AD-751 051

ASPECTS OF MECHANICAL BEHAVIOR OF ROCK
UNDER STATIC AND CYCLIC LOADING. PART A:
MECHANICAL BEHAVIOR OF ROCK UNDER STATIC
LOADING

Tarun Naik, et al

Wisconsin University

Prepared for:

Advanced Research Projects Agency

March 1972

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




BEST
AVAILABLE COPY



ENGINEERING EXPERIMENT STATION

ASPECTS OF MECHANICAL BEHAVIOR OF ROCK
UNDER STATIC AND CYCLIC LOADING

Part A Mechanical Behavior of Rock under Static Loading

Annual Technical Progress Report
March 1972 '

Sponsored by Advanced Research Projects Agency
and monitored by U. S. Bureau of Mines
under Contract No. HO210004

ARPA Order No, 1579, Amendiment 2
Program Code 1710

AD75

i/
1
Reproduced by
NATIONAL TECHNICAL
3 INFORMATION SERVICE
U S Deportment of Commerce
Springfield VA 2215} 6'
; DISTRIBUTION STATEMENT K | 0
oved for public release S
M’L..Mm Unlimited 8




3200.8 (Att 1 to Encl 1) .

=n h.@::r-i-l’;.ﬁ'l.mmlu atiun - Mar 7" 65
DOCUMENT CONTROL DATA-R& D
Secamlty clunslticatiaon nl tlile, hody ol ahetinet and indezing annntation muef he auterrd when the ovecall reporl te cinsslticd)
V. OHILINATING AC 1IVITY (Leiporate author) 20 ML UL S CHURITY CLASSIFICA TION
Engineering Experiment Staticn Unclassified

0. GROUP

Pnix,ersity 81‘ Wiac,ong?ﬁos

3. HULPOMY TIILE

Aspects of Mechanical Behavicr of Rock under Static and Cyclic Loading.
Part 4 - Mechanical Behavior of Rock under Static Loading.

“a DI ACLUPTIIVE uo-n'(s (1ype o tepers and inclupive doies)

Annual Technical Report

S ALLTRNON(S) (Firal name, middle inltiel, loat neme)

Tarun Naik, Robert G. Lundquist, Jesus Basas and Robert W, Heins

6. NI PFPONRT DATN 78. COVTAL NO. OF PAGLZS . NO. OF RE*S
April 1972 90 10

8. CONTRACT ON GRANT NOD. 8, ORIGINAION'S ALPOAT NUMBENIS)
HO210004 144-B638

s.raosscrne.  ARPA Order No. 1579,
Amendment oNo. 2

-.Program Code No, 1F1 ®5. OTHER RLPORT NO(S) (Any ethar numbers thel siay bs assigned
thit repost)

LA

10. DISTRIBUTION STATEMENT

Distribution of this Jocument is unlimited.

12. SPONSORING MILITARY ACTIVITY

Reproduced from .Advanced Research Projects Agency,
best available copy. § Waahington’ DC 20301

TV SUPILIMIITARY 1IGI LS

e
s austuact Valders limestone was tested for indirect tensile strength using the
ell-known Brazilian test, The samples tested ranged in size from 3 in. in
ia. by 2 in. long for the largest to 1 in. in dia. by 1/2 in. long for the
mallest. Force vs. vertical displacement and force vs. horizontal strain at
he center of the disc were plotted for eack test specimen, No appreciable
olume effect on the tensile strength of the specimens was apparent,

A one-dimensional progressive failure model is proposed, consisting of
inearly elastic springs in parallel which can deforin independently of each
ther, The springs are assumed to be perfectly brittle and the values of
tiffness and strength are assigned using the Monte Carlo technique. While
his model ig of no practical use, it does serve as :. simple model to study the
umerous variables involved.

‘A two-dimensicnal progressive failure finite element model is presented.
n this model the Brazilian test is modeled by a two-dimensional finite element
tructure. The following variables were analyzed: (1) ratio of allowablé com-
ressive strength to tensile sirength, (2) number of loaded node points, (3)
trength variance, and (4) stiffness variance. The two-dimensional mcdel is
apable of showing how failure develops in mixec stress fields, such as it

razilian t ests. .

DD '2.1473 7

Security Classilication




Bovunity ¢ Jassifscation

3200.8 (Att 1to Encl 1)

Mar 7, 66

KEY WOHDS

Link A (W1

LiNw ¢

HOLE

wy NOLE

wT

FOLEF

wr

finite element analysis -

Brazilian test '

indirect tensile strength

model of rock failure

force-displacement curve

bounded distribations of strength and
stiffness

finite element progressive failure model

&

Security Classification




OSSE &1 B

dml el Py g By Y

ASPECTS OF MECHANICAL BEHAVIOR OF ROCK UNDER
' STATIC AND CYCLIC LOADING

PART A: MECHANICAL BEHAVIOR OF ROCK UNDER STATIC LOADING

ANNUAL TECHNICAL PROGRESS REPORT
MARCH 1972

by

R. W. Heins (Co-Principal Investigator
with B. C. Haimson)

Department of Metallurgical & Mineral Engineering
and the
Engineering Experiment Station
College of Engineering
The University of Wisconsin
Madison, Wisconsin 53706

Details of illustrations in
this document may be ta!tep
~. Studied on microfiche

ARPA Order No. 1579, Amendment 2
Program Code No. 1F10, Contract No. H0210004
Contract Period: January 29, 1971 thiough February 28, 1972
Total Amount of Contract: $47, 985
Sponsored by ARPA and Monitored by U. S. Bui=au of Mines

Disclaimer:
The views and ccnclusions contained in this document are those of
the author and should not be interpreted as necessarily representing
the official policies, either expressed or implied, of the Advanced
Research Projects Agency or the U. S. Government.

/

Al



PREFACE

This report covers the first year accomplishments in the
research program antitled, "Mechanical Behavior of Rock Under
Static Loading, " R, W. Heins -Co-Principal -Investigator. The
program is Part A of the project entitled, "Aspects of Mechanical
Behavior of Rock Under Static and Cyclic Loading" (Contract
H0210004). Part B of the projzct is published in a separate
volume.
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SUMMARY

ASPECTS OF MECHANICAL BEIAVIOR OF ROCK UNDER STATIC LOADING

PART A

Sumnmary of Work to Date

Valders limestone was tested for indirect tensile strength using the
well known Brazilian test. Various sizes of samples were tested. The
largest sample was three inches in diameter by two inches long (3" x 2"),
and the smallest was one inch in diameter by one-half inch long (1" x 1/2").
Results of these tests are summarized in Table 1. 4. 1. Force versus vertical
displacement and force versus horizontal strain at the center of the disc
were plotted for each test specimen. A closed-loop servocontrolled machine
(MB machine) was used for the test. Application of load was controlled by
lateral strain rate at the center of the disc. Complete stress-strain (force-
displacement) curves were obiained.

A one-dimensional progressive failure model is given in Chapter 2.
This model consists of linearly elastic springs in parallel. ' The spring's de-
form independently of each other. They are assumed to be perfectly brittle,
1. e., any additional load (force or displacement loading) beyond the peak
will cause a sudden failure of the spring. The spring stifiness and strength
(failure displacement) values are assigned to the elements by the Monte Carlo
technique, using various types of probability distribution functions. Five
types of distribution functions, Uniform, Left-skewed, Right-skewed, Uni-
model and Bimodel, are used. The one-dimensional model computer program
is given in Appendix A. The following variables were analyzed: (1) number
of springs, (2) strength variance, (3) strength distribution, (4) stiffness
variance, and (5) stiffness distribution.

| A two-dimensional progressive failure finite element model is given
in Chapter 3. In this model, the Brazilian test was modeled by a

T
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'two-dimensional ﬂn:lte_eiément structure. Elastic properties and strength
values for sach alement of the finite element mudel are assigned by Monte
Carlo technique usmg' a uniform distribution function. A s.éries of elastic
analyses were performed on this structure. In each cycle, the element with
worst combination of principal stecs and strength is found. Ninety-nine

| percent of this element stiffness is then substracted from the entire structure
stiffness. The elastic analysis is performed on this new structure, and the
cycles are repeated until catastrophin failure occurs. The following variables
are analyzed: il) ratio of allowable compressive strength to tensile strength,
{2) number of loaded nnde points, (3) strength variance, and (4) stiffness

variance.

Conclugjons_

Thé following conclusibns may be extrapolated fron: the limited amount
of work presented in this report.

(1) 'In order to obtain a complete force-displacemer_nt curve for brittle
mateﬁala. such as Valders limestone, the loading rate must be controlled by
horizontal displacement (or strain) rate in order to avoid catastrophic failure
at 'or very near the peak load.

(2) The variation in the volume of the Brazilian test samples did not
appear to have any significant effect upon the tensile strength of Valders
limestone. The variation in average tensile strength was 3. 7% around the
mean value.

(3) The one-dimensional model does not have any direct use in prac-
tice, but it serves a very lmportant use in this study. It; serves as a simple
model to atudy numerous variables involved.

(4) The strength variance and the shape of the strength distribution
has a marked effect upon the force-displacement curves. On the other hand,
the stiffness variance and the shape of the stiffness distribution does not
have a very significant effect upon the force-displacement curves.
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(5) The use of bounded distribution functions allows the effect of
variables to be examined with physical interpretations to be placed on thesg
bounis.

(6) While the two-dimensional model gives good qualitative results,
it should not be considered a quantitative tool for solving rock mechanics.
problems until further modifications and improvisations are made.

(7} The two-dimensicnal model is capable of showing how failure

develops in mixed stress fields such as Brazilian tests.

‘ Future Work

- The general direction of the future program will be as follows:

(1) Additional Brazilian tests on Valders limestone will be performed.

(2) Two other rock types, Dacite and St. Cloud Gray granodiorite,
will be also used for Braziiian tests.

(3) Additional work on the two-dimensional model will be performed.
Work is underway on a two-dimensional model using isoparametric finite
elements, automatic mesh generation, and cther refinements. Anisotropy of
elements will also be included.

(4) Other types of two-dimensional models are also planned. The
greatest emphasis will be placed upon new failure criterion. Literature
search is underway.

(S) After a new, improvised, two-dimensional model is developed,
work on a three-dimensional model will be started.

g
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CHAPTER 1

BRAZILIAN TEST ON VALDERS LIMESTONE

1.1 Introduction

Valders limestone was tesi~d for indirect tensile strength using the

wel.-known Brazilian test. Various sizes of samples were tested. The

largest sample was three inches in diameter by two inches long (3" x 2"),
and the smallest was one inch in diameter by one-half inch long (1" x 1/2*%).
Force versus vertical displacement and force versus horizontal strain at

the center of the disc were plotted for each test specimen. A closed-loop
servocontrolled machine (MB machine) was used for the test. Application
of the load was controlled by lateral strain rate at the center of the disc.

The primary objective of the laboratory testing program was to obtain
complete stress-strain (or force-displacement) curves for qualitative compar-
ison with the mathematical moseis proposed in Chapters 2 and 3. The ob-
Jective behind using varlous sizes of samples was to study the effect of

the sample volume on the tensile strength as determined by thes Brazilian

test. It was also intended tha. the mathematical model would give similar
qualitative information regarding the effect of the sample voiume.

1,2 Brazilian Test

The Brazilian test for measuring the tensile strength of brittle mater-
ials, like concrete, rocks, etc., is not only widely used in this country but
in Europe and many other parts of the world also. It is probably the simplest
test in terms of preparing the samples, carrying out the testing, and analyz-
ing the results. A circular disc is cut from the material to be tested and is
loaded by a theoretically concentrated line load, Figure 1.2.1. The stress

_/-
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FIGURE 1. 2,1 Brazilian Test

along the load axis in x direction is conctant up to about + 0. & R from the
center, and is given by Timoshenko and Goodier(l)* to be

5, = Kt - 2 (L. 2. 1)
where
St = tensile stress perpendicular to the load axis
+ = concentrated line load
R = radius of the disc

t = thickness of the dis¢, and
D = diameter of the disc.

The dimensions of the specimen can be measured before the testing
and the load P needed to fail the sample is recorded from the loading machine.
Then, Equation 1. 2. 1 gives the tensile strength of the specimen.

The tensile strength of the specimen is obtained by Equation 1. 2.1 if
the failure is caused by excess tension along the load axis. However, anany
times the failure is initiated by a "crushing and wedging mechanism" at the
point of application of the load P, Figure 1.2.1. Coates (2) gives an empir-
ical relationship in order to take this mechanism into account. Fairhurst (3)

*
Number in parenthesis i..dicates reference number in the bibliuyraphy at
the end of this chapter.



has suggested that this "crushing and wedging" action can be avoided by
applying the load over an arc of about 7°.

In the present laboratory investigation considering the samples run
to date, the crushing was coniined to a very small portion of the loading
surface, thus Equation 1. 2.1 was usad to calculate the tensile strengt

1.3 Sample Size

The sample sizes were decided based upon the following criteria:
1. The volume of the sample should be doubled each time, for the
same diameter sample.

The failure load of the sample should not exceed the capacity of
the machine (25 kips).

3. The diameter of the sample should be such that it fits into the
vertical displacement measurement device, Figure 1. 4.. 2,
conveniently and easily.

The third criterion limited the samples to be three inches in diameter
or less. The second criterion limited the largest sample size to be three
inches in diameter by two inches in thickness (3" x 2"). Thereforre, begin-
ning with & sample 3" x 2", the following sample sizes were selec'ted to
meet the first criterion.

1. 3" diameter x 2", 1" and 1/2" thick,

2. 2" diameter x 2", 1" and 1/2" thick, and

3. 1" diameter x 2", 1" and 1/2" thick.

1.4 Test Procedure and Results

A closed-ioop servocontrolled machine (MB machine), Figure 1. 4.1,
was used for the Brazilian test of Valders limestone. Application of load was
controlled by the horizonf.al strain rate at the center of the sample disc.
Applied force versus horizontal strain at the centei sutput was directly re-
corded by the MB machine recorder,and a special additional plotter was used

(34




Figure 1,4.1

The MB Universal Testing Machine
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(foreground, Figure 1. 4. 1) to plot force versus vertical displacement.

A special' platen was constructed to measure the vertical displace-
ment, Figure 1.4. 2. The to'p. and bottom plates were very carefully machined
to make them perfectly horizontal such that no eccentricity will be introduced
in the appliciation of the vertical load. An adapter, to fit the platen at top
Into the load, was also_ very precise.iy made in order to have perfect, full
contact with the load cell. One strain gage was mounted on top of each of
the two cantilevers extending from the top platen. First, the cantilevers are
puiled down by tightening the nutson top of the two poles. As the bottom
platen moves up, the cantilever will be displaced upward and will record a
certain value of strain. The platen set was calibrated to convert strain on
the cantilever to verticai movement of the platen.

To measure horizontal displacement on the axis perpendicular to the
applied load, another displacement measuring mechanism was devised,
Figure 1.4.3. A considerable amount of effort was spent on this device to
perfect it in an attempt to make it give satisfactory results; however, satis-
factory results were not cbtainable and the device was discarded.

Because of sudden failure and permanent deformation of the device,
it was decided to use strain gages directly mounted at the center of the rock,
Figure 1.4.4. Two SR-4 strain gages were mounted on the sample, one each
on the two faces of the disc, Figure 1. 4..4. This alternative is expensive
because two strain gages are expended for each sample tested, and is time
consuming because considerable time {5 spent in mounting the strain gages.
However, the strain gage method gives an accurate strain value at the center
of the disc. The average of the two strain gage readings was used in the
force versus horizontal strain plots.

After the samples were cored and cut to proper sizes, they were dried
in an oven for 48 hours. Two strain gages, one on each side, were then
mounted in the standard manner. The sampie was positioned in the loading

frame and carefullv centered, Figure 1. 4. 5.
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Figure 1.4,2 Vertical Displacement Measurement Device
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Figure 1,4.3

Horizontal Displacement Measureiment Device
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Figure 1.4.4 Brazilian Test Sample




Figure 1.4.5 Brazilian Test
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The loadiﬁg rate in the first phase of the testing program was con-
tr_olled by the vertical displacement. But we encountei'ed the same problem
as Hudson, e_.f al. (4) did. The rock samples broke very violently (shattered
to pieces) at the peak load. 'This, obviously, did not satisfy our objectit.2
of obtaining a complete stress-strain curve, and another method of obtaining
.a complete stre_ss-étrain curve must be found. Hudson, et al. were success-
ful in using horizontal strain rate at the center of the disc to control the |
loading on the éample and to obtain a complete stress-strain curve. There-
fore, in this laboratory investigation we also decided to use horizontal
strain rate to control the load on the rock sample. .

The MB machine, Figure 1. 4.1, was programmed o reach the highest
value of strain allowed by the machine in 800 seconds. The amount of ver-
tical loading .exerted by the machine was programmed to be proportional to
the horizontal strain rate. If the horizontal strain rate exceeded the preset'
(programmed) value in the machine, then the vertical load will decrease,
and vice-versa. With this servocontrolled machine, it is thought that the
change in vertical loading, depending upon the horizontal strain rate,
occurs within a few microseconds.

There were, on the average, three samples of each size tested, see
Table 1. 4. 1. A typical complete vertical force-vertical displacement plot
is shown in Figure 1. 4.6, and a vertical force-horizontal strain plot is shown
in Figure 1. 4. 7.

The testing stopped either when the MB machine went into oscillation®
and/or when the strain gages mounted on the sample broke. As the vertical
crack along the loaded axis opened up, it also cracked the strain gages
securely mounted on the sample, Figures 1.4.9, 1.4.10 and 1.4.11. Approx-
imately half of the tests stopped due to failure of the strain gage. Tﬁe other
half of the tests were terminated when the machine went into oscillations,

*
It is believed that the machine went into oscillation when the horizontal
strain rate was fluctuating, forcing the closed-loop servocontrolled machine
to load and/or unload too rapidly.
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Figure 1,4.8 Sample 29T After Failure
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Figure 1,4.9 Sample 18T After Failure
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Figure 1,4,10 Sample ™M After Failure
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see Table 1. 4. 1. In general, the samples with smaller volume failed due to
strain gage failure, Figures i.4.9, 1.4.10 and 1.4. 11, whereas for larger
volume samples testing was stopped when the machine went into oscillation,
Figure 1. 4. 8. Figures 1.4.8, 1.4.9, 1.4.10 and 1. 4. 11 also show the var-~
lation from test to test in the type and amount of fracture. As was expected (1),
due to highly localilzed compressive stress at the point of application of load,
the failure crack in general propagated from the outside to the center of the
disc along the loaded axis.

.5 Discussion of Results

Vertical applied force versus vertical displacement and vertical applied
force versus horizontal strain at the cente: of the disc rlzts, like Figures
1. 4.6 and 1. 4. 7, were obtained for al. the samples tested. Qualitatively,
the plots for all the samples were similar. |

After the initial almost linear increase in force versus the displacement
for both types of plots, the peak was achieved in about 50 to 80 seconds.
The time to reach maximum horizontal strain was set at 800 seconds. For
about three to four seconds after the peak was reached, there was no notice-
able movement of the plotter pens. At this time, crushing at the load points
and the propagation of a hairline crack to the center of the disc was evident.
The rock disc did not fail suddenly at this point because the loading was
controlled by horizontal strain rate and not by the vertical force or displace-
ment rate. If the loading was controlled by the vertical force or displacement
rate, then it is obvious from Figure 1. 4. 6 that the sample would have failed
suddenly at the peak load--catastrophic failure. The use of the horizontal
strain rate to control the machine prevented the catastrophic failure.

Immediately after the peak point was reached, the crack weakened
the sample and reduced the load bearing capacity and the unloading occurred.
The sample was still carrying the reduced load, and ths horizontal strain in
the weakened sample increased (the crack widened). This process continued
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until the test was stopped due to breakage of the strain gage,or due to
machine oscillations,or when the maximum strain value was reached in the
preset total time of 800 seconds.

Table 1. 4. 1 gives some details regarding the Brazilian tests. The
mean of the average tensile strength was 1360 psl. Variation in ths average
tensile strength thus was # 50 psi or 3. 7% around the mean value. From
these limited tests, we can then conclude that the sample volume did not
have much effect on the tensﬂe strength of the Valders limastone.

Variation in tensile strength within tests was of the higher magnitude,
Table 1.4. 1. For all the one-inch diameter samples, the variation was 16. 3%,
for two-inch diameter samples it was 6. 2%, and for three-inch diameter
samples it was 9. 7%. The mean of the within-tests variations, for all the
samples, was 10.7%. Thus the within-tests variation in tensile strength is
significantly higher when compared to the variation in tensile strength due
to volume change.

.6 Conclusions

From the limited amount of laboratory testing completed so far, the
following conclusions may be extrapolated:

1. In order to obtain a complete force-displacement curve for brittie
materials, such as Valders limestone, the loading rate must be
controlled by horizontal displacement (or strain) rate in order to
avoid catastrophic failure at or very near the peak load.

2. The variation in the volume of the samples did not appear to have
any significant effect upon the tensile strength of the Valders lime~
stone. The variation in average tensile streagth wag 3. 7% around

the mean value.
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1.7 Future Program

The general direction of the future program will be as follows:
1. More samples of Valders limestona of each size will be tested, using
' stress (load) controlled loading for comparative purposes.
2. Two other rock types will be tested, with both strain rate and stress-
controlled loading. _
3. Statistical methods will be used to aid in evaluation of these resplts.
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CHAPTER 2

ONE-DIMENSIONAL MODEL

2.1 Introduction

A one-dimensional progressive failure model is proposed in this
chapter. This model consists of linearly elastic springs in parallel. The
springs deform independently of each other. They are assumed to be per-
fectly brittle, i.e., any additional load (force or displacement loading)
beyond the peak will cause a sudden failure of the spring. The spring stiff-
ness and strength (failure displacement) values are assigned to the elements
by the Monte Carlo :echnique, using various types of probability distribution

functions.

.2 Distribution Functions

Five typex of distributioa functions are used to randomly generate
the spring stiffness and strength. They are: uniforn, left-skewed, right-
skewed, unimodal and bimodal. The uniform distribution is well-known,
and the others are derived from it as suggested by Hemmerle (1).* These
distribution functions are chosen because they represent wide variations and
are inexpensive to generate on a digital computer. There is no reason to
expect that these distributions represent the properties of a real rock. Itis
hypothesized that the inhomogeneous real rock properties are statistically
inhomogeneous. The varieties of distribution functions should be sufficient
w0 examine their effect upon the progressive failure of the assumed statisti-
cally inhomogeneous rock. An added benefit is that the distributions are all

-bounded over arange, a to b, thus allowing physical interpretation to these

bounds. The width of each distribution in terms of variance, V, and mean

*
Number in the parenthesis indicates reference number in the bibliography at

the end of this chapter.
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value of the distribution is tabulat;ed in Table 2. 2. 1.

TABLE 2. 2.1
STATISTICS FOR THE FIVE DISTRIBUTIONS

No —Distri hution .. Subroutine Name* | Mean Value Width of the
s - Distributions = b-a
1 | uniform 1 - UNIFRM a—';—b (12v) 172

2 | Left-Skewed RSKEW/** Zb; a v 1/2

3 | Right-Skewed |  LSKEW b 'g 28 (18v)1/%

4 | Unimedal UNIMOD 2z 2 (2av)1/2

5 | Bimodal BIMOD 2 ; 2 (8v) 1/2

, .

See Appendix A.

**Subroutine RSKEW actually produces a distribution which is left~skewed, i.e.,
the mean of the distribution is to the right of the midpoint with the %ail of the
distribution stretched out to the left. Similarly, LSKEW produces a right-
skewed distribution. :

We car see from Table 2. 2. 1 that by specifying the mean value and
variance, V, we can easily calculate the range of the distribution (values of
a and b).

2.3 Progressive Failure Model

The parallel spring model is loaded with displacement loading. The
‘total stiffness of the model is first computed. It is equal to the sum of stiff-
-nesses of all the springs. After applying the first displacement, we can cal-
culate the force necessary to cause the displacement. It is equal to the
total stiffness of the model multiplied by the displacement. This gives us
one point for the force versus displacement plot. Before increasing the dis-
placement, a check is made as to whether or not strength (specified in terms
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of displacement) of any spring is exceeded. The spring whose strength is
equal to the applied load (both in terms of displacement) will fail at the load
and is removed from the model. The new total stiffness of the model is
computed by subtracting the failed spring stiffness. The displacement is
increased, the force needed to cause the displacement is calculated, the
failed spring is picked ahd eliminated, and the cycle is repeated until all
springsk have progressively failed. All the force versus displacement points
are plotted to obtain a force versus displacement plot for the model.

2.4 Discussion of Results

To reduce the number of independent variables in the model and facil-
itate comparison, a hypothetical rock was selected for modeling in a uniaxial
compression test. The specimen is a cylinder with a diameter of two inches
and a length of four ‘nches. The rock has a modulus of elasticity of 7. 6 x
10° pst, giving totul stiffness, K = 2%, of 6 x 10° /inch.

The one-dimensional model computer program is given in Appendix A.
It was used to obtain force versus displacement plots for the model. There
are various independent variables which need to be analyzed. It was decided
to analyze the following variables: |

(1) Number of springs

(2) (a) Strength variance (varied, holding yield pcint constant),

(o) Strength variance (constant, yield point varied).

(3) Strength distribution

(4) sStiffness variance

(5) Stiffness distributior

- The effect of varying num;ber'of springs. N, is of two types. The
least important but most obvious, Figure 2. 4. 1, is that the plottiny of smaller
numbers of points by a "connect the dots" iule will nof produce a smooth
curve. More important, however, is the statistical "law of largeﬂ numbers;'

which says that if "sufficient" number of samples is taken, then the sample
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~ distribution is arbitrarily close to the theoretical distribution. ' This means

that as N approaches infinity, the curve produced by the model becomes
realistic. Thus the number of elements should be selected large enough to
make the force-displacement curve smooth and reproducible, even with larger
number of elements. However, increasing N will increase the cost of analysis,
in terms of increased computer time. Figures 2.4.1, 2.4.2, 2.4.3, 2.4.4
and 2. 4. S show the result of varying N(N = 10, 100, 500 and 1000) with uni-
form strength and stiffness distributions. The curves for N = 500 and N = 1000
are smooth and neafly identical, Figure 2, 4. 5, while curves for N = 10 and
N = 100 are rough and not reproducible. It was concluded that 500 spring
elements were sufficient, and this numbgr was used for subsequent analysis
of other variables. - 1

The effect of s.tréngth variance on the force-displacement plot may be
studied in two different ways: (1) by holding the yield point constant and

~varying the variance, and (2) by holding the variance constant and varying

the vield point.

Let As represent the lower bound of the strength distribution. Thus the
first element will fail when the applied displacement equals As. The model
is elastic until the first element fails. Thus, As represents the yield point of
the model. Bs represants the upper bound of the strength distribution. When
the displacement becomes Bs. the last element fails. Thus Bs~represents the
ultimate failure point of the model. '

| The result of changing variance of strength distribution, holding

A, (= 0.004 inch) constant, is shown in Figure 2.4.6. With A_ = 0.004 inch,
the model simulates the hypothetical rock which has the yield point of about
24, 000 1bs. or 7,600 psi. The strength distribution variance ranged “rom
zero to 5.6 x 10‘5, The stiffness distribution was held constant and both
diztributions were uniform. With bounded distributions (of the types used
here), the role of the strength variance is to fix the upper and lower bounds
of the strength distribution if the mean of the distribution is specified. Here,
the strength variance was varied holding the lower bound constant at 0. 004
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inch. Thus, the strength distribution fixed the upper bound or the maxii. .
displacement at which the specimen will fail. If As and Bs are coincident,
variance = 0, then the yield, peak and maximum displacement occur at the
same displacement and weakest link failure occurs. This implies that the
hypothetical rock simulated has a homogeneous strength.

The second way to study the effect of rock strength variance is to
vary the yield point of the rock, but holding the variance constant. The
strength and stiffness variance was held constant and the uniform distribu-
tion was used. As varied from 0 to 0. 008 inch. The resulting force-displace-
ment plcts are shown in Figure 2. 4. 7.

From Figures 2. 4. 6 and 2. 4.7, we can readily see that the effect of
the strength variance on the force-displacement plot is significant.

Figures 2. 4. 8 to 2. 4. 12 show the effect of the five strength distribu-
tions on the force-displacement plots. The strength distributions are uniform,
unimodal, left-skewed, right-skewed and bimodal, respectively. The uni-
fdrm stiffness distribution was held constant. The strength and stiffness
variance and yield point were also held constant. We carn: see that the
strength distributions have marked effect uyon the force-displacement response
of the model.

Effect of stiffness variance is shown in Figure 2. 4. 13. The strength
variance and the yield point, As' were held constant. The stiéfness variance
ranged from zero to ten with the mean stiffness fixed at 6 x 10 /N, where N
is the total number of spring elements. The uniform distribution was used
for the strength and the stiffness variance. We can see from Figure 2. 4. 13
that the stiffness variance does not have a very significant effect upon the
torce-displacement respohse of the mudel.

Figure 2. 4. 14 suiiows the effect of the five stiffness distributions on
the force-displacement plots. The stiffncss disiributions are uniform, uni-
modal, left-skewed, right-skewed and bimodal, respectively., The uniform
strength distribution was held constant. The strergth and the stiffness
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AR

varianqe and the yield point were also held constant. We can observe from
Figure 2. 4. 14 that the stiffness distributions do not have a very significant
effect upon the force-displacement response of the model.

2.5 Observations

The following observations may be made regarding the one-dimensional'
model. o
(1) The model does not have any direct use in practice, but it serves a
very important use in this study. It serves as a simple thodel to
study numerous variables involved. This will help a great deal in
the development of two and three-dimensional model.

(2) This simple one-dimensional model is relatively very inexpensive to
use in terms of computer time for analysis of variables. We can

expect a similar effect of variables in case of two~- and three-

dimensional model, thus eliminating a need for detailed analysis of

|

thes_e variables in subsequent model developments.

.

(3) The use of bounded distributions allow thé_ effect of variables to be
~ examined with physical interpretations to be placed on these bounds.
(4) Five hundred spring elements are sufficient for this model to obtain
smooth force-displacement plots.
[ (5) The minimum value of strength dlstﬂbution defines the yield point for
the model and the maximum value deﬂhes the ulitmate failure dis-

-

placement.

[ m—

(6) The shape of the strength distribution has a marked effect upon tHe
force-displacement plot of the model.

[T ]

(7) The stiffness variance and the shape of the stiffness distribution does

=1

not have a very significant effect upon the force-displacement plot
of the model.
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CHAPTER 3

TWO-DIMENSIONAL MODEL

3.1 Introduction

While many papers exist on the subject of inhomogeneity in elastic
and plastic problems, they treat mainly that class of problems which we
have called deterministically inhomogeneous. What we have called statis-
tical inhomogeneity-~which is a more realistic model for polycrystalline
materials such as rock~~cannot be treated by exact methods. Neither can
they be easily handled by finite difference methods, due to the difficulty
with boundary conditions between regions with different properties.

The emergence over the last decade of the finite element method has
no less than revolutionized all of continuum mechanics. Problems that were
previously considered intractable or at least very difficult, are now solved
routinely. The method has also seen much use in rock mechanics as wit~
nessed by increased volume of papers.

Inhnmogeneous problems of all kinds have been especially simplified
by the finite element method. Each element can be assigned its own unique
properties with no more difficulty than assigning the same property to all
elements.

This approach was used by Su, Wang, and Stefanko (1)* to study the
stress distribution around a mine opening (circular turirel). They assumed
that both Young's modulus and Poisson's ratio were normally distributed.

Not surprisingly, in light of the "law of large numbers, " they found that the
mean of the stress distribution for any region approached the value it would
have if the material was assumed homogeneous but that large differences in
local stresses would occur when compared to the material being normally
distributed elastic properties.

*
Number in the parenthesis indicates reference number in the bibliography at
the end of this chapter.



Eaniile o bl

44

All other papers encountered in a literature search referred to deter-
ministic inhomogenecity Which is, of course, easily treated by the method.

It will be assumed that the reader is familiar with the finite element
method. Many excellent references and textbooks are available.

3.2 The Model

A finite element pfogressive failure model was developed ard pro-
grammed in FORTRAN for solution by a digital computer. While some portions
of existing programs from several sources (2) were used, it was found that
no existing program could be satislactorily modified. The majority of work
under the present contract has, therefore, been devoted to writing the pro-
gram given in Appendix B.

Basically, the model consists of a series of elastic analyses on a
two-dimensional finite element structure. In each cycle the element is
found which has the worst combination of principal stress (computed from the
elastic analysis) and strength (assigned as an element property in the program).
This element is then considered "failed" by the prograin. This maximum
principal stress criterion of failure ig clearly an oversimplification of ele-

mental failure mechanism for rock. Since such failure mechanisms are the

subject of heated debate among experts in fracture mechanics, the principal

stress criterion may be considered an initial step toward an eventual more
realistic model. '

From the ratio of the maximum or minimum principal stress in the

[ =]
[ oot ]

critical element to its compressive or tensile strength, the loads and dis-
placements are scaled so that the element is exactly failed, i. e. , the ratio

[
2 [

becomes one. The program then computes the force needed to cause the cal-

2]
¥

culated displacement and reports the number of the failed elements, the
external load causing the failure, and the displacement under the load. Any

[
| e

“y
[ SR ]

other force or displacement quantities needed can be printed out at the same
time. '
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Most of the clement st!ffness is removed by subtracting 99% of the
element stiffness of the failed eiement. Not subtracting the entire stiffn:ss
avolds divisior. by zero in the matrix solution process. The idea of as¢ aming
the failed element to lose almost all of its stiffness again is an oversimplifi-
cation and should again be considered but an initial step.

The initial force and displacement conditions are reset and the cycle
is repeated as an elastic analysis of the remaining (unfailed) portion of the
structure. |

It should be noted that the program is not iterative in the usual sense,
i. e., it does not increment or monotonically increase the load (neither force
or displacement load). The elastic analysis is iterated. In each cycle, a
hew structure is analyzed. The new structure esséntially omits (except for
1%) the element failed in the Previous cycle. The cycles are continued until
complete failure occurs.

.3 Test of the Model

For initial testing of the fir.ite element progressive failure model, the
diametral compression or Brazilian test was chosen. It suits this purpose
very well éince it includes both teusile and compressive stress regions.

The Brazilian test is accepted to be an Indirect tensile strength test
for rock, and a rather large proportion of reported tensile strengths for rocks
are obtained by this method. Recent investigations (3) have shown that
feilure rarely, if ever, initiates at the tensile stressed region in the center
of the loaded diameter. This was also confirmed by the laboratory investiga-
tion outlined in Chapter 1. Failure is initiated by crushing under the loads
at the enas of the diameter and immediately proceeds inward, creating the
vertical crack commonly seen. The compressive stress at the ends of the
diameter is theoretically infinite under a line load but decreases as the arc
of contact is increased. Fairhurst (4) showed that tensile failure is theoreti-
cally possible if the compressive strength/tensile strength ratio was greater
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than about 12 for an arc of contact &= tan_1 1/12, but that for a = tan-1

tensile failure 18 possible with a ratio of 8. (Note: tan 1/ 12 is about
4. 8° and tan 1/6 ls about 9.6°.) Hudson, et al. (3) found that even for
arcs of contact exceeding 10°, no tensile failure of the assumed kind could

1/6

be found.

A finite element mesh to model the Brazilian test is shown in
Figure 3. 3. 1. It consists of 81 nodes comprising 128 triangular elements.

A structure with five rings of elements (121 nodes, 200 elements) was also
tried but could not be run due to computer size limitations.

Constant strain triangles are also probably preferable to more sophis-
ticated elements. At least thev will be easier to work with. The program
size is limited by the computer coe size and determired primarily by the
size of the stiffness matrix. For a two-dimensional structure, this size is
twice the total number of nodes. Constant strain triangles can be shown to
give the largest number of elements for a given degree of accuracy of results
and thus for a given program size they provide the maximum information
about the progression of failure. The node numbering scheme shown gives
a bandwidth of 36, which is felt to be a minimum for the four ring structure.

The results of six computer runs are presented in the next section.
For five of these runs, the specimen was loaded by a vertical downward dis-
placement on node number five while the opposite node (number 78) was
held fixed in both directions. This simulates not a live load but an arc of
contact of 11-1/4° (one-half element width in each direction). Because the
high stress grariients under the load cannot be well modeled by the constant
strain triangles, this probably corresponds to a somewhat smaller arc on
real rock. One test (A-3) had three nodes loaded and three fixed simulating
an arc of contact of 33-3/4°.

The first three runs were with homogeneous element properties. The
fourth and fifth runs were with element sirengths distributed two different
ways, and the sixth run had only element Young's modulus distributed.
Poisson's ratio was held constant at 0. 25, but would be varied in later testing.
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Properties were assigned tc each element by subroutine CARDS using the

Monte Carlo scheme developed for the one-dimensional model. Only the

uniform distribution was used but the other distributions may also be iried.

It is doubtful that they will make any large difference in the results.
Compressive strength for any element is a constant multiple (provided

as data) of the stochastically generated tensile strength. Since any element

can fail only once, this does not disturb the randomness of the strengths.

.4 Test Results

The conditions of the six tests are shown in Table 3. 4. 1. The Young's
modulus was a constant 7, 600, 000 psi except in test A-6 where its mean was
7.6 x 106 Psi. The mean (or constant) tensile strength was chosen to give
a mean compressive strength of 13, 000 psi.

Let us discuss the results for each test individually.

In test A-1, the specimen failed immediately by crushing the elements
adjacent to the loaded node. With these elements failed on both ends of the
loaded diameter, there was little resistance to large displacement and the
test was terminated. This test points up a particular inadequacy of the
model in fhat all load resistance would not be removed by crushout under the
loads in a real specimen. The crushed zone would retain considerable stiff-
ness and a crack would propagate from the oufside to the center of the speci-
men. The failure initiation of the model appears entirely correct, however.

With a higher ratio of compressive to tensile strength in test A-2,
failure initiated at the center of the disc and ran outward, The progression
of the failure is shown in Figure 3. 4. 1. Ultimate failure was by ci'shing
under the loads as before, hut initiation and propagation were as expected
for the higher ratio of tensile to compressive strength. Force-displacement
under the load for test A-2 is shown in Figure 3. 4. 2. It is easily seen that
either force or displacement controlled loading will produce complete failure
simultineously with failure initiation. Aftern= 11, the specimen has failed
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in Test A-2

Foilure

girmssion of

Figure 3.4.1 Pro
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and further results are meaningless.
- TABLE 3.4.1
_BRAZILIAN TEST CONDITIONS
Test Hato No. of Mear; 1 . N L
No. ag/ % | Loaded Nodes aj S| Inhomegeneity
A-l 8 1 1 1625 Homogeneous -
A2 24 1 541. 67 | Homogeneous
A-3 8 | 3 1625 Homogeneous |
A-4 24 1 541. 67 |. Tensile strength range ft‘om
' . ' 41. 67 psi to 1041, 67 psi
A-5 24 ol -541.67 | Tensile strength range from 441 67
o psi to 641. 67 psi

A-6 24 1 [ 541.67| Young's medulus range from

' 1, 600, 000 psi to 13, 600, 000 psi.

The three-point loading in test A~3 produced a tensile failure at a

. compressive strength~tensile strength ratio of 8. This was to be expected

bacause a three-point loading will not create high concentration of compres-
sive stress at the point of application of load. In Figure 3. 4.3, the progressive
pattern of failure i1s shown. Failure initiated at the center in tension and pro-
gressed simultaneously in both directions Ultimate failure wos due to

wedging out of an area underneath the load which remained unfailed.. The
force-displacement curve is shown in Pigure 3. 4. 4. Here, force loading

would procuce instant failure, but displacemen: loading will jump from n = 1

to n = 15 and then to ultimate failure..

Test A-4 proved to be too inkomogeneous and failure was very scat-
tered before ultimate failure due to crushing of the bottom load point. This
rather unrealistic failure pattern, shown in Figure 3. 4. 5, perhaps shows that
degree of inhomogeneity might be needed to be defined to model a real rock.
The force-displacement behavior in Figure 3. 4. 6 shows another aspect of
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Figure 3.4,3 Proyression
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inhomogeneity. Failure in either force or displacement loading would not
occur until 17 elements had failed.

Test A-5 was similar to test A~4 but with greatly reduced degree of
inhomogeneity of the strength. In this case, the failure proceeded from the
center outward but slightly to the left of the vertical diameter as shown in
Figure 3.4.7. The peak force and displacement again occurred on the first
element which fails indicating that failure will be instantaneous in either
force or displaéement loading, Figure 3. 4. 8.

The test of inhomogeneous modulus, test A~6, provided little new
information. Even though the stiffness was highly inhomogeneous, the stress
distribution appears io be similar to the homogeneous case. Apparently in
the Brazilian test at least, the strength is a more sensitive variable. This
was also shown to be true in case of the one-dimensional model.

The curves of horizontal strain vs. vertical force are highly confus-
ing as they loop back upon themselves as the specimen unloads with element
failure. A typical example is shown in Figure 3. 4. 11.

3.5 Conclusions

1.  While the model in its present oversimplified form gives good
qualitative results, it should not be considered a quantitative tool for solv-
ing rock mechanics problems until further modifications and improvisations
are made.

2. Strength appears to be a more sensitive variable than stiffness.
Further work is needed to determine if this is a function of the model and its
assumptions or of the Brazilian test geometry.

3. The model is capable of showing how failure develops in mixed
stress fields. This may ultimately prove to be its most important application.
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APPENDIX A

ONE-DIMENSIONAL PROGRAM

The following pages contain a listing of the main program and seven
subroutines, which were used to produce the force~displacement plots in
Chapter 2. The programs contain reference to numerous subroutines provided
by the Madison Academic Computing Center (MACC) as system library rou~
tines. Most of these are invulved with the graphics package (2)* which
produr~ad thelplots. Random numbers needed for Monte Carlo technique were
obtained by MACC Library routine RANUN ('3).* The operation of the program
1s described briefly below. While the program as presented can be run only
on the Univac 1108 at MACC, it is hoped that some insights into the model
can be gained from their presentation here. it is further hoped that the dig-
tribution subroutines will be useful to others interested in simulation.

The main program first fills arrays containing element stiffness (STIFF)
and strenath (DISM) with random variables from the appropriate distribution
by calls to GENS and GENK. It computes initial total stiffness (TSTF) and
uses a MACC utility routine (URSORT) to sort both arrays in ascending order
of strength. In displacement loading, the force (FORCE) at each load incre~
melit is computed as the product ot current total stiffness and the current
displacement (DISPI). The total stiffness is then reduced by the stiffness
of the failed element. The antays (PORCE and DISPL) are then scaled and
plotted.

Subroutines GENK and GENS fill arrays STIFF and DISM, respectively,
with random variables by calls to appropriate distribution subroutines. These
array-iilling routines also Compute sample statistics for comparison with
distribution statistics.

The distribution subroutines (UNIFRM, UNIMOD, RSKSW, LSKEW,
BIMOD) obtain random variates from the five distributior - as described in

*Bibliography at the end of Chapter 2.
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A list of input variables, some of which are set in the program rathe:

than read from data cards, is given in Table A—;l.

2. VK
3. Vs
4. IK
(1)
(2)
(3)
(4)
(3)
5. IS
6. IPLOT
(1)
(2)
(3)
7. AS
8. NSER
9. FK

TABLE A-l

INPUT VARIABLES
Total number of spring elements
Stiffness variance
Strength variance

Code number for the stiffness distribytion
Uniform distribution

- Unimodal distribution

Left~skewed distribution
Right-skewed distribution, and
Bimodal distribution.

Code rumber for the strength distribution. Same code as IK

Code number for force-displacement plots
Plot not needed

Separate plots needed (e.g., Figure 2. 4. 4)
Superimpose plots (e.g., Figure 2. 4. 5)

Minimum strength, vield point
Serial number of the data set

Mean of the stiffness distribution equals 6000000. /N,
for all distributions.
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PRINT 1074447 4NG
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17

t‘HPDnUTlN’ FFN§ (N.I<ovSoSTRNTHvA)

nr"Fn~qu RT?NTH(N)
“uex:za, “o

*"UMY”-»".
A Ty o°v709)o'§

DB S ORT( 17, 8YS)
rc-(q.u)/v % k.
MU.2 Tz1leW .-
caLL UNIFGM(AGRX)
SUMXZ UMY +X -
SUMX2ISUMX2+ (XeX)
STRNTHCIY =X )
50 Ty o1 _
“raosﬂle?u.QVS!,_

Fez(renyya,

PO u Tz, M "a B
Cap L UNIMUD(A.RoX)
SUMXZ LMY o X

CUMYD TSUMY2e( Xe X)
STRNTHETY =X

GO T 1)

NCA +CIRTLIA, v VS )
FST(2.eite )z,

PN & TsteN

CALL SKTW (AsBoYX)
CUMY - SUMY +Y

CUMXD SUMXD+ (X8 X)
CTIINTHCTY) =X

cOo T 11
AZA+SNRYT(IR,»VSY)'
FRz(Taeds) 27,

N0 R I=z1eN

CALL LSKSW (AeRoX)
SHM XS SUMY ¢ X

SUMX? SSUMYZ¢( XeX)
CTRNTH(T) =X

U I SEE & B
ATASINTL PLeVS)
FSz(hen )y,

MO 10 [ 2) N

CCALL RIMIN (ReRoeX)

SUMX: QUMY + X
SUMXD ZSUMX P+t XeX)
CTRNTH(I) =X
X AR SUMY /N

VARYZ (SUVX2/N)=-(YPBReX3I AN

PRINT 101

CO T8 (170120140l 541E), TS

POENT 100
CnTH Y2

PRTNT 107

cn T 1Y

DPRTNT 1nu

Gu T 17

CRINT 10°

re veov?

FPINT 107

FRINT 107 48N
PRINT 107+FSevS
PRINT 1D ,XuAR,y80Y
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FIRMATOLM e 02U X e THUNTF JRM)
FORMATEIH e o2UX, 20U IINTMLG AL )

FORMAT(IHO0IUX 10HR T UT SKEWFN)

FORMETUIH e 0o UX 0 1TULFFT SKFWEN)

"ﬂRMI‘-.Y(lH*p"QXo"‘-I“]MU".AL)

FORMAT(SUHONTSTRISUTTUN RANSF FROMVIPFIG.RsTH T(1a1PF 14, A)
rgg::;(:ﬂqozxsrolaurrgw MEANS1P™16.80SX s RYVARTANCE,1PF1 5, 0)
g (19HR THTS SAMPLE MEANG1AF16.RoSXs AHVARTANCF o 10F 12, R)
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R1zPReNUNER).

RTZRANUYN( )
X'C.ﬂ‘(ﬂ*‘4(“-A)‘(RI*H?'1-)l
RETUIN :

rND

SURRNMUTING 2SKEW(4,4X)
P1=RANUNL R)

R2ZRANUNL 2)
TFERYLGFLP2) Bp Ta 1

R 2,802 -1,

6N oTe 2

E*.‘("’. R1)-1.

X0 oC o (A+4(E-A)e 1)
RETURM
I’N[’)

CUMRCUTING LEKEW(29B4X)
P .OANUNID)

"IZNANUNIR)
TFERILGF.22) Ry Ty g
Rr{l.eR1)~1,

t0oTH 0

RZi2.8R2)-1.
YTO.’O(AOQ4‘Q-A)3G)
RETURN

FND

SURRLIUTINF 3IMUN(AeTpX)
RYzOrNUNIR)
ROZDANUNC ?)
RTRYIeR-1,

TFUR.AT G20 7 T ]
(I () B

6Nt o
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X“0oCo(As1a(Np)an)
RETUWN

N

N




el

. .‘fj

72

APPENDIX B

IWO-DIMENSIONAL PROGRAM

The following pages contain a listing of the computer program for the

- two-dimensional model including four required subroutines, the data deck

for the Brazilian test mesh, Figure 3. 3. 1, and the plotting program with its
required subroutine,

The plotting routine is self-explanatory with the documentation in-
cluded in the subroutine. The subroutine EZPLOT was written for the IBM
360/44 with Calcomp Plotter and probably is not transferable to another
machine. It is included for completeness only. ,

A list of 1input variables (some of which are set in the program rathe.
thah read from data cards) is given in Table B-1.

| The program takes about 26 minuies of computing time on an IBM
360/44 to run completely through.

TABLE B-l
JINPU?T VARIABLES '
1. ISER -  Serial number for each
2. NPZIN - Number of nodes
3.. NELEM -  Number of elements
4, NP - Code number. 0 if plane strain. Anything else if plane
stress.

5. NIT - Number of nodes to which an external load is applied.
6. THICK - Thickness
7. RAT - Ratio of compressive to tensile strength
8. Xf,1l) - X coordinate of Ith node

X(, 2) - Y coordinate of Ith node



9.

10.

11.

12.

13.

U
v

C@DE (1)

EP(I, 1)
EP(, 2)
EP(I, 3)
A and B

Cand D
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Initial load in X direction on Ith node
Initial load in Y direction on Ith node

(the that load can be force or displacement depending
on value of C@DE) '

0 if U and V are forces, 1 if V is a force, 2 if U is a force,
and 3 if U and V are displacements. If code is greater
than three, that node is a loaded node and iour is sub-
tracted from its code before the code is used by the
program.

Modulus of elasticity
Poisson's ratio
Tensile strength for Ith element

Minimum and maximum value, respec'tively, for modulus
of _elasticity, defined in the subroutine CARDS

Minimum and maximum value, respectively, for tensile
strength, defined in the subroutine CARDS



74

*  # * 3t i+ 4t

¥4 L ¥ 3

LI # 4 #* o«

4 W 4t W

% i L #* 4t

4 #*+ 3 #* i

# i+ i L

#* L I 4 LI )

[T L1 * i

* 4 #* LI

#* i+ LLI

it # #* @ #* %

i 1# 3+ * 3

% 3 * 4] L

# 3t L] % i+ %

#3 - 3 #* 9

3t W -~ * 3% i+ 3t

% W o~ LI | ) L S

H xq #* 3 L1 S

b e * L1 #*

9 * U 9 L1 3+ #*

# * O * a* #* 4

#* #® Q L #* 3

* OB O #* 3% %* 4

i+ 4# LI T S * ¥

s W e o g #*
W ey 4 * 4

# MDD~ ¢ ol [

# 3 ewell b LW 3+

# #O> e # /N * 4

* N eem g e * »

it by b e % i

#  themdae b 3t ek #* %

# A0 ¢ b Ig *

# il 3 #XY #*

#* #NDA # # ew * 4

# #7 ee L4 4 #* 3% -
[T BVVEL P S BT S N % # Bl
L I T T T 36 et oy #* -
#t N~ ¥ #ITT #*13 -
* # DN A e 3 UJ ¥ -d
* N B @ e # O =
# O B e ¥ v g [« 8
#ER e~ o b I g 3% o $ W
# <IN~ ¥ 22 % it -
NL$=IO #+ # eoe —~ O it T4 -
HOHDZ- #  #0a Mo O #* X4 .
#O% oo § #2Z22 .~ - LA o
$ LB G d ew -t i* sk o
#OAROND # #EX¥E th Q #*  # -l
it e e e " [ e -~
FUE NN G - - i+ 2Z# a
I emedb o N 9F LW —_— O it <T ¢ w
FANABWWO # 422 -0 * -
# N b ¥ ea - - 3 VI3 -
dit e o Iz bt g () N -
L3R - € T L T N S - o [ «Z - Y B L JTVE -~ .
LU AN o b T#OD ——— o S 4 <+ QACqW L g LE
# e L *em 4 Q4 OQ ~— e 1O} ! (& Jhe | DOV 3 W 3¢ i
# HO~NO § HZZ ZXX o - Za TZ2Tu 34 il 3b —d e
=it eMew 3 b=t b i ot P Weerew 7 36 i Lo,
b ZA e 24 e~ - Qe ) L T B T T | LR il XX 2 22U
Wit DX - OOQ GOU ¢ W QUL Wea=mOO0 W OMm — -~
#F# o o RopihoOOM ENNm O mildd ZOQeuitn L -
fuwt e =~ adoco STl O OC sOO emientD e PO L 3 etemt Vil @
# dt e O # oo e ~ e e~ () ® ol) O PN & SO NE il oo 00 oI
# Wk OO CiF D O CIHNOW™ U OINEOO o SN OO+ i I Demtpriptet ¥ ] &
# O et Tl e M D - Dt e et ot 2t N O e T v el 3 ) 4 nhning o
L BVIE Ve Lo VIVIE K - §1) " QW w22 (&) —— ) LY Ol onem s’ ol
et (T EMDN B MU A WO D rwew(ll  ZWOO W WO st U AN O
Aot F U= COh V5 T e b O e T) UL b (D) o b b P () e D st e e 4 [t LR AL T T S T
B ZHD T 2l Al Trtood] Qrmt P YD P bt Tt ot} e i Ll Taaloala VI R T
b s b O pn gt LUSE OO W DDLU UL b= ) COXWLUADNO WML C i 2 % Cllerer e w0
L u.:: qu:\—;:: n:ﬁ A EBEDTOw Bt MO WD R B (DO T et T e i QOMM 0T
+* ~ 1 k1 4

#* » * # o w O it #C O

it 3* +* [ 1] (] [La TS 3 O N

# 4 i+ 4 # e 0

4 i * # *

(G ]6 W] L0 (G618 ]



W

:" ::‘Ivi' l -

75
[ I 1) L
#* 4 3% ¥
i+ 3 L
# 3% #*
#* 3t L
#* 3 ¥ %
#* 3 #*
LI #* 3t
L [T I
* W % 3
#* & L I
* 3 #* 3
* I L I 1]
# 4 * #
* 3 * 3
L) 30 #* #
# " #* 4
#* W #*
* L % *
* 4 % i
#* % 4 > 3¢
i+ # LT
# 3 [ X )]
#* W -3
#* ¥ <3t
#* 9 * X3
% 4% *  *
+ i N3
* # [ %L ]
#* * N
# 3 W Z#
[ I ] +* U 3
*  * -~ L
#* 9 23 =it
* » Py 2R
#* » g #*ANH
#* 3 D ¥ %
#* 3 E Hmi
#* 3 o U3
# 3¢ Ll k]
* 3% N #0O%#
#* % - H#O#
#* 4 - 35
* 3 - Eu T Y -
#* 4 X N O
#* 3% -l Z %
# - b <3
#* 3 Q. Q & #
w4 <& - Q. #wVit
* # - o - Z HEH
#* 3 4 [)V] - o 3O
#* 3 (8] LA =t 3 e gt
#* 3 - ~— [ T -~
L ) I Qv -t b it (&L
3¢ == it - P~ o+ - O -~ e
L X - L] -~ 23 <\
3 b3 54 O0™ 2 B BT - O
o~ eIt x Qom o - (& ] W e #0O#N >0 ~
S0 # I Sl NO™ - - i #Z 2 * b
[l <SR | TR T - - - - P — WUdwr 4 D= e ot ot -
NQet # Nt W -\ > L X — S #x#0O D SO
#FOLL #ANAYZ L ®d o ) -t Ll ~ o) #I$Q Aq (SR X® 14
L Z& WA e W | oo |~ | O 0 opjpm Omivr $O# L 2 +< u
gl A R T B e L Yo P e PR S et () Ml #2464 ¢ o —~ e~ -
ottt 04t U 35 || = Srwrnt (N aw ONO N O Ot v it ) (o ] Dt i = P “Tw T
A NCHUBY N YXX o o S Zwr B |l e |~ S dem WOV N n 2 Fals K 3T
ulZ'-l"’lI“-'*..JH.JII [ 44 2" R VTEVEY i L g [T TRV, POV, N R S R Z el e ~ || T
o) o~ 3 wonems L WNY N NY e ™M™ SDe # 4 ® U ey il
ZONOAO™IH i QOOQet\~ernll || I Il NN OO e o> O QO U DOOZO Pl
=T ait M~ e e Q T S o (N W O Y N i LU ON UL 2246 N A TN o D
t---mm--#:?.u¢xrz--utu..am—-q-m»ome-x\rxz-r»l-t-oi—--* Q3 NSNSt VP i e
&C ~db O 3¢ | sovr )] || dowrtomar s || ) - —BRHAE =~ PN N
r:m.oou-*c,-n»DD-:u.uus:rrqxxxzxzcuouﬂhooxmym* 2 O DT Ol e (L )
U?C\C‘m::u. ::00'»00-@.uzxzz:{:‘c—'o-—ﬂmuu.‘so'xm* --'l: CAC Dm0 & (D
#* 4
- [SX] I ] o QO # ¥ O
OO Lk 4 ot N # # O
et 0 [ARY N & L *FO¥ 0N
* #* #
[STW %) (G616




ANITIN'T=TT OfE QO

*0=1vdim
M e L A S R PP g AP
€3€S341S 31N
FRSFREFSFLEIFE IS L L% ***»**##**»****************u**w**}**#u*s*»*»**#mm*
(Y)Ax(T4N) LS—(N

569 01 0 (°*92°C3*(1¢
aNYan 2=

W-1+

N7~CQZ 4

(TN LS/

{N)E2DD
(NENDLISETI-(P4] +

GNVYBW*TI=% 0

.ﬁ.z,hw\.a N

0L9 0L 09 (°0°03° (N

aNVIWs2=7 ¢

ENIGIN*T=N Cb
##*u**»#**#*u**u**»*»***#*****#*u*«*******#**#**#*********n»*u#*#*b*******ua**uu

76

L4
[TaY 1
N3

y

Z =T ZZHF
N OW ) -Cd 55
ZQmX X O

Q0
M~
00

LN TR T ot wn 1o T gl | ll —

O LON+N O+ Zampeon 0O DN b omp=ip O

N

¥

)
1g
FAY
P
N)¥
3NN
1)y
=(7
=(r

O
N
~Li

)
1
N
N
)
n
)
(
(

(
-
2
1S

NONOQ e~ O O

et
wZNO D

(wiaiTR

1
S
JE
=3
)1
]

QOO NNV

SNOTLYRG3I 3A0S 2
*#***u*#**»*****»**#****#**u*****»*******«**#***##&***«»*#**#»***«««##***»**#**u
INNT INOD 066
T+NN=NN 086G
(N)A=0D
uld=tNN) Y
*I=(I*NN)ILS
IGHTINDOD 046
‘O=(k*NM)IS
DI+ (mWANN)LIS—-(N)u=(N) Y
0.% 01 09 (ZMI3dN®L9°%) J1
T-w+NN=) 09¢
*C=(WE%)1S
CO=(W*N)ES-(M)U=(N)¥
096 21 29 (2°31°M) 41
T+W-NN=MN%
INVIate=k GLS 00
FPr*1=1 58S OGC 3¢9
¢=CI 2%¢
06c 1 ©¢
(N)A= Q)
T+NN=NN 0€¢g

- e o D GNE el el e e el S s i 5l ol e el RO B



'i.z-..-iu = ' ﬁy e

i

-y
X
-
(%] .
Land L)
] N
L (<o L4 Y]
- €
¥ ]
- ")
o (o
- )
Ll —d - th
| —— T2
- dX Ui e
s MDA X OCQL pe fom
# (ol ad ol k- €~
N + Y. VNN Y LY,
~ 3 s S (D (3
=X NN YUra N it NN L £ wn
ot || o » S i anan 9 9 -
= oY rd Y el i\ [o¥] [ ]
Naded i g o = Z0 L (DO O\ an
e | A OIE N | i s 0T IO L I
e UN- AN 4 £ oTYT¢ oY GT, S P ) 4
DR OmOIATZAA I || ) nn2uwnc

OO N Ot {00 ) Lo o] o P T [ PRTITI YRR T lad denta BN 4 0 NS JY U
QW s o 0D (N e X, (Y, el NS O, 7Y, e T et o €T st e (Y7 () o0 (0Yom (), ANt Vo 2 ) et V3t
PN e Y N

WD Of O adbmrbm oo o Y, T < bt

—
Q
=z
L4
Q
x
-
Ll
"
-
-
—
~N
<
—
o
Q.
<
-
o, -
N "
N by
- -
-~ -
™ =
o < -
& > oy —t
Sy pu oy b —
g | Q g [
AL -~ 4 I e B
L M e [l B Y
oE Mt i - o
o Tl || [ ~ilL

1o O 1y Lo dT Ly VT S | eod
ottt O St () SN0 ) (D)

el O D w g
QDEXEMNN POZH OO

17

-t
|
o
F-4
X
2]
X -
[ -
b~ &
- b -
- W
L™ B 4
o +*
H e
Lo R T
~N +
-l T Jun
o (D= oy
- M
- i)
N NPT 1T
- AND ein
o~ 2 il
L el ) o)
-t O e
LT o« T
Ol U Ol
(o B I TRV TR

00 N e ) OO o (Y
[ Rand" ML Tas ]

Z0
Q"3 et Qo D pm S NN L L UL WL DO OQULOUC O arrtbe Qv (D Z ot LI O W I C N L Ol
Oﬁcocmcwuhuﬂxhﬂ-ﬂ.ﬂ)-JQI-ILM-QU.CDCYC\U”D>DD¥>:(0‘.'C)")¥Q_ILL-JHDLH~

= o N e A O 10
— o NN N M 3
o Q0 T w T W o

Q ~ o
+ <+
w w 2 4]

o Q0
0 ™
'y X 00

T T Ak £ s . A L.



[ — | R [ —

[ oo

L o ]

P

N 4

LFAIL,DISP
Disep

CARDS)

CARLS)
ENT

EsSTRAIN
IN

E
M

$*##*#$**###*#***##*#****#**##*#**####***###****
NUDE
ELE

y TFORC

UKCE,STRA

e UL, o
OO0

L ]
xLeC-0
ALt il oy
QOu.
EEM
DD -
28

Y
QLD o
g Z XN~
WIONN

**‘##**#**#****#**##*#***#****#***#****#******t##*#**##*

(&)
N
-
ol
Q
-

L]
-
-
-t
-
(&)
|
-
-
-
—
—

» TF

o

¢y
.

Lel)
«8y14)

[ ]
Q
-~ {f w<g 1]
e (\ oo X" -
- o) »® Pod N 0= d b v ed O ) ot el e NI [ J44=-4,1% ]
DU eIV e anaw ||| &6 & o4 LIS DL L *a
OO ol =923 ) LY o () o (D) o et bt ) mddm bt P LT Ot
OO H A eraaettbat X COINC LT O N 1 i 1} IH oo 8l QOTIW
ool XN (T P Do Dbt ™ 8 | o ™) L A o S £ 1LY VT VPR
O U U X EY o~ -y LYY L RV R T TP L T
--O-—-—-...J..JuN!N!N:ZO-D"'Q"zDI"W\ﬂ:)#l' *

i T T VL TR TR T ] H il N vwor o0 ® el 274 b4 Lol ot el and ol anl ol o]
Wi ) & 0O (L o om o oo om f 3 o Y Wttt St b Y ST L ST I

?k,THICK.NP.LFAIL)

FaliL,2)
AlL, 3)
1) GG
E 2 £ 23 33 %
EMENTS
L 2 s I T I I T
22Fl 6

P"-"-‘;f—i-llu'JJ..JNﬂ\f'm'om-‘x—‘XY"'."—"'"U‘-* FTEITFTEZIFIFTaA

Landan SRR T I [ T P {} e K. <1 2% X # A Y XXX DO
:Y.Uf.lﬁUJuJ5.m<z!!!!!o—au-')l—omf.)'ﬂlj* (] Xy bon 1 L X i Yo T e P g
x ‘:O"Kx>QU¥>¢¥¥¥¥Q-O-—-‘:MUC\QDU# LWLl uuwuuwwviu

*
Q o No#d #HCO000DDO0
o~ ~N M B ONTIN OO
-~ [aal ~O*  #FOOCIUVPURCPO
—t Loa] vel 3 3 N [a]
(1 [

NJ GF FILE REACHED 3N INPUT P END OF EXTENT CN cuTPul

=

78



Y " G - &aB =

aﬁ

20/343)4D8(3,6)48TD5A(6,46)

-
]
- - ]
Q. O~ (s}
o o -
X oM - o
Om~— -0
o (YD) -l o
LTow e [ ]
o= D iy (A2 1
N0 ~ll)
X o= W
Q. =~y X+
oM o o> -
L w0, -~
b P _41VE L]
[ L NTY ] [ JaV]
Uy o N
3 o= o ~— L)
- (N ¢ x
o) X+
EM o . - o~
U] e =~ (o] ¢ -0
e U O ¢l Q -~
X o0MO O I mm el

(3,1)%XF(2,2)

2)
2)
2)
1)
1)
1)
XE

oo eee|
QL0 od O\ O\ N et
2 D) v v e et s s oy
| WL
QXXX XK »
NI LI Y L™
- -~

onn b o oy oy, o, sy o | ] |
S (N OO\ o ol it 5
- L N S W ¥
o LLION] O ol () =d O\ J oo

t Don meotgm sne © g vt ()LL) D e waer 0 s e v ool

ZZwrirad || ™)t = O et ral O wrbl

—CIN N Lol LI T TR T I TP N ]
bttt edombmttmd b Yt o N omeam ) WWN N L]
DN e mmnee Lol I P TN

QZUO~ o220 I )
ot ) e et 3C D

NN NN ~NN [Ty
WA mem NN maa N s
Somen Omird Qemom 9NN Semom o\ o
Ot =) & 2NN & «MEOME & o
St 30 LA CETL N XL, L PR T 1 )
X Sewrenr 0D B o XD Serew o

O3 ) WU 0 ot N N b € R e N N ol T L i g ] o T, T LY
et ot ot ot datk S I T I T T T T T R R R

-y

U b o s s oy oy, o gy o oy g, oy o, o, s gy, o oy, ()

O B 0 o, B Srld NN ST SN0 O O 2
YIWE NNt (I oD oINS » Nttt ed N A NV (] () & & 0 0 0 0 G B G 0 0 60 0 0 & & Sus

W G e W W N e

MnNYYxY ~— ]
D= QO @D 0 v b v (3 D 00 O L LIS 3C 3C 3E P 3= Do 37

NOoLODOLORDADVOAROO DX NKNNNNNNAIN

v Q N
N o~ Y]

w0

NP DO =i N AP N O FIN D

NP e N P et P Sl e N N N s N N wmt =t ol

A€ LA LI AL S I T

79



80

GN3

: EOYEL
*{**#*#***%%#**#**##***%**%***%*“**%*%#*%**%*#***#**##“*
Q3WHD3 ST I XIMIVW SSIN3ISILS
ﬁ****#**#*****##*#*%**%*#***%%*&#%#“%*“#*****%#****#***%
(FANIVAC. A5 (T16MIVs (Fé1)I=(r6]1)9)

9412% 09 0G

9¢1=]1 09 0Q

941=Ff 09 0a

TIARUE ENIVBA (T M) E+(M* 1) VEOL9=(T 4] )vaolg

€41=% 05 0Q

9¢1=1 05 0Q

94¢t=f 05 0g

: Z%%3IH12G°=10A
**%*%**#*#*******%#******%#**#**%******#*%%***%**%*##***
. 03IWY0d ST XIWIVW SS3IULS
***#*##%%****%*#****#******#**%*#*%#*%****##**##*%**###*
(FEXIV(N TISG+ (Lo TN )vaA=(P4IoN) YOG

9¢1=3 0% 0@

€41=1 0% U0

941=f 0% D@

(P4 (N1)0+(r*1)90=(r%] )60

€9T=X 0t DG

€*1=1 Ot 0q

9¢1= 0¢ uQ

((Ud+T)%2) /WA= (£%€)0

(1°1)0= (242)@

(1°2)0= (2*1)a

(Yd#+dd-T)/ddsWA= (142)Q

(Ud*dd-T) /WA= (1*1)Q
*************%***%****************%***************“******
ASYI SS3ULS INVId YOS XI¥IVW ALIDTLSVIS
***‘*“****#**%********##***#**#*#**#%%**********GMM%MM*MW
(U #Md %" Z-4d=1)%"2Z) / (4dsnA+2-WA)= (E%€)0

(1°1)G= (2¢2)a

(1¢2)G= (2*1)0

(dd+2de2-Nd=T)/¥dsnh= (1%2)C

(¥d*Hd*Z-dd-T) /(UdsnA-KA)= (14110
*****#**%***a*“*#****“#%**%****%*%**##%**%*#“*%***#*##***

09

0s

0y

0t

2l

SsL

18

VOV

YOV

LV

LOLL



gv =y m‘, % m.,n

T

s

Jon

PSS

Zx -

~ 0N b LY
L] " &

[V, T a0

Qa PSS

5 477] [l - 46 ]

<1 N o

N

L ]

Z ¢ T~Z0OXTX
Wi 0O D eyaxee
ZU0O0T A~ Wi.NX
OO SN | i )
Szookh~ “33aa

) DD
OQOW ufo--: - oY
LT ONrdO o) o et ™)
D E vod ol F ud woed wd S v ()
201 h 0 nQagqaaaWwZ
NLCNVOLWLLWWA L

Q
N

81



82

51 13dZ3  °107d SADIA3Yd NO A-X SI0Td INIVA IATLVOIN®SHIVA A-X 40 ¥IOWON—-W 9
6 11473 *AVYNY_319V INVA-1N30KIdI0—-A )
8 11423 *AVMAY ITIVINVA-INIONIdIONI--X )
% W“MWW ==S¥313InWvavd 40 NII11d1%¥9S30 W
S 11d73  *378VIN¥VA IN3IONIJIONT IHL 40 NGILINQd V SV 03110714 38 NV SAVYEY .
v 11473 319VINVA-INIONI 430 IWHIAISP 0D TVD ND VIVG A-X 137d ©1 wVd90ud 2
1 11473 (WeAX) 201473 INILIND¥ENS
aN3
(8°914€£)1vwa02 001
(€-¢1°2-¢0°61) 101d 11V
(1-4A*7) 107473 11IV)
(I-4AASXX) 101dZ3 11V
(NITACNITXONSAAS XX )111d23 1TVD
£000°=(2 XX
*0=(1}XX
(I-*A%X)107d473 11IV)
3NNI INDD O1
(1}A-=(i)A
(I)x==(1)X
(1)ZECIIASLINX (00149)3L1yM
(DZ44NAS(11X(001%6)aVIY
28%2=1 01 _0G
(]=$AALXX)101d23 2D
(NITANIIXENSAA XX )T11d23 11vD
*5=N3JA
*8=N31X
6666=N
*0=(1)2
*0=(T1}A
*0=( )X
*00CCI=(2 }AA
“0=(T)AA
€C°={2 )XX
*C=(1)xX
(57T)Z8(Z)AAS(ZIXXS(6ZTIAS(£2T)X NOISNIWIQ
**%*&*&***Gi*%*#***“i&*#**i**i*ii*iﬁﬁ*#***ﬁi**Q*i&%i%*ii*#&*%****iii&&&*iil****U
NIV¥LS IVINOZINIH *SA_324904 VDI i¥3A
ONY  INIWIITTIESIN TvITL¥IA °SA 37403 19IT1183A Si07d

kX EEL X %*##***#%%*#&***%#**ﬁ&“*#****ﬁ*ﬁl%***#i#b*##**%“##&**&ﬁ*“**“*%*&uﬁﬂﬁ*

nY3908d ON11107d



83

~ANATU ONDCO~NNMEINOO RO =N M UNN CO~NNMTAONTRO~NNMEINON O
A N AN NN NN NN MO AN AP PP TSP TS TOND RN "
P e e e S o (o s e e e e e e e s 1 g e o o e e laalaad ol o e ey e N e el
o d o d e e ek dd o o o e d o d ok ) e e el A d Y d d d
adaacocacaasasaaqcnastococaaanoaaa aancacscaadadaaosaoasan o
™ NN NN NSNS N N NN NS NN NN N N N NN N NN NINANRNNNNNANNANNNNNANNNSN N
Ll s L L L U L L L AL U L UL U L (G L 1 AL L L LU W WU W W W Wy Wl W WS W W W
i
]
[} . i
> N D= ] -
%] { -
2 0 e i K
0 W 2 - [} -l
g X X ] >
-d) ad [S]Ve] | A
Ww <X X X>Z [} 20
> (W] - ] QU
el (L1214 | [ o
e W Z2a0 — | T
Da T =Ou ) } >
WDV = il - i ~— D
woow =22 5= - % | S
[} N & = W ] -
| Wil I NELZ o = [ ] -
7.} w17, 1.4 n v n i M
[ W = D Xl Q@ W ] s
2 Lx W O>WH o = ] > =
w DI'N = LaZm >= | r~
x wg [ D=L &£ D ] |
2 XYW QO O J>» W ) Q
X W & J WA N = | = =
44 DXL o QWD €W i N ™
< ro - g X | ~= D=
Diab= W DDyg2 - | >N\
d Z 2 X =y -~ [} _ e
g e I XBx O W i e
z NZnA auuiy > Q ] - =~ /y
2 Wi X i, O « | [l Xt 4
-t Il QA k= U & x | ~0=l
[ QDWW I midCdes O W | xnxXI
— SuX wdO ¢ T l =3
Qo0 mym O OZW o oM
Qv et e o ow . O | e=oNDN [
e OO Q O > O o i et w3 N
XX e e et Neape g [ =] | =l 3 [
oa<g TV S W n | ' X - x -~
£ >XIL > QO X - I « € W
> D N =Qrd -~ { p LY V' ] d
] W o = = I Qomem o > =
Wil OVW D e s () 2 | a0 - o
YOO e~ = LT g W | o=t 0w My~
(%9 e } <200 o ¥ [} T e N & -l - |
nv Wan W gL x wt | ~=OXx g x -~ e
wWwuw o I wa [ - ] xOxra - N0 N =
XLIL Q> = - | EdD = xX & o~ [ 1]
WO no ENTLT 4 DO W 2 OO\ - NO O et
IZZ w L OV T | O~ e - = Lt | »
Pt NS L T i W g 3NN T w e - e el
Thmpe O WO | & ™| mwXZ >X N XK OO0 w
—ZZ =00 -—Z0. | T | =M N\ ~ MO & O
=t ed W Bt ) T > 8| eI et emem [ R’ q I .
Va0 = -l X | D=l & AN Lo =000
OTY = - > Jwx O e e UN »X - et
Nip== QLW XOZV O FT | ==ZO || OO - Q g
WO ddad = =20 o w | e lUN DX S — N -l PWI0QO0
ZZ7 oaao <9 2 - X ¥ >: - O e OOM 4 Wwdd QOWdlla
> Wy vt T W) s A 2] Mt I et a XD x sQ a0
X eded Vil = oz [} | U> mem N HNQO N >IN O9An
= Wdd WD T 0 2y ot W 2P U AT T eted ol e
i DD N ETOQAs e N W IO D= ww (LW e UWHUT X ) oo e d ]
Wz TTY =~ XW O N\ | WoIdge 00 Jac > Zd il ONULCC QA
wiu Z DX dwm ¥ =1 XJWO >X X>O @ WXSZmZ OO
Neaded QA v DpdD F ey -
OX> axOw W i) & D | P4 (2]
' QU O CAWES ™ o k ¥ w
|
|
LLULVLLVLLVVLLLOLLLWVIVOL (@] (] (B]S1S ]



84

QN PN O PO =t NW PN OFCDO‘O—‘NM\Tll\sO!*G)O‘O—‘Nm#U\Ol\QO‘Ode#’U‘ON
OOOOOOOOOOhhhhhhﬁhhhwmcwmmmmmwOa‘OO‘O‘O‘O‘@O‘OOOOOODOO

Q.Q.Q.Q.Q.Q.Q.Q.G.Q.Q.d.ﬂ.ﬂ.ﬂ.ﬂ.Q-Q.Q»Q.Q.Q.G.Q.Q.Q.&Q.Q.Q.Q.Q-Q.Q.Q-Q-Q.O-Q.Q.Q.Q.O.Q.Q.C.Qﬂ.
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
I-UUJWLI.IUJUJUJI.UUJWUJWUJWWWWWUJWUJHUWu.lIMU.ILUUJLUUJIULUUJUJIULULUHJUJHJUJUJWWLUWIUW

-~
(]
.
(e
/———j vt
ed from -
[Reproductt e copy. M
vand

~ * Lb—'_"—-a——-—'—_ ‘.
s [v.} ~
- w >
& » -
N L 4
. -4 o
%] L [ [
w 7] [ -t
» X -l - o o o b
g L- Q. o § [
— It ung g burs O 0 9 L]
(V] - ] - s Y Vg gued M~ M~ -4
> 4 & (2] MDD & (33 0 t

(&) -~ < O ) - o 0 am [e ] [0,
Omng noy ~N - _— e e -
> =nNX o o O OO Q e} E3
nu 0w < o (] [ M wwwew o O - O - -0 Laad
- X Q. (g © N XX - -~y Cee -
A O < . TELXTAX | 208 © Lad]] Q
(] * ) Q. Q [} QO D220 e U OO O ol [
ez DOV (&} [ b DOCIO X S mpem  qmaom Qemtem O
C X0Ze o ”m e T OF) QXD VM -
o] > (@] - L3 ) O ot Dot = tam ot -~Qmonmt - O
QFr=  VNommm P4 8] x mmemen() ZX2XQD S 3 OV FE Oyt = o
O MO~N « o Q. -t P Z~<—<~—ZO~—OZO-—O-~—ZO- o
~.d w e e > [0} L wassowmon X FEFITWC 00O o D *Z20 V0 w
oa QUO0O~ O > Yo -cxx>->-~~<<<<_‘-.oc~t---oo»—><x-—oo Ud
L] QWuww +ing ) C 4 nan ool u<-u.|..1_‘-—tu..a..n—p--—w.su4-
bt 2 000NN ~Z2Z W oJ F{alalatote [ O R ) Q) el D e DX
(G117, 17, T oW 2 HA Qe oW ﬂNﬁNWDU‘ZDO“Z“\Ou&J*(Z(

[ -4 A0 O=Oim ) dO ¢ et () it e s g e © O\J o o e e Zn-oNUZt-.dQMNI ot o urni
ZQPX vttt ) e DX D HZ W nxTIdxn 3 3 D D 22 O IO Do D o ] Fort || st oo | T ot}
et | s wrnal) YD || | VN NN > N ZFTET T KS'II'-JU-Z-—OWZVZ.ZUJ—ZZ-J
W= i NULULOOVNIJOW [J] DDW(’(U::DD&C:‘:::(HK XLL’-&LXU-X‘('?LLXU(

0
r~
[+ o]
o



mmo~mm¢mnsmooawm¢mchmoo~w
Q © v omd a4 d g e omd et NN NI NI O N R 01y 0

Ly Y NN NN N N INININNIN N NN N NINININ NN
0L L AL 0 L U U0 5 W A W A )

-y

ot

[

o

[4 W

& .

Q -

-y w

[ <

L T (] -

1 2 1 4]

o= IV, [+]
- -] Q-
D O -ty
. Z o |
o W e
-4 Q. 9% % Qo
[ %W e - c e
<3 Qmen e - 20
p 3 [ e T S - ey (]
('S e ey [T Y (@ [,.]
m ELrdZ ey VNememem X
> Uisrw == ALIN (D 4
- NP> ww Wwrw o wm)
- e O~ x> QX > *M
Q w00 ww Lwrwd f o
oo U>> a0 Qoa « O®
-~ f 1 X 02 >= ¢ (1=}
[ 3] wma.a oe o a)x o
ool 3 e ol ol 2O
LI Y - X e - ¢ & 3™ -
N® X >¢d ww wwOOW >
& eZD ANN  ~ie VIt ot YOO 03
&H>ED AN ZZ-~ ~ZZO - e

P e W% Zmtr Qe
® 0=l qeam IX e =X E ol
o= Oddd 2w

x (aYolel [ -
wQmivw QXX | o IXE| d e emagy
Wer 0 Pewrws PO0Ow om OO0 >
DN WO D) e i ¢ Rwwr s 0 o)
Qs XX SOy 2 el O 1y
OX 3T T ) BEXXadter XX Ol D
VCXE Vaavdggo ; Oga s equz>

S EIVNNO Qg
wed™ed | Towvwr dL L INN CASZIZTT O

#A~J13- L U ] I H s Zhm
qUAN UL XD N X> Ll QWZ
CORO~OE D200 ™ 3¢ > mimarm LW

E & *»

" fon o

N @ M

(] (518 ]

85



XX EX XX LR LR RS EEEEE LR SR SRR S
0.0

'

86

0000000000 CO0O000000O0C0O0OO0O0O0O0O0OO0OOO000
® 50 0000000000900 006000000060000 000000

CO0OMOO0000C0000000000000O00000OVOO00O0000000

OOONOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
$ 00009000000 0000000¢600060000600000 000600008 060200

OOO?OOQOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

zOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

e - 0 0 9

0000000000000 00000ROOO000000LO0OROOO0COC00000

7]

Q
O NN NO NN

NS=~OO VT MNNO O OMNYPC MR FTOVODOEIO000

0 it Lot md O it P AN T O LN O NO QONO PN DO OO NOO OO
~U~Ww~c~mwhoo~ohooomomooomoom~~ooooo~~oooo

NPt F O ot NP QPP (U D O = QLN et OO N O N O OO O OIN VO OO0
weQMﬁO~mQ¢MQNONOMNNONNOhNONhM¢M~O~M¢MOOOO
QOMNMOMNIND =DM OMD=ANQO T O TONOOVNMFOMNYOOO00
QNN NONONNNEONO TONNMNO=NIO Tt ONMDOMIOOOVOMDOO0O 000
zQMOOQOOMQdeomm~~mm¢®OQ¢MNMNFNFOFNNFOOOQOOOO

..000...000000.0.00.0.....0..00.0.0....0..!.

NMMm#mMMNNNNMNNNNNdddeddNﬁOQOOdOOOO????OOOO

t#tt}tt
2712
2228093
3073373

DATA ?ECK

28
(1 2 2 323 33 % %

el1.1
%

Nd?OOﬂN

CNNNTOS

OO0
=M F = OIND
OO0V OVOMY
DO NI i ot O
LOMDNO NM
WO N NN
ONNO O

O O =N O N ©
DN NG 1t FO M
LTkl 1--1. . ToT Y. 3V,
D ot P P ot F P N O
MAAIO O U el P Pon ot
UV P QUVN A P P
Wt NN O

NP OMNNDN=OMNMN QN T O INM O OO
0..0000..0..0.000.0.0.0.0..00000...0000000.

N?T?OO#N?T?T?OOﬂNMM??T?OO“N”TT?TO#NM

OM=ONOODO
~MOT=0000

e =tOO0O0O
e Q000
OV NOOOO

o
PFOOPOO000000O

o



wgy v
by

L

ipleleldlelololaTe! OQOOOOOOOOOOOQDOOOOOOOOCOOOO

.....................(-....4.....v...‘

OQOOOOOQOOOOQOQOOOQQOQOOOOOOOQOOOMOOO

OODC‘JOOOOOOOOOCOOODOOOOOOOOOOOOOO COO0Lo0
0000000000oo..o)ooooooo'oooooooauoooo

OOOOOOOOOOOOOOOOOOOCO O0Qo0Oo (SdelolololoTo o Tote!

OQOOOOOOOOOOOOOOOOOOOOOOOOOOOOOQ coQcCco

.......O..O...O...O............O.....

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

oo¢0m0wo¢omoohosoommwe~mom~¢m~mm~o~mm
o~~m~o~mdwsomooomo~o~m~¢o¢~mo~¢~~o—~¢
o~~oooon~~mommoonomosDohohooohmm~o~mm
oomooooum0mo~mom~omm~~~ho~h~m~~~¢c¢~h
om¢m~o~m¢ms°~soh~oh~¢moho~om~¢mm~o~mm
Ooomsusmooooc»o##oowmﬁwh0hm~~mmmmommm
omhooooosmmo~¢o¢~ommmwrﬂaﬁbwmmﬁoNahwm
thhhnﬁhhme#ﬂﬂ:fmﬁwmﬂmmﬂMﬁ#mﬂmﬂﬁJPG
t-llill-i-|l-luiiumi|1lllitltI||-|tiIl
2000000 -Pag - ﬂﬁNNHMNNNNNﬁmm*HHm
bl :IIlIlillIlllllll;rillrlfilii!{

87



88

#**###t*t####t#*#*t##*# LR R 2 2§ 3 8T 3 T

ELEMENT CAKDS

—'OO‘O-iNMM\1‘sf\"MNN-l-JOO‘QQNQQO‘OOO—ldMsfsfmmcmmﬁm ey
tmn~r~rmNNNNmm¢mmou\ommmmésrmmmww N o o o o ol md N YO . LN VO

MN—‘OO‘O—'NMM\TQNMN—I—IOOO"IJO‘NQOO“O—OQ-‘NNQNU\\?Om\?‘f)ﬂ\?mNN-l
memm¢¢mm~m~m~r¢mmoocmm¢m~r¢mmm~~mm-—:m-—:~~~mm~f¢m~n~ovo
|



89

NNt QO PO DM O D OMPOONP Ot D OMMMOND LN QN T TN G
onophhooocoomm#emmmuzudunu NNNAOAE NN O O~

N~=HO OO 00 DPP0 0 DN DO O 0N D Ol =i NI O I UV 0L O DUV U O o F 000 O\ 0 N ot
MRS NOONOINONS TN Nt NNt =t st ot NN M SN O O I D

HHOOO N PNDODMPD NP OO0 OmimiAIM MNP FUNN O OO NN T F TN AN
000 0 QU AU UV 3 7107 000 000 00 (NN N O\ O ] ot o ottt e e ot ot N N ) 0 P P PN VO W [ P



P D OO ™ P e NN G

~e=dQO O ®
00 O\ O\ vt e ol el

‘DO DPP P

d)O'QU‘NO-"N"‘MN\me

~OQO @M~
OO ol el ot

fOPFON O

DOONTROOOO NN MD

Nt QOO OO
0V300) () ON O\ vl 5t g o] o el oo rem, s o (N

[ v

671 66

90



