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ABSTRACT

A study has been made of the stress concentration factors
needed to obtain field stresses from doorstopper measurements.,
Based on the results from an experimental program and a finite
element study a set of equations for the stress concentration
factors which are a function of Poisson's ratio are proposed.
Accuracy of the experimental work was confirmed by the use of
the United States Bureau of Mines borehole deformation gage in
the same borehole as the doorstopper gage.

The proposed functions for the stress concentration factors
are:

a= 1,2e" 385V
b= 0
c= -0,48-1.2%
where 7/ is Poisson's ratio, The functions obtained from the

finite element study were partially modified to fit the experi-

mental data, resulting in the equations above.
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1. INTRODUCTION

Over the past several years the interest in in-situ stress
measurements in rock and the demand for more reliable data have
experienced a remarkable growth., Many new techniques and
measuring devices have been developed as a result of the intensive
research in this field., Of the many instruments developed for
stress determinations, only a few are in widespread use. The
others, owing to inherent drawbacks in accuracy, ease of
operation, or possibly unfamiliarity are used by only a few,

In South Africa the so-called doorstopper gage developed by
the Council for Scientific and Industrial Research (CSIR) has
become a widely accepted device for stress determinations, With
the CSIR doorstopper, a BX borehole is drilled to the point where
stress measurements are desired. The core is broken off and the
end of the hole is ground smooth with a flat faced diamond bit.

The doorstopper, an electrical resistance strain gage rosette
mounted in a plastic holder, is cemented to the flattened end

of the borehole, After an initial reading, the gage is overcored
with the same BX bit used to drill the hole initially. This relieves
the stress on the end of the borehole and the doorstopper measures

)
the induced strains. Knowing the elastic constants of the rock, one
may then calculate the secondary principal stresses on the

borehole end.

The relationship between the measured secondary principal
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stresses on the borehole end and the actual principal stresses in
the surrounding rock mass is a problem of much concern, The
object of this research has been to investigate this relationship,

The doorstopper gage is of interest due to its inherent
simplicity, low cost and ease of use, The device can be construc-
ted, inexpensively, by nearly anyone, and its use is not compli~
cated by the need for a large diameter overcore and sophisticated
equipment for coring over an electrical cable,

Since the United States Bureau of Mines (USBM) borehole
deformation gage has won wide acceptance throughout this country,
it was decided to use this device as a standard against which
doorstopper readings could be compared. The USBM gage is
designed for use in a 1-1/2 inch diameter hole. Thus it was
necessary to design and build doorstopper gages for this hole
size, To carry out the test work, a polyaxial testing machine was
constructed, which allowed both the doorstopper and borehole
deformation gages to be used in the same hole, Details of design,
construction and testing of the doorstoppers and testing machine

are described in appendices to this work,
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2. LITERATURE REVIEW

2.1 Introduction

Since many systems of stress notation are in use in the rock
mechanics field, it will be helpful to define the system that is
used throughout this thesis. The many authors cited have used
different notations, These diverse systems have been converted
to a common system for use in this thesis, making equations and
symbols appear somewhat different than in the original work,

Field stresses, or virgin stresses, in the rock surrounding
a borehole will be donated by:

S1 in the plane of the borehole end
S22 in the plane of the borehole end
S parallel to the borehole

These are the normal components of the principal stresses
acting in the rock mass and are the stresses of interest in in-situ
measurements, Shear stresses are usually of little interest in
this type of work and will not be dealt with here. Tension is
considered to be positive and conversely compression is negative,

Secondary principal stresses on the borehole end will be
donated by:

O'max the radial stress of greatest magnitude
O'min the radial stress of least magnitude
(regardless of sign)

The stress concentration factors (SCF) for the borehole end
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as originally defined by Leeman (1) will be used:

SCF a The contribution, to the stress concentration
on the borehole end, from the principal field
stress in the plane of and parallel to the
measured stress.

SCF b The contribution, to the stress concentration
on the borehole end, from the principal field
stress in the plane of and perpendicular to the
measured stress,

SCF ¢ The con!:ribution, to the stress concentration
on the borehole end, from the principal field
stress parallel to the axis of the borehole,

Thus as a general condition we may write:

Omax = aS;+ bS,+ ¢S, (2.1)

O 'min -—:aSZ+bsl+cS3 (2.2)

A mathematical solution for the determination of constants
a, b & c¢ does not exist, Determinations have been made
experimentally and by the method of finite element analysis,
There is wide disagreement throughout the literature for the
value of these constants,

2.2 Determination of SCF a and b

The first work done by Leeman (1) was to place cubes of
granite, steel and araldite, fitted with doorstopper gages, in

uniaxial compression in a testing machine., The measured stress
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on the borehole end in the direction of the applied stress was near
1.53 times the applied stress for all three specimens., The magni-
tude of the measured stress perpendicular to the applied stress
was less than 8% of that measured parallel to the applied stress,
Leeman concluded that this was due to frictional effects from the
machine platens, and that in a purely uniaxial field the stress
perpendicular to the applied stress would be zero., Thus he
determined that constant a= 1, 53 and constant b=0,

Galle (2) and later Galle and Wilhoit (3) made three dimen-
sional photoelastic studies of the stresses on a borehole end, prior
to Leeman's work, using epoxy resin models., They also reported
that a=1,53 and later 1.56 and that b=0, In addition, Galle
plotted the variation of stress along the diameter of the borehole
end and found that it was uniform for about 0,4 times the radius
from the center, Sece fig. 2.1,

Hoskins (4) , using trachyte cubes in biaxial compression,
determined that a=1,56 and b=0,

Bonnechere (5), using 6 inch plexiglass cubes in uniaxial
compression, determined values of a =1,56 and b= 0,

Bonnechere and Fairhurst (6), also using 6 inch plexiglass
cubes in uniaxial compression, determined that a=1, 26 for the
cube tested between steel platens, and a=1,23 for the cube
tested between two other plexiglass cubes, For both conditions,

they found the stress perpendicular to the applied stress to be
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negligable and thus b= 0, They also studied the effect of a shear
stress acting parallel to the axis of the borehole by loading plexi-
glass cubes with inclined boreholes, that is boreholes not parallel
or perpendicular to the applied stress, The results showed the
effect of the shear stress to be negligable, supporting what would
be predicted by elastic theory, This confirms the assumption

that shear stresses need not be considered in stress measurements
made by doorstoppers.

Pallister, (7), using steel and aluminum cylinders loaded
biaxially by means of quadranted jacks, reported values of a=1,1
and b=0,

Van Heerden (8) postulated that it was not possible to obtain
uniform stress fields in cubes and made a series of tests using
blocks and cylinders with a 2:1 height to width ratio, He {first
investigated the situation photoelastically using epoxy resin
models, The models were loaded uniaxially in the direction of the
longer dimension. The stresses were frozen in and the model
sliced into thin wafers for analysis in the polariscope, By taking
slices in the proper direction, he was able to analyze the stress
concentration factors a and b independently. From this study
he concluded that a=1,25 and b= -.071, Next he conducted
uniaxial compression tests on an aluminum cylinder and on blocks
of steel, sandstone and norite. The boreholes were placed at the

mid-height of the specimens and fitted with strain gage rosettes
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on the borehole ends., Van Heerden measured values of SCF a
ranging from 1, 22 for norite to 1, 31 for sandstone, He measured
values of SCF b ranging from -0, 022 for aluminum to -0,19 for
sandstone. A complete tabulation of his results will be found in
table 2.5, Van Heerden also confirmed the earlier work by Galle,
showing that the stress distribution is uniform across the center
0.4 of the borehole end. See fig., 2,2,

Hiramatsu and Oka (9) using photoelasticity were perhaps the
first to establish a definite relationship between the stress
concentration factors a and b and Poisson's ratio. They showed
that there is a definite trend of increase in a and b with an in-
crease in Poisson's ratio, They investigated materials with a
range of Poisson's ratio from 0,24 to 0,44 and determined SCF
a from 1,36 to 1,42 respectively., For the same spread in Poisson's
ratio they determined SCF b to range from -0,304 to -0, 060.

See table 2,5, This work resulted in several other researchers
investigating the effect of Poisson's ratio,

Crouch (10) using the finite element technique, assumed that
SCF b was equal to zero and set up an axisymmetric program
for the determination of SCF a for values of Poisson's ratio
from 0 to 0,4. The results of this work indicate very little depen-
dence on Poisson's ratio, the values of SCF a grouping very close
to 1,23, See fig, 2.3,

In another finite element study, Coates and Yu (11) used both
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axisymmetric and non-axisymmetric programs to obtain the
stress concentration factors a and b independently and in
combination. With the axisymmetric program only the sum of
a and b could be determined since an equal pressure is applied
in all directions around the borehole. However, with the non-
axisymmetric programs, uniaxial radial boundary pressures
could be applied and SCF a and b could be determined inde-
pendently. Comparison of results between the two types of
programs is excellent, The results indicate values of SCF a
which fall about midway between the early measurements by
Leeman and Galle and later measurements by Bonnechere and
Van Heerden, Coates and Yu also determine, as did Hiramatsu
and Oka, that SCF b has small finite values which are a function
of Poisson's ratio. However, the values of the former are much
different than that of the latter. By regression analysis, Coates
and Yu determine the following functions:

a=1, 366+ 0,0257 +0, 50227 (2.3)

b=-0,125 + 0. 154V +0. 3902/2 (2. 4)
where 2/ is Poisson's ratio, See figs. 2.4 and 2.5, A tabulation
of their results will be found in table 2.1, Coates and Yu also
plotted the variation of the radial stress across the diameter of
the borehole end. See fig. 2.6,

2.3 Determination of SCF ¢

Early researchers recognized that SCF ¢ would be sensitive
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to Poisson's ratio since the axial stress on the borehole is
applied perpendicular to the surface on which strains are measured,
However, little work was done in determining a function for c¢
as it was assumed that its effect would be negligable if 53 was
the least principal stress. For this reason it has been common
practice to assume the direction of S3 and orient the borehole in
this direction.

Leeman (1) decided from some early tests that if S3 was
small compared to S}, the error introduced by neglecting it

would be small, As an example, he stated that if S_=1/3 Sy»

3
the error in computing S; will be on the order of 5% for rocks
having a Poisson's ratio of 0.15,

Galle and Wilhoit (3) using photoelasticity and later Hoskins
(4) testing trachyte cubes in biaxial compression both reported
a value of c= -1, 04, The epoxy resin models used by Galle and
Wilhoit had a Poisson's ratio of 0.47, Hoskins' trachyte had a
Poisson's ratio of 0,22,

Extending the work of Bounechere (5), Bonnechere and
Fairhurst (6) found a value of c =-0, 685 for the plexiglass
cube tested between two steel platens and c¢=-0, 661 for the
cube tested between two other plexiglass cubes. They decided
on a mean value of ¢ =-0,67 for a plexiglass with Poisson's

ratio of 0, 38, Thus they suggested a function:

c=-0.75 (0, 5+) (2.5)
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Pallister (7) using steel and aluminum cylinders loaded
biaxially reported a value of ¢ =-0,75 for a Poisson's ratio of
0.29,

Van Heerden (8) in his study using blocks with a 2:1 height
to width ratio measured 3 different values of c¢ at 3 different
values of Poisson's ratio, Using blocks of aluminum, steel and
norite, he measured values of c¢=-0,74, -0,72, -0.69 respec-
tively. These values correspond to Poisson's ratios of 27=0, 352,
0,308, 0.273, From these data he suggested the relationship:

c=-0,75 (0, 645+ V) (2.6)
which is reasonably close to that suggested by Bonnechere and
Fairhurst, See fig. 2.7,

The photoelastic studies by Hiramatsu and Oka (9) show a
greater increase in c¢ with increasing Poisson's ratio than do
the studies by Van Heerden. Hiramatsu and Oka studied mater-
ials with a Poisson's ratio range of 0,24 to 0,44 and measured
corresponding values of ¢ from -0,69 to -1,10, This compares
favorably with Van Heerden's values at the lower values of 2/
but is much different at the higher values, Compare the complete
listing in table 2,5,

Eirouch (10) has determined values of ¢ with his axisymmet-
ric finite element analysis for =0, 0,1, 0.2, 0.3 and 0.4. These
values of ¢ compare very favorably with the relationship pro-

posed by Van Heerden in equation (2.5) above. See table 2.2,
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The finite element study by Coates and Yu (11) shows a
trend in ¢ similiar to those proposed by Van Heerden and
Hiramatsu and Oka, However, there is no real agreement in
the ex~ct values, Coates and Yu determined values of c with
both axisymmetric and non-axisymmetric programs and again,
as with factors a and b got excellent comparisons., A regres-
sion analysis of the data suggests the relationship:

c=-0,520 -1, 3317+0, 88672 (2.7)
The specific values are tabulated in table 2. 3,

There is one interesting mathematical analysis which may
be compared to the stress concentrations at the end of a borehole,
Terzaghi and Richart (12) have published the analytical solution
for a spheroidal (ellipsoid of revolution) cavity under stress
parallel to the axis of revolution. The tangential stress in a radial
plane, at the surface of spheroid with 50:1 major to minor axis
ratio was calculated for different values of Poisson's ratio., The
calculated stresses are constant over roughly the center 0,4 of
the radius paralleling the photoelastic work on a borehole bottom
done by Galle and Van Heerden, The values of the stress concen-
tration factors (comparable to c for a flat ended borehole) are
surprisingly close to the values obtained by Coates and Yu.
Compare the values in table 2,4,

Comparing the radial stress concentrations on a flat ended

borehole to the tangential stress concentrations on the surface
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of a spheroidal cavity may be a somewhat rough analogy, but
the similarity of results is interesting. See fig. 2.10,

2.4 Some Field Measurements

It is the purpose of this section to present some actual field
measurements made by several investigators with particular
emphasis on those where doorstopper measurements were
compared to the USBM borehole deformation gage. The literature
contains a number of publications where results of doorstopper
and borehole deformation gage measurements are presented.
Unfortunately a detailed analysis of how the results were obtained
is missing in most of these publications. For this reason the
author has chosen a few papers, which contain a detailed analysis,
for summary here.

Leeman (13) in some early work used doorstoppers to measure
stress in the sidewalls of a hoist chamber 5800 feet underground.
Using stress concentration factors of a=1.53, b=0, and
assuming the effect of c is negligable (which is a reasonable
assumption when measuring stress in an abutment near a free
face) he obtained vertical stress values of roughly twice the gravity
overburden stress, Leeman concluded that the high value of
verti::al stress was probably due to stress concentrations caused
by the hoist chamber itself, He also measured a vertical:horizon-

tal stress ratio of 2:1 which is close to what would be predicted

by elastic theory assuming complete lateral restraint. The use of
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TABLE 2.5
Investigator Poisson's Stress goncentration
ratio factor
a b c
Galle 0,48 1.53 0 e
Galle & Wilhoit 0.47 1.56 0 -1,04
Leeman 0.26 1.53 0 --
0.29 1,51 0 _———
0,48 1.55 0 ———
Hoskins 0,22 1,56 0 -1,04
Pallister 0.29 1.10 0 -0.75
Bonnechere 0. 38 1,25 0 -
Bonnechere & Fairhurst 0,38 1.25 0 -0, 67
Van Heerden 0.25 1, 31 -0.19 .-
0.261 1,22 -0,098 ———
0.273 —-- --- -0,69
0.287 1.24 -0, 065 -
0.308 .- - -0, 72
0. 35 1.28 -0,022 -
0. 352 com - -0, 74
0,48 1.25 -0, 071 -
Hiramatsu & Oka 0.24 1.36 -0, 304 -0, 69
0.29 1,32 -0,289 -0. 82
0,37 1,39 -0,204 -0,98
0,44 1,42 -0.060 -1, 10
Crouch 0 1,22 0 -0,455
0.1 1.23 0 -0,540
0.2 1.25 0 -0, 620
0.3 1,25 0 -0, 700
0.4 1,21 0 -0, 780
Coates & Yu 0 1. 36 .0.12 -0.52
0.2 1.40 -0, 08 -0, 75
0.3 1,41 -0.04 -0.84
0.4 1.45 0 -0.91
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a lower value of SCF a would have resulted in an even higher
value of the vertical stress, Leeman's conclusion was probably
accurate, and he was in fact measuring a stress concentrated by
the mine hoist chamber,

Van Heerden and Grant (14) have made an exhaustive compar-
ison of doorstopper vs, USBM borehole deformation gage measure-
ments at a depth of 1400 feet in an abandoned area of a large mine,
Measurements were made in two areas: Area 1 was in the wall
of an extension drift remote from any other openings and approached
virgin rock conditions, Area 2 measurements were made in
pillars. In both areas, measurements were taken in boreholes
drilled parallel and close to one another, The two gages were
necessarily in different boreholes, Stress concentration factors
for the borehole end were assumed to be the same as used by
Leeman (13) above.

Comparison of results from the two gages was generally very
good, on the average. The borehole deformation gage indicated
the principal stresses to be consistently higher than those indicated
by the doorstoppers. Van Heerden and Grant discussed a number
of reasons why this could have happened. It is the author's
opinion, however, that the most likely reason for the difference
in readings is the use of the stress concentration factor a=1,53,
The use of a lower value for a would bring the values of the

principal stresses very close to those indicated by the borehole
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deformation gage. The use of a stress concentration factor of
a =1, 30 would raise the value of the major principal stress by
about 18%, bringing the results from the two gages very close
together.

Measurements taken from the extension drift were done at
2-5 foot intervals for 30 feet into the sidewall, If one compares
the individual determinations of the principal stresses at various
depths into the sidewall a curious thing appears. Measurements
of the maximum principal stress are fairly consistent for both
gages, having a magnitude change on the order of 2:1, Measure-
ments of the minimum principal stress made by the doorstopper,
however, are extremely inconsistent, having a magnitude change
of as much as 30:1, See table 2.6, This indicates that any one
measurement made by the doorstopper can give a reasonable
estimate of the vertical stress, but the indication of horizontal
stress may be absolutely meaningless. The author has no
explanation for this situation, but experienced the same problem
in his own work, See figs. 2,11, 2,12 and 2,13,

Stephenson and Murray (15) have made a comparative study
of doorstopper vs, flat jack stress measurements under field
conditions at a depth of 1200 fecet. The field tests were quite

complete, taking measurements at different locations throughout

24

the 1200 foot level of the mine. Mcasurements were taken in three

orthogonal directions so that the complecte stress tensor could be
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fig, 2,12 Variation of the major principal stress (psi) with
distance into the solid, (Van Heerden and Grant)
—&—USBM gage
--g-- Doorstopper

fig 2,13 Variation of the minor principal stress (psi) with
distance into the solid, (Van Heerden and Grant)
—46—USBM gage
--@-- Doorstopper
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TABLE 2,6
Depth of Principal stresses Angle
hole (ft.) (psi) (degrees from vertical)
S1 S2

U.S.B, M, Deformation Meter results - Borehole No, 1

5 5542 2580 84
10 4469 1573 95
12 3497 940 101
14 3220 1307 88
16 3457 1209 70
18 4017 1427 69
20 4806 2448 80
25 5514 3543 86
30 5060 3540 70

C.S.I.R, Strain Gage Strain Cell Borehole No, 2

4 4700 1000 82
6 3300 340 83
8 3300 380 70
11 3000 530 83
14 2200 80 90
18 3070 320 74
21 2800 1200 79
25 3140 900 92
30 5100 2000 90

C.S.1. R, Strain Gage Strain Cell - Borehole No, 3

4 6800 2900 90
6 ft, 11 in, 5000 2200 110
10 £ft. 1 in, 3200 145 98
12 ft. 5 in, 3400 185 103
13 ft. 2 in, 2900 670 90
15 3400 600 102
19 2950 -110 84

Results obtained in three boreholes drilled in 14 extension drift,
(Van Heerden and Grant)
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calculated, The results were evaluated using statistical techniques
with a computer program. As might be expected, the flat jack
stress values were more than twice that found by the doorstoppers
since the flat jacks could only be used very near the mine opening.
The doorstoppers conversely were used at some depth, which
should have approached virgin rock conditions, The ratio of
SI:SZ:S3 for the two methods was in very good agreement, The
value of S1 (vertical stress) found with the doorstopper is close to
the gravity overburden stress, For these studies Stephenson and
Murray used stress concentration factors a=1,53, b =0, and
c=-1,0, It is interesting to note that the measured horizontal
stresses are higher than the vertical stresses. The final statis-
tically averaged stress values are given in table 2.7,

Capozza, Martinetti and Ribacchi (16) made measurements
in pillars of an Italian marble quarry using both doorstoppers
and the USBM borehole deformation gage, Comparative measure-
ments were made in one pillar by placing the two gages in parallel
holes about 2 meters apart, For stress concentration factors, the
results given by Hiramatsu and Oka (9) and those given by Van
Heerden (8) were used separately to yield two different sets of
stress values., The component of stress parallel to the borehole
axis was assumed to be zero, The comparison of results is rather
poor, Capozza postulated that the difference was probably due to

assuming that the stress parallel to the borchole axis was zero,



28

(Aexanpy pue vosuoydalg) °129aof ‘33 0021 9Y3 uo sjuouoduiod

$S91315 [BJUOZTIOY PuUe [BOIIILA JO sjudwWLANSEAW Moel Je(y pue 910ya10q jo uostredwion

T-1474

00%2 0911 €s
Z

002¢ 1991 S

008¢ LZ91 Is

anjea oef jel g

sniea dloysaog

L' 3TdVL

jusuodwod SS9I38



T-1474 29

and that this assumption had dissimilar effects on the two different
gages. It is felt unlikely that this argument is valid, since measure-
ments taken so near to the free face of the pillar should not be
affected by any significant stress parallel to the borehole, Observe
the results in table 2, 8,

Bonnechere and Fairhurst (17) compared a number of stress
measuring instruments under simulated field conditions, Their
method was to cut a 4-1/2 foot square block of granite loose from
a quarry floor by drilling overlapping holes along its periphery.
Flat jacks were then installed on all four sides of the block to
simulate a field stress. The various instruments were installed
on the surface of the block and into boreholes drilled into it,
Among the various devices tested were several doorstopper gages
and a borehole deformation gage designed by Crouch, This bore-
hole deformation gage is very similar to the USBM gage, but
measures deformations on four diameters rather than three. For
purpose of comparison the maximum principal strain indicated
by each instrument was calculated., Using the measured strains
and the known applied stress, Young's modulus was calculated,
Table 2.9 shows the results of several uniaxial compression tests.
Doorstoppers mounted on borehole bottoms and the borehole
deformation gage only are considered.

Bonnechere and Fairhurst used stress concentration factors

for the borehol: bottom of a=1,25, b =0 and assumed the axial
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stress to be zero, As can be seen, there is quite a bit of spread
in the data, and even between the two doorstoppers, It is of
interest to note that the average values of the two doorstoppers

in the E-W direction is nearly the same as for the N-S direction,
Bonnecherre and Fairhurst conclude by saying that the results of
the experiment show that any one reading by a stress determining

instrument should not be trusted by more than 20-30%,.
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3. FINITE ELEMENT STUDY

3.1 Introduction

A finite element study of the stresses on a flat borehole end
was made for the purpose of comparing the results with the ex-
perimental data obtained in the Colorado School of Mines exper-
imental mine.

The finite element sudy is based on an axisymmetric program
for purposes of simplification. With this technique, the borehole
and surrounding rock are considered to be concentric cylinders of
finite size, This allows the construction of a nodal point array on
a single axial plane (actually a half plane). Pressure is applied on
this plane axially for the determination of SCF c¢ and radially for
the determination of SCF a and b, The computer program then
rotates the applied pressure and nodal point array about the axis
of the borehole, generating a uniform radial or axial pressure and
a system of nodal circles and ring elements.,

Since the axisymmetric program, with applied radial pressure,
generates a uniform radial stress field about the borehole axis, it
is impossible to separate the stress concentration factors a and
b. Only their sum may be determined. This fact was pointed out
by Coates (11, 18), If one assumes that b is equal to zero, as
did Crouch, then a may be determined., There is much justifi-
cation for this assumption as most researchers have found b

to be zero or very near to zero. If b is not equal to zero then
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the values of SCF a published by Crouch are most likely the
sum of atb, since he used an axisymmetric program,

3.2 Presentation of Results

To calculate values of the stress concentration factors for
the flat borehole end, the radial stress in the eight elements
forming the radius of the borehole end are considered. These
radial stresses were divided by the applied pressure to yield
the stress concentration factors for values of Poisson's ratio
of 0,1, 0,2, 0,3, and 0,4, The variations of the stress concen-
tration factors across the borehole end are plotted in figs, 3.1
and 3. 2.

The strain gage rosette used in the experimental part of
this research would measure radial strains over only the area
represented by the first two elements from the borehole axis,
The average stress concentration factors of these two elements
is used for comparison with experimental data, Table 3,1 lists
the results obtained. These values are also plotted in figs. 3.3
and 3,4 along with values published by Coates and Yu (11) and
Crouch (10),

3.3 Discussion of Results

The finite element technique is, of course, only an approx-
imation, This fact is pointed out by the diverse results obtained
from the finite element studies of Crouch, Coates and the author

in analyzing the same relatively simple problem,

34
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Among other things, the results from a finite element study
are affected by the complexity of the element array, the computer
program, the method of application of boundary forces, the
restrictions placed on the model and by interpretation of the
print-out,

It is not the intent here to discuss these various problems
with the exception of the method of print-out interpretation, The
computer program results in a print-out of the stresses in each
element of the array, and these stresses are considered to be at
the element's centroid, Since the flat end of the borehole is formed
by the edges of a row of elements, the stresses on the borehole
end are not necessarily those at the centroid of the elements
forming the borehole end. Because of this, it is necessary to
extrapolate the stresses to the borehole end,

The extrapolation was accomplished by plotting the radial
stresses in each column of elements parallel to the borehole axis
and immediately beyond the borehole end. For a radial applied
boundary pressure, the stress gradient in these element columns
was very small, It was found that accepting the radial stress
value in the elements forming the borchole end as the stress on
the borehole end would result in an error of less than 1%, Thus
no extrapolation was necessary in this case,

For an axial applied boundary pressure, however, the sit-

uation was very different. The radial stress in clement columns
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parallel and near to the borchole axis decreascd exponentially
beyond the borehole end, Thus it was required to extrapolate the
distance of 1/2 element from the centroid of the row of elements
forming the borehole end to the borehole end., This was done by
plotting the radial stresses on semi-log paper and extrapolating
graphically, The radial stresses in the element columns near the
borehole axis plotted to a straight line on semi-log paper, and

it was assumed that the function was continuous to the borehole
end. Compare figs. 3.2 and 3.5 for the difference in stress con-
centration between borehole end and the row of elements forming
the borehole end.

By methods of curve fitting, mathamatical relationships
between the stress concentration factors and Poisson's ratio
were determined, These equations are:

a+b=1,2e" 385¥
c=-0.39 -1,27%V

It is interesting to note that values of a+ b predicted by the
three finite element studies under discussion are similiar for
2 =0, but diverge widely from there, For comparison sake,

these values are re-tabulated in table 3, 2.
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4, EXPERIMENTAL RESULTS

4,1 Introduction

The use of a doorstopper gage permits the calculation of
stress by measuring strains on the end of a borehole, These
measured strains are reduced to the principal stresses on the
borehole end by equations derived from elastic theory. The strain
rosettes used here were the equiangular type, measuring radial

strains at 60 degree intervals, These strains are designated:

o €
€ 0
€ 60°
2
€ 120°
’ €

with the Gl strain being aligned with some fixed reference. In

this case €'1 is aligned with one of the applied flat jack loads, This
direction is designated the X direction, The Y direction is per-
pendicular to X and in the plane of the borehole end, The Z axis

is down the center of the borehole.

To obtain the principal stresses on the borehole end, the

principal strains and their orientation are calculated by:

- €. 2
€ :M?.;}.Z_ /(6 c )2.+.(€ c )2| €.-€ )2
max 3 3 \/ 17>2 2~C3) T (€3-€
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“————————Gl+€2+€3-—i €. -€. )2 H(E.-€1)2+ (€. -€.)
€ min— (€,- z) ( 27 3)F 3771
3 3
1 a V3 (€,-€5)
f=— TAN = ——m
2 2€,-€,-€,

where @ is the counter-clockwise angle from €) to €, The

Xo

principal stresses on the borehole end may then be calculated by:

E
o/max: 2 (emax+7/€min)
1-V
E
min= 1-")/2 (Gmin+7/€max)

where E is Young's modulus and 7/is Poisson's ratio,

The experimental work in this project consisted of applying
known uniaxial and uniform biaxial loads to a block of Indiana
limestone equipped with a doorstopper gage. The equipment and
techniques used are described in appendicies A and B of this work,
The applied stresses are assumed to be the principal stresses
in the rock, The principal stresses on the borehole end are cal-
culated from doorstopper measured strains and are divided by
the known applied stresses to obtain stress concentration factors,

Preliminary tests were carried out in small blocks of Indiana
limestone, hydroston :, and plexiglass to determine reliability of

the gage. Also dctertined in preliminary experiments were such
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factors as bonding pressure, gage alignment and method of
testing,

Initial tests were made with uniaxial compression in a
Tinius Olsen testing machine. Indiana limestone was chosen for
the research program because of its homogeneity, fine grain
structure and apparent isotropy. Several six inch cubes of lime-
stone were prepared by drilling a 1-1/2 inch diameter hole, 3
inches deep into the center of one face with a thin wall coring
bit. The bottoms of the boreholes were ground smooth with a flat
faced diamond bit, After several trials it was found that the use
of BLH EPY-150 cement and a bonding pressure of 10 psi gave a
satisfactory bond between gage and rock,

From the first tests made a large amount of recoverable
creep showed up in the strain readings. It appears that this creep
was in the limestone itself or in the cement bond and not in the
loading system, as it appeared in the mine testing as well as the
preliminary laboratory tests. After much trial and error it was
found that the effect of the creep could be nearly eliminated by
preloading the speciman for about 5 minutes, removing the load
and quickly zeroing the strain indicator, applying the load and
recording the strain readings, and returning the load to zero for
a final check. With this method the strain readings could be brought
back to zero and the inelastic strains eliminated. It was nec-

essary to follow this procedure throughout the project, result-
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ing in a great number of load-unload cycles.

4,2 Determination of SCF a and b

Two separate groups of tests were performed for this section.
Group I was a set of uriaxial compression tests applied in the €1
direction., Group II was a set of uniform biaxial compression tests
applied in the direction of and perpendicular to €1. Each group
consisted of 10 separate runs, each run consisting of 5 individual
sets of strain readings. This resulted in 50 cycles of loading and
unloading for each group of tests,

The biaxial tests were performed first. Prior to these tests,
the limestone block had been unstressed, and a large amount of
non-recoverable creep appeared in the first few stress cycles,
For this reason, the fir .t two runs in Group Il were discarded
as being anomalous,

Results of the Group I tests are presented in table 4, 1. The
stresses indicated are the principal stresses on the borehole end.
As can be seen from table 4.1, the results of Group I tests are
fairly uniform and reproducible, The tests indicate a SCF a of
1,29 for the Indiana limestone block which has a Poisson's ratio
of 0,224, The value of ¢ should be zero under ideal conditions,
Its magnitude provides a check on the accuracy of measurements,
The low angle of 2°45' indicates a good level of accuracy.

The difficult thing to interpret in the Group I tests is the un-

expected high value of Cinin., Previous research in the doorstopper
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field indicates that the value of Omin should be near zero in a
truly uniaxial stress field. Apparently, some degree of lateral
restraint was developed in the system resulting in the generation
of a stress across the borehole end, The restraint could have
come from friction between the block and loading system or
could have been the result of non-uniformity in the loading. This
problem is discussed more thoroughly in section 4.5. The ratio
of Omin to Jmax is about -0, 31 which could indicate a uniaxial

load with a good deal of lateral restraint. Theoretically, complete

lateral restraint in the system would result in a ratio of — /_:7/7)
or -0.29, The high value of Umin could also be interpreted to
be the effect of a SCF b= -0,4, But this high value of b is in-
consistent with all previous research and the author feels such a
conclusion is unjustified.

Since the degree of error inflicted by the poor loading system
cannot be determined, stress concentration factor b could not
be determined.

The results of Group II tests are tabulated in table 4,2. As
can be seen from table 4, 2, the results from the biaxial tests
were not as uniform and reproduci ble as the uniaxial tests. The
much higher and somewhat scattered values of Q indicate a more
serious error, The values of ~min are so varied as to be mean-

ingless, It is difficult to understand how the values of “max can

be reasonably uniform and the values of “min so varied, Other
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researchers have expericnced this problem (14),

The biaxial tests indicate that the average sum of stress
concentration factors a+ b is 1,28 for the Indiana limestone
block, This is so near to the value of a=1,29 indicated by the
uniaxial tests that SCF b can probably be assumed to be zero, at
least for a Poisson's ratio of 0,224, The finite element study
described in section 3, of this thesis predicts a value of a+b
as:

at+b =1,2e 3857

1. 2¢- 385(. 224)
1,31

This is a fairly good agreement,

4, 3 Determination of SCF c

Tests for the determination of SCF ¢ were performed in a
similar manner to those for SCF a and b. For the Group III
tests, an axial load was applied to the limestone block containing
the doorstopper. Theoretically, this axial load should result in a
uniform radial stress on the borehole end, Problems in the load-
ing system, however, prevented the radial stresses from being
exactly uniform, To obtain the SCF c, the average radial stress
on the borehole bottom had to be determined. This could be done
by either of two methods: (1) Average the values of €1 €5 and
€5 and use this average value for € max and € min, Then compute

the uniform radial stress ~max (or hi’min) as " ave. (2) Use the



T-1474 51

actual values of 61, €, and 63 to compute the actual principal
stresses, Omax and Cmin. Use the average of the principal
stresses as the uniform radial stress, Jave,

Both methods result in the same value of the average radial
stress, within a few percent. Group III tests consisied of 12 runs,
with 5 individual sets of strain readings in each run., Table 4, 3
tabulates the results, As can be seen from table 4, 3, the Group
III tests had excellent uniformity and reproducibility, This is most
likely a result of the axial tests being free of the end conditions
imposed by the flat jacks in the Group I and II tests, Thick
sections of acoustic fibreboard were used at both ends of the
limestone block for stress distribution., Space limitations pre-
vented this in the Group I and Group II tests,

The finite element study predicts:

c= ~-0,39-1,27%
-0, 39-1,2(.224)
-0, 66
as compared to the measured value of -0, 75, This disagreement
is probably a result of having to interpolate the radial stresses in
the finite element study. See section 3, 3,

»

4,4 Results of USBM Borehole Deformation Gage

4.4.1 Brief Theory of the Gage-- The USBM borehole defor-
mation gage measures deformations of a circular borehole

rather than strains as does the doorstopper gage. This is a
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TABLE 4.3

Applied load Oave SCF
psi psi c
-500 373 -0, 746
-500 367 -0.734
-500 375 -0, 750
-500 376 -0, 752
-500 368 -0.736
-500 368 -0.736
-1000 739 -0.739
-1000 765 -0.765
-1000 753 -0,.753
-1000 759 -0.759
-1000 758 -0, 758
-1000 757 -0, 757

Averages

- - - L "'0. 749

Group III tests - axial load.
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highly convcnient method of stress determination as the deforma-
tions can be completely predicted by clastic theory, making a
theoretical analysis a fairly simple procedure.

The borehole deformation gage measures deformations of the
borehole on 3 diameters in an equiangular pattern. These defor-

mations are designated:

Y
o U
U, 0 U2 3
o]
U, 60 J
U, 120° U3 2
Yi

Equations have been derived which calculate the principal stresses
directly from the values of Ul’ U, and U3. See references 19 and

20, The principal stresses and their orientation are calculated by:

E V2 5 - 2]
Onax 6 [U1+U2+U3+ \ﬂUl-U2)+(UZ-U3) +{Uy-U))
d 2
E ( /Z
o . =— | U+U U - U . -U U.-U ]
min™ 71772 \/( 2V (U, )+(U -U))
1 V3 (U_-U.)
¢=— TaN"! 23
2 2Uy-U,-Us

where d is the borehole diameter and plane stress is assumed.

Plane strain m .y also be assumed which results in a mod-
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ification of the equations above and a difference in stress cal-
culated of about 6% under ordinary conditions., Plane stress is
assumed for the work in this investigation because of the simp-
lification resulting, and because it probably more nearly rep-
resents the actual conditions involved.

4,4.2 Results from the USBM Gage-- The USBM gage was
submitted to the same test groups as was the doorstopper gage,
with the exception of Group III, It was found that the axial loads
had so little effect on the gage that determinations were impossi-
ble, The other two groups were done in the same sequence and
as discussed in sections 4,2 and 4,3, Table 4, 4 tabulates the
results of the uniaxial tests, This group of tests gave excellent
uniformity and reproducibility, The small values of ¢ and o:nin
indicate a high degree of accuracy in the measurements., The
reason for the 12,4% error is unknown. All equipment used was
double-checked for accuracy and no errors could be found, The
calibration of the gage was checked and confirmed, Some possi-
ble, but unconfirmed, sources of error are (1) The assumption
of plane stress, (2) Variation in borehole diameter, (3) Inclina-
tion of borehole, (4) Eccentricity of the borehole, (5) Non-
uniform leading, (6) Variations in Young's modulus.

The results of the biaxial tests are tabulated in table 4,5,
Paralleling results with doorstopper measurements, the biaxial

tests show more dispersion and somewhat poorer results than

54
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TABLE 4. 4
Applied load O'max O'min ¢
psi psi psi
-500 -543 -30 1° 15
-500 -548 -31 1° 30’
-500 -546 -36 1° 30!
-500 -578 -35 2° 30"
-500 -577 -34 2°15°
-500 -582 -34 2°15'
-500 -557 -32 2°15!
-500 -565 -36 2° 30
-500 -566 -34 2°15¢
-500 -560 -32 2°15°
Averages
-500 -562 -33 2° 00"
Otmax average error 12, 4%

Group I tests - uniaxial load - borehole deformation gage,



56

T-1474

.mﬂoml

0€ _9-
'SP b=
0€ b=
1S _B-
ST 9"
0€ §-
ST _G-

ST -

*28e8 uoeWIOFOP 910YaI0q - PRO] [RIXPIQ WIOJIun - $3893 I dnoan

0¢-
86~
1% 2ad
Le-
(4%
Le-
oe-
62

18d

ﬂﬁ&ku

%Z°21

8LG1-
SLIT-
9¢11-
9¢11-
89¢ -
59§ -
29¢ -

8%9 -

18d
xew ()

Sy AT1dVL

I0a19 98evaoae xew ()

sa8eioAy

00st-
0oot1-
0001~
0001~
00s -
00s -
00s -

00s -

18d
peoi parddy



T-1474 57

the uniaxial tests. Again the value of 0

min is unexplainable, and

values of § are larger. The average error in Olmax is, however,
nearly the same as in the uniaxial tests. This leads one to believe
that this 12% error is not caused by the loading system, but may
be a function of the borehole geometry, a factor which would

affect both test groups equally.

4,5 Discussion of Results and Problems

The largest error in all the test groups is in the determina-
tion of O:nin‘ During testing, some uniaxial tests were made with
applied load in the Y direction, or perpendicular to the Gl - U1
direction. These tests resulted in a fair value for Olmax' but
indicated a value of ¢ that was about 30 degrees off, Thus it was
suspected that something was wrong with the loading in this di-
rection,

To confirm the suspicion, photoelastic discs were glued to
the top of the limestone block to provide a visual, qualitative
estimate of the uniformity of stress distribution in the block, With
an applied uniaxial load in the X direction, the fringe patterns
were nearly the same in all the discs, indicating a fair uniform-
ity. With uniaxial loading in the Y direction, the fringe patterns
were elongated in several directions in the different discs. With
a uniform biaxial load, the fringe patterns appeared to be some-

where between the results of the two different uniaxial loads,

The photoelastic checks indicated that something was indeed
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-

wrong with the Y axis loading system, It appears that the system
of shims used for filling in gaps between test block and hole re-
sulted in semi-point loading and a non-uniform stress distribution
in the block, This, it is believed, is the reason for the unexplain-
able values of Olmin' and for the poorer general results in the
biaxial tests. The use of both flat jacks together apparently
lessened the effects of the poor loading in the Y direction, so

that some of the results are reasonable, Methods of reducing

this type of error are discussed in Appendix A of this work,

By way of comparison between the doorstopper and the bore-
hole deformation gage, it can be seen that the borehole deforma-
tion gage gave more favorable results under the poor loading
situation, even if there is an apparent error of 12%. It is im-
possible to determine the amount of error in the doorstopper
measurements since the stress concentration factors are to be

determined, The borehole deformation gage has very little

sensitivity to axial loads, which is a definite advantage.
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5, CONCLUSIONS

The major conclusion of this work is to present a set of stress
concentration factors for doorstopper use which are substantiated
by both the finite element study and the experimental work, Because
there is some disagreement in the two methods, some modifica-
tions have been made,

First, since experimental determinations of a+ b are very
close to that predicted by the finite element study, the function
proposed in section 3.2 for a+b will be accepted.

Second, experimental work indicated that the value of a+b
was very near to the value of a, or in other words b=0 for
practical purposes, Thus the function for a+4b becomes the
function for a,.

Third, experimental determination of SCF ¢ gave such
excellent results that it is felt they should be used to modify the
function for ¢ suggested in section 3,2, This function was found
by extrapolation and it appears that this resulted in values of ¢
which are slightly low. The function is a first degree equation,
and is a straight line. Since the extrapolation of radial stresses
was the same for all points on the line, the slope of the line should
be correct. It is only necessary then to adjust the intercept of the
line to force it through the point ¢=-0,75 rather than c¢=-0, 66
for a Poisson's ratio of 0, 224,

The proposed functions for the stress concentration factors
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then are:

c=-0.48-1.27%7
Table 5.1 is a tabulation of values indicated by these functions
for various values of Poisson's ratio. These values are similar
to values found by earlier research (8,9,10,11), but again there
is no definite agreement, This fact points out the major draw-
back to the use of doorstopper gages. The use of stress concen-
tration factors found by experimental work is subject to all the
errors inhérent in working with a medium such as rock, A
rigorous theoretical solution as a base for all experimental work
is needed.

The borehole deformation gage is not encumbered with the
problems of interpretation that exist with the doorstopper. This
makes the deformation gage the logical choice where high accur-
acy is needed or complex stress fields are involved.

The doorstopper can be effectively used for simple problems
such as pillar stress determinations, or where much is known
about the type and direction of stress field involved, or where

only rough measurements are desired.
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APPENDIX A

Design and Construction of the Testing Machine

Introduction

The original concept for this research work included an

attempt

to approach actual field conditions as nearly as possible,

For this reason, the testing equipment was designed for instal-

lation underground in the Colorado School of Mines experimental

mine at

several

ll

2,

The set

Idaho Springs, Colorado. This experimental set up had
important advantages:

Use of equipment in actual mining environment,
Elimination of need for large and costly support structure
to withstand thrust reactions,

Constant temperature conditions.

Isolation of work area from interrupting influences.

up also had several important drawbacks:

Inaccuracies introduced by using a roughly shaped mine
drift as an intregal part of the test machine.

Dust.

High humidity.

Blasting damage.

Difficulties in moving and installing equipment.

Restricted space,

Design concept

The testing machine was conceived as one which would be
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able to apply compressive stresses on a block of rock in three
mutually perpendicular directions, It was desired to be able to
vary these applied stresses independently of one another. This is
somewhat the reverse of the actual field use of doorstopper gages
where the stresses in the rock (normally compressive) are
relieved by overcoring.

The block of rock, which was to contain the doorstopper gage
and the USBM gage, was to be as large as possible to handle
conveniently in order to avoid end effects. It was decided that a
block approximately 12 inches square by 30 inches long would
meet the requirements, The borehole would be drilled in the
center of the 12x12 face to a depth of 15 inches. This borehole
would contain the doorstopper on its flattened end and the USBM
borehole deformation gage far enough back to avoid restraint
from the borehole end, With this configuration, both gages should
be subject to exactly the same field stresses, making a very
accurate comparison possible,

Machine Construction

A short dead-end drift off of the main entry of the experimen-
tal mine was chosen as a suitable site. This area of the mine is
located in a very competent gneiss formation and provided an
adequately strong rock frame for the test equipment.

To provide a suitable frame for the test block, a hole approx-

imately 5 feet in diameter and 5 feet deep was excavated in the
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floor of the drift. A form, for the hole which was to contain the
test block, was erected in the center of the excavation, This
form provided a hole 12 inches square by 48 inches deep finished
size, The excavation was filled with concrete (steel reinforced)
and smoothed out to be level with the floor of the drift,

Lateral pressure (perpendicular to the borehole) on the test
block was provided by two flat jacks placed on adjacent walls of
the test hole, The opposite walls of the test hole then produced
restraint for the sides of the block opposed to the flat jacks.

End pressure on the test block was provided by a hydraulic
ram of 200,000 1b. capacity. This ram was attached to the roof
of the drift directly over the test hole, and pushed vertically on
the test block, forcing it against the bottom of the test hole. The
ram was anchored to a concrete pad which was secured to the
roof with rock bolts,

Construction of the concrete pad was a challenge of its own.
Four holes were drilledin the roof on a 16 inch square pattern.
Expansion shell bolts were installed, but the standard bolts were
replaced by 4 foot lengths of 7/8 inch diameter "all-thread", A
one inch thick steel plate was fabricated with a threaded adapter
in the center, which would accept the base end of the hydraulic
.ram., This plate had a one inch diameter hole in each corner to
accomodate the four "all-thread'' rock bolts. The plate was fitted

on the bolts and secured with ordinary hex nuts and flat washers.



T-1474 65

A wooden form was built on top of the steel plate. This form was
shaped to conform roughly with the contours of the mine roof
directly above it., The form was filled with high strength-low
slump concrete which was heaped above the sides of the form, The
concrete was then forced against the mine roof by tightening the
hex nuts supporting the steel plate, With this procedure, the
concrete could be forced to conform with roof irregularities, and
the steel base plate leveled.

To bridge the gap between ram and test block, a load transfer
column was constructed from 10 inch diameter double-extra
strong steel pipe. The pipe was fitted with a one inch thick steel
plate on either end. A similar, but shorter column was fabricated
for the bottom of the test hole to raise the test block to a work-
able height.

To carry the gage leads out of the hole, a one inch thick steel
plate was placed between the test block and the load transfer
column., This plate had a 1-1/2 inch deep groove cut from the
center hole to one edge. The gage leads were brought out by
threading them through the center hole and out the groove.
Discussion

During the actual testing procedure, a number of problems
in the equipment design and construction were brought to light,

First, and by far the most serious problem associated with

the test equipment was the inaccuracies introduced by misalign-
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ment and poor fits. The test hole was shaped with a wooden form
which deformed under pressure from the concrete and by soaking
up moisture, As a result, the test hole was not precisely shaped,
The corners were not square and the distance between opposite
sides varied from point to point. This condition necessitated the
use of an intricate array of metal shim strips to fill in the gaps
between test block and concrete wall, as the flat jacks could not
be counted on to deform enough to bridge the gaps. This situation
resulted in the generation of point loads on the test block rather
than a uniform load over the entire block., Unfortunately, the poor
loading system affected the results,

The problems with non-uniform loading could have been
eliminated by the use of a heavy metal form, one inch in thickness.
This form could be precisely aligned and would not have deformed
under pressure from the concrete. The metal form could have
been left in place to take some of the flat jack load from the
concrete which cracked under very moderate pressures. A
system of four flat jacks rather than two should have been used to
provide maximum uniformity of loading.

A number of minor problems will be discussed, The end
plates of the load transfer column were welded to the pipe,
resulting in some warping of the end plates, This was repaired
by machining the plates flat, but could have been avoided by the

use of threaded fasteners in the first place.
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There was a very slight misalignment of the hydraulic ram
over the test hole due to the roughness of the mine roof. .The base
plate for the ram could have been provided with a system for a
small amount of lateral movement.

At the beginning of the research project it was planned to
test a number of different types of rock with doorstopper gages.
However, time did not permit this, The changing of blocks in the
hole brought to light another problem. Pressuring the flat jacks
caused them to deform around the peripheral weld, wedging the
test block, flat jacks and shims very tightly in the hole. They
were wedged so tightly, in fact, that the flat jacks and shims
could not be pulled out without destroying them., The first test
block, which broke during initial testing, had to be removed by

breaking it up. In a multi-rock testing program, some system for

releasing this residual load would have to be employed.
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fig. A, 2 - Detail of axial loading system

69



T-1474

fig. A, 3 - Detail of axial loading ram
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fig, A. 8 USBM borehole deformation gage

fig. A, 9 Budd strain indicator and switch and balance unit
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APPENDIX B

Design and Construction of Doorstopper Gage
for 1-1/2 inch Hole

Introduction

Doorstoppers designed for a 2-3/8 inch diameter hole are
available in South Africa. To the best of the author's knowledge,
these are the only available commercially made doorstoppers, To
adapt the doorstopper to a 1-1/2 inch diameter hole, it was
necessary to come up with a new design which would adapt easily
to the required size and which could be made with simple materials
and tools available in the Colorado School of Mines mining research
laboratory.

Design Concept

A strain gage rosette had to be chosen which would be within
the area of uniform stress concentration on the borehole end, but
yet large enough to bridge the small irregularities in the rock.
For this, an equiangular rosette was chosen, having a diameter of
1/4 inch. This gage would measure strains over the center 1/6 of
the borehole end, certainly within the area of uniform stress
concentration.

Since the gage would be used for repeated testing, not over-
coring, it would be equipped with lead wires rather than the
connecting pins found on ordinary doorstoppers. The rosette and

the lead wires must then be joined within a holder which would
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provide sufficient strength and protection for the delicate

connections,

Gage Construction

Early experiments with the same potting compounds used in
the construction of the South African doorstoppers proved this
method to be unsatisfactory for the small size gage needed. Thus
it was decided to eliminate the need for potting-in the rosette.

To provide a low-modulus backing for the strain gage, the
rosette was attached to a 7/8 inch diameter by 1/8 inch thick disc
of rubber. This assembly was strengthened by attachment to a 7/8
inch diameter by 1/4 inch thick disc of acrylic plastic, Six small
holes (#50) were drilled through the disc assembly to accomodate
the foil leads from the rosette., Several doorstoppers were con-
structed by soldering lead wires directly to the foil rosette leads.
This method resulted in at least one broken lead in each gage.

The problem was solved by the use of connecting pins between the
foil leads and wire leads, The tapered connecting pins were in-
serted into the foil lead holes and wedged tight, The foil leads were
then soldered to the pins as were the wire leads, The whole as-
sembly was then strengthened by covering with silicone rubber,
which hardened in a few hours, The strain gage assembly was
housed in a 2 inch length of 1 inch o.d., 7/8 inch i.d., acrylic
tubing. The plastic parts were joined with epoxy cement. The

strain gage assembly was mounted so that the outside surface of
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the rubber disc was flush with the edge of the outside tubing. This
enabled the tubing to be cemented to the rock as well as the strain
gage. Any physical disturbance of the gage housing then would
not be transmitted to the strain gage grid.

Preparation of the Test Block

The blocks of Indiana limestone for mine testing were diamond
sawed to a finished size of 11-1/4 inches by 11-1/4 inches by 36
inches, A 6 inch thick slab was cored in the directions of the three
applied stresses in order to determine the degree of anisotropy
as well as Young's modulus and Poisson's ratio,

Three inch lengths of 1-1/2 inch diameter core were used
for property testing. Each core was equipped with 4 strain gages,
two longitudinal and two transverse, mounted at the midplane of
the core., The stress-strain curves obtained were very nearly
linear, and a tangent modulus was determined. Twelve cores were
cut from the first block (which broke during initial testing), four
cored in each of the three principal stress directions, The values
of Young's modulus and Poisson's ratio obtained from these cores
had a small spread. For this reason, and for lack of time, only
six cores were taken from the second block, 2 in each of the three
principal stress directions. The results from the core testing are
tabulated in table B, 1,

As can be seen, the block is not completely isotropic, but

can be considered to be without introducing any significant
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error, The elastic constants were taken as averages over the
loading curve from no load to approximately 50% of the compres-
sive strength, The test block had a compressive strength of about

6000 psi and a direct tensile strength of 600 psi.
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APPENDIX C

Fininte Element Program for Analysis of Stress
at Borehole End

The following pages contain explanatory information and a
computer program furnished by Dr. Wilson Blake of the United
States Bureau of Mines Denver Research Center. This material
was used for the finite element study appearing in section 3, of

this thesis,



T-1474

AXIAL
APPLIED
PRESSURE

v

3
=

MESH .

SIXV 3710H34049

1
JdNSS3dd a31Nddv  IVIAVY

fig. C.1 Diagram of mesh plan for the finite element program
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UNIVERSITY OF CALIFORNIA
Computer programming series

IDENTIFICATION: 7
ANALYSIS OF AXISYMME TRIC SOLIDS
Programmed - E, L, Wilson
University of California, February 1967

PURPOSE:

The purpose of this computer program is to determine defor-
mations and stresses within axisymmetric structures of arbitrary
shape. The effects of displacement or stress boundary condition,
concentrated loads, gravity forces and temperature changes are
included. In addition, non-linear material properties are included
by a successive approximation technique,.

COMPUTER PROGRAM INPUT:

The first step in the structural analysis of an axisymmetric
solid is to select a finite element representation of the two-dim-
entional cross-section of the body. Elements and nodal points are
then numbered in two numerical sequences each starting with one.
The following group of punched cards numerically define. the two-
dimensional structure to be analyzed,

A, IDENTIFICATION CARD - (72H)
Columns 1 to 72 of this card contain information to be
printed with results.

B, CONTROL CARD - (415, 3F10,2, I5)

Columns 1-5 Number of nodal points (900 maximum)
6-10 Number of elements (800 maximum)
11-15 Number of different materials (12 max)
16-20 Number of boundary pressure cards (200 max)
21-30 Axial acceleration in the Z-direction
31-40 Angular velocity
41-50 Reference temperature (stress free temp. )
51-55 Number of approximations

If the number in column 10 is

0 XR is the specified R-load and
XZ is the specified Z-load

1 XR is the specified R-displacement and
XZ is the specified Z-load

2 XR is the specified R-load and
XZ is the specified Z-displacement

3 XR is the specified R-displacement and
XZ is the specified Z-displacement
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All loads are considered to be total forces acting on a one radian
segment,

Nodal point cards must be in numerical sequence. If cards are
omitted, the omitted nodal points are generated at equal intervals
along a straight line between the defined nodal points, The neces-
sary temperatures are determined by linear interpolation. The
boundary code (column 10), XR and XZ are set equal to zero,

E. ELEMENT CARDS - (61I5)
One card for each element

Columns 1-5 Element number 1. Order nodal points
6-10 Nodal Point I clockwise around
11-15 Nodal Point J element,
16-20 Nodal Point K 2. Maximum difference
21-25 Nodal Point L between nodal point
26-30 Material Identification I, D, must be less
than 27,

Element cards must be in element number sequence, If el-
ement cards are omitted, the program automatically generates
the omitted information by incrementing by one the preceding I,
J, K and L. The material identification code for the generated
cards is set equal to the value given on the last card. The last
element card must always be supplied.

Triangular elements are also permissible, and are identified
by repeating the last nodal point number (i.e., I,J,K, K).

C. MATERIAL PROPERTY INFORMATION
The following group of cards must be supplied for each dif-
ferent material:

First card - (2I5, 2F10.0)
Columns 1-5 Materials identification - any number from 1-12
6-10 Number of different temperatures for which
properties are given - 8 maximum
11-20 Mass density of material
21-30 Ratio of plastic modulus to elastic modulus

Following cards - (8F10. 0) One card for each temperature
Columns1-10 Temperature

11-20 Modulus of elasticity E. and E,

21-30 Poisson's ratio - rz

31-40 Modulus of electricity - Eg

41-50 Poisson's ratio 7 or and 0z

51-60 Coefficient of thermal expansion - &, and(,

61-70  Coefficient of thermal expansion (g
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71-80 Yield stress - 0';

D, NODAL POINT CARDS - (215, 5F10.0)
One card for each nodal point with the following information:
Column 1-5 Nodal point number

6-10 Number which indicates if displacements or

forces are to be specified

11-20 R - ordinate

21-30 Z - ordinate

31-40 XR

41-50 XZ

51-60 Temperature

F, PRESSURE CARDS (215, 1F10,0)
One card for each boundary element which is subjected to a
normal pressure.
Column 1-5 Nodal Point I
6-10 Nodal Point J
11-20 Normal Pressure

Normal Pressure

As shown above, the boundary element must be on the left as one
progresses from I to J, Surface tensile force is input as a neg-
ative pressure,

ADDITIONAL REMARKS ON USE OF THE PROGRAM:

The previous section contains a schematic description of the pro-
gram input. The purpose of this section is to explain in greater
detail the various options of the program.,

A, OUTPUT INFORMATION
The following information is developed and printed by the
program:
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Reprint of input data

Nodal point desplacements

Stresses at the center of each element

An approximate fundamental frequency. (The displacements
for the given load condition are used as an approximate mode
shape in the calculation of a frequency by Raleigh's pro-
cedure. A considerable amount of engineering judgment must
be used in the intrpretation of this frequency.)

#-w.N'-‘

B. MATERIAL PROPERTIES

Material properties vs, temperature are input for each mat-
erial in tabular form. The properties for each element in the
system are then evaluated by interpolation., The mass density of
the material is required only if acceleration loads are specified
or if the approximate frequency is desired, Listing of the co-
efficients of thermal expansion are necessary only for thermal
stress analysis, The plastic modulus ratio and the yield stress
are specified only if nonlinear materials are used.

C. SKEW BOUNDARIES

If the number in columns 5-10 of the nodal point cards is other
than 0,1,2,0r3, it is interpreted as the magnitude of an.angle in
degrees. This angle is shown below,

Z
A

s

> I
The terms in columns 31-50 of the nodal point card are then
interpreted as follows:
XR is the specified load in the s-direction
XZ is the specified displacement in the n-direction
The angle 6 must always be input as a negative angle and may
range from -, 001 to-180 degrees. Hence, + 1.0 degree is the
same as -170, 0 degrees. The displacements of these nodal points
which are printed by the progrim are:
u the displacement in the s-direction

r
uz the displacement in the n-direction
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SIBFTC MAIN DECK

C ARBITRARY AXISYMMETRIC SOLIDS

C
COMMON NUMNP s NUFEL ¢ NUMAMAT s NUMPCy ACLLZ s ANGF iy BAND s TUIMP ¢ MTYPC 91, s
1 HED(12)sC(898912)sRO(12)aXXNN{12)sR(Q00) sZ(700)sUR(GNND)sUZION
2 CODE(9Q0C) sT(990),18C{200),J83C(200)4PR(20N) sANGLE(4)
COMMON /ARG/ RRR(5)9Z2ZZ(5)sS{10s10)sPL1N) s TT(4)sLi-i{4)sNDI3,53),
1 HH(6310)sRR(4)1 2221 4)+C{l434) oHI69310)sD(636)sF(6:10):TP(6Y WX
2 SEE(T7)+1X(800:s5)4,EPS5(800) )

COMMON /BANARG/ MBANDZMNUMBLK,B(12 A 8,54

C
s L e s L e L
C READ AND PRINT OF CONTRCL INFORMATION AND SATERTAL PRUPCRTIF

c****%%******%%k*%%%%*%*********%*%****%***%*k***%2*%%*k%%*%%*****%i

50 READ (551000) HEDsNUMNP ¢dNUMEL sNUMMAT o NUMPC o ACELZ s ANCFQs" oNPL .
WRITE (6+2000) HED ¢ NUMNP ¢y NUME L s NUMMAT g NJAPC 3 ACELZ s ATIGF D g v o NP

C
—HINPPITS5 56y 5% 1, 0.7 ald  F(rumnp)sol, sal, 5¢
Bt R E—t 6526089
56 DC 59 M=1,NUMMAT
READ (5,120 1) MATYPESNUMTCsROIMTYPE) s XXNN(MTYDPF)
WRITE (6+s2011) MTYPE sNUMTC 3RO (MTYPE) s XXNN(MTYPE)
READ (5351205) ((E(1sJsMTYPE)3J=1+8)51=1sNUMTC)
WRITE (6+2010) ((E(IsJsMTYPE)9sJd=14+8)s1=15sNUMTC)
DO 58 1= NUMTC,8
DO 58 J=1,8 |

58 E(1sJsMTYPE)=E(NUMTCsJsMTYPE)

59 CONTINUE
g%*ﬁ&**i%**%******%**********%*****%**%***%**********#*****:**;%**}x
C READ AND PRINT OF NODAL POINT DATA

- R

C*******%*%%%%%%%*%*%%%***********%X***:*%%%%A*********

WRITE (6+2C04)
L=0C

60 REAL (541002) NsCODE(N) sR{IN)$Z(N)YsURIN) sUZIN) T (i)
NL=L+1
ZX=N-L
DR=(R(N)=-R(L))/2ZX
D7Z=(Z(N)Y-2(L))/ZX
DT=(T(N)=T(L))/2ZX

70 L=L+1
IF(N-L) 100,90+80

80 CODE(L)Y=Nn.V
R(L)=R({L-1)+DR
2(L)=2(L-11+D2
UR({L)=0D.0
UZ(L)=0,0
TIL)=T(L=-1)+DT
GO TO0 70

90 WRITE (6+2002) (KsCODE(K)IIR(K)sZ(K)SURIIK) yUZ(K)T(K)sK=NL4N)
IF (NUMNP-N) 100,110460C

100 WRITE (64+2009) N



T-1474

CALL EXIT 90
110 CONTINUE
C****-ﬂ-***k*i‘-i—*%*%*{***iﬁ PRV B R R R R R R R R R EVE I B R R I I ORI R IS R - I AR 3 352
C READ AND PRINT OF ELEMENT PROPERTIES
C*****%***ﬁ«:—**%* PR R R - R R B R - XA R R I I I R R R R R R R
WRITE (6,2001)
N=0
130 READ (55,1003) Ms(IX(MsI)sI=1,5)
140 N=N+1 .
IF (M-N) 1705170+150
150 IX(Ns1)=IX(N=1+11+41
IX{Ns2)=IX(N=142)+1
JXINs3)=IX(N=-1,3)+1
IX(Ns&4)=IX(N=-1s4)+1
IX(Ny5)=IX{N=-1,5)
170 WRITE (6+2C03) Ns(IXI(NsI)sI=145)
IF (M=N) 180,180s1490
180 IF (NUMEL-N) 190,190,130
190 CONTINUE
C******%*X*** IR R R R R R R R R R E AR R R R R R e A R R R R 2 R
C READ AND PRINT OF PRESSURE sOUNDARY COMNDITIGNS
C*******K PR A - IR I R R R R R R I I - SRR R i S A e A R
IF (NUMPC) 290431045299
290 WRITE (65+2005)
DO 300 L=1,NUMPC
READ (551004) IBC(L)sJBCI(L)SPR(L)
300 WRITE (6+2007) IBC(L),JBC(L)SPR(L)
310 CONTINUE

PR

L
A

A
N

iR R R R R R a2 e e R R

C DETERMINE BAND WIDTH )

AR e R AR R e R R AR
J=0

DO 340 N=1.NUMEL

DO 340 1=1,4

DO 325 L=1,4

KK=TABS(IX(NsI)-IX(NsL))

IF (KK=-J) 325,325,320 _
320 J=KK N
325 CONTINUE
340 CONTINUE

MBAND=2%J+2
i T T R 2 R A el s A
C SOLVE NON-LINEAR STRUCTURE oY SUCCESSIVE APPROXIMATIONS

R e e A s e e s
DO 350 N=1,NUMEL
350 EPS({N)=0.0

DO 500 NNN=1,NP
_FORM STIFFNESS MATRIX

CALL STIFF

SULVE FOR DISPLACEMENTS

aNa¥a! aNa¥al N



T-1474 ' 91
CALL BANSOL

C
WRITE (64,2006) (NyB(2%N-1)sB(2¥N),N=1,NUMNP)
C
C COMPUTE STRESSES
C
CALL STRESS
C

500 CONTINUE

C*****-}‘c*%**{-% L2 2R R FEEE IR EIREEE SR SR 2R RIS AR L2 TR EEE 22

GO TO 50

e
3¢
N
3
¢
N
n
At
A
B

22T 2RSSy e e AL R IR L SRR S R R R R R TR R R R
1000 FORMAT (12A6/41593F10e2+215)
1001 FORMAT (21542F1Ce0)
1C02 FORMAT (I54F56035F10e0)
1003 FORMAT (615}
1004 FORMAT (2154F10.90)
1005 FORMAT (8F1040)
2000 FORMAT (1H1 12A6/
1 30H0O NUMBER OF NODAL POINTS-===-- 13 7
2 30HO NUMBER UF ELEMENTS-~—-—-=—=-- 13 7
3 30HC NUMBER OF OIFFe HMATERIALS=--- 13 7/
4 30HO NUMBER OF PRESSURE CARDS=--- 13 7/
5 30H0 AXIAL ACCELERATION=-===—==—-- El2e4/
6 30HC ANGULAR VELOCITY-——===—=—=—~ El2e4/
7 30HO REFERENCE TEMPERATURE-==—-==- El12e4/
8 30HO NUMBER OF APPROXIMATICHNS—==-= 13)
2001 FORMAT (49H1ELEMENT NO. I J K L SATERTAL
2002 FORMAT (1129F12e292F12e332E24479F12e3)
2003 FORMAT (1113,416+1112)
2004 FORMAT (108HINODAL PCINLT TYPE R-ORUINATE Z-URCIKATE
.1AD OR DISPLACEMENT 2 LOAD UR DISPLACEMANT TEMPSRATURT )
2005 FORMAT (29HCPRESSURE LOUNLDARY CONDITIONS/ 24ri [ J Fr:

1VURE )
2006 FORMAT (12HIN P, NUMBER 18X 2HUR 18X 2HUZ / (1112+2F20,7))
2007 FORMAT (2164sF1243)
.. ‘ . ’ ot e e ~ M
2009 FURMAT (26HONUCAL POINT CARD ERRUR N= °15)
2010 FURMAT (15H0O TEMPERATURE 10X SHE(RZ) 9X 6HNU(RZ) 11X 4rE(T:
1 10X S5HNU(T) 6X 9HALPHA(RZ) 7X 8HALPHA(T) 15r YlELv STRESS 7
2 (F1542+7E1545))
2011 FORMAT (17HOMATERIAL NUMRER= 13, 30H, NUMBER OF TEMPTRATURE C.
1 I3, 15H, MASS DENSITY= El2e4 916HMODULIS RATIC= El2e4 )
C 5061 conTinuE

END =



. T-1474 92
$ILFTC STIF DECK
SUBROUTINE STIFF

C
COMMON NUMNP g NUNMEL s NUMVAT o NUMPC ACELZ sANGF Qs DANUDSTEMP ZMNTYPE 30
1 HED(12)sE(898912)sRO112)sXXNNIL12)sRI90N)$Z(TQ0)sURITGNAN) SUZ(F7
2 CODE(90U)sT(900)s18BCI200)+sJuC(200) sPR{20N)sANGLZ(4)
COMMON /ARG/ RRR(5)+Z2Z2(5)sS(10+10)sP10) s TTU&4)sLita)suD(343)
1 HH{6510) yRR(IGY2Z(4)sC(Lsb4)sH(6E9310)sDIBs6)sF (643101 sTP(OH)IXIilL
2 SEE(T)SIX(BOOsS)»EPS(80D)
COMMON /BANARG/ MBANDSNUMBLK S B(108)sA(17"8454)
—COMTON—PEANEF—NPE, i o
C pryev el
O R e S s E T LR
C INITIALIZATION
C*******'X‘ik*'—-‘*%{ AR R AN AR LT AR R LA TERPAIGTARN R R ARFIEREREFIE R E R af bR SR T2
REWIND 2
vNB=27
NU=2%¥Nb
ND2=2#%#ND
STOP=0.0
NUMBLK=0
C
DO 50 N=14ND2
BIN)=0e0
DO 50 M=1,4ND
56 A(NyM)=0.0
C'}****{'**i‘i'X"X"K‘****'x PEE E R R R R R R R R R R IR SR - B R I i R AR AR <RI R
C FORM STIFFNESS MATRIX IN uvlLQCKS

60 NUMBLK=NUMBLK+1
NA=NO* {NUMBLK+1)
NM=NH-NB
NL=NNM-N3+1
KSHIFT=2%NL-2

DO 210 N=1,NUMEL

CIF (IX(NeS)) 210210465
65 DO 80 I=1+4
IF (IXI{NsI)—=NL) 80+70470
70 IF (IXINsI)=NM) 9C+50,80
80 CONTINUE
GO T0O 210

90 CALL QUADI(IN,VOL)

IF(VOL) 142,142,144
142 WRITZ (692C03) N
STOP=1.0
144 TF(IX(NS31=IX{Ns4)) 14551654145
145 DO 150 J11=1,9
CC=5(11+101/75(10+10)
P(IIV =P(I1)-CCxP(10)
DO 150 JJd=1,+9



a¥ala)

aNa¥al

(aNaRaNala]

150

160

165
166

175
180

195
200
210

250

260

T=-1474
SUI19JJ)=S{11,JJ)-CC*S(10sJJ)

DO 1

60 11=1,8

CC=S(1149)/75(949)

P(I1
DO 1

)=P(I1)=-CC*¥P(9)
60 JJ=1,8

S(IT9JdJ)=S{I1+JJ)=CC*¥S5(9,yJJ)

DO 1
LM(1

ADD ELEMENT STIFFNESS TO TOTAL STIFFNESS

66 I=1+4
)=2%¥IX{Ny])-2

DO 200 I=1,4

DO 200 K=1,2
11=LM(I)+K-KSHIFT
KK=2%]-2+K

B(11

)=B(I1)+P(KK)

DO 2C0 J=1+4

DO 200 L=1,2
JJI=LM(J)+L-TI1+1-KSHIFT
LL=2%J-2+L

1IF{JJ) 20052005175
IF(ND~JJ) 180+195,195
WRITE (6+2004) N
STOP=1.0

GO TO 210
A(TITsJJ)=A(TT9JJ)+S(KKyLL)

CONT

INVE

CONTINUE

ADD CONCENTRATED FORCES WITHIN BLOCK

DO 250 N=NL,NM
K=2%¥N-KSHIFT

B(K)

B(K~-

=B(K)}+UZ (N)
1)=8(K-1)+UR(N)

BOUNDARY CONDITIONS

le

IF (

PRESSURE B.Cs

NUMPCY) 2609310,4,260

DO 300 L=1sNUMPC
I1=1BC(L)

J=JB8C (L)
PP=PR(L) /6

Dz2=(
DR=(
RX=2

I1=2

ZX=R(

Z(1)=2(J))*PP
R(J)=R(1))*PP
«O¥R(I)+RI(J)

11+2.0%#R(J)

0
*[=-KSHIFT

93



NnNN

2 XaXa)

aNaNg]

T-1474
JJI=2#J-KSHIFT 54
IF (11) 280,280,265
265 IF (11-ND) 270,270,280
270 SINA=0.0
COSA=140
IF (CODE(1)) 271,272,272
271 SINA=SIN(CODE(1))
COSA=COS(CODE(1))
272 B(11-1)=B(11-1)+RX*(COSA%DZ+SINA*DR)
B(II)=B(ITI)-RX*¥(SINA#DZ~-COSA*DR)
280 IF (JJ) 320,300,285
285 IF (JJ-ND) 290,290,300
290 SINA=C.0
COSA=1.0
IF (CODE(J)) 29152925292
291 SINA=SIN(CODE(J))
COSA=COS(CODE(J))
292 B(JJI-1)=B(JIJ=1)+ZX*(COSA*DZ2+SINA*DR)
BlJJ)=B(JJ)=ZX*(SINA¥DZ-COSA*DR)
300 CONTINUE

2¢ DISPLACEMENT BaeCe

310 DO 400 M=NL 4NH

IF (M=NUMNP) 31543154400
315 U=UR((M)

N=2#¥M~1-KSHIFT

IF (CODE(M)) 3904004316
316 IF (CODE(M)I=1le) 317+370,317
317 1F (CODE(M)-2.) 318s390+318
312 IF (CODE(M)—-3.) 3904+3804390
370 CALL MODIFY(A+sBsND2syMBANDSN,LU)

GO TO 4n0
380 CALL MODIFY(AsBsND24sMBANDINyU)
390 U=UZ (M)

N=N+1

CALL MODIFY(AsBsND2sMBANDSNSU)
409 CONTINUE ~

WRITE BLOCK OF EWUATIUNS ON TAPE AND SHIFT UP LOWER BLOCK
WRITE (2) (B(N)s(A(NsM)sM=1,MEAND) sN=1,ND)

DO 420 N=1,4,ND

K=N+ND

B(N)=B(K)

B(K)=0.0

DO 420 M=1,ND

AINIMI=A(K M)
420 A(KsM)=040

CHECK FOR LAST BLOCK

IF (NM=NUMNP) 60+480+480
480 CONTINUE
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C************************************************* VR RAKRIHAEL R RS

IF(STOP) 4905005490 ™
490 CALL EXIT
500 RETURN

C
2003 FORMAT (26HONEGATIVE AREA ELEMENT NO. 14)
2004 FORMAT (29HOBAND WIDTH EXCEEDS ALLOWABLE 14)

END
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$1BFTC QUDF DECK
SUBROUTINE QUAD(N,VOL)
C
' COMMON NUMNP s NUMEL s NUMMAT s NUMPC 3 ACELZ  ANGFQ 4 MBAND s TEMP 9 MTYPE o
1 HED(12)+E(838312)sRO(12)9sXXNN(12)sR(90C) +Z2(200)sURIINN)UZ(™
2 CODE(900)+T(9C0)sIBC(200)sJBC(200) sPRI200) sANGLE (&)
COMMON /ARG/ RRR(5)+Z22Z2(5)9S(10,10)sP(1N)sTT(4),LM(4)sDD(342
1 HHU64310)sRR{4)9ZZ(4)sC{4s4) sHI6910)9D(696)9F(6510)+sT2(6) X1
2 »EE(7),1X(800+5)»EPS(800)
COMMON /BANARG/ NDsNUMBLKsB(108)9+A(108+54)
—COMHMON—7PLANEA—NTP Xbéﬂa —_—

90 I=IX(Nsl)
JEIX(N,2)
K=IX{Ns3)
L=IX{(Ns4)
MTYPE=IX(Ns5)
IX(NsS)Y==1IX(N,5)

FORM STRESS-STRAIN RELATIONSHIP

aNala!

TEMP=(T(I)+T(N+T(K)+T(L))/4.0
DO 103 M=2,8
IF (E(My1,MTYPE)-TEMP) 103510445104
103 CONTINUE
104 RATIO=0,0
DEN=E(My1,MTYPE)-E(M=-141,MTYPE)
IF (DEN) 704,71,70 ,
70 RATIO=(TEMP-E(M-1431+MTYPE))/DEN
71 DO 105 KK=1,7 ‘
105 EE(KK)=E(M~=1sKK+1 sMTYPE)+RATIO¥(E(MsKK+1 4yMTYPE)-E(M-14sKR+14:i7
' TEMP=TEMP-Q

C » -
EPSR=EE(7)/EE(])
IF (EPSR-EPS(N)) 106,108,108
106 RATIO:(EE(?)/(EPS(N)*EE(1)))*(l.O—XXQN(MTYPE))+XXNN(HTYPE)
EE(1)=EE(1)*RATIO )
EE(3)=EE(3)*RATIO
108 CONTINUE



a¥ala!

— > TO B8

86

88
110

89
91

92

93
94

95

100

119

120

125

Clly1)=1."/EE(1])
Cl1,2)=-EE(2)/EE(])
Cl1s3)=—EE(4)/EE(3)
C(2+1)=C(142)
Ct2,2)=Cl1,1)
C(243)=C(1,43)
Cl351)=Cl143)
C(3’2)=C(2,3)
C(393)=1.0/EE(3)
CALL SYMINV(C,3)
Clus4)=EE(1)/(2.0+2.0%EE(2))
DO 110 M=1,3 -
TTUM)=((C(Ms1)+C(My2) ) *EE(5)+CUIMy3)¥EE(6) ) *TEMP

FORM QUADRILATERAL STIFFNESS MATRIX

RRR{S5)=(R(T1)+R{I)+RIK)+R (L)) /440
22.2(5)=(Z(1)1+Z2(J)+2Z(K)+Z(L))1/4e0
DO 94 M=1,y4

MM=TX(NsM)

IF (NPP) 93,89,93

IF (R(MM)) 93,91,93
R(MM)=.01%#RRR(5)

IF (CODE(MM)) 93492,93
CODE(MM)=1,0

RRR(M)=R(MM)

222 (M)y=Z (MM)

DO 100 1I=1»10
P(II)=0.0

DO 95 JJ=1+6
HH(JJs11)=C.0

0O 100 JJ=1,10
S(11+JJ)=0.0

DO 119 11=1,4
JI=TX{(NsTT)
ANGLE(I1)=CODE(JJ)/57.3

IF (K-L) 125,120,125

CALL TRISTF(1,+2,43)
RRR(S)=(RRR({1)1+RRR(2)+RRR(3))/3.90
222(5)=(222(1)+222(2)+4222(3))/3.0
VvOoL=X1(1)

GO TO 130

vOoL=0,0

CALL TRISTF(4,1,+5)

vOL=VCOL+XI (1)

CALL TRISTF(1+24+5)

VOL=VOL+XI(1)

CALL TRISTF(2+345)

VOL=VOL+XTI (1)}

CALL TRISTF(3s4,45)

97



C
C

T-1474
VOL=VOL+XI(1)

DO 140 I1=1,6
DO 140 JJ=1,10
140 HH(IT1,JJ)=HH(I1,JJ) /4.0

130 RETURN

END

98
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$IBFTC TRIST DECK

C

NN N

N NNN

C

85

90

100

108

SUBROUTINE TRISTF(I11yJJsKK)

COMMON NUMNP s NUMEL s NUMMAT s NUMPC,ACELZ yANGFQ sMBAND » TEMP 4MTYPE 5.
1 HED(12)sE(898312)9sRO1L12)sXXNN(12)sR(Q0N) Z("C0)HUR(9NN)yUZ ("
2 CODE(900)+sT(900141BCI200),JBCI20N)+sPRI2N0) »ANGLE(4)

COMMON /ARG/ RRR(5)+22Z(5)s501Cs10)sP{10)sTT(4)sLM(4)sDD{(353)>
1 HH(6910) sRRI{4)+2Z2Z(14)+sC(4s4)sH(6+10)9D(696)sF(6510)sTP(E) XTI

2 SEE(7),1X(80C»5)2EPS(8NN)
~LOMMON—7PLTANE/—NPP

1 INITIALIZATION

LM(1)=1T1
LM(2)=JJ
LM(3)=KK

RR(1)=RRR(II)
RR(2)=RRR(JJ)
RR(3)=RRR(KK)
RR(4)=RRR{(I1)
22(1)=222(11)
22(2)=222(JJ)
22(3)=2Z2(KK)
22(4)=222(11)

DO 100 I=1+6

DO 90 J=1,10

F(I’J)':Oco

H(I+J)=0.0

DO 100 J=1,+6 o
D(I'J’=0¢O

3. FORM INTEGRAL(G)T*(C)*(G)
CALL INTER(XIsRRs22)

D(2s6)1=XI1(1)*(C(1s2)+C(24+3)) N
D(355)=X1(1)*C(4s4) ‘
D(535)=X1(1)%Cl4y4)
D(6+6)=XI(1)%¥C(2,2)
AF—NPP—1 04 156y 0%

e S AA A EAE pr2ye:

B33 TEXITIT*C(G3 4T
66—FO— 108"

106 D(1s11=X1(3)%C(3493)

D(1+s21=X1(2)%#(C(193)4C(3,3))
D0193)=XI(5)%C(3,3)

D(1s6)1=XI1(2)%C(2,43)
D(2+2)=XI(1)%¥(Cl191)+2.0%C(143)+C(3+3))

D0293)=XT(4)*(C(1+3)1+C(3+3))

D(3+93)=XI(6)*¥C(3,3)+XI(1)*¥C(4+4)
D(3+s6)=XI(4)%C{2+3)

DO 110 I=1+6



AN A

NONO
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T-1474 100
DO 110 J=1,6
110 D(Js11=D(1,4J)

4e FORM COEFFICIENT-DISPLACEMENT TRANSFORMMATION FATRIX

COMM=RRI(2)%(22(3)=2Z(1))+RR(1V*(ZZ(2)-22(3))+RR(31%(2L(1)=-221¢C
DD(1+s1)=(RR(2)%22(3)-RR(3)%22(2))/COMM
DD(1+2)=(RR(3)%2Z2(1)-RR(1)%22(3))/COMM
DD(193)=(RR(1)%2Z2(2)-RR(2)#%2Z2(1))/COMM
DD(251)=(22(2)-2Z(3))/COMM

DD(2+,2)=(22(3)-22(1))/COMM

ODD(24+3)=(22(1)-22(2))/COMM

DD(351)=(RR{3)-RR(2))/COMM

Du(3,2)=(RR(1)-RR(3))/COMM

DD(3+3)=(RR(2)-RR(1))/COMM

DO 120 1=1,3
J=2#LM(1)-1
H(1sJ)=DDI(1,1)
H(2+sJ)=DD(2s1)
H(3+J)=DDI(3,1)
H(44J+1)=DD(1s1)
HI{5:sJ+1)=DD(2,1)
120 H(65sJ+11=DD(341)

ROTATE UNKNOWNS IF REQUIRED

DO 125 J=1,2

1=LM(J)

IF (ANGLE(1)) 122,125,125
122 SINA=SIN(ANGLE(I))

COSA=CUS(ANGLE( 1))

1J=2%]

DO 124 K=1+6

TEM=H(K,1J-1)

H(Ks 1J=1)=TEM*COSA+A (Ko TJ)*STNA
124 H(KyI1J)= —TEM*SINA+H (K, 1J)*COSA
125 CONTINUE

5« FORM ELEMENT STIFFNESS MATRIX (H)T#(D)*(H)

DO 130 J=1,10

DO 130 K=1,46

IF (H(K,J)) 128,130,128
128 DO 129 1=1,46
129 FUIsJ)=F (1 9J)+D{IsK)H#H(KyJ)
130 CONTINUE

‘DO 140 1=1,10

‘DO 140 K=1,46

1IF (H(KsI1)) 138,140,138
138 DO 139 JU=1,10
139 S(I1+J)1=S(1sJ)+H(Ks1)*F (KyJ)
140 CONTINUE



ANAN

T'§?7?0RM THERMAL LOAD MATRIX

A NPP— 14551505145

4 5—FF3r=90—
—~COME YT PR EE £ 4
150 COMM=RU(MTYPE ) *ANGFU#*%2

160

400

410

TPE1)=COMM2XT(T) + XI{2}¥#TT(3)
TP(2)=COMMEXTI(9) 4+ XT(1)®#(TT{(1)+TT(3))
TRPI3) = oMMeEXT (10)+ X1(4)*TT(3)
COMM==RO(MTYPE)*ACELZ

TP(4)=COMM%XI(1)

TP(S)=COMMEXT(T)

TP(6)=COMM®XT(8) +XI(1)*TT{2)

DO 160 1=1,10

DO 160 K=1,6
P(I)=P(I)+H(KsI)*TP(K)

FORM STRAIN TRANSFORMATION MATRIX
DO 410 I=1+6

DO 410 J=1,10

HH( 19 J)=HH (I s J)+H(1sJ)

RE TURN

END

101
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$IBFTC STRES DECK
SUBROUTINE STRESS
C
COMMON NUMNP ¢ NUMEL s NUMMAT s NUMPC L ACELZ s ANGFQ 9 MBAND s L EMP ¢MTYPE S
1 HED(12)5E(B898912)sRO012)sXXNN(12)9RE90N) y2(0ND)UR(CNN)VZ(CT
2 CODE(O00)+sT(920),1BC12C0) sJBC(200) sPR(20O0D) yANGLE(4)+51G110D)
COMMON /ARG/ RRR(5)s2ZZ2(5)+5(10s1C1sPL1N) s TT(4)LM{4)sDVU(3+3)
1 HH(65,10) sRRI4)sZZ(4)sCl424) 3HI6910)9D(696)sF(6510)9TP(6) X1
2 sEE(7)sIX(8B0Cs5)EPS(8CC)
COMMCN /BANARG/ NDSNUMBLKsB(108)+sA(108454)
O ON P A NP L loTp
c*{'}xx*xu AR R A AR AR R R A R A R I R R R R R R A R R TN A A RN R NSRRI IR R TL
C COMPUTE ELEMENT STRESSCES
C**********'}**‘Z’***‘X'******’***'X’****_**X‘****%*** KR HRFHIERIEIRR
XKE=0.0
XPE=0,0
MPRINT=0

e
A
%
A
k3
»

%<
e
N
%

),

DO 300 M=1,NUMEL

N=M
IX{Ns5)=TABS(IX(Ns5))
MTYPE=IX{N,5)

CALL QUAD(NsVUL)
IX{NsS)=MTYPL

DO 120 I=1,4
11=2%1
JJ=2%IX(Ns1)

. P(11-1)=B(JJ-1)

120 P(I1)=5(JJ)

C A
DO 150 1=1,2
RR(I)=P(1+8)
DO 150 K=1,8
150 RR(I)=RR(I)=-S(I+8,K)*P(K) ~
C

COMM=5(G+9)#S(10+1C)=5(9+10)%S5(10+9)
IF (COMM) 15551604155

155 P(9)=(S(10+10)%¥RR(1)=S(9510)1%RR(2))/COMM
P(10)=(-5(10+9)*¥RR(1)+5(9s9)%RR(2))/7COMH

160 DO 170 1=1,6
TP(1)=0.0
DO 170 K=1,10
170 TPUI)=TP{I)+HH(]I sK)%¥P(K)

RR(1)=TP(2)

RR(2)=TP(6)
RR(3)=(TP(1)+TP(2)*RRR(5)+TP(3)%222(5))/RRR(5)
RR(4)=TP(3)+TP(5)



‘T-1474
176 DO 180 1=1,3
SIGUI)==TT(I)
0O 180 K=1,43
180 SIGUINI=SIGII)+C(],K)*¥RR(K)
SIG(4)=Cl444)%RR(4)

103

CALCULATE ENERGY TERMS

2 ¥aXa

DO 250 I=1,10
COMM=040
DO 200 K=1,10
200 COMM=COMM+S (1K) *P(K)
250 XPE=XPT+COMM*P (1) ,
XKE=XKE+VOL*RO (MTYPE ) ¥ (P(9)#*2+P (10) *¥%2)

CALCULATE EFFECTIVE STRAIN

alala!

IF (NPP) 251492524251
251 RR(3)==(SIG(1)1+SIG(2))*EE(2)/EE(])
252 CC=(RR(1)1+RR(211/2.0
CR=SQRT( ((RR(2)=RR(1))/20)%%#2 + (RR(4)/2.0)%%2 )
RR(1)=CC+CR
RR(2)=CC~CR
EPS(N)=SORT((RR(1)-RR(2))*¥*¥2+(RR(1)-RR(3) )1 *¥*¥2+(RR(2)-RR(3))*%2)
1 *,707/7(1.0+4EE(2))
g*****§*%*{*:*****************************************************%****%
OUTPUT STRESSES v .
R 2 e e e e L
C .
C CALCULATE PRINCIPAL STRESSES
C
CC=(SIG(1)+S1G(2))/240
BB=(SIG(1)=-51G(2))/2.
CR=SQRT(BB**2+S1G(4)*%2)
SIG(5)=CC+CR
SIG(6)=CC~CR
SIG(71=28.648%ATANZ2(S1G(4)sBD)

STRESSES PARALLEL TO LINE I-J

NON

I=IX(N,1)
J=IX(Ny2)
ANG=2 ¢ ¥ATAN2(Z(J)=2(1)sR(JI=-R(1))
COS2A=COS(ANG)
SIN2A=SIN(ANG)
CX=e5%#(SIG(1)=51G(2))
S1G(18)=CX*COS2A+SIG(4)*¥S5IN2A+CC
S$1G(9)=2.%CC-51G(8)
SIGL10)=—CX¥SIN2A+STIG(4)*#COUSERN
C

104 [F (MPRINT) 110s1C9s110

105 WRIIE (64+2U00)
MPRINT=5C

110 MPRINT=MPRINT-1
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C 104
305 WRITE (652001) NsRRR(S5)sZ22Z2(5),(SIG(I)sI=1,410)
300 CONTINUE
C
1IF (XKE) 310,320,310
310 W=SQRT(XPE/XKE)
WRITE (6,2006) W
C.
320 RETURN
-C
2000 FORMAT (TH1EL eNO. T7X 1HR 7X 1HZ 4X B8HR-STRESS 4X 8mZ2-5TRESL o
1l BHT-STRESS 3X 9HRZ-LIKESS 2X 10HMAX-STRESS 2X 1ﬂnMIN—STRESS
2 37H ANGLE 1J-STRESS JK-STRESS SHEAR )
2001 FORMAT (1792F842+1P6E12,430P1FT762s1P3E10e2) )
2006 FORMAT (36HOAPPROXIMATE FUNLAMENTAL FREWUENCY = £El245)
C
END
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TIBFTC SYMI DECK
SUBROUTINE SYMINV(A,NMAX)

DIMENSION A(4,4)

DO 200 N=1,NMAX

n o

D=A(NN)
DO 100 J=1,NMAX
100 A(NyJ)==A(Ny»J)/D

DO 150 1=1,NMAX
IF(N-1) 110,150,110
110 DO 140 J=1,NMAX
IF(N-J) 120,140,120
120 A(I s J)=A(IlsJI+A(IsNY¥A(N,J)
140 CONTINUE
150 A(IsN)=A(IsN})/D

A(NsN)=1.0/D
200 CONTINUE

RETURN

N N N n

END



T-1474 s 106

$IBFTC INTE DECK
SUBROUTINE INTER(XIsRR,22)
C
DIMENSION RR(1)5Z2(1)sXI1(1)9sXM(6)sR(6)+Z(6)sXX(6)
COMMON /PLANE/ NPP
DATA (XX(I)sI=2196)1/3%140s3%3.0/

COMM=RR(2)%(ZZ(3)~2Z (1) )+RR(1)%(2Z(2)-22(3))+RR(3)%(Z2(1)-2Z (¢
COMM=COMM/ 24«0 ’
R(1)=RR(1)

R(2)=RR(2)

R(3)=RR(3)

R(&4)=(R(1)+R(2))/2.,

R(5)=(R(2)+R(3)1/2,

R(6)=(R(3)+R(1))/2,

2(1)=22(1)
2(2)=22(2)
2(31=22(3)
204)=(Z2(1)+21(2))/ 2.
2(5)=(2(2)+2(3))/2.
2(6)=(2(3)+2(1))/2.

—H—NPP—1 30510
30-DO_20 t=iv6
RO KT =X XA
G040
30 DO 35 I=1,6
35 XM(I)=XX(I)*R(1]) Ve

40 DO 50 I=1,10
50 XI(1)=0.0

DO 100 I=1,6
X1(1i=XI(1)+XM(1)
X1(2)=XI(2)+XM(I)/R(1])
XI(3)=XI(3)+XM(I)/(R(I)*%2) N
X1(4)=X1(4)+XM(I) %2 (1) /R(1])
XI(5)=XI(5)+XM(I)*Z2(1)/(R(I1)*%2)
XI(6)=X1(6)+XM(I)%Z (1) %%2/(R(1)%%2)
XI(7)=XI(T)+XM(I)%R( 1)
XI(8)=XI1(8)+XM(I)%z2 (1)
XI(9)=XT(9)+XM(I)*R(1)*%2
XI(1C)=XI(10)+XM(I )1 *R(I1*2 (1)

100 CONTINUE

DO 150 1=1,10
150 XI(1)=XI(1)*COMM
C -
RETURN
C
END
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$IBFTC MODI DECK

C

C

230
235
240

250

SUBROUTINE MODIFY(As8sNEQsMBANDN,U)

DIMENSION A(108+54)»6(108)
~—_

DO 250 M=2,MBAND
K=N-M+1

IF(K) 235492354230
B(K)=B(K)-A(KyM)*U
A{KsM)=0.0

K=N+M-1

IF{(NEQ-K) 25042404240
B(K)=B(K)-A(N,M)*U
A(NsM)=0,0
CONTINUE
A(Nsl1}=1.0

B(N)=U

RETURN

END

107
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$IBFTC BANS DECK
SUBROUTINE BANSOL

C

COMMON /BANARG/ MM, NUMBLKyB(108)1sA(108+54)
C —~_/

NN=54
=NN+1
NH=NN+NN
REWIND 1
REWIND 2
NB8=0 |
GO TO 150

.
c***********-X'-‘»‘r***************************************{-*v‘(—****%%%*-‘—"**

C REDUCE EQUATIONS By BLOCKS
(a2 2 e e sy s S e R R e R S e R

C
C le SHIFT BLOCK OF EQUATIONS
C

!

100 NB=NB+1
DO 125 N=1,sNN
NM=NN+N
B(N)=B{NM)
B(NM)=0.0
DO 125 M=]1 MM
A(NyM)I=A(NM,M)
125 A(NMysM)=0,0

2+ READ NEXT BLOCK OF EQUATIONS INTO CORE

aNalal

IF (NUMBLK-NB) 15042005150
150 READ (2) (B(N)s(A(NsM)sM=14MM) 9sN=NLyNH)
~ IF (NBR) 200,100,200

3. REDUCE BLOCK OF EQUATIONS

(aNaNel

200 DO 300 N=1,4NN
IF (A(N,1)) 225+300,225
225 B(N)=BI(N)/A(N,1) ~
DO 275 L=2,MM
IF (A(NsL)) 230+275,230
230 C=A(NsL)I/A(Ny1)
I=N+L-1
J=0
DO 250 K=L MM
J=J+1
250 A(I4J)=A(1,J)=C*A(N,K)
B(I)=B(I)-A(NsL)*B(N)
A(N,L)=C
275 CONTINUE
300 CONTINUE

4, WRITE BLOCK OF REDUCED EQUATIONS ON TAPE 2

aNala)

IF (NUMBLK-=NB) 375,400,375
375 WRITE (1) (B(N)Ys(A{(NsM) M=24,MM),N=13NN)
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GO TO 109

C****%{**{ﬁ%%%*%***%*******%**%**************%****%%**}***ﬁ*?**%%*k

C

BACK=SULSTITUTION

C********%%***%K%**%***%*%*************:*i**%*%%%%%*%******%***#E*

400

425

450

475

C

DO 450 M=1,NN

N=NN+1-M

DO 425 K=2,MM

L=N+K-1

BIN)=B(N)=-A(N,K)*(L)

KM= N+NN

BINM)=B(N)

ACNM,NB) =B (N) .
N3=NB-1 '
IF (NB) 4755500475

BACKSPACE 1

READ (1) (BIN)s(A(Nsi)sM=2,MM) s N=1sNN)
BACKSPACE 1

GO TO 4700

ORDER UNKNOWNS IN B ARRAY

I Z X2 2RSS R LR R EEEEELEERERREEE R R R R R EE EEE 2 0L R EE IS R BRI
C

500 K=0

600

DO 60N NB=1,NUMBLK
DO 60C N=1,NN
NM=MN+NN

K=K+1
B(K)=A(NMsNB)

.RETURN

END
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