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Introduction

The general problem of improving 
mining operations through advances 
in technology resulting from research 
provides a common meeting ground 
for the engineer engaged in produc
tion and the research oriented engi
neer working mainly in the labora
tory. Both areas of endeavor involve 
problems that deal with geologic ma
terials and their response to loads im
posed on them during driUing, blast
ing, loading, and haulage operations, 
and by gravity. According to Tay
lor, a “soil” may be defined as a 
network of sohd particles enclosing 
voids or interspaces of varying size. 
By this definition, sand, gravel, and 
broken rock are “soils.”

Experimental Results

Our knowledge concerning the re
sponse of geologic materials to ap
plied load is derived almost exclusive
ly from laboratory studies under sim
ulated environmental conditions. The 
effects of confining pressure, pore 
pressure, temperature, and strain rate 
on the deformation of rock and soil 
have all been investigated in various 
degrees of detail. The triaxial com
pression chamber is, by far, the most 
frequently used device in such

studies. Most of our information 
about rock and soil behavior relates, 
therefore, to axially sjnnmetric stress 
states.

Confining Pressure

The effect of confining pressure on 
strength is now well-documented. By 
strength, that is, yield strength, we 
mean the stress reached at or near
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the elastic limit of deformation. A 
linear stress-strain curve is usually 
considered indicative of elastic be
havior. Extensive tests of rock prop
erties carried out by the Bureau of 
Mines<®2'®3.3,4) show that rock at at
mospheric pressure is generally elas
tic and fails by fracturing. Tests of 
rock conducted by the Bureau of Rec- 
lamation'i> to confining pressures of 
several thousand pounds per square 
inch (psi) show that strength is in
creased in proportion to the increase 
in confining pressure. Bredthauer<®> 
tested a variety of rocks to 15,000 psi 
and found that compressive strength 
continued to increase with confining 
pressure. The works of Robertson, 
Handin and Hager, <21) and Patter
son <26) representing tests on lime
stones, marbles, dolomites, sand
stones, quartzites, shales, siltstones, 
slates, granite, and diabase show that 
the strength of jacketed specimens 
will increase with confining pressures 
to 60,000 psi. The renowned experi
ments of Bridgman reveal the same 
trend to even higher pressures. The 
greatest enhancement of strength oc
curs at the lower confining pressures. 
As confining pressure continues to 
increase, the yield strength increases 
at a diminishing rate.



Ultimate strength is the stress obtained 
at the highest point on the stress-strain 
curve, and the amount of permanent 
straining that occurs prior to rupture is a 
measure of ductility. What has been said 
of the effect of confining pressure on yield 
strength can be said generally of ultimate 
strength and ductility. Because of strain 
hardening, ultimate strength may undergo 
a several-fold increase with confining pres
sure, while the yield strength increases 
much less.

Pore Pressure

In compression tests on porous geologic 
materials, it is possible to control the 
chamber or confining pressure and the in
terstitial fluid pressure separately. The dif
ference between the confining and pore 
pressures is known as the effective pres
sure. What has been said concerning the 
influence of confining pressure on the 
strength of dry or unsaturated jacketed 
specimens can be said of the influence of 
the effective pressure on the strength of 
porous materials. Two qualifications are re
quired. First, the pore spaces must be in
terconnected, and second, movement of the 
pore fluid must be permitted. Intercon
nected pore spaces are necessary to insure 
a uniform distribution of pore pressure 
throughout the test specimen; free move
ment of the pore fluid transfers the load to 
the solid skeleton.

In soil mechanics, the change in voliune 
resulting from the expulsion of pore fluid 
under compressive loads is known as con
solidation. Materials of low permeability 
typically require long periods of time to 
consolidate. Porous materials can, there
fore, be expected to exhibit time effects. 
For this reason, compression tests of clays 
and shales are not always easy to inter
pret. Nevertheless, tests performed on ful
ly ^consolidated materials or as drained
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tests substantiate the concept of effective 
stress or pressure. Effective pressure is, in 
fact, an accepted principle in the domain 
of soil mechanics.

In rock mechanics, the works of Robin
son, (40) Serdengecti and Boozer, (45) Han- 
din(22) et al, and Schwartz (44) have dem
onstrated the validity of the concept of ef
fective stress. An increase in effective con
fining pressure enhances yield strength, 
ultimate strength, and ductility. As an ex
ample, the ultimate strength of Berea 
sandstone increased from about 12,000 psi 
at zero effective confining pressure to over 
60,000 psi at 29,000 psi effective confining 
pressure, roughly a five-fold increase in ul
timate strength. (22)

Temperature
An increase in temperature lowers rock 
strength and increases ductility. Griggs (19) 
et al found in compression tests of dunite, 
pyroxenite, and granite nearly a three-fold 
decrease in strength as temperature was 
raised from 25° to 800°C. Basalt showed 
nearly an eight-fold decrease over the 
same temperature range. Dolomite showed 
a two-fold decrease, and marble an eight
fold decrease, in strength. Serdengecti and 
Boozer, (46) Heard, (25) Handin and Fair- 
bairn, (20) and Handin(23) et al have also 
noted decreases in strength and increases 
in ductility with increasing temperature. 
The same trend continues at temperatures 
below room temperature. Heins and 
Friz (27) found that the modulus of rup
ture of a limestone, a basalt, and a granite 
were decreased 59 per cent, 49 per cent, 
and 19 per cent, respectively, at -320°F. 
The strain at fracture in the limestone was 
then approximately halved.

Strain Rate
Strain rate refers to the speed of deforma
tion. Rocks and soils show higher strengths 
at higher strain rates. The effect of an in
crease in strain rate is more pronounced 
at elevated temperatures. Heard (26) found 
in tests on Yule marble that a million-fold 
decrease in strain rate (from 10"i to 10"7/ 
sec) only slightly lowered the yield point 
stress at 25°C, but at 500°C the yield point 
was lowered by a factor of about 4. Ser
dengecti and Boozer (46) in tests on Berea 
sandstone and Solenhofen limestone also 
found that a decrease in strain rate de
creased strength. Their published data 
show that ductility decreased with an in
crease in strain rate over a wide range of 
test conditions. An increasing strain rate 
has, therefore, an embrittling effect on 
rock. Note, however, that the strain to 
failure increases with an increase in strain 
rate. This is in keeping with the earlier 
results of Griggs, d®) who found that the 
shorter the duration of the test, the great
er the deformation to failure.

The effect of strain rate on the strength 
of soil is quite similar to that on rock. Un
saturated sands are relatively insensitive 
to changes in strain rate over three orders 
of magnitude. (50) Saturated sands, though, 
may double in strength with a strain rate 
change from 10"® to 10* i/sec. Strain rate 
changes have a much greater effect on co
hesive soils. According to Whitman(6D 
some clays become embrittled and fail by 
fracturing as strain rate is increased. In 
this case, strength may be doubled, where
as clays that tend to deform experience

an increase of strength of the order of 50 
per cent or less. As in the case of rocks, 
the greater the strain rate, the greater the 
strain to failure and the higher the 
strength. Thus, the effect of an increase in 
strain rate on the strength and ductility 
of geologic materials is to increase the 
former, decrease the latter and increase 
the strain to failure.

Brittle-Ductile Transition

Fracture at the limit of elastic deforma
tion characterizes brittle behavior. Perma
nent straining vanishes, and the yield and 
ultimate strengths coincide. Ideal brittle 
behavior is, therefore, a limiting case of 
ductile response to load. Jaeger(39) has re
cently reviewed the subject of brittle frac
ture and experimental testing in rock me
chanics.

Many rocks that appear brittle in un- 
confined compression tests become notice
ably ductile at higher confining (effective) 
pressures and temperatures. Much of the 
violence of brittle fracture is, however, due 
to the testing machine.dO) Heard(25) spe
cifically investigated the brittle-ductile 
transition of Solenhofen limestone as a 
fimction of temperature, confining pres
sure, and pore pressure. Gnirk and Cheat- 
ham(i7) and GnirkdS) found in penetra
tion tests at room temperature and zero 
pore pressure that brittle action was sup
pressed with confining pressures as low as 
500 psi (limestone). Sandstone, green
stone, and marble became ductile below 
5,000 psi, while the transition pressure of 
dolomite was above 5,000 psi.

Whitman(6i) has reported tests on clays 
in which a brittle behavior pattern was ob
served at atmospheric pressure and a duc
tile pattern seen under confining pressure. 
This suggests that soils having a relatively 
high cohesion may also undergo brittle- 
ductile transition.

Dilatancy
Another interesting and important facet of 
soil and rock behavior is dilatancy. Dila
tancy refers to a relative increase in vol
ume. Intuitively one would expect the vol
ume of a test specimen to decrease under 
compressive loads. It is well known in soil 
mechanics, however, that packed sands ex
pand when sheared. Loose sands decrease, 
and clays may increase or decrease in vol
ume during shear. (29) Since stresses in soil 
mechanics seldom exceed 100 psi, volume 
change is synonymous with pore volume 
change. Rowe and Barden (42) have shown 
that contractive and dilatant zones may 
develop simultaneously under compres
sion. Shockley and Ahlvin(46) showed this 
to be true even when gross volume changes 
were prevented. Roscoe(4D et al have 
shown that strain distribution is decidedly 
nonuniform, largely because of platen end 
friction, the influence of which, although 
noted nearly a century ago, (38) still does 
not seem to be fully appreciated (accord
ing to recent discussion) .(3)

Rocks also exhibit dilatancy. Robin
son <40) found that pore volume changed in 
a regular manner, decreasing with initial 
application of load, then increasing until 
the yield point was reached. At yield, pore 
fluid had to be continuously supplied in 
order to maintain test pressures which 
ranged to 10,000 psi. Handin(22) et al, em-
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Table showing the various yield criteria that are obtained by specialization of the con
stants n. A, and B in equation (1). a is the angle of internal friction; Co and To are the 
uniaxial compressive (-\-) and tensile (—) strengths respectively.

ploying pressures to 29,500 psi, observed 
dilatancy whenever the ratio of pore pres
sure to confining pressure exceeded 0.8. 
Bridgman, (6) in tests on jacketed speci
mens of soapstone, marble, diabase, and 
several metals, showed by direct measure
ment that volume increases occurred under 
high compressive loads. Paulding, (37) in 
studies on granite, has also observed vol
ume increase xmder high compressive 
loads.

Localized dilatancy under compressive 
loading has two sources, one in the shift 
of individual particle positions and the 
other in particle fracture. In nonporous 
rock, grain fracture must increase volume. 
Ultimately, dilatancy manifests itself as 
gross fracture of the test specimen. An 
adequate theory of failure must, therefore, 
take dilatancy into account.

The problem of platen end friction not
withstanding, compression testing will like
ly continue to be one of the principal 
tools in strength studies. Intuitively, direct 
compression appeals to us as having an 
obvious interpretation in terms of strength. 
At low pressures and room temperatures, 
it is a relatively simple test to implement. 
High pressure and temperature work is 
always time-consuming and expensive. 
Specimen preparation in either case is 
elaborate. Test specimen ends are usually 
finished to an optical flat in order to mini
mize the possibility of bending stresses 
arising during the test. Such care may not 
always seem warranted in view of the un
certainty introduced by end friction. Even 
then, suites of compressive strength 
data (12) on rock often have coeflScients of 
variation over 35 per cent. Despite the 
vagaries of experimental testing, progress 
in understanding through research has 
been obtained, although often at great cost 
and with considerable frustration.

Theory
The objective in formulating a mechanical 
theory of behavior—indeed, of any theory 
—is the obtainment of a prediction capa
bility. Without a theory, a chaotic state of 
trial and error will prevail; no design will 
be possible. A good theory, of course, 
should correspond closely to actusdity.

The world of resd materials is complex. 
Nonlinearity, anisotropy, heterogeneity, 
and irreversibility are the rules rather than 
the exceptions. Time and temperature ef
fects are commonplace. A comprehensive 
material description over the widest range 
of conditions would, therefore, be quite un
manageable. As Drucker(i3) points out, 
progress comes by making the simplest 
possible idealizations that are in keeping 
with the nature of the practical problem 
at hand. Once a problem is idealized, the 
idealization must be evaluated. Laboratory 
experimentation and field testing are the 
standard engineering methods for doing 
this. Naturally there is feedback in the 
process of constructing theory, idealizing 
a problem, and testing the resulting pre
dictions.

In constructing a theory, we are not free 
to pull equations out of a hat. The conser
vation laws of mass and momentum, for 
example, must certainly be satisfied. In 
mechanics, these are expressed by the 
equations of equilibrium or motion. They 
do not depend upon the material; neither

does the geometry of strain. What does de
pend upon the material is the stress-strain 
law or constitutive equation. A most fa
miliar constitutive equation is Hooke’s law, 
a linear, reversible, and time independent 
relationship between stress and small 
strains. It is the keystone of classical elas
ticity theory which has seen wide and suc
cessful application to many important 
technological problems.

A less familiar constitutive equation 
arises in plasticity theory. In plasticity 
theory, the material is assumed to behave 
elastically up to some limiting state of 
stress at which yield may occur. Plastic 
strain is, therefore, post-yield and perma
nent. Increments of strains are now as
sumed to be linear functions of the stress 
increments, but the form of the stress- 
strain relationship does not change with 
time. (■IS) However, the coefficients in the 
stress-strain relationship are no longer 
constant, and, hence, total strain may de
pend upon strain history.

The constitutive equation of visco-elas
ticity theory is an example of a stress- 
strain relationship which does depend on 
time, in contrast to elasticity and plas
ticity theory, in which the time variable 
does not appear explicitly. In an ordinary 
sense, though, strain is always time de
pendent; it never occurs instantaneously.

The application of a properly construc
ted theory will require two kinds of in
formation. First, the rock or soil proper
ties as indicated in the constitutive equa
tion will have to be known. Properties of 
man-made materials such as steel and 
concrete are determined by standard lab
oratory tests. Rock and soil properties are 
also measured in laboratories, but the re
lationship between properties of laboratory 
sized specimens of geologic materials and 
field scale masses is not straightforward. 
In fact, there seems to be little correlation 
between the two. (31.32) It is a problem 
that could be most profitably researched.

The second kind of information needed 
in a theoretical analysis is a knowledge of 
the boundary conditions. Boundary condi
tions refer to the loads, displacements, ve
locities, etc., applied to the mass of ma
terial in question. With a knowledge of the

applied “loads,” we will be able through 
theory to predict what will happen 
throughout the entire body. This is why 
we wish to formulate boundary value prob
lems, so that we can tell what is happen
ing in the interior of a body from measure
ments on its surfaces which are accessible 
to us. For example, convergence measure
ments in stopes may permit the computa
tion of stresses in the backs, and thus with 
a knowledge of the yield point stress indi
cate the proximity of failure. A great diffi
culty in stress analysis of underground ex
cavations results from a lack of knowledge 
concerning the primitive or initial state of 
stress that existed prior to excavation; that 
is, the boundary conditions on an imagin
ary surface well away from the excava
tion are frequently in doubt. The primi
tive state of stress in the earth is a matter 
of continuing discussion.

Applications of Elastic Theory
All available experimental evidence has 
shown that elasticity theory reasonably de
scribes the response of harder rocks such 
as basalt, granite, quartzite, and conglom
erate to loads applied over time spans of 
engineering interest. It is applicable to soft 
rocks such as shales over a more restricted 
range of environmental conditions. In the 
case of soils, it serves as a basis for esti
mation in problems where the strains are 
linear functions of the stresses. Even when 
not strictly applicable, an elastic analysis 
is instructive since zones of possible stress 
concentrations are revealed along with the 
important geometric variables. An elastic 
stress analysis will nearly always be con
servative, since any yielding that may oc
cur tends to relieve stresses. It will, how
ever, underestimate strain.

Problems in elasticity theory which have 
received extensive usage in mining engi
neering are the problem of a biaxiaUy 
loaded plate containing a central hole and 
the problem of the long, thick-walled cyl
inder loaded laterally by internal and ex
ternal pressures. The first corresponds to 
the “tunnel” problem and the second to 
the “shaft” problem. Simple beam and 
plate analyses have been made of roof con
ditions in deposits mined by room and
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Fig. 1. A slipline field associated with a wedge having friction over its contact area 
penetrating rock or soil.

pillar methods. Stresses about mine open
ings of shapes besides circular have also 
been analyzed. Most of these and other 
results are summarized by Caudle and 
ClarkO) and Obert(3S) et al. More sophis
ticated elastic analyses of underground 
openings are those of Mindlin,<34) who 
solved the problem of a circular hole in a 
gravitating half space, and Berry (2) and 
Salamon,(43) who analyzed subsidence over 
longwall workings as an elastic phenome
non. The reflection theory of blasting is 
based on elastic wave propagation. <15,33) 
In soil mechanics, solutions to problems of 
loads applied to an infinite half space (the 
Boussinesq problem, for example) provide 
one means of estimating the bearing ca
pacity of foundations. (49)

Applications of Plasticity Theory

Recognition of the fact that some yield
ing may occur without destroying the sup
port capability of a body leads to a more 
realistic appraisal of its response to load. 
Elastic analysis indicates potential zones 
of stress concentration, but elastic design 
can be quite inefiicient. The rather size
able accumulation of experimental evi
dence shows that rock and soil yield and 
deform plastically over a wide range of 
enviromnental conditions. Even when a 
material is nominally brittle and fails vio
lently in laboratory tests, fracturing from 
one boundary to another may not be pos
sible in field size masses, and, hence, limit 
design will be reasonable. Fractures are 
often evident about the periphery of stable 
mine openings; many rock slopes, natural 
and man-made, are stable despite the pres
ence of joints, fissures, and fractures. The 
range of situations found in mining which 
are eunenable to plastic analysis extends 
over the entire spectrum of operations. As 
in applications of elastic theory, one anal
ysis serves several practical situations. 
Scale has no theoreticsd standing.

Two-dimensional plastic problems have 
the property of being statically determin
ate in that a solution satisfying the equa
tions of equilibrium and yield can be 
found without reference to a stress-strain 
law. Such solutions are incomplete and 
are described as solutions to problems of 
limiting equilibrium.

What might be called the general two- 
dimensioned “punch” problem is the most 
frequently encountered case of limiting 
equilibrium. In this problem, a load is 
slowly applied to the surface of a large 
mass through the intermediary of a rigid 
“punch” or “die.” A flat punch may cor
respond to a rigid foundation; a wedge- 
shaped pimch may correspond to a chisel 
bit, bucket tooth, or the leading edge of a 
frontend loader; an inclined wedge might 
correspond to the cutting edge of an auger, 
drag bit, or coal plough. Blunt wedges 
and wedges with rounded noses and other 
shapes can be considered. If the punch is 
removed and in its stead load distributions 
are prescribed, we can then examine more 
general problems of foundation stability, 
and, with the introduction of inclined sur
faces, problems of slope stability and re
taining wall pressures as well.

Long pillars can be considered as ma
terial crushed between two opposing dies. 
Sequential and multiple penetrations can 
also be analyzed. The presence of friction

over the “punch” face can be taken into 
account. In some cases where the weight 
of the material is negligible, analytic ex
pressions for the limit loads can be ob
tained. Analytical expressions can also be 
obtained in a few instances where weight 
is not negligible. The computer can be 
made to handle the other cases. Sokolov
ski (47) presents the basic formulation and 
subsequent solution to many problems of 
limiting equilibrium of interest in soil me
chanics. Harr(24) presents a blend of much 
of Sokolovski’s work and that of other au
thors in his recent text on soil mechanics.

There are just three equations to be 
satisfied in any two-dimensional problem 
of limiting equilibrimn. Two are equations 
of stress equilibrimn, and a third expresses 
the condition of yield. The Mohr-Coulomb 
yield criterion is used almost exclusively 
in soil and rock mechanics; the Tresca and 
von Mises criteria are utilized in metal 
studies. Occasionally, the Torre, Grifllth, 
and modified Griffith criteria are employed 
in rock mechanics. These are all compact
ly expressed by

(1) I q |n = Ap -f B (Yield)

Where: q and p are one-half the dif
ference and sum of the major and 
minor principal stresses respectively 
(compression is positive) and n. A, B 
are material constants.

The table on page 3 shows the values of 
n. A, and B for the various yield criteria. 
A and B are given in terms of the more 
familiar uniaxial compressive and tensile 
strengths, Co and To. Since compression 
is positive, Co > O and To < O. The para
meter 0 is the angle of internal friction. 
The Griffith and modified Griffith criteria 
are branching formulas, that is, two state
ments are required to cover the entire 
stress range. A suggestion that arises from

equation (1) and the table is that close 
analytical approximation to any experi
mentally determined yield function can be 
obtained by judicious use of a piece-wise 
continuous yield function. This would al
most guarantee good agreement between 
theory and experiment.

By using the yield condition (1) in the 
equations of equilibrium, the system can 
be transformed into a set of ordinary dif
ferential equations. Thus, we have

(2) dy = dxtan(e ± /i) (Sliplines)

(3) dq ± 2qtan0de = O (Stresses along
sliplines)

Where: 0 is the angle from the x-axis
to the major principal axis, jn = 7t/4- 
0/2, and the weight of the material is 
neglected.

If the weight of the material is important, 
then additional terms uppear in equations 
(3).

Nmnerical forms for solution are readily 
obtained now by replacing the differentials 
by incrementals and the variables by aver
ages. An iterative computational scheme 
follows. It is worth noting that if the slip
lines as defined by equations (2) are 
known together with boundary values of 
stress, then the problem is solved. For this 
reason, the sliplines are of great assistance 
in solving problems of limiting equilib
rium. In problems where the body forces 
are negligible, constant state regions where 
both sliplines are straight, and regions of 
radial shear where one family of sliplines 
are exponential spirals have analytical ex
pressions, and consequently are much 
used.

Figure 1 shows a slipline field composed 
of constant state regions and regions of 
radial shear that are developed in the

Fig. 2. The Hill type slipline field associated with a smooth, flat die indenting rock or 
soil.
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Fig 3. A possible slipline field associated 
with the flow of crushed stone or "soil” 
from a bunker having a wide slot outlet.

Fig. 4. A slipline field developed in a pit 
slope under a superincumbent distributed 
load.

analysis of a rigid wedge penetrating a 
Coulomb plastic material with friction 
along the wedge contact plane. Figure 2 
shows a smooth, flat die also penetrating a 
Coulomb material. An interesting variant 
on the general “punch” problem arises in 
the analysis of gravity flow of broken ma
terial from bunkers having relatively large 
slot outlets. Figure 3 shows an approxi
mate slipline field for this type of prob
lem. Figure 4 shows a slipline field appro
priate to a problem in slope stability.

A second large class of problems that 
arises from field situations and is amenable 
to plastic or post-yield analysis of a single 
geometry relates to shafts, tunnels, and 
boreholes. The same basic equations can 
be applied. Analytical expressions can be 
obtained by assuming that both families of 
sliplines are exponential spirals. Figure 5a 
shows a shaft or borehole with a yielded 
zone of Coulomb material surrounding it. 
Figure 5b corresponds to a borehole under 
internal pressure or to a blast hole under 
the action of gaseous explosion products. 
In Figure 6, gravity flow of a Coulomb 
plastic material from a wedge-shaped hop
per is approximated. If the deformation 
about a tunnel is approximately radial, 
then the slipline field shown in Figure 5a 
can be applied.

Problems of limiting equilibrium in axial 
symmetry can be developed in much the 
same way as those of plane strain, dP al
though the analysis is somewhat more in
volved and requires additional assump
tions. One problem in axial symmetry of 
great interest is that of a cylinder crushed 
between two rigid dies. The cylinder might 
be thought of as a mine pillar or, perhaps, 
as a test specimen in the laboratory.

In a complete plastic analysis, the de
formation as characterized by the strain- 
rate or velocity field must be displayed in

addition to the stress field. Only if the 
velocity field is compatible with an accept
able stress field will a complete solution 
be obtained. Even then there is no guaran
tee of uniqueness unless the boundary to 
the plastic region is known. For this rea
son, solutions to limiting equilibrimn, by 
themselves, are of doubtful value. General
ly, the yielding process must be followed 
from its inception. This presents serious 
computational problems.

A difficulty that arises in velocity field 
considerations is that the plastic dilatation 
must always be expansive. Experimental 
evidence shows that this is true to a de
gree in both rock and soil, but whether 
either can expand sufficiently to meet the 
requirements of theory is doubtful. In 
many instances, incompressibility is a 
closer approximation to actual behavior. 
But for mathematical completeness, the 
velocity field described by

(4) V = Vo exp [ (9 - 6o) tan (a ± /n) ]

Where: a is the angle (constant) a
streamline makes with a principal 
line

can be used in any of the slipline fields 
shown in Figures 1 through 6 by noting 
that e makes a constant angle with either 
the x-axis in rectangular coordinates (con
stant state region), or the r-ray in polar 
coordinates (regions of one or two expon
ential spirals). Equation (4) is a Coulomb 
plastic generalization of what Hill(28) re
fers to as streaming diagonal flow in metal 
plasticity.

One should also refer to the powerful 
limit theorems of Drucker and Pragerd"*) 
which may be used to estimate limit loads 
of bodies where detailed analysis is im
possible.

Conclusion
On the basis of the experiments behavior 
of rock and soil, it appears that a large 
number of practical mining problems re
lating to drilling, blasting, materials han 
dling, and ground stability can be analyzed 
as post-yield phenomena. Relatively solid 
rock as well as soils and sands yield ac
cording to similiar phenomenological cri
teria, the difference being mainly in the 
magnitude of the applied loads.

It has been said that the most practical 
thing in the world is a good theory. The 
large number of problems that are amen
able to plastic or post-yield analysis would 
seem to indicate that much experimental 
verification and testing are warranted. In 
this respect, the fundamental studies in 
drilling of Cheatham and Gnirk,(i6.i7) are 
noteworthy. Their accumulation of experi
mental evidence substantiates the applica
bility of plastic analysis to wedge penetra
tion problems in rock beyond the brittle- 
ductile transition. The need to extend 
stress analysis in rock and soil mechanics 
beyond the elastic range and the potential 
rewards for doing so are great and consti
tute a real challenge to the mining engi
neer.
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Summer and Fall Meetings, Seminars, and 
Workshops
The following conferences and seminars are scheduled to be held at University Park 
under the general sponsorship of the College of Earth & Mineral Sciences during the 
coming summer and fall:

Ceramics Career Day

A “Career Day” designed to interest high 
school students and engineers from cer
amics industries in ceramic science as a 
career will be held at the Conference Cen
ter on May 13, 1967, imder the guidance 
of Professor F. A. Hummel, head of the 
Department of Ceramic Science, and Dr. 
Guy Rindone, professor of ceramic sci
ence.

22nd Annual Pennsylvania Ceramics 
Association Meeting

The 22nd Annual Pennsylvania Ceramics 
Association Meeting will be held at the 
Conference Center June 8-9, 1967, for the 
promotion of ceramic industry education 
in Pennsylvania. All college graduates af
filiated with ceramic industries and man
agement, production, and research are in
vited to attend. The annual review of the 
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Combustion Engineering Seminar

A seminar on new developments in com
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under the chairmanship of Dr. Peter H. 
Given, professor of fuel science and head 
of the department. The Program Director 
will be Dr. J. M. Beer, professor and head. 
Department of Fuel Technology and 
Chemical Engineering, University of Shef
field, SheflSeld, England. The purpose of 
the seminar is to consider combustion 
processes in flames, heat transfer from 
flames to sinks in combustion, combustion 
aerodynamics, and partial modehng of 
flame processes. Other topics to be covered 
include electrically augmented flames, com
bustion driven oscellations, flame stabiliza
tion in high speed flow, spectroscopic 
methods for measurement of temperature, 
and concentration in plasmas.

This seminar is intended for engineers 
and scientists working in industry in re
search and development, design, or pro
duction.

Coal Industry Management

Under the direction of Professor R. B. 
Hewes, Department of Mining, the annual 
coal industry workshop, designed to pro
vide instruction in good management prac
tices in the coal industry, will be held 
August 20-25, 1967, at the Conference 
Center. This year the program content of 
the workshop has been revised extensively, 
and the lectures will be aimed specifically 
toward helping new or prospective section 
foremen. This is the first time that the 
workshop has been designed for a particu
lar level of coal mining management. 
Speakers will include Paul S. Beaver, as
sistant director of Continuing Education; 
Charles W. Berry, research assistant. De
partment of Mining; Joseph Christoff, Jr.,

general superintendent, Pittsburgh Coal 
Company; Joseph W. Hunt, professor of 
mining engineering; Louis W. Lerda, as
sistant professor of continuing education; 
Robert E. Olson, manager. Industrial En
gineering, Rochester & Pittsburgh Coal 
Company; Samuel Prichard, Jr., instruc
tor of speech; and George H. Schenck, in
structor in mineral economics.

Cooperative Program in Metallurgy

A meeting with representatives of business 
and industries who contribute to the Co
operative Program in Metallurgy will be 
held at the Conference center on Septem
ber 8, 1967. It will be directed by Dr. 
Robert W. Lindsay, professor of metal
lurgy.

New Uses for Coal

A seminar on new tises for coal — the 
purpose of which is to review, for the 
benefit of research and development per
sonnel in industrial organizations, the na
ture of coal, its preparation for use, and 
the problems of using coal in new proc
esses, particularly in the production of 
industrial gases, liquid fuel, and chemicals 
— will be held at the Conference Center 
October 2-6, 1967, under the chairmanship 
of Dr. Peter H. Given, professor of fuel 
science and head of the department----------

Inorganic Material Preparation 
and Characterization

The Materials Research Laboratory of the 
University’s Institute for Science and En
gineering will present a two-week course 
designed as an integrated presentation of 
the principles of solid state chemistry ap
propriate to predicting, synthesizing, and 
preparing in special form a desired or a 
new material, and its subsequent detailed 
characterization. This course, to be held at 
the Conference Center September 18-29, 
1967, will be led by Professor Rustum 
Roy, director of the Laboratory and pro
fessor of geochemistry.

Post-Yield Mechanics of 
Rock and Soil
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New Equipment for Mineral Constitution 
Laboratories
Over the past several months a number of important new items of equipment have been 
added to the Mineral Constitution Laboratories from funds made available by Dr. Os- 
bom, vice president for research, the General State Authority, and other University 
sources. The four principal items are:
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Used in Studying the Fracture Mechanics 
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terials (Paper No. 99) (Nov. 1965).
38. Rankine, W. M. J., A Manual of Ap
plied Mechanics (9th ed.) C. Griffin Co., 
London, (1877) p. 303.
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Soils,” ASTM STP 361, 111-128 (1964).
42. Rowe, P. W., and Barden, L., “Impor
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Proc. ASCE (Soil Mech. and Found. 
Div.) V 90, 1-27 (1964).
43. Salamon, M. G. D., “Elastic Analysis
of Stresses Induced by the Mining of 
Seams or Reef Deposits,” Jour. S. African 
Inst. Min. Met., v 64, 128-148, 177-218, 
486-500 (1963-64) and, v 65, 319-338
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44. Schwartz, A. E., “Failure of Rock in 
Triaxial Shear,” Proc. Sixth Symp. Rock 
Mech., Univ. of Mo., Rolla, 109-151 (1964).
45. Serdengecti, S., and Boozer, G. D., 
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ture on the Behavior of Rocks Subjected 
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Symp. Rock Mech., Penn. State Univ., 
University Park, 83-97 (1961).
46. Shockley, W. G., and Ahlvin, R. G., 
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Specimens,” ASCE Res. Conf. Shear 
Strength of Soils, Univ. Colo., Boulder, 
341-357 (1960).
47. Sokolovski, V. V., Statics of Soil Media 
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Butterworths, London (1960).
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(1956).
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Soils Under Transient Loadings,” Proc. 
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Perkin-Elmer Model 621 Grating 
Infrared Spectrophotometer
This instrument is a replacement for the 
Perkin-Elmer Model lR-21 instrument 
which has been in the Mineral Constitu
tion Laboratories for many years. Among 
the advantages of the new instrument are 
the following:

(a) The independent variable, distance 
along the chart, is proportional to the 
wave number, covering the range 4000-200 
cm“i (2.5f4-50/n).

(b) The resolution is better than 0.3 
cm'i.

(c) Ordinate expansion of 5x, lOx, or 
20x of any portion of the scale is available 
as well as a continuously variable expan
sion from l/4x to 5x.

(d) The ordinate covers the range 0- 
100% transmission as well as 0-1 linear 
absorptance.

This instrument will be used in the anal
ysis of organic compounds in solution and 
in the study of the vibrations of molecules 
or the strength of chemical bonds in sol
ids.

Perkin-Elmer Model 303 Atomic 
Absorption Spectrophotometer
Absorption spectrophotometry is a recently 
developed technique for quantitative anal
ysis by measuring the percentage absorp
tion from a standard emission light source 
by the resonance lines characteristic of the 
elements present in the sample. This tech
nique is particularly well suited for the 
precise determination of lead, zinc, cadmi
um, mercury, nickel and other elements 
which are difficult to determine by emis
sion spectrometry due to their volatility.

53. Windes, S. L., “Physical Properties of 
Mine Rock-II,” USBM RI4727 (1950).

About the Author

After serving three years in the Marine 
Corps, Dr. William G. Pariseau graduated 
magna cum laude in 1960 from the Uni
versity of Washington with the B.S. de
gree in a geological engineering option. 
Awarded the Ph.D. degree at the Univer
sity of Minnesota in mineral engineering, 
he subsequently joined the faculty of the 
Department of Mining at Penn State in 
1966 as assistant professor of mining en
gineering.

Between sessions of formal education, 
he has held a variety of positions related 
to engineering. He is a member of Phi 
Beta Kappa and Tau Beta Pi. His major 
interests are rock mechanics and materials 
handling.

It is also frequently used for determina
tion of sodium, potassium, calcium, mag- 
nesiiun, etc.

Our unit is set up with a recorder read
out and at present is equipped with hol
low cathode lamps to act as radiation 
sources for the determination of Ca, Zn, 
Mg, Ag, Fe, Sr, Ba, Mn, Sb, Pb, and Cd.

Applied Research Laboratory Model 
AMX Electron Probe
This is a replacement for the ARL Model 
EMX probe which has been moved to the 
Materials Research Laboratory for use in 
research on characterization of materials. 
The AMX probe was specifically designed 
for service work. Its performance is ex
pected to be very similar to the EMX with 
the exception of greater serviceability and 
additional capability to handle samples in 
thin section form.

Siemens X-Ray Spectrometer Model SRS-1
This is a replacement for our present 
Norelco fluorescence unit, which was one 
of the very first fluorescent X-ray spec
trometers to become available. Housed on 
the X-ray generator will be a Kratky 
Small Angle Scattering X-ray Camera 
which can be used for investigation of 
structures in glass, and for certain kinds 
of research on atomic binding in solids. 
The Siemens unit will have the following 
features not available on previous equip
ment:

(a) Very high intensities for the fluores
cent X-ray determination of aU elements 
of atomic weight greater than that of 
fluorine (Z=9).

(b) High wattage chromium and gold X- 
ray tubes.

(c) Four pre-aligned analyzing crystals.
(d) A pulse scope which displays the 

energy spectrum of the X-ray radiation 
and the discriminator or window.

(e) Special sine-function preamplifier 
coupled to two theta with first and second 
order selection switch.

(f) Constant potential X-ray generator 
capable of 4000 watts power.

It is the policy of the laboratory to pro
vide the widest array and the most up-to- 
date instruments possible for analytical 
and morphological studies on rocks, min
erals, and materials. The Mineral Consti
tution Laboratory’s services and equipment 
are available for use by industrial organi
zations and other universities on a time- 
available basis, as well as by members of 
the faculty and students of The Pennsyl
vania State University. Those desiring 
services should write to Mr. Norman Suhr, 
311 Mineral Sciences Bldg., University 
Park, Pa. 16802.
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Fletcher L. Byrom 
Named McFarland 
Award Recipient

Fletcher L. Byrom, president of Koppers 
Company, Inc., has been named as the 
nineteenth recipient of the David Ford 
McFarland Award for Achievement in 
Metallurgy. This award, given annually 
by the Penn State Chapter of the Ameri
can Society for Metals to an aliunnus of 
the Department of Metallurgy at The 
Pennsylvania State University, recognizes 
outstanding achievement in some aspect 
of the metallurgical profession.

The award will be made at a banquet 
meeting to be held at 6:30 p.m.. May 20, 
at the Centre Hills Country Club, State 
College, Pa. Following the banquet, Mr. 
Byrom will speak on “A New Stage For 
Steel — With a New Cast.”

Mr. Byrom was graduated from Penn 
State in 1940 with the B.S. degree in 
metallurgy. Following two years with the 
American Steel and Wire Company as 
sales engineer and a three year stint dur
ing World War II with the Naval Ord
nance Laboratory, he joined Koppers 
Company, Inc., as Assistant to the Gener
al Manager of the Tar Products Division. 
He became president and a member of the 
Board of Directors in 1960.

In addition to acting as chairman and 
board member of a number of companies 
and organizations, Mr. Byrom is a mem
ber of the Advisory Board of the McKees
port Campus of The Pennsylvania State 
University and of the Executive Commit
tee, Alumni Council, Penn State Alumni 
Association. He is currently President of 
the Penn State Alumni Association.

Individual tickets for the banquet, which 
is informal, are $4.75, with tax and gratu
ity included, and may be secured by send
ing a postal money order or check for the 
number of tickets desired to Dr. George 
Simkovich, 122 Mineral Sciences Building, 
The Pennsylvania State University, Uni
versity Park, Pa. 16802. Tickets will be 
mailed for orders received before May 10 
but will be held at the door for monies re
ceived after that date.

Graduate Wins 
Award
Oded Rudawsky, a native of Israel, has 
been awarded a Doctoral Dissertation Fel
lowship in Natural Resources from Re
sources for the Future, a division of the 
Ford Foundation, for which the total stip
end is $5,300 per year. Mr. Rudawsky’s 
fellowship, one of ten awarded, was made 
as the result of a competition that at
tracted candidates from economics depart
ments of universities all over the United 
States.

Mr. Rudawsky received the B.S. degree 
in mineral economics from Penn State in 
June 1965 and the M.S. degree in the 
same field in December 1966. His M.S. 
thesis was a study of the sources of sup
ply of the fertilizer industry of Latin 
America, and the topic of his Ph.D. disser
tation is “The Contribution of the Ce
ment Industry to the Economy of Devel
oping Nations.” His work on his master’s 
thesis was supported by a grant from the 
Occidental Agricultural Chemicals Corpor
ation of New York.

Reprints Available
Recent publications of the College of Earth 
& Mineral Sciences are listed below. Those 
desiring reprints should address their re
quests to the author whose name appears 
in italics (if there is more than one), 5 
Mineral Industries Building, Universitjf- 
Park, Pa. 16802.

Title, Author, and Source
Reactions of Quartz and Corrundum with Aqueous 
Chloride and Hydroxide Solutions at High Tempera
tures and Pressures. G. M. Anderson and C. Wayne 
Burnham. Amer. Jour. Sci., 265, 12-27, Jan. 1967. 
Application of Slice Theory to Account for the Hori
zontal Extent of Convective Precipitation Radar 
Echoes. J. N. Myers, Jour. Appl. Meteor., 5, 6, 
832-838, Dec. 1966.

High-Pressure Phase Equilibrium Studies of CdS 
and MnS by Static and Dynamic Methods. R. O. 
Miller, F. Dachille, and R. Roy. Jour. Appl. Phys., 
37, 13, 4913-4918, Dec. 1966.
The Optical Spectra of Nickel in Alkali Tetraborate 
Glasses. J. C. Berkes and W. B. White. Phys. Chem. 
Glasses, 7, 191-199, 1966.
Optical Absorption Spectra of Iron in the Rock- 
Forming Silicates. W. B. White and K. L. Keester. 
Amer. Mineral., 51, May-June 1966.

Growth of Transition Metal Oxide Crystals by Hal
ide Vapor Hydrolysis. L. B. Robinson, W. B. 
White, and R. Roy. Jour. Mat. Sci., 1, 336-345, 
1966.

Preparation of Sm4(Si04)8. G. J. McCarthy, W. B. 
White, and R. Roy. Jour. Inorg. Nucl. Chem., 29, 
253-254, 1967.

Phase Relations in the System PbS-PbTe. M. S. 
Darrow, W. B. White, and R. Roy. Trans, of 
AIME, 654-658, 236, May 1966.

Hydrology of a Karst Area in East Central West 
Virginia. W. B. White and V. A. Schmidt. Water 
Resources Res., 2, 3, 1966.

DEIKE BUILDING 
DEDICATION

Formal dedication of the new Deike 
Building is scheduled for June 24, 
1967, at 10 a.m. in the Earth & Min
eral Sciences Auditorium, 26 Mineral 
Sciences Building. Participating in the 
ceremony will be John T. Ryan, Jr., 
president. Mine Safety Appliance Com
pany; George H. Deike, Jr., vice presi
dent, Mine Safety Appliance Company; 
Dr. E. F. Osborn, vice president for 
research; Dr. C. L. Hosier, dean of the 
College of Earth & Mineral Sciences; 
and former deans of the College.

TKe^fogram ol events lor tnat mom- 
ing is as follows:
9 a.m.—Coffee Hour in the foyer of 

Deike Building
10 a.m.—Dedication Ceremony
11 a.m.—Guided tours of the new

building.
Visitors will also be welcome to in

spect the Deike Building on Friday and 
Saturday afternoons.
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