C IBTEEFOT -0 MW220E*02 0.874%3E-13 -C . JBARE*O02 -0 3800ReO2 -0 .92202+012 © sT&0R-11 -0 © 9810202

) © 121080 0.7°IOE°°| © 7TNOCE-RA -0 BEIBE O] o . 3198217 ©.0 ©.2740E-04 -O BABAE-O) © . ssvOR-1) ©° (- ]

22 C 39SaT-~CZ T *7-pt +T W MLALOT -0 92200407 0 11412-12 -0 J54LE*02 -0.3300R+02 -©O 8220802 © 1143212 -0 #3082-0 C 2B I1OE O
©.12108«01 O 70‘0!’0' ©.27402-04 -O aeg-03 0.617ag-17 o.Q O .278408-0C4 -0 . A8282-Q] Q 13gak-2 S 18%3C2e00C c
ssesases FTRESSES ANMD tTllluz IN CLEMENT Nunl!l amsco LA

1t ©.1342E-02+0. 1R82E-01 -O. 3300L*02 -O S2202°02 c0.97272-14 -0 .15432+02 +0. 3300R¢02 -0.92200+402 -0 0748014 -0 . 9309R-01% 0 81002
©0.1210E¢01 O 70802+0} ©.37402-04 -0 BAPSE-O3 -O.JISEEE-16 0.0 ©.27T808-04 8982 -03 -0 . 1111813 ©. (] £4-1- o o

12 ©.1342€+-02-0_.3385€-02 -0 .J800E40C2 -0 #220L*02 ©. 19 E-12 -©.38482°02 -0 JSOORe03 .82208402 ©.'94a9E-13 -0.830C -9 O #BIOK+02
0. 121001 0. 7080E+0" ©.278CE-04 O BSFSE-D3 ©.71182-18 ©.0 ©0.27800-04 .aR0AE-03 0.22228-142 O 18B0R+00 o ©

21 ©0.60088-02-05. 12828-01 «0.2800g+032 -0.82208+02 -0 .870AR-14 -0 .3848E*02 -0 3I800R+02 $230R*D2 -0©.8783H-14 -0 BIOBE-O C BB1OE02
2.1270E+01 O TOROE*O) ©.27402+-04 -0 83%3F-03 -0.27012-13 ©.0 ©.17802-04 .8888E-03 ~O . 888118 © tsgog+00C 0.0

22 ©.80088-02-0.33%88-02 ~0.3300E*02 -0 SI20E+02 ©.8272E-13 -0 .3048R°C2 -¢ . 3E000+02 . 82208 *22 O $§282£2-13 -0 $3ICNE-O1 © 9810R 02
©.1210E+01 ©. 7080240 ©.278402-0a ~-0.9E03E-03 0.22%62 - 17 0.0 ©.27808-04 -3888F -l © 7TieBR-13 -] 808+00 o o

1TERATION

1

TOTAL 1

TiME I PO
TIME QUT ¥
TimeE ELAPS

$ U MM AR Y o

cC oM Py TER

STIFPF REFORM. s0LUT) STRESS CALCUL .
(RILL] SEC.) ML (M1LLll SEC.)
oS 3
s s
R THIS sTEP . 138 MILL] SEC
OR TnisS STYEPM = 181 ML SEC
tc POR THIS STEP = 262 MiLL! SEC
END o s s T EP K UMB ER 2
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ca TH]IS PROGRAM S OEVELOPED UY DAYE M CMAN

.s DEPARTMENT DOF ClViL ZRCINEERRING

LR} UNIVERSITY OF ALBERTA, EDMONTYON ALBERTA

s

-a ALL RICHTS MESERYED

THE DEVELOPER DF THIS PRDGRAM LND/DR THE UNIVERSITY OF ALAERTA mMAXES NO

WARN LD

WARRENTY WHATSDEVER, EXPRESSED OR IMPLIED,

INCLUDING UPDATEZS, AND TKE DCCUMENTATION ARE FREE FROM EARORS AND/OR DEFECTS

v

THAT THE PROGRAM AND ANY MODIFICAT]ONS,

C B NE R &L

PROUECT TITLE

DATE aPR

ANISOTROPIC PLANE STRAIN COMPRESSION TEST (NOVE BRITTLE MODEL.

. 19387 TIME (HRS MIN-SET) ta-10-37

THIS 13 2 sMALL DEFORMATION NON-LINZAR ELASTIC-PLASTIC
TWO OIMENSIONAL PLANE STRAIN ANALYSIS

OCOUBLE PRECISION ARTTNEMATICS

T O T AL $ T ®* E 8 8 A K A L Y S 1 3 1IEFP = -]

¢ o ooD Lu €k

TOTAL NUMBER OF STEPS IN THE ANALYSIS o X ARPLYS!S STARTS AT STRP WUMBER o 3
TCTAL NUMBER OF ELEMEMYS (NEL) = 4 TOTAL HUMBER OF WODDEE (WNCD) a 21
MUKBER OF [XKTECRATION POIKTS (NIP)} = 2

L1} OF MAYERTIAL TYPE = 2 THICR-EEE @ 1.00000

IN-STITE OIisPLACEMENT CODE
©. DISPLACZMENTE WIiLL BE SET T0 2ERD AFTER THE PIRIT AxklLYELlS

iIpCR o
1pGR ¢

Ik-81T¢ STRESS AND STRAIN CODE:

(IDGR) » 1
DISPLACEMENTS AND STREINS WIiLL BE SET ZERD AFTER THE FIRST ANALYS]S

(I1ISITR) e (]

18378 &« O, NO INITIAL STRESC 1S CIVEN

153178 » 1 ONWLY SICMA-XX WlLL BE GIVEN

ISITE ¢« 2, SICHMA-XX AND SICMA-YY willL BE CIVEN

1S1TE s 1, SICHMA-XX, SIGMAa-YY AND S ICMA-XY WILL SE CIVEN
INFORMATION CODE (INFORM) = o

INFORM &
INFORM & O,

), EXETUTION WILL STOP AFTER DEYEAMINING TKE $I2ZE DF THNE GLOSAL MATRIX
PROCRAM PFLOCEED WITHDUT INTERUPTION

PRINT-DUY CONTROL (IPRIXNT)

IPRIRT( %) = ° DISPLACEMENTS ,STRESSES AND STRAIMS PRINT-OUT
t1F TRPRINT(1} = ©, MO PRINY-OUY 1S REQUIRPD DURING EOUILE . ITERATION. ONLY FINAL VALUES ARE PRINTED
17 IPRINT(1) > O, INTERMEDIATE RESULTYS WIilLlL BE CIVEW FNR EVERY IPRINT(1) ITERAYION
IPAINTIZ) = © UNBALANCED LOAD VEZTYOR DURING HEOQUILI. ITEA&TION
1P IPRINY(2) w ©, MO ®RINT-QUY 15 REQUIRED
1P IPRINT(2) > O, UNDALAGNCEE LOAD YECTOR wilLlL Bf GIVEM FPOR EVERY IPRINT(Y) JTERATION ARQYE
IPRINT(3) » ° PIMAL UNBALANCED LDAD VECTOR
17 1PRINY(I) » O, MO PIHAL UNRMALAMCED LOAD VECTOR willL BE FRINTED
17 IPRIWNT(3I) > O, PINAL UNMSALANCAED VECTOR WiLL 8% GIVEXN
IPRINY(4) = ° TLEMENY LOAD VRCTOR
IF IPRINT (A} @ ©, NO ELEMENY LOAD veCTOR wilLlL SE PRINTED
17 IPRINY > O, ELEMENY LO0AC VECYOR TOR SURFACK TRACTICN wiILL &K PRINTRD
ISRINT(B) o ° LISTING OF DECREES OF FREEDOM




TV YFRTIRYTIE T &« o, RO LISTIRE O DUYUNEEY ©F PFRPZEDON WILU 8T FRTNYED
17 IPRINTIS) > O, LISTING OF DECAZES D7 FREEDOM WILL SR PRINTRO
BInaRY QUTPUY CODE (1TaRg) = [
1*¥ 17TAP8 < OR = © ONLY CONYERCED MESULTS WwWill BEZ STORED 1& YAPE »
17 1TAPR > © RESULTS OF THME LOATEST EOQUILERIUM ITERATION. CR FINAL RESULTS OF THE LAST SYEP
WilL Bf SYORED IN 1TaPs al 66
FPROCRAM RESTART INC TODE (I1RES) & -] -
1" 1RES ¢ OR = O PROCAAM RESTART AT THE BECINMNING OF THE LOADINC STEP
1¥ ImES = PROGRAM RESTARY IN BETWEEN LOADING STEPS
ACZITIONAL OUTPUT CODE (1YAPS) & -
I1F 1TaPy ¢ = C ND ADDITIONAL OUTPUTY 1S REOU!IAED
17 1Tars > - ADDITIONAL QUTPUT INWDICATING THE CONVERCING CHARMACTERISTIC OF TYHE maplLEes IS PRDYIODED 1IN FILE (7TRPB
NUMBER OF FILE PROVIDE [N AESTARTING FILE = ‘
eOUILBR UM 1YERATION
METHDD OF BOUILBRIUM ITERATION ' 1EOM: @ H
IZOM = b FULL NEWTON-RABFNM5GON TTERAT ION
1EOM a 2 FULL NEWTON EYERY OTHER ITERETION
1EOM & 2 FULL NEWTODN EvVERY SECONG [TERATION EYC
MEN TMUM NUMSER FOR EVERY LOAD I MNCREMENT (MITEOQ ! = AR Y
CCNYERGENCE TODLERANCE 'EOQTOL' = & 10000r-013
1 EOTC. 1% LRSS TmANnN DR EOUAL YT 2ER DEFAULTY !$ © coOt
L1TKENM ACCELZHAYDR QUR NG MODIFY NEWTON-RAPHSON ITERATON +I1EQITY = [«
STRESS CALGCULATION ITERAT!ION
METMOD OF STR2SS CA_CULATION ITERATION (ISM) = 2
J1SM & ', EULER FIORWARC STHEME
12OM =& 2, (MPROVED EULER SCHEME
, 1EZ0M ®» 3, RUNGE-KUTTER METHOOD
. NUMBER OF SUSINTERVALS DURING STRESS CALCULATION (MITS) » 10
) COMVYERCENCE TOLERAMCE (STODL) ® ©.1000082-0)
IF ETOL 1S LESS THAN OR PFOUAL TO ZIERC, DEFAULT I3 ©.001
MO-TENSION ANALYSIS
CODE OF NO TENSION RANLYSIS (INTM) = 1
IF INTMEO AlLL MATERIALS ARE CAPABLE YO SUSTAIN TENSION
IHTM > © SOME MATERIALS CANNDTY SUSTAIN TEKSION
MAXIMUM NUMBER UFf ITERATION ALLOWED 70 OFTERMINE PRINCIPAL STREISES IN 3+ DIMENSIONAL AMALYS IS (MITNY: = -]
CONVERGENCE TOLERANCE !N 3I-DIMENSIDNMAL ANALYSIS (TNTOL) = C 10QOCE~- V4
1F TNTOL 1S LESS5S TWAN OR BOQUAL YO ZERY, DEFAULTY 1S E-13
N D D &t C D CR O I W AT £ S
NODE X-CODRO Yy-COQORD u A NODER x-cot” Y-COORD u v NoDE x-coomb Y-CODRD U v
1 «0.83%000E+~2 -0 1EB3750L-0O1 © < 2 -0 BE3BOOOE-02 -0 T93ITBQE-O2 o Al ? -0 §330002-012 o © o \
4 -0 . 531%000E-02 O.783I7TB0OE-02 © 1 § -0 §Z30C00E-02 ¢ 1537%0x-01 © A ¢ -0 317800%-02 0 158780€-01 1 [+
7 -0 .317R00E-02 © o 1 1 4 -0 J17800£-012 o 138873%02-0) i} Al . o © 0 188T80E-01 1 -]
1o © o ©o.783780E-02 1 i 1Y O o oo 1 1 12 © o © 7TE3rsoL-02 . Y
i 13 ©.0 0.188750CE-01 T 1 14 ©.317800E€-02 -0 1847B0E-O1 Al [~ 18 o 3178002-03 ©.0 il 1
' 18 ©.317800E-02 © IB87BCE-O1 1 1 17 C . g380008-02 -0 168760 -0 1 © a C E380008-032 -0.783780E-02 1 1
! 19 ©.6380002-02 ©.0 1 1 20 ©.438000E-02 ©.%937802-02 1 1 21 ¢ .8380008-02 © 1s87g0¢€-0" 1 b}
i
tOEBLE. n Cc D E N U MEBERS T* I35 IC 18 Im ELE N O D E N UM B 2 R S T 18$ 1C IB M
1 3 1 13 5 * ) 2 ' o 1 2 1 2 3 6 10 k4 2 2 1o ©
R 3 1 19 2 13 16 12 2 1 ° 2 1 - 9 17 [} 14 ‘e 1% 1% 2 1 o 1
MATERIAL PROPERTIES FOR MOU 1 LIMEAR BLAXSTIC ISOTROPIC MODEL
MaT TYyre MODEL TEM. STCTH x BODY FOKT. Y 800DY FORCE I BCDY "~act E-MO3ULUS POt . ALTID EMPTY
EMPTY EMPTY EMPTY EnMPYTY [ S LA0] eMP T Y EMPTY emMPTY
: 2 1 c.o ©.0 (- -] ©.0 T t6800 0 .20&400 o © (-2 ]
; c.0 o.0 .0 ©.0 ¢c.0 c o .0 o ©
i
‘ MATERIAL PROPERTIES ¥ OR MODEL NUMSER 408 ELASTILS PLASTICS TRAMEVERSELY 1QCiRIPIL mMODRL
MAYT. TYVYPE MCOZL YEM. STCIM X-80DY FORCE V-@0DY FORCE X-800Y PDACE Ei{M) WOD 01 AAT IO (W) 220 AMGLE
COW(P) COMIPF) FRICT(P) PRICT(P) COMIR} PRICY(R) ELY) MDD 01 . RATIODCtY) CHRAR (VY MDD .
(MAXI) (MINI) (MAX1) (MIND)
l A ach. G.0 .0 ©.0 ©.0 21500 . ©.%0600 8 . 000
; 88 . 100 7.0800 1.2100 .18%800 .0 . 18800 $9100 . 33100 24000
il
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TITLe FOR THI3 STEP STEP 3 PmEgCRIBE DISPL »:0 290002 TOTAL PRESC 0IsPL »:0 ©ODOOO1
t
!
MUMBER OF LIHE INPUT FOR NEW TLEMENY . o )
MUMBES OF LINE INPUT FOR wEW NODES : c
NUMBER OF LINE INPUT POR SLOPE BOUNDARY : c :
OF LINE INPUT FOR wew BOINT LOAD : o .
OF LINE INPUT FOK KEW DISPLACEMENT : s :
NUMBER OF LOAC INCREMENTYS . '
LOAD INCREMENT BEGIN AT INCREMENT NUMBER = )
TOYaL CEGREE OFf FREEDOM = 3z ~“ax MOLF BANDWIDY®™ NOD Fi = A STIFFNESS MATRIX SIZ2E = 37s
STEP NUMBER = 3 APPLIEDC LDAC INCREMENT « 1 PTe4aATIuN . °
*»omRg3ICRITED DISPLACEMENT
IFROM NODEZ YO moDE 2 4 DISPLACEMENT l
. ]
' . 13 2 -0 10020 -0O8 :
) [ 2 <0 10000 -08 .
13 13 2 ~0 100002 -0F ;
! . 18 2 o . 100002 -O¢
| 11 21 2 -0.10000E - 08 |
: i
: EQUILIRIUM TTERAYIOW 1 UNBALANCED LOAD ©.40170E-14 CiSPLACEMENT ZAROR = O .Y 1E-02 i
. EQUILBRIUM JTERATION 2 UNBALANCED LOAD .1 02¢8+00 DISPLACEMENT ERRCR = ©.148AKE*0C0O .
1
I FOUILERIUM I TERATION 3 UNBALANCED LOAD ©.18733L2+00 DIBPLACEMENT ERROR = ©.23248E-04
i
N 0D & L D 1S PLACEMNMENTS
J R T M T ‘
NODE u-DisPL v-DlspL NODE U-DISPL vV-DISPL NODE L SiseL v-DISPFL. NODE v-DISeL veDISPL . ¢
1
1 © o ©c o 2 o © -0 70BTS2E -O% 3 © o O 141780E-O& 4 ° o -0 212826E-04 1
S © o -0 2838%012-04 6 © 112884E-0S © o 7 © '12804E-0CG -O 14178B0E-O& 8 O 112898E.06 -O 283501E-0O4
1] © 22%7a9¢£-08 ©c © 10 0 228TAPE-O05 -0 TOBTIE-OS LR © 2257ivg-0C% O 1417BOE-O8 1 2 0 22%578PR.08 -0 221282EE-04 '
L] © 22ST8%E-O04 -O 233801t-04 14 0 338CHJE-0% -] 15 © JIEN'E-OK -O0 131TSO0E-04 AN ¢ 338833E.0%5 -0 283501E-04
" 17 © 481877E-0F © . O 18 © 481877E-O5 -0 7087S2E-03 1$ © 4B16E71E-05 -0 141750F-0& 20 O 451E7TE.O8 -0.21262KE-04
) 2 C 4S18E77E-08 -0O.283801¢-04 l
I E L g M R N T $ TR E S S E S ax D S TR & NS 1
! D T
]lJ X ~COoORD Y-COCRD SICMA XX siCma-vy SICMA-XY SIGMA-ZIT SICmMa- $1CMA-3 ANTLE yieLo STCTM-2 |
STCTH-3 STETH-8 STRALW-XX STRAIN-YY CaMMA - X Y STRAIN-ZI STRAIM STRAIN-3 aNcLe STETH-3 STCTH -8 I
l » STRZSSES AND STRAINS 1IN ELEMENT NUMBER |®ossewns !
. . - - o¥ - - EE N - - . -0 - . TeSOE+D2 O TIZITE-TY o © o Q
| © #8308+00 © © ©.3888E-0) -0 SY2WE-OI -0 2288E-17 o.0 © ISTEE-03 -C B8923E .03 -0 © tagogecn c t122E-0% s
(120 8003€-02 © 12828 -01 -C 3JIBO0OE+02 -O 72208+C2 ©.1C80E-12 -O.2872E*02 -©.3300£~02 -0 . 7220802 o [~ o ©
' o . 90aoReCcO O . O ©.3858EE-03 ~O s8292-03 © -7 o o © 3383¢-013 -0 . 59290 -03 ©o. S 1380F+00 o t1722K-08 |
1?2 Y3azE-02 © 33“!’0? ~0.3800E+02 -0 7220E8+02 ° 13 -0 2872E*02 -0 3IBO0Ze02 -0 7220802 © > © o ©° H
o OBycEe0O © ©.3358E-03 -0 2929£-03 © -t o o € 3853E-03 -0 3329E-03 © C 18G0Ee00 O 1722E-08
7.0 1322802 © |2I“l °1 'O IRO0OE+C2 -© T220E+02 -O 12 -0 2972E*02 -0 3IB5009:°*02 D.7230& D2 -0 o c.© H
i © ®#8actvo0 O ©.38$8E-03 -0 $92937-03 -0. =17 ©.0 2.3MKrg-N3 D .89ICT -, -O © 1330R+00C © 1722E-0O8%
' LEX LI ] 81’.!5!!8 AND STRAINS 1IN !LIHINY Nuﬂl[l .
117-0 SO0gE-C-0 1282 -01 -0 .3500Le02 .72208+02 «c0.28T22*02 -0 HBNYECL2 +O . TI20Z <02 S 21T78€-12 o © LI -]
O Sagofte+00 ©.0 C.3IESSE-0) ‘0...2.! o3 O - C.0 C.3%n2Z2~-%3 -0.3329E-03 < 1e20L-1 2 o 1.50!00'\ o 1722g-0% !
12-0.80082-02-C.213i%E-C2 -0 .3JR00E+02 -0 .7220€402 -O - -0 . 29728402 -0 1ASOO0E<O2 -0 .7220E+C2 -O.395JE-13 0O c.o
0 BEgo0E+00 . O ©.38882-03 -0 352PE-03 - - c.0 V.JISEIE-03 -0 .20292-03 -0 .4202E-13 ° 1‘50!0')0 © 17222 -08% ‘
21-0 13428-02°0.1382€-01 -O.3SO00L+02 -N “22CE+0C2 -0 - -0 28728402 -0 JIBCOE>02 -O0.7T220E+C2 -0 32018-12 ©.0 °o. o
© BPrroke00 ©.C ©.3BF8E-0] -O . LEAn2-03 -9, . Q.0 ©.3BRFF-03 -0 .0.28E-03 -0 .2302E-112 ¢ 1agoOte00 o 1727e-0% |
22-0 *Ja2E-02-2 355'! oz '0-3390!002 ~0 7220E+02 0, - ©.23728+02 -0.3B0VE*02 -O T220E+02 C.81242-13 0.¢C ©. © |
e Te3c08«0C o 23882 -03 -0 %37 .02 - ° 0 38%3F-03 -0 582I9E -03 © a4gsa®-13 0 18sOReCO IR & & 4 AR )
EEATY L LA STR‘!III &ND BTllll" 1t RLGMINT Nuﬂlll - i
11 © 1242K-C2 © JJ688-02 -0 .JENCP+02 -0 7220£+02 -0O. he “N . J8T2Le02 -0.38002+02 -0.7I20E+02 -~O.88T7TE- 14 0.0 Q.0 !
o Ssso~00 0.0 O.3L33E-06] -C 3I32EE-03 -0O. - 0.3888E-03 ~6.A829E-03 -0 . B4idGE-14 ¢. 1asoOte00 ©.1722E-08 ‘
12 © 13422+-02 2.12828~01 -0 .3¥20L00I ~0 VZI20E+C2 o. 0 .2072E+02 -0 .3800RG02 -0 .T22702+02 ©.3388¢2-13 ©.0 0.0 !
o.f8s0k+00 0.0 ©.3BEJE-CY ~0.L9229E-03 -0 o.0 © 3%KREL-02 -0 .092RUE-0D ©.138982-13 0. 18808¢00 ©.17222-08
121 0.800p2+-02 C. "’l.l'oz +0.38002¢02 ~0 . 7220E+02 0. “0.287T43¢02 -0.3300¥°02 -0.72sO9R*02 -0.$8282-13 0.0 0.0 !
©.08303%00 O ©.33868R-03 -0 .39292-03 <O, 0.0 0.33R6E-03 -0 . 892PE-03 Q. 0.1230R~D0Q © 17222 -08
(22 ©.8008K-02 .1?‘2"0! -0 3I3002v02 -0 72308402 0. - 0 .%0722402 -0.3800E*02 -0 .7220L£+012 o 0.0 0.0
©.%830F*00 O ©.3688E-0C3 ~0C . gt292-023 . - .0 ©.2E8ET-03 -0.A5292-03 ©. 0. 1830K+00 ©.17220-08
Sscosn STRESIKE AMND K TRAINS 1IN LEMZNTY qulll L
17T 0 1342%8-02-0. 1282E-01 -0 . 3300E202 -0 TI20B+02 . =13 -0.2872Ee02 “C.3800¥*03 -0.72208«02 © 0.0 ©.0
©.%830R%00 0.0 O.3888E-0) -0 . 58292-C3 0.1)7.!'17 ©.0 ©.36882-03 -0 . $328E-03 ©. 0.0k« D 1722 -08
12 0 313420-02-0C.33880-02 'O 3300R+02 -G 72202+02 0. 1417%-11 -0.28722402 -0.3800E*0Z -C.7220B+02 © 0.0 c.0
0. -] ©.ZSEME-O0] -0 gO029E-023 o tt1NE-IT ©.0 ©.3853E-03 -0 .80282-03 © C.18800¢00 o 1722e-08
21 o 1282 -01 -0 .3300R+02 -0 7220R+0? C.9Y57E-14 -0 28T2E*02 -0 .3600E?0Z -0 . T7220£%02 2. c.0 0.0
° -] © 3538E2-03 -0 5929E-03 © 383232 -18 © ©° © JSERE-0OZ -0 #8I3E -0 ° o 1agoR+00 © 1722E-CY
22 ».%$0082-02-0.33¥EL-02 -0 . 38002502 -0 72208402 ¢ 128CE-13 ~O 2072EB+0C2 -0.3800f+D2 -0 . T72I0B+cCT -O. v.o o.0¢
v.88308¢00 0.0 ©.3838E-03 -0 SF2INE-O3 ©.6083E-18 o.0 -0 8¥29T-~03 ©.1398%-123 © 1asotecoO o 17228-0%
S UMM AR Y cr C oM P U YT E R T 1 M &
PRGSO IEF AR PR SIS ARy FAPEISRGEARRpEETINARDS
ITEARTICHN SYIFF REFORM SCLUTION TIME STRpz: C:nTU
tMILL] SEC . IMILLT SEC . (el SRC L)
1 h TV
2 102 3"8s
3 328
TOTAL 3 200 13 amr
Timg IN POR THIS BTEP - MILLI SET,
Timg GUT PDR THIS STEP 1478 MiLL] SEC.
Ting CTLAPSED VOA THIS STEP = 1333 MILL] SER
" U M 2R 3
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WARNING THE DEVELOPER OF "+ . **OGRAM AND/C THE UNIVERS]ITY OF ACL3IERTA MAXES NO
WARRENTY WHATSDEVIY J«PRESSED OR IMPLIEZD, THAT TWHE PROGRAM AND ANY MODIPICATIONS .
INZLUDI NG UPDAT 4D THE DOCUMENTATION ARE VFPAZE FROM ENRORS ANOC/CR DEPECTS
C e NER A& ] N F D R M A Y ] T »
PROJECT TITLE : ANISOTROPIC PLANE STRAIN COMPRESSION TEST (NOV4 ERITTLE MODEL)
DaAYE - APR 1, 1987 TIME (MRS :MIN:SEC) 14:16:8Y

YHIS IS A SMALL DEPOAMATION NDONM-LINEAR ELASTIC-PLASTIC
TwC OIMENSIONAL PLANE STRAIN ANALYIIS

SoyBLE PRZCISION ARITNEMATICS

To Y a i S TR E S S A W4 AL Y ST S 1EFF s o

Cg 09 L VWCK

TOTAL RUMBER DF STREPFS 1M THE ANALYSIS = [} ANALYS IS ETARTE AT STEP NUMBED
TOTAL WNUMBER nF ELEMEHTYS (KEL) = 4 TOYTAL NUMERR OF NMODES (NKOD) =
NUMBER CF IN JZRATIOM POINTS (NIP! = 2

WG. OF MATERIAL TYrPe = 2 THICKNESS = 1.00000

IN-S1Yg DISFLACEMENT CODE: (IDIR) » A\

I1DER © ©, DISKLOCEMENTS WILL aE SET TO XERQ APTER THE FIRST ANALYELS
IDER ¢ 9, DISPLACSEMENTS AND STRAINI willL BE SET ZEROC APTER THE FlmsST AnAlYSIS

IN-SITE STRESS 4aND STRAIN CODE: (ISITE) = o
{SITE » O, NC INITILL STRESS IS GIVEN
1SITE = 1, ONLY S]GMa-XX wi.i BE GIveEN
isSITE ®» 2, SIGMA-XX AND SICMA-vYY MW L, 8Z CIVEN
1SITE = 4, SICMA-XX, SIGMA-YY AKD SIGMA-XY wilLt BZ TIveEN

INFORMATION CODE (iNFOaRM) = -
INFCRM 3 1V, EXECUTION WILL STOP AFTER DETERMINING THE K128 OF THE GLOBAL MaATARIX
INFORM = O, PROGRAM PROCEZID WITNOUT NTERUPTION

- L3

TTeRY-UY CONTROL (IPRINT)
IPLINTV L) x © DISPLACEMENTS  STRESS2ES AKD S TRAINS PRINT-CUT
1F {PRINT(1) = ©O, MO PRINT-OUT 1S REQUIRED DURING EQUILE. ITERATIONM ONLY FINAL VaLUES aRE
1F IFRINT(1) > ©, INTERMEDIATE RESULT™- WILL BE CIVEN FOR EVERY IPRINT( 1) JTERATION
IPRINTI(2) = ° UMBALANCED LOAD YECYOR DURINMG ROUILE. ITEBRATICN
IF I1PRIKT(2) @ O, MO PRINT-OUT 15 WECUIRED
1F¥ IPRIMYT(2) > O, UNRALANCED LOAD VECTOR WI(L BE CIVEex ¥ar PVERY [PRINT(1) [TERATICN amove
IPRINT(I) w © TIKAL UnNBALANCED LOAD VECTOR
IP IPRIMY(3) ® ©, NO PINAL UNBALAMCED LO&AD VvECTOR WIiL ®f PRIXTED
IP 1-IMT{3) > O, PINAL UMNBALANCED VECTDR wilLi SE GlvEM
1PRINTI&) = ° ELEMENTY LOAD vaCTOR
17 IPRINY(4) & O %O KLEMENT LOAD VECTOR WILL 3% PRIwNTRD
1P IPAIRT > O, ELEMENY LOAD VECTOR FOR BUAFACE TRACTION wiil #E FRINYRD

IPRIHT(E) = ° LISTING OF DRCRERS OF FREEDOM

PEINTED
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METHED OF STRESS CALIULATION ITERATION (1SHW) ® -
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H coRe OF NC TENSION AAWNLYSIS (INTM) = 1
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PROJECT TIYLE

DATE APR 1, 1987

AKISOTRDP It PLANE STRAIN COMPRESSION TEST !NOVA BRITTLE wDDEL:

TIME (HMRS:-MIN:SEC) 14-19: 49

THIS IS A SMALL OEPORMATION NON-LINEAR ELASTIC-PLAZTIC
TWO DIMENSIONAL PLANE STRAIN ANALYELS

DOUBLE PRECISION ARITHEMATICS

T O T &L $ TR T 33 A NN AL Y S 13 12PF = (-]

coorp L v«

TOTAL NUMBER OF STEPE IN TME ANALYBIS » ) ARALYS IS STARYS AT STEP NUMBEXR » L ]
TOTAL NUMBER OF ELEMENTE (NEL) = 4 TOTAL NUMEER D7 NDDES (NNOD) = n
NUMBER OF INTEGXATION POINTS (NIP) = 2

MO. OF MATERIAL TYPE o 2 THICKHRSS o 1.00000

IN-S1TE DISPLACEMENT CODE: (IDGCR) = 1

IDER & O, DITPLACEMENTS WlilL GE SET TO ZERO AFTER THE FIRIT ANALYSIS
IDCR ¢ ©, DISPLACEMENTS AKD STRAINS WinlL SE SET IERU AFTER THE FIRESY ANALYSIS

IN-SITE STRESS AND BSTRAIN CODE: (1SITRE) w -1
I1SITE = © WO INITIAL STRESS 1S CliveN

i1s1tE ]

1817E 3

ONLY SICMA-XX WILL B2 GIvEN

L4 .
ISITE « 2, SIGMA-XX AND S$ICGMA-YY WILL BE ClVEN
L4 .

SIGMA-XX, SIGMA-YY AND SICMA-XY WILL BE S1VEN

INFORMATION CCDE (INFORM) = [
INPORM & 1, EXECUTION WILL STOP AFTER DETEAMINING THE S$I2E OF YHE CLOGAL MATRIX

INFORM = O

PROGRAM PROCEED WITHOUT INTERUPTION

PRINT-OUYT COMNTROL (IPRINTY)

IPRINT (V) &
17 IPRINT LY
IP IPRINT (Y
IPRINT(2) =
17 IPQINT(2
1P IPRINT
IPRINTII) @
17 IPRINY
IPF IPRINTY
IPAINT(A) &
1P IPRINTY(
17 IPRINTY >
IPRINTY(S) & o

’

)

o

3y

)
©
2)
3)
°
]

2
2
3
a

.
>

L]
b

]
>

-
o,

DISPLACEMEINTS ,STRESSES AND STRAINS PRINY-OUY
. MO PRINY-QUTY IS REQUIRED JURING EQUILS. ITERATION. ONLY PINAL vALURS ang FPRINTED
. INTERMEDIATE RESULTS WILL BE CIVEN FOR RYERY IPRINT(Y) 1TERATIDH
UNBALANCED LOAD VECTYGR DURING BOUILE. TERATION
. ND PRINT-CLUT I3 REOUIRED
. UMBALANCED LOAD VYECTOR wililL SE CIVEN FON SVERY [PRINY(1V) ITERATION ABLVE
FINAL UNBALANCRD LJAC vECTER
. 40 FINAL UNBDALAMNCED LOAD VECTOR wWilL BE PRINTED
. FPIMAL UNBALANCED VECTOR WILL SE GIVEN
ELEMENT LOAD VECTOR
WO ELEMENT LOAD YECTOR witlL SE PRINYED
LEMENTY LOAD VECTOR POA SURPACE YRACTION WILL BEF PRINTED
LISTINC OF DRECREES OF FAEEIOM

(-]
(-]
©
©
L]
(]
-]
3




Ty TR TRYTE T 5 & FZ L ISYTRZT TV BECREES JF PNEEDCOM WILL BE PRINTED
1* IPRIMTIS) » ©O. +ISTING UF DECREES OFf PREEDOM wiliL BE rRINTED

BImamY CUYPUT COOE (1TAPE) = 1
1P ITEPE ¢ OR & O OMLY CONVERGCZD RESULYS willL BE STORED N TAPE 5 7

1r ITAPS > ©O. AEBULTS OF TMT LATEST EQUILBRIUM ITERATION. CR P iNAL REFULTS COF THE LAST STEP,

wilLlL WE STYOREC IN 1TAPS
PROZRAM RESTARTINC CLOE tIREX: -]
e 1RES ¢« OB v O PROCPAM RESTARTY 07 TmE BEGCINNINC OF THME LOADINC STYEP
te tmES » 1 PROGRAM RESTART [N SETWEEN LOADING STEPS
ADDIT!ONAL OUTPUT LODZ (1TAPS) = ©
1# lYart « = 0 D ADDIYTIGMAL DUTPUT 1S REQUIRED
1* 1Ta®e > © ADDITICNAL QUTPUT IKDICATING THE CONYERCINC CHARACTERISTIC OF THE PROBLEM

NUMBER OF P1l.Y PAMOYIDE !N RESTARTINC FILE = A

EOQUILAR JUM ITERATION

METHOCD CF ROUILBARIUM TTERATICH  JEOM!' = 2
teom ¥ ' FULL NEWTON-RALPHSON [ TERATION
IgOMm = T FULs NEWTON EVERY CTYTWRER [TERATION
TEO™ = 3 FULL NEWTON EVERY SECONT ! TERQTICON ETC
MANIMUM NUMBER FOR EVERY LODAD [NZAEMENT (MITEO: = 15
CONYERCENCE TOLERANCE (ECTOL ' = ¢ 10000€E-C3
If EOTOL 15 LESS Teawm OR EOU&L TZ XERD, CEFAULT 1S o OCH
L1TKEWN AZCELERSTOR DURINMG MODIFY NEWTUN-RAPMSON ITERATON JEQITY . = c

. STRESS CALCULATIDON JTERATION
' METMDOD BF STRESS CALCULAYION ITERAT.OW (13m, = 2
: ISW = 1, BULER FORWARD SCMEME
) 1e¢Oom = 2. 1MPADYED EULER SCKEME

1E0M » I, RUNCE-XKUTTER METHOD
H NUMBER OF SUBSINTERYALS DURINC STRESS CALCULATION (MITS! = 10
COKVERCENCZ TOLERANTE (SYOL) = ©.10000E-01

1P STOL 1S LESS THAN OR EOUAL YO ZIERD., ODEF&ULY IS5 ©.001

MNO-TENS ION ANALYS IS

i COCE OF MU TEWSIOW AANLYS1ES (INTW) = t

) I® INTMBO ALL MATERIALS ARE CAPABLE TO SUSTAIN TENSION
INTHM > ©O SOME MATZRIALS CANNDT SUSTAIN TENZION

1S PNDVIDED

In FILE 1YaPS

MAXIMUM WUMBER GF ITEMATION ALLOWED TC OETERMIKE PRINCIPAL STRESEES IN 3- DIMENSIONAL ANALYSIS (MITHNT) s °
COMYERGENCE TOLERANCE IN JI-DIMENMSIONAL ANALYSIS (TNTOL: & 0 1000CE-14
I*¥ TNTCL IS LESS TWZW OR ECUAL TO IERO. DEFAULT 1S E-1S
!
N 0D AL T e 0 e8I N & TEDS
~“ODE x-goPpRE v-COORD v v wobe x-cooRd. v-CCORD. v v  NGOE X-COORD. vy-Ccoomp u v
1 -9 $38000E-02 -0 1S876OE-O1 ° o 2 -0 $63%5000¢£-02 -O T93ITROE-0O2 ° ) 3 -0.€835000E€-02 0.0 ° . I
‘ 4a -0 833000F-012 © 7T937%0C-02 o 1 3 -¢0.6380002-02 © 13587802-01 (-} 1 6 -0 .317800FZ-02 -0.1C8TEOE -0 1 <
| 7 -0 317%00€-63 © © 1 ' 8 -0.31780CE-C2 O 1E87SO0E-Q1 1 ' s o o 0. 1E8TROE -0 1 °
; 16 o.© -0.783780€-02 1 ' 117 o o o.¢ 1 ) 12 0.0 o.7e93780E-02 * '
. 13 o o ©. 188780KE -0 ' 1 14 ©.3178D0E-02 -O.18878OC-01 ) [ 13 ©.3178502-02 0.0 1 [
i '$ ©.317800E-02 © . 16878O0R-01 ' ' 17 ©.638CO00E-02 -0 . 1887K0OE-01 \ ° 18 C.838000E-02 -6.783780E-02 1 i l
t# ©.838000£-02 O O ) ' 20 ©.838000¢-02 ©.78378CE-02 1 1 21 O B330LVE-02 0. 18878CE-O! ) 1 ]
r T T T W ER Y R UE BT E TN
; e c e e acaee s e
[ 1% N oD E NUMEBERSTS TP 1S 1G 1B I ELE. M ODE "~ uwMeERS TF 1S IC IB Im
|
|
i 1 3 13 s k4 12 8 4 2 1 (-] 1 . 2 Al » 1 3 [ ERS) 7 2 2 1 [ (-] 1
' 3 11 3 13 1% 20 "8 12 2 1 -] 2 1 L : ] 1% : ] iR ] 14 18 18 10 2 1 [ 1 A
i MATER JAL PROPERTIES FOR MODEL NUMSER 1 LINZAR ELASTIC ISCTROPiIic MODRL
i Tt
MAY  TYPE moCEL TEM. STGYHM X MDDY PORCE Y @0CY TORCEZ I BDJY FORCE € -MO0OULUS PC1. RATIO EMPTY
| EMpTY EmrTY emMp Y Y EmPTY gMpTY EMPTY TMPTY EMPTY
|
]
: 2 1 c.0 ¢.© .0 0.0 ®1%00. ©.20400 0.0 0.0
. ° o 0. © 0.0 0.0 0.0 5.0 v.0 c.0
l MATERIAL PROPERTIES FPOR MOOEL NUMBER a0 ELASTIECS PLASTICS TRANSVERSELY ISOTROPIC MODEL
AY  TYrE MODEL TZM. STCTI ¥Y-BMOOY PORCE Y-800Y FORCE I-F0DY PORCE TR MOO. PO1. RATID (M) BAD. ANGLE
COM(P) COM(P) PRICTIP) PRICT:(P; COM(R) FRICT(R) Z£(v) MoOD POI. MATIOC(Y) SHEAR(VY) MOD.
(MAXT) (MINI) (MRX]) (1Nl
3 408, ©0.0 0.0 0.0 0.0 21800 ©.20800 8. 000
l 3 .100 7.0800 1.2100 18800 .o . 18800 89100, .33900 24000 .



A # &L 7T $ 'S s T g P

ssNDrTcssNEseREBdAsaRrRTREEE

N U ™
asescvu

.

sosseseses

273
TITLE FOR THIS STEP STEP & PRESCK TBE CISPLACEMENT®-C 0OC'C TCTAL CISPL »-0 0001801 !
i
\ .
b
NUMBER OF LINE IKPUT FOR NEW ELZMENT » °
KU'MBER DF LINE INPUT FOR NEW MODES . ° '
NUMSER OF LINE INPUTY FOR SLOPE BDUNDARY . c
NUMBER DOF LINE INPUT FOR mEW POINT 103D * °
NUMBER OF LINE INPUT FOR NEW DISPLAZEMENT = s .
KUMBER QF LGAD INCREMENTS N 1
\CAD INCREMENT SECIN &7 INCREMEINT NUMBER = .
i
YOTAL DEGREE OF FPREEDOM = 3z a x HAL? BAKOWIOTH NC DLA €L 3 19 STIPPNESES MATRIX SIZE o I7Te |
STEP NUMBER = s APPLIEC LOAT INCREMENT = 1 ITERATION = o '
\
sabRESCRIBED DISPLACEMENT
ROM NOOE To NooE o.o.r DISPLACEMENT .
s s 2 -0.100008-03
1 s s 2 -0 .10000E-O3
. 13 13 2 -0.10000E-03
! 18 18 2 -0 10000E-03
; 2 21 2 -0 1oc00r-03
, EOUILURIUM ITERATION 1 UNBALANCED LODMD = ©.18TIBE+0C DISPLACEMENY ERROR » ©.836802¢00
! '
i ZEOUILERIUM I TERAYION - UNBALANCED '.GAG ®* ©.I8882E*01 OISPLACEMENT ERROR = ©.2330824+00 :
l EQUILBRIUM ITERATION 3 UNBALANCED LO&AD * 18TIST 00 OISPLACEMENY ERROR = ©.31180K-12
N O D& L D 'S L 4cCEMEN T s l
NoCE u-olisPL uU-DISEL . v-DI3PL. NODE v-DISPL v-DISPL NODE u-BisPL v-o1gPL
1 o © © 2 oo <0 .4488TSE-O4 3 oo -0 as17s0E-04 s oo -0 . 133783E-03
s © -C 17838CE-03 § © 320718E-04 O©.O 7 ©.3207718E-04 -0 AS1780FE-04 $ © 320718E-04 -0 178350E-0)
? © o © 1o © $41432E-04 -O SAEATSE-O& T ° 1432¢-03 -0 88 17%0E-04 12 © 8414322-04 -0 1337832-02 i
;13 o. -0.1783802-0) 14 © ps214E-04 ©.O 13 © 2143E-04 s17%50E-0a 18 O $C2149C-O4 -O 178380K-03
L S A - ©.0 18 ©.128288E-03 -O.4488378E-Oa 19 ©.123288E€-03 -O 83 17E0E-04 20 © 128286£-03 -0 1337832-03
} 21 ©.12828EE-O3 -O.17838OE-0O2.
H I
| E L EMENT S TR E 3 SES auo S TR AL NS
19 X-COJRD . Y-COORD . S ICMA - XX SIGMA-YY SIGMA-XY S1GMA-22 SI1GMA-1 SIGMA-3 ANGLE vigLD STETH-2
STCTN- Y STGTH-4 STRAIN-XX STRAIN-YY GAMMA-XY STRAIN-I2 STRAIN-1 STRAIN-T ANGLE STGIN-8 STCTH-8
rezeverw SYRESTES AND STRAINS TN FLEMENT rnumges 1. . J
[FT-5 t5caf-02 ¢ :3!!! TS YN SO TINSES O o I TE- T <8 ITTIE-07 -0 JBOOE+6T -5 TIAXW+T2 -0 AJEBE- 11 o0 (3]
© 2880E+00 © ©.1010£-01 -0 .§817E-02 -0.2321£-16 0.0 ©O.1010E-O1 -O §817¢-02 -O 4228E-13 © 1880E+00 © 17322-08
ltz -0 © \2:2! 01! +0.3800E*02 -O 7220£+02 O 1032E-12 -0.2ET22+02 -0 1600L+O2 -0 7220F¢02 O £-12 o©.¢ 0.0
° o © ©.1010£-01 -O.8817E-©02 ©.5837E-18 ©0.O 0.1010E-01 -0 E817E-02 ©.1027E-12 O . 1880E+00 © 1722R-08
B‘- ©.3388E-02 -O.3F00E+02 -0 .72208+02 © 1799E-12 -0.28722¢02 -O IBOOE~+0Z -0 7220E+02 o.27718-12 © © 0.0
o © ©.1010E-01 -0.3617E-02 ©.1224£-15 0.0 ©.10108-01 -0.£6172-02 ©.2231E-12 © 1880Rk*00 & 1722E-08
z2- o n.tzs:! ©1 -0.380CE+G2 -0 7220E+02 -O 18B0E-12 -O.2872E+02 -©.3800L+02 -0 72202+02 -© 4390£-12 O 0 e o
i ©.9880E*00 ©0.1010E-0) =-©C §E17E-02 ©0.174802-18 0.0 ©.10102-01 -0 $BI17E-0C2 -0 .3170E-12 © 18808+00 o 17T222-08
| sewiew svu!ssll AND STRAINS IN ELEMENT NUMBEAR 2sesssesse
[11-0 $0082-02-0 1282E-01 -O0.33008+02 -0 7220¢+02 ©.1028E-12 -0.2972E+02 -0 J800Z-02 -0 72202402 O 1ST78E-12 © O °.0
! ° sots0C ©.0 ©.1010€-01 -0.8817E-02 ©.3443E-18 ©.0 ©.1010E-01 -0.$8172-02 O 1178E-12 © 18BOE+*©O0 © 17222-0%
12-0.8008E-02-0.3388E-02 -O.3800E+02 -0.7220C+02 -0.483I72-13 -0.29728¢02 -0.7220E+02 -0 .7142E-13 ©.0 0.0
© 93 80E+00 0.0 ©0.1010E+-01 -0.8817E-02 -O0.3008E-18 0.0 -0 $8172-02 -0.88428-13 © 1880R*00 ©.1722E8-08%
1-0 ;A:e-o:-o.'zl:: ©1 -D.3800E*02 ~O©.7220E+02 -O.2942E-12 -0.28728¢02 -0 7220E¢02 -0 4831E-12 O © 0.0
! © . 9880E+00 © ©.101028-01 -0.§817€-02 -O 18832-1% ©.0 -0 8E8178-02 -0.3377E-12 © 1880R+GC © 17222-08
22-0 13421-02-0. ::ll!-oz -6 3800E+62 +0.7220E902 O©.0883E-13 -0.2872¥e02 -0.38002402 -0.T220R+02 ©.1334R-:2 O.0 °.0
° 80E+00 0.0 ©.10108-01 -©.8E17E-02 ©.8837e-78 6.0 ©.10102-01 -0 $8172-02 O©.1084E-32 © . 188B0E+20 0©0.1722%-0%
sscs= STRESSES AND STRAINS IN ELEMENT MUMBER Jecsances
11 ©.13822-02 ©0.3388E-02 -O.3800Z+02 -©0.7220£+02 ©O.8188E-13 -0.29728+02 -0.3300R+02 -0.72208+02 ©.883272-13 O.0 ©.0
©.18808¢00 0.0 ©0.1010E-01 -0 EMI1TE-O2 ©.3008E-18 ©.O ©.10102-01 -0.88172+-G2 ©.7308%-13 O©O.1880R¢00 0 1722E-08
12 © ©.12828-01 -O.3B0CE+03 -O.7220E+02 -©.32748-13 -0.29728203 -0.3300E+02 -O 72202402 -0.30628-13 ©.0© c.0
° 0.0 0.10102-01 -0.88172-02 .0 ©.10108-€1 -0.B817E-02 -0.41332-13 © 18808200 ©0.17328-08
21 © ©.3385E-02 -0.3000E+02 -0.72208+02 i3 -0.28728+02 -0.38008402 -0.72300e02 -0.10118-12 ©O.0 e.
° 0.0 ©.10102-01 -0.58317£-02 18 ©.0 ©.10108-01 +0.88172-02 -0 .88420-13 © 18808¢00 O.1722¥-0%
22 ©.80081-02 0.1282E~01 -C.3800R¢02 -0.7220E+02 ©.1398€+12 -0.23728+02 -0.38008+02 2cge02 ©.21324R-12 ©.0 0.0
©.38800000 0.0 9.10108-01 -0.BSI1TE~02 18 o0.90 ©.10108-01 -0.86172-02 O©.19812-12 ©.18808¢CO 0. 17232-08
sswsssss STRESSEE AND STYRAINS IN ELEMINY NUMEBER
11 ©0.13428-02-0 . 1282E-01 -0.3800E902 -0.7220E+02 12 -0.2072R902 +0.3800g+02 -0.72208¢02 -0.G¢881R-13 ©O.0 c.0
©.98308¢00 0.0 ©.1010E-01 ~O.5817E2-02 16 0.0 ©.10100-01 8170-02 -0.€920%2-13 O©.1880R¢00 O V1T722R-08
12 ©0.13422-03-0.33888-02 -C.3800E+02 -0.7220E+02 {4 -0.3872W%02 -0.38002+02 -C.7220R+02 -0.8372R-14 O .0 c.o
©.8880Le00 0.0 ©.1010E-01 -0.88172-02 -0.31342-17 0.0 ©0.10108-01 +0.B8172-02 -O.14832-139 © 13808400 ©0.17226-08
21 ©0.80082-02-0.1282E-01 -O.3B00E+02 -O0.72202+02 O©.16388-12 -0.23722+02 -0.3800€-02 -0 72230802 © 2281E-12 ©.© 0.0
©.9880£+00 0.0 ©.1010B-01 ~0.8317£-02 1¢ o.0 ©.1010E-01 -0.88172-02 ©.1718¥-12 © 18808*00 © 1722¢-08%
22 ©.30082-02-0.33882-02 -0.3IB00E*0Z -©0.7220£°02 13 -0.32872E+02 -0.2B00E+02 -0 7220E+02 -0.1172E-12 ©.0 0.0
0.98202+400 0.0 ©.10108-01 -0.88172-02 -0 3!3:!-1I ©.0 ©.10102-01 -0 .8817§-02 -C.7188E-13 ©.13808¢00 ©.317222-00
s PR ] n mY OF COMPUTER T I NE
son swsssvanvesnE sase

ITERAT VDN

SYIFF REFORM

SOLUTION TIME

AYRESS CALCUL .

(mlLLI SEC.) (MILL} SRC.) (MiLLl SEC.)

1 22 1] 238

2 100 . 280

3 L1} A\l 28
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