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ABSTRACT

The pfimary purpose of this investigation was a parame-
tric study of scaled 3/4-inch rotary drag bits.

The system parameters affecting rotary drilling perform-
ance (thrust, rpm, flushing agents and rates of flushing)
were varied and evaluations made of their effects on pene-
tration rates. Thrust and rpm were found to have an approxi-
mate linear relation to penetration rates. Air and water
flushings were found to have a very critical effect at low
quantities but little effect when large amounts were used.

The drilling was performed in seven different rock
types. The effects of rock properties on penetration rates
were evaluated. Four rock engineering properties; compres-
sive strength, Young's modules, Shore hardness, and Schmidt
hammer values were determined for each rock type. All physi-
cal properties except Schmidt hammer values were found to
have good correlation to penetration rates.

Wear rates for the 6%- and 10%-cobalt alloy carbide
rotary drag bits were determined by three techniques;
weight loss, penetration rate loss, and cutting edge pro-
file loss, to determine the reliability of each. Penetra-
tion rate loss was found to be the wost informative of the
three.

A preliminary study of the performance of a new dia-

iii



T-1759

mond composite insert was also performed. It was found that
this bit is far superior to carbide bits in wear resistance.
A slight decrease in drilling rates for the cutting edge

geometry evaluated, was measured.
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1. INTRODUCTION

Consi&érable attention has been devoted to improving
drilling performances and efficiencies. The successful per-
formance and economy of a drilling operation depend on many
factors. Factors that influence the drilling process can be

grouped into three basic areas:

1) Operating parameters ARTHUR LAKES LIBRARY
COLORADO SCIIOCL of MINES
2) Rock properties GOLDEN, COLORADO 80401

3) Bit design

The operating parameters are usually the first to be
related to the drilling process and can be easily controlled.
Included in the operating parameters are: thrust, rpm, flush-
ing, and torque.

Of all the factors affecting drilling, the most diffi-
cult to model or control are the physical properties of the
rock being drilled. Factors in this group are numerous and
include such properties as density, fractures, porosity, com-
pressive strength, mineral composition and grain size.

The last gfoup of parameters associated with the drill-
ing process involve bit design. Included in bit design are
composition and geometry of the drill bit cutting edge.
Operating parameters of the drilling operation and the
physical properties of the rock being drilled determine bit
type and design. The strength and abrasiveness of the rock af-

1
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fect the composition and strength of the cutting edge. Bit
geometry must also produce the best possible cutting action
and yet wiéhstand the operational parameters.

All three groups of factors affecting the drilling pro-
cess must be combined to produce the best possible drilling
performance. These factors apply to all forms of mechanical
rock drilling.

Measurements of important drilling parameters during
underground tests have proven unfeasible due to variability
in drilling conditions, harsh working environment, accessi-
bility to the work area, inadequacy of required measuring
equipment, lack of equipment control, etc. These problems
are well known to those who have attempted comprehensive
underground evaluations of drilling tools and/or equipment.
Consequently, a precisely controlled laboratory drilling
test program involving characteristics similar to those in
the underground environment should provide information to
evaluate and improve drilling performance.

The drilling system parameters and their effect on
rotary drag bit drilling performance were studied in this
investigation using 3/4-inch drag bits. Conclusions
drawn based on these tests will aid in understanding
the drilling process and lead to improved rotary drilling

techniques.
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II. DISCUSSION OF THE PROBLEM

N A. STATEMENT OF THE PROBLEM

The primary purpose of this study was to examine rotary
(drag bit) drilling using scaled 3/4-inch bits. Specific
objectives to the investigation were as follows:

1) To study the effects of drilling-system parameters
on penetration rates. The parameters of thrust, rpm,
flushing agents, and the quantities of flushing were
varied and the effects analyzed.

2) To study the influence of rock engineering proper-
ties on penetration rates. Specific physical tests
were performed on seven rock types and correlated
with drilling rates.

3) To test different wear-rate measuring techniques
and to evaluate the effectiveness of each. Three
techniques were studied: change in penetration rates;
bit weight loss; and change in cutting edge profile area.

4) To test and compare two different grades of cemented
tungsten carbide inserts, one containing 10% cobalt
and the other 6% cobalt by weight.

5) To test 180° and 360° COMP2X diamond bits developed by
Carboloy System Department, a division of General Elec-
tric. These bits were compared with conventional car-
bide bits having similar cutting edges of 6% and 10%

cobalt by weight.
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B. SCOPE OF STUDY

In oréér to study the effects of drilling-system para-
meters on penetration rates, each parameter was varied over
a wide range of values while keeping all other parameters
constant. Axial thrust loads were tested at levels rang-
ing from zero to 1500 lbs in Yule Marble and Leadville Lime-
stone using both water and air as flushing agents. Rota-
tion and thrust were maintained at 500 rpm and 500 lbs re-
spectively.

To test the effects of flushing rates on penetration,
flow rates were varied from zero to 4 gpm for water and from
zero to 9 cfm for air. Penetration rates were measured with
constant 500 lbs thrust and 500 rpm. These tests were con-
ducted in Yule Marble using one bit with a 10% cobalt car-
bide insert.

Four engineering physical properties, Schmidt impact
hammer, Shore scleroscope hardness, uniaxial compressive
strength, and Young's modulus, were measured on each of the
seven rock types tested. Each rock type was subsequently
drilled at 500 lbs thrust, 500 rpm, and with 4 cfm air
flushing and penetration rates determined. From this the
effects of physical properties on rotary drilling were
evaluated.

To study wear measuring techniques, all rock types were

drilled at 500 lbs thrust and 500 rpm with both 6% and 10%



T-1759

Ten, 4-inch deep holes were drilled

cobalt carbine inserts.
in each rock type, and penetration times were taken over the

final threé\inches of each hole. Weights and profiles were
obtained for each bit, before drilling, after three holes,

and at the end of 10 holes.

after 5 holes,
Two types of diamond-composite bit inserts were tested
in Yule Marble and Leadville Limestone, Eleven 180° and

seven 360° COMPAX bits were used and only visible inspec-

tion of wear was made.

C. ROCK FAILURE DUE TO ROTARY DRAG BITS

Figure 1 depicts the nomenclature for a rotary drag bit.
AXIS OF

ROTATION
! B~ ]
A 2" 4
- ~
— et
"

INSERT
4 .,
] <
T~ ATTACHMENT S5
& T
SIS
G = diameter Y = face angle 8O e
J5 A
505
B = clearange angle 0 = rake angle 3 ;3 8
£
s N
@ = included angle r = relief angle & = 5
504
38
Q

FIGURE 1 - Drag Bit Nomenclature
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Although the nomenclature may vary between different indus-
tries and manufacturers, that illustrated in Fig. 1 is gener-

~
ally accepted.

1. Static Failure

Rotary drilling results in three basic types of rock
failure: shearing, tensile fracture, and crushing. When
presented as models at the cutting edge during the drilling
process, they present an explanation to some of the observed
phenomena in rotary drilling. Data and observations made by
authors in the past offer support for these theories. Each
model can only represent an idealized condition or a speci-
fic observation, not the complete actual rock failure pro-
cess. With these observations, however, the models can be
used to draw conclusions regarding the rotary drilling pro-
cess.

The first model chosen to represent the physical situ-
ation encountered by a drag bit cutting edge is shown sche-
matically in Fig. 2a. The direction of movement of the bit
blade is from left to right and the thrust is vertical. It
is assumed that the clearance angle is such that frictional
drag or crushing under the bit can.be neglected and a rake
angle of zero degrees is used. As the blade advances, stress
builds up in the rock ahead of the bit until a chip develops,

relieving the bit's strain energy. The chip is indicated by
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Figure 2b

Figure 2c

CHIP DEVELOPMENT IN DRAG BIT DRILLING
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the dotted line in Fig. 2a, where g is the angle the shear
plane makes with the surface. Two factors control the size
and shape Q} the chip formed. One is the depth of penetra-
tion (d), which must be large enough so the front surface
of the bit can build up stress. Chip size increases with
increases in (d) and results in lower specific energy for
the rock removed. The specific energy is a measure of
cutting efficiencies and is defined as the work done in
excavating a unit volume or mass of rock. The other in-
fluencing factor on chip size is the angle (g) which changes
the area of the plane of failure. The angle ¢ is a charac-
teristic of the rock type and depends on the coefficient of
internal friction of the rock.

Assuming the chip was formed by pure shear and the
Coulomb-Navier theory of failure applied, the angle g and
the forces involved can be resolved. 1In this theory, the
stress needed to rupture the rock must be great enough to
overcome the shear stress (T) and the internal friction
forces (uo) at the plane of failure, therefore,

stress = 1 + uo

Where:
T = shear stress,
4 = coefficient of internal friction
and 0 = normal stress on shear plane.

If the principle stress is parallel to the surface, then

the angle g will be (tan.'1 1/u)/2, and the force present



T-1759 9

at failure is F = EI%_B (T + po)X, where X is the width of
the cut. This assumes X is large in comparison to d and
side forces can be neglected.

The second type of rock failure found in drag bit drill-
ing, tensile fracturing, occurs mainly in medium hard to soft
rock drilling with bits that have large rake anqeﬁs. In coal
mechanics, tensile fracturing is more commonly called coal
ploughing or cutting. In the drilling process, the tensile
strength of the rock is overcome and the bit acts as a pick
and splits the chip out, as in Fig. 2b. Only a small surface
of the bit is in contact with the rock surface during failure.
The failure surface is not planar, as was found with shearing,
but instead is curvilinear. A crack develops ahead of the tip
and runs out and up to the rock surface, relieving the strain.

Fig. 2b is the idealized tensile fracturing suggested
by Evans (1962) for coal cutting. In Evan's theory, it is
assumed that the arc of failure is circular and tangential
to the wedged tip. From this, he found the force on the
wedge in the direction of cutting and at the instant of

failure to be:

_ 2t wd sink (/2 - )
T 1 -'sink (7/2 - o)

Where:

ct
"

tensile strength of rock,

w = width of wedge,

depth of cut, and
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a = wedge rake angle.
This equation is the simplified outcome of detailed analyses
that assuméa the distance of penetration by the tip is small
compared to the depth of the cut, d.

Roxborough (1973) showed that Evans' theory on the basic
mechanics of coal cutting was equally relevant to the cutting
of three quite distinctive sedimentary rocks: anhydrite,
limestone, and sandstone. In fact, Roxborough's results were
much closer to Evans' theory than the work done in coal.

Since rock is relatively weak in tension, the specific
energy of the cutting is relatively low. Over a limited
range, the forces required for failure are independent of
the cut depth. The specific energy can be generalized as
being inversely proportional to the cut depth, d. 1In deep
cuts, the side effects or "breakout" must also be considered,

Roxborough hypothesized that the specific energy would then

be:
_ Fc'
S.E. = i3 73 tan &4
Where:
Fc' = mean peak cutting force for deep

cuts effected by breakout,
¢ = breakout angle,
w = width of wedge, and
d = depth of cut.
The third physical process observed in rotary drilling,

crushing, occurs in front of the bit where too small a sur-
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face area is in contact with the rock. The forces involved
are too large for the loaded area of rock and the compres-
sive streng:h of the rock is overcome. Crushing takes place
on the underside of the rounded tip, (see Fig. 2c) and be-
neath the bottom surface of the bit. Most of the bottom
bit surface bears the thrust load, with resulting rock
crushing and subsequent wear on this portion of the bit. 1In
soft rock a sharp tip can be maintained and very little crush-
ing takes place. In harder formations, blunting of the tip
develops rapidly and increases the amount of crushing. Dull-
ing is accelerated and larger thrust loads are required to
maintain a specific penetration.

Early work (Evans (1962), Fish (1965), Goodrich (1956),
Gray and Gatlin (1961)) on drag bit rock failure explained
the cutting action by one of the above processes. Recent
work shows that all three failure mechanisms are present
with the degree of each dependent on the rock being drilled
and the individual bit design. Present literature agrees
almost totally on a cyclic cutting process with the type of
rock failure changing over the period of the cycle.

Fairhurst (1954) and later, Fairhurst and Lacabanne
(1957) , employed photographic techniques to show that the
drilling of brittle rock by a drag bit is a cyclic process
where instantaneous loads on the bit varied from some maxi-

mum to almost zero.

Goodrich (1956) has presented further data on the sub-
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ject and again postulated the failure mechanism as periodic
with alternate chipping and crushing. According to Goodrich,
the volume\}emoved by the grinding and chipping phases were
roughly equal.

High speed photographic work by Gray and Gatlin (1961)
also shows that the cutting action was cyclic and the major-
ity of the rock was removed by chips formed by tensile frac-
turing. They noted that the direction of the separation
crack was curved, beginning very nearly horizontal and curv-
ing toward the upper free face. This sort of chip formation
was typical and failure was not observed to occur along a
straight shear plane. Movies and visual inspection of the
cuttings indicated that the volume of rock removed by chip-
ping was much larger than that by grinding mechanisms, even
for tips having negative rake angles. Gray and Gatlin's work
was not done at high speeds, where time dependent factors and
dynamic properties are pronounced.

Fish (1961), with high-speed cutting, found the reverse
to be true in that the chip shapes suggested shear planing as
the means by which the chips were generated. Fish used a
cyclic model, showing when the larger fragments failed, the
elastic strain energy built up in the bit was released and
impacted tue flat cutting edge of the new rock surface, caus-
ing comminuation. Under the high stress concentration, the
rock is further crushed until the face of the cutting edge

is effectively bearing on a step of unbroken rock, which
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subsequently fails in shear, creating a larger fragment and
starting the cycle over.

From ;;rk done in the past, it appears that the type of
rock being drilled is the biggest factor controlling the type
of rock failure at low cutting speeds. The softer rocks be-
ing cut by the advancing edge and hard brittle rocks being
subject to increasing stress until sudden shear failure pro-

duces a rock chip. The high stress developed also causes

crushing to take place in the harder formations.

2. Dynamic Failure

Static models can be used to understand the basics in
rock failure, but they do not fully represent the actual rock
cutting process in field drilling. In field drilling, very
high rotational speeds are used to obtain increased drilling
rates. Work in this area is very sparse and conclusions
drawn come from a few multispeed cutting observations, most
of which were not correlated to dynamic failure.

Rocks can resist a high magnitude of dynamic stress than
static stress. Because of this, failure based on dynamic
stress in drag bit drilling must be carefully evaluated. The
reason for the larger increase in strength under dynamic load-
ing conditions lies in the transient nature of the stress pulse
ahead of the bit and the localized area of immediate action.

This means that failure mechanisms which are time-dependent
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are incapable of completion during the stress pulse. 1In a
perfectly elastic material, induced strain is instantaneous;
however, réék is by no means elastic. At high drilling rates,
plastic rock response may well be obscured and dynamic failure
predominates. In a rock where strain is induced by interatom-
ic movement and movement along grain boundaries, deformation
is time-dependent causing strain to lag behind stress. The
process of fracture development through rock is also definite-
ly time~dependent. Failure by tensile fracturing in high
speed drilling may not occur due to time-dependent crack pro-
pagation. Therefore, failure by shear should be more promin-
ent in high speed drilling.

Gray and Gatlin (1961l) found that the size of cuttings
decreased as rotation speed increased, indicating that large
chips formed by tensile fracturing do not have time to develop.
The abundance of fine particles suggests that the rock in con-
tact with the bit was locally crushed before the stress was
relieved by the rupture of the overlying chip. Most investi-
gations have found that the maximum cutting force is smaller
at higher speedé. This possibly suggests that stresses do
not have time to build up and impact momentum adds to the
failing forces.

Experiments in coal (Evans, 1962) have shown that the
principle cutting forces are unaffected by cutting speeds,
which suggests that there are smaller dynamic effects in-

volved in coal cutting. The coal fails almost totally by
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cutting action and no time—dependent factors are involved.
However, the coal cutting speeds used by Evans were much lower
than those\ﬁsed in hard rock drilling. They may possibly be
the reason for the lack of any evidence of dynamic effects.

No single process can adequately explain the drilling
action in rotary drag bits, for the interactions of these cut-
ting processes lead to rock failure. The degree to which these
processes are present during drilling is quite varied and de-
pends on the bit, the rock being drilled, the drilling system

and the stage of the cutting cycle.
D. LITERATURE STUDY
An extensive literature study was conducted to obtain
the best possible understanding of the rotary drilling pro-
cess, with respect to system parameters, effects of rock

properties, and bit wear.

1. System Parameters

Thrust. When reviewing drilling studies the most ob-
vious paranmneter affecting penetration rate is thrust. Thrust
has been accepted by most authors as being one of the most
important variables in any drilling process. In rotary

drilling, thrust is of utmost importance to maintain good
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cutting action. Many investigators have presented thrust vs.
penetration rate data. Most investigators (Fish, 1961; Whe-
lan, 1962;\hose and Utter, 1955; and Kimoshita, 1956), work-
ing in a variety of rock types, show that penetration rates
increase linearly with an increase in thrust.

Whelan (1962) and Rose and Utter (1955) showed that in-
creases in thrust increase drilling rates and depth of pene-
tration per bit revolution, provided all other conditions are
constant. They noted that at lower thrusts, the penetration
curve did not stay constant but flattened out. This, Whelan
claims, is due to the change in the mode of rock failure. At
these lower thrusts grinding is predominant and the cutting
action is lost. Rose and Utter, working at full scale, pro-
pose that this slope change is due to bii wear and friction
between the drill rod and the walls of the drill hole with
increased depths.

Fish (1961) also showed the relation of penetration rates
to thrust to be linear for large thrusts but that the curve
steepens at lower thrusts. Figure 3 illustrates his basic
thrust/penetration rate curve.

Of particular interest is the marked departure of the
data from a linear relationship at lower thrust levels.

Fish explains this to be the result of bit wear. As wear
occurs the thrust required to maintain a given penetration
rate increases. At lower penetration rates, wear increases

due to the greater number of total revolutions over a given

ARTHUR LAXES ' IBR

\KES LIBRARY
COLORADG 3¢, MINES
GOLDEN, COLORADD 6401

Dl
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CLOGGING

Departure from linear
due to disproportionate
wear effect.

PENE. RATE

THRUST

Figure 3 - Basic thrust/penetration rate curve
for rotary drilling
drilling depth at constant rpm.

RPM. Rotation speed has been found to have a marked and
consistant effect not only on the drilling forces, but also
on the cutting process.

Fish (1961) states that for a given thrust there is a
continuous increase in penetration rate with increase in ro-
tational speed. Over the range examined, he found the rela-
tionship to be approximately linear (see Figure 4). This
relationship, he claims, follows logically from the reduc-
tion in penetration per revolution with increased rotation
speed and the consequent proportional reduction in thrust

requirements. An increase in rotation speed clearly reduces
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the frictional forces because of the associated reduction in

But in cutting edge wear this is more than offset by

N
the increased distance traversed for high rotation rates over

thrust.

a given drilling distance. Fish also states that the lower

8

PENE. RATE (in/min)
8

o 200 200

RPM.

Fi‘gute 4 - The effect of rotation speed
on penetration rate
the rotational speed the greater the penetration per revolu-
tion due to larger fragments created in fracture and greater
subsequent impact at the cutting edge. These findings have
been confirmed by rotary drilling studied of Whelan (1962)
and Rose and Utter (1955).

Kim (1964), working at very low thrusts in slate, found
that rotational speeds have a much smaller effect on penetra-
tion rates. In fact, at low clearange angles (5°) (see Fig.
1) the increase in rotation speed caused a decrease in pene-
tration rate. At higher clearance angles only slightly higher
penetration rates were found for greater rotational speeds.

This relationship does not correspond with other studies
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found in the literature and may be due to extremely different
conditions. Kim's tests were performed at 4 and 5 lbs of
thrust whefé others have worked with thrusts ranging some-
where between 300 and 1500 lbs. At very low thrust the
cutting action is different resulting in differences in
thrust vs. penetration curves. ,
Roxborough (1973) performed cutting studies with picks
in coal and found strong evidence that the principle cutting
parameters are unaffected by cutting speeds. This work was
done with a shaping machine making the cutting process lin-

ear, not circular, as was the case in the other studies.

Flushing Agents. Several studies have been reported

comparing water and air as flushing agents (Fish, 1961 and
Kim, 1964). Most studies have concentrated on the manner

in which flushing agents affect drilling rates, bit tempera-
ture and bit wear.

Kim (1969) states that bit temperature increases with
decreases in flushing rate and that the temperature gradi-
ent is highest at the cutting edge, which is most critically
affected. The higher the temperature the weaker the carbide
becomes, causing increased wear and lower penetration rates.
He also found that air flushing may be more advantageous
than water flushing because of its faster cleaning action
even though water is far better for lowering bit tempera-
tures.

Fish (1961) working with reverse circulation in sand-
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stone found that dry drilling requires lower forces than wet
drilling aq? produces higher penetration rates for a given
thrust. He also states that there is no significant differ-
ence in bit wear with the two flushing agents, despite the
fact that high temperatures were found with dry drilling.
From this he suggests that the rate of wear from abrasion

swamps the surface temperature effects.

2. Rock Properties

In rotary drilling, the physical rock properties are of
utmost importance. These properties can be grouped into
three categories:

1) The strength properties, which determine the force

required during the drilling process;

2) The abrasive properties, that influence bit wear

rates and insert composition and;

3) The structural propertigs, such as fractures, bed-

ding, porosity, alteration, etc.

The first extensive research on drillability based on
correlation of measurements of physical properties of rock
was reported by Sheperd (1950). He concluded that Shore
scleroscope readings, unless correctly analyzed, give no
useful guide to rock drillability, and toughness of rock
is a property important in percussive drilling, but not

necessarily so in rotary drilling.
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Correlation of physical and mechanical properties of 15
rocks types with drilling rates was investigated by Kimoshita
(1956) . Hig report shows that some relationship exists be-
tween penetration rates and the number and size of quartz
grains in the rock. Shore hardness correlated with penetra-
tion but the data showed large deviations. From his experi-
ments he concluded that rock properties are, by themselves,
insufficient to act as a measure of drillability.

Paone and Bruce (1963) have done a series of drilling
studies with AX-size diamond coring bits. The main objec=
tive of the investigation being to determine correlations
between penetration rates and physical rock properties.

The propeérties included in the study were compressive strength,
tensile strength, Young's modulus, shear modulus, Shore schlero-
scope hardness and specific gravity. They concluded that pene-
tration of a diamond coring bit is directly related to the
strength of the rock which, as first approximation, approaches
the compressive strength of the rock.

Paone, Bruce and Virciglio (1966) used regression analysis
to study the effects of rock properties on penetration rates in
diamond coring bits. This work involved laboratory drilling
and also field drilling. They determined that the parameters
affecting penetration rates for surface-set diamond bits were
compressive strength, Shore hardness and quartz content of the
rock. With impregnated diamond bits, the significant para-

meters were Young's modulus, shear modulus, quartz content
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and compressive strength. All the physical properties used
in the 'study were found to be highly correlated with each

N
other.

In his work on correlation of physical properties with
penetration, Alpan (1950) measured crushing strength, Shore
hardness, toughness, and resistance to abrasion. Each had
a similar effect on penetration rates and any one of the
properties could represent drillability. He found, as did
Paone and Bruce, that all rock properties had an inverse
relation with rotary drilling penetration rates.

White (1969) using regression techniques, found Shore
hardness, compressive strength and thrust to correlate to

rotary drillability. Schmidt hammer and Young's modulus

were also measured with little correlation to drilling rates.

3. Wear Rate Measurements

A number of techniques have been employed in past drill-
ing studies to measure wear rates of rotary bits. None of
these techniques have proven to be superior or received wide
.acceptance.

White (1969), working with 3/4-inch drag bits, employed
a microprojector to obtain profiles of the cutting edge. Bit
profiles were traced and a planimeter used to measure the area.
After drilling the loss of profile area was calculated and

used to measure bit wear. With this area loss he established
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an abrasive index that represented the wear per foot of hole
drilled.
N

Montgomery (1969) also used the profile technique for
wear measurements on carbide buttons in percussive bits.

He found this technique quite successful because the buttons
wore down symmetrically, whereas with White's rotary bits,
wear was different in all dimensions.

Using a micrometer screw gauges, Fish (1961) measured
bit wear by the average width of the wear flat developed on
the cutting edge. He found that at low bit temperatures
wear was largely due to fractional forces. Wear was found
to be a function of unit thrust on the cutting edge and the
distance drilled. At elevated temperatures wear was greatly
increase due to the weakening effects of high temperatures
on the carbide.

Fairhurst and Lacabanne (1957) and later Kim (1964)
employed a microscope to measure the average width of the
cutting edge wear flat for wear measurements. Kim also used
bit weight loss to study wear conditions. He found that the
width of the wear flat is a less sensitive measure of total
wear than weight loss. The flat measurement does not show
loss of gauge and is influenced by the clearange angle of
the bit. During the same study, Kim made penetration rate
measurements to show wear rates and their effect on penetra-
tion rates. From his investigation, he concluded that in

shale, wear rates as measured by width of wear flats, are
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rapid in initial drilling but decrease in later phases. He
also found that there is an increase in wear rates with in-
creasing tg;usts. Bit wear by weight loss was found to vary
directly with bit clearance angle but wear measured by the
width of wear flat varied inversely with clearance angles.
He stated that high bit temperature from decreased flushing
rates caused increased bit wear and decreased penetration
rates.

Whelan (1962) used wear flat measurements and penetra-
tion rates for evaluating wear rates in limestone. He found
that initial penetration rates of a new bit decreased rapid-
ly because of wear. After a few inches of drilling the pene-

tration rate became essentially constant with additional

drilling.

4. Bit Insertion Composition

Rotary drilling may be described as a continuous con-
test between the cutting edge of the bit and the rock being
drilled. The usefullness of the cutting edge depends on its
ability to stand up to all possible drilling conditions. It
must withstand large thrust loads, abrasive wear and possi-
bly high temperatures. Tungsten carbide alloys have been
shown to be one of the best materials for cutting edges.

The effects of hardness of tungsten carbide cutting

edges on the rates of wear are clearly illustrated by Fish
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(1961) in Figure 5. The graph shows the wear vs. distance
curve for a range of different carbide hardness from 87.1

to 90.0 Roékwell "A". It can be seen that it would be de-
sirable to use the hardest possible carbide bit edges. How-
ever, the harder the carbide the more brittle it is and the
most likely to fracture under rotational impact. Fish states

that it would be best not to use carbide with a hardness

greater than 89.3 Rockwell "A".

0.10 . '

004

Rockwell "A"

Width of Wearflat (in)

i A i

o 1© 30 ’ 30

Distance Drilled (ft)

Figure 5 - Progressive bit wear using carbides of
variable hardness

Bit temperatures can greatly affect carbide hardness.
The softening effect of high temperatures on carbide alloys is

shown in Table I. Using temperature indicating powders, Fish
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found that in dry drilling temperatures in excess of 400°c
were reached and would explain the increased bit wear com-
pared with\het drilling.

Wear of cemented tungsten carbide inserts is an extremely
sensitive function of its cobalt content and hardness. Figure
6 (by Roxborough) shows the effects of cobalt content on hard-
ness and transverse rupture strength. Harder carbides can be
obtained with lower cobalt content but are very brittle and
more likely to fracture under rotational impact forces. The
best wear results are found for carbides with approximately
6% Co content by weight. With higher cobalt content and
larger grain size, cracking is reduced but with an accompany-

ing loss in hardness.

TABLE I

Variation of Hardness of Tungsten
Carbide/Cobalt Alloy with Temperature
(after Fish, 1961)

Temperature (°C) Vickers Rockwell "A"
20 1,270 88.2
100 1,270 88.2
200 1,200 87.3
320 1,100 86.7
430 800 83.7
550 620 79.1
650 500 75.5

750 420 72.0
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TRANSVERSE RUPTURE STRENGHT

ROCKWELL A"

5 10 15 20 25

WT ¢/ Co.

Fig. 6 - The effect of cobalt content
on hardness and strength in
carbide inserts

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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III. TESTING PROCEDURES AND TEST EQUIPMENT

A. DRILL BITS

The 3/4-inch bit diameter was chosen on the basis of
earlier work by White (1969). White's test work was used
as the basis for the test program, drilling method and to
establish starting parameters. The bit bodies were machined
from bar stock and heat treated prior to brazing the cutting
edges to them. Brazing was accomplished with a commercial
silver brazing alloy. Parts were heated by a laboratory
induction unit. The basic carbide tipped test tool is
shown in Figure 7. Two geometries with carbide plus dia-
mond cutting edge are shown in Figure 8.

Drill bits had cutting edges of the similar geometry and
configuration as those used by White. Spec¢ifications are

as follows:

Included angle (6) - 70°

Clearange angle (B) - 20°

Axial rake angle (a) = 0°

Face angle (Y) - 25°

Bit diameter (G) - 3/4 inch

Bit connection - 5/16 NC thread

Coolant, air or water was supplied to the cutting edge dur-
ing drilling through the hollow shank and ports on the out-

side diameter of the bit body. These ports, directly be-



S3Td 8pTqaed
3TeqOD 9{ay3z jo
Axjzouwoen [ L2anbdTg

vig GL’

\\\\_. N
= V

00"~ 1
%0+ ﬁ ,/ \._ /18 via §29°
[ I

garr —1

S00'+

T

O
N
Ir

NO 'dHD oGP X 0£0°
ol0' ¥

= — e— —

<~— e oSt X 90"

0S§2 ONOTWY
ONVHY3A0 XVH €0°

93318 ®
43173y 402

e — —

aHL 'ONN  §]-91/G

A

73348 ©
2 082

3IDDUL - 2
Apog - T

<_a.

7™\ h




— 53l

.03 x 45° cHF ’_"L—
N

AN _ —
O—__ ’fﬁﬂ
/ \
] 750 DlA.

- _ = . _ ~ N _)

/
: i-__::§‘ g
N\ - D!AMOND \ L7° RELIEF.(2) PLACES
. 20° RELIEF(2)

COMPAX

Figure 8a 180° Diamond COMPAX

GEOMETRY OF THE DIAMOND COMPAX

- 53] —>1
| 1l - cemented carbide

2 - compax diamond

CIL1]

.03 x 45° CHF. —> L-

o—T— 25°

79 RELIEF (2) PLACES

i __ DIAMOND
COMPAX AT

209 RELIEF (2) PLACES
.320 pia.

Figure 8b 360° Diamond COMPAX




T-1759 31

neath the cutting edge, may be seen in the bit photographs

1l and 2.

1. Cutting Edges

Two CARBOLOY(R)

cemented tungsten carbides were used in
the initial test sequence. The composition and physical pro-
perties of these straight tungsten-carbide cobalt grades are

tabulated below:

Grade 44A Grade 241
Cobalt, Co, Percent 6 10
Tungsten Carbide, WC, Percent 94 20
Hardness (Rockwell A) 91 88.5
Abrasion Resistance (l1/vol loss) 15 6
Impact Strength (Charoy) in-lb 12 17
Transverse Rupture Strength (psi) 320,000 400,000
Compressive Strength (psi) 750,000 610,000
Density (gms/bm3) 15 14.5

The ten percent cobalt grade (241) was selected for this
test in an attempt to develop data for comparison with the
earlier work by White. This cemented carbide has the same
basic composition and physical properties as that used in
the tools tested by White.

Grade 44A, six percent cobalt, was included in this

evaluation because this carbide, like others of similar
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composition and physical properties, is used to a great extent
in current rotary drilling applications. Cemented carbide of
this cobalé\content is the primary cutting edge used in under-
ground mining rotary drill bits for roof bolting.

The COMPAX(R) diamond drill blank consists of a diamond
to diamond bonded layer of multi-crystalline diamond 0.020 inch
thick which is in turn bonded to a cemented carbide substrate
nominally 0.110 inch thick. The diameter of this unique com-
bination of MAN—MADE(T) diamond and tungsten carbide was 0.330
inch. This new manufactured diamond product is made by Speci-
alty Materials Department of the General Electric Company util-
izing super-high pressure/temperature technology.

These diamond pills were too small to provide a complete
cutting edge diameter. Therefore, they were mounted to the
bit body along with a carbide support member as shown by the
photographs 1 and 2. This fabrication method provided the
proper support while maintaining a cutting edge configuration
similar to that of the initial carbide tipped test bits. Cor-
rect clearance angles were ground after the diamond blank was

brazed to the bit body.

(R) Registered Trade-Mark of General Electric Company

(T) Trade-Mark of General Electric Company
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Figures 3 and 4 show the drill and control assembly.
Following is a brief description of the machine's components
and controi;.

1) Chuck and Drill. The front parts of the drill con-
sist of a Gardner-Denver CH3A chipping hammer. Com-
pressed air can be applied to the hammer for per-
cussion drilling, but was not used during these
rotary drilling tests. The chuck which holds the
'drill steel is contained in the chipping hammer.
The chipping hammer is bolted to a lower section
which facilitates rotation. This lower section is
mounted on slides secured to the frame. A shaft
connects the hammer to the hydraulic gear motor
and rotates in the lower section within chevron
packings.

2) Rotation Systems and Controls. Drilling rotation
is produced by a commercial hydraulic l-inch gear
motor, Model MD 321 GAAB 10-8, which is connected
to the drill through a keyed shaft. The direction
of rotation may be reversed by changing the inlet
and outlet hydraulic lines. The speed of rotation
is controlled by a Waterman 1407 pressure-compensated
flow-regulator which allows speeds of 0 to 750 rpm.
Speed readings were measured by a General Electric
battery tachometer mounted near the lower section

operated by the drive shaft.
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Thrust System and Control. Thrust is provided by a

2-inch bore, 1l2-inch stroke, Model R2C Hydraline

:hfaraulic piston. Pressure to the cylinder was

regulated by a Vickers XTL-03-B-10 reducing valve.
Pressures from 25 to 1000 psi may be regulated to
the cylinder giving a thrust operating range of
approximately 75 to 3000 1lbs.

Hydraulic System. The hydraulic gear motor and
thrust cylinder were supplied by a Racine 2FA vari-
able volume vane pump, Model PVF-PSS01l0ER, with a
maximum supply pressure of 1000 pounds per square
inch. The pump was driven by a Louis Allis 7.5
horsgpower, 220-volt, 3 phase, 60 cycle, 1200 rpm
synchronous motor.

Timing System. Penetration rates were determined by
a set of micro switches operated by two cams mounted
on a shaft parallel to the direction of drilling.
The distance between the two cams may be set to any
desired drilling distance. The times distance was
one inch less than the distance between the cams.
One micro switch starts the time at one inch of
penetration and the second micro switch stops the
timer and dril at a preset depth. The one inch of
untimed drilling gives the operator time to stabi-
lize the system and eliminates any surface effects

in the rock block being drilled. The micro switches
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controlled a Standard Electric J~R timer and shut the
hydraulic motor off when the preset distance was
d£}lled. All drilling rates were calculated from a
timed distance of 3.0 inches.

Mounting Cage. The blocks to be drilled were secured
in a steel cage anchored to the floor by 4 threaded
rods. The cage is big enough to easily handle 12x
12x12 inch blocks. The blocks could be raised or
lowered with a screw-jack at the bottom of the cage.
Side movement, for changing drill hole positions,

was done by adjusting screw bolts on either side of
the cage. The lateral range of movement by the
screw-bolts was 6 inches. For additional movement
the entire cage was moved by loosening the anchor
bolts and repositioning the cage assembly in the
desired location.

Flushing and Controls. Air and water were supplied
by a jacket mounted around the base of the drill steel.
Flushing entered the steel by 3 equally spaced holes,
down the drill steel and out 2 small ports in the bit.
The amount of flow was regulated by two valves on the
machine. Two Roto-sight flow indicators were used

to measure flow rates. A pressure regulator was used
ahead of the air flow indicator to supply a constant
pressure to the meter. Compensating factors were

calculated for the adjustment of temperature and
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pressure for the air flow. Water flow rates were
read directly from the meter. The cuttings and
WSEer were collected by a collar mounted at the
rock face through which the bit and steel passed.
Two vacuums, one for dry and one for wet drilling,

were attached to this collar.

C. PHYSICAL PROPERTY TESTS

Physical property tests were performed on each rock type

before drilling. These tests are identical to those used by

Chris White in his Drillability Study, and have previously

been found to correlate with drilling rates by many other

investigators. Where bedding was present, the tests were

performed normal to the bedding planes to correspond with

the direction of drilling.

1)

Schmidt Impact Hammer Tests. The Schmidt impact
hammer is a hand held instrument designed originally
for testing concrete, The hammer consists of a
spring-loaded piston which is projected against an
anvil. The anvil is held in contact with the sur-
face of the rock to be tested. The piston rebounds
arter striking the anvil and the height of rebound
is indicated on an arbitrary scale of 0 to 100.

This scaled reading is the Schmidt impact hammer

value,
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Schmidt impact hammer values were determined on each
12 x 12 x 12 inch block to be drilled. The block was
pfgced on a concrete floor and twenty readings were
obtained, Care was taken to keep the instrument in

the vertical position and to impact a fresh area for

each reading. An average and standard deviation was

calculated for each data set.

Shore Scleroscope Tests. The Shore scleroscope is

a laboratory test instrument used to determine the
relative hardness of a material. The hardness value
is expressed as the height of a rebound, on an arbi-
trary scale of 0 to 140, of a small pointed hammer.
The hammer falls within a glass tube, from a height
of 10 inches, onto the rock surface. The hammer is
raised up the glass tube by a hand held vacuum bulb.
The standard hammer is 1/4 inch in diameter, 3/4
inch long, weight 1/12 ounce, and has a diamond
striking tip rounded to a .0l inch radius.

Twenty shore scleroscope hardness readings were
taken on a cut surface of a 1.5 x 1.5 x 3.0 inch
block of each rock type. Care was taken to impact
a fresh area for each reading. Averages and stan-
dard deviations were calculated for each rock type.
Uniaxial Compressive Strength. Many investigators
have found uniaxial compressive strength values to

have a direct relation to drillability of rock.
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Uniaxial compressive tests are widely accepted and
can be performed easily in most engineering labora-
AN
tories.
In keeping with White's work, 1% x 1% x 3 inch prisms
of each rock type were tested, Ten samples of each
rock type were prepared and tested in a Tinius Olsen
120,000 pound capacity testing machine. Each speci-
men was cut with a diamond saw from the same block
to be drilled. The ends of each sample were planed
to a parallel tolerance of *,005 inch. The evapor-
ite specimens were cut and planed dry to prevent
possible dissolving. Where bedding was present,
each block was cut so that loading would be normal
to the beds.
Each specimen was placed between self-aligning steel
plates and loaded at a rate of 5000 pounds per min-
ute and taken to failure. Photographs 5 and 6 show
failure modes for the sample prisms tested. Uni-
axial compressive failure strength values were cal-
culated by dividing failure load values by the sam-
ple's cross-sectional area.
Young's Modulus. Young's modulus is defined as the
ratio of stress to strain, or the rate of change
of strain for a change in stress, Young's modulus
was found for each rock type tested., A dial micro-

meter was used to take deformation readings for
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each prism tested. Readings in thousandths of an
inch were taken at 1000 pound intervals during the
céhpressive tests. From these readings stress-
strain curves were plotted by a Houston DP-7 Digi-
tal Plotter, The Houston DP-7 is an electromechani-
cal drum plotter operating on a digital incremental
principle with a step size of .0025 inches to pro-
duce a plot by movement of a pen relative to the
surface of the recording paper. Load and deforma-
tion data were input by teletype to a data file
where it was called by a plot program by a PDP-
10 Computer. The straight line portion of each
stress—-strain plot was used to find Young's modu-
lus. The slope of each plot multiplied by the axis
ratio gave Young's modulus values. Ten values for
each rock sample were calculated and averages and
standard deviations calculated. The stress strain
plots of all rock types are presented in Appendix D.
. ARTHUR LAKES LIBRARY
D. WEAR-RATE MEASUREMENTS COLORADC SCHOOL of MINES
' GOLDEN, COLURATO 80401
Bit cutting edge wear was measured by three techniques:
penetration rate changes, bit weight loss and bit profile
loss. The wear-rate studies were performed with 6% and 10%

cobalt carbide inserts. Operating parameters were held con-

stant at 500 1lbs thrust, 500 rpm, and 4 cfm air flushing.
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For the penetration rate studies, drilling time was
measured over a drilling distance of 3 inches. Penetration
rate measu£éments were determined in each rock type. The
distance times was the last 3 inches of a four-inch deep
hole. Each timing represents an average penetration rate
for the time 3-inch distance. Penetration rate changes
over the ten drill holes were used to indicate wear of the
cutting edge.

In using bit weight loss for wear measurements each
bit was weighed before drilling to obtain an initial weight.
After drilling 3 holes the bit was removed and reweighed.
Weights were also taken after 5 holes and after drilling
all 10 holes., The total distance drilled was 4 inches for
each hole. By observing bit weight loss, the wear of the
carbide insert for drilling different rock types and drill-
ing depths can be evaluated.

The last technique used for measuring bit wear was
area changes of the cutting edge profile. Each bit was
placed in a Kodak microcomparitor and profiles skietched
of the carbide insert. The microcomparitor has a magnifi-
cation factor of ten. As was done for weight measurements,
insert profiles were taken initially after drilling 3, 5,

and 10 holes.
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E. DRILLING PROCEDURES

Befor;\drilling each bit was marked with a small groove
at the shaft base for easy identification. Each bit was
lightly sand blasted to remove all possible paint, thus pre-
venting any false weight measurements during the testing.
The top edge of the braze shim that was mounted with the
carbide insert had to be filed off. Early drilling showed
that the shim would peel off from the carbide insert and
make cuttings cleaning very difficult.

Each bit was weighed and a profile taken before the
drilling tests. This was repeated after drilling 3, 5, and
10 holes for wear identification. Each bit was cleaned to
remove any cutting material before weighing.

After the bit was screwed into the drill steel and
the drilling block readied, the pressure regulator was
set to supply the desired thrust. After the timing cams
and timer were set the rpm, flushing and vacuum were brought
to operating level. The thrust cylinder was then activated
advancing the drill into the rock. All variables were main-
tained at the desired operating level over the entire drill-
ing period. After the drill stopped and the time recorded,
the drill was backed out of the hole and the block readed

for the next hole.
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IV. DATA COMPILATION AND RESULTS

él EFFECTS OF SYSTEM PARAMETERS ON PENE-

TRATION RATES

1. The Effect of Thrust on Penetration Rates

Figures 9 and 10 show thrust verses penetration rate
curves for limestone and marble with air and water flush-
ing for both carbide and diamond COMPAX bits. These re-
sults, similar to those found by Fish (Figure 3), indicate
that penetration rates are linear with applied thrust, ex-
cept for very low thrust values. Fish, working with sand-
stone, showed that the departure from linearity is the re-
sult of larger amounts of wear. The lower the penetration
rate, the more rapid is the wear since the cutting edges
traverse an increasing distance to drill a given depth with
constant rpm. In the drilling results presented in Figures
9 and 10, the nonlinearity of the low thrust portion of the
curve was accompanied by negligible bit wear. Other work
with the 6% carbide bit showed that in limestone wear was
slight. The level of thrust was changed after each hole to
disperse any wear that may occur over the entire test range.
It is felt that at lower thrusts (250 1lbs) the mechanics
of the cutting action is responsible for the change in

the thrust curve. 1In this area, penetration per revolution
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is so small that only fines are produced, resulting in a
higher specific energy. The drilling process is less effi-
cient and ﬁioportionately lower penetration rates occur.
From the Figures (9 and 10) it can be seen that an ini-
tial thrust is required before penetration is obtained. The
point where the curve meets the abscissa is the amount of
force required to initiate cutting. Thrusts less than the
initial value causes the bit to merely polish the rock sur-
face. This is understandable since the cutting edge must
overcome the bonding strength of the rock before penetra-
tion commences. A plot of penetration per revolution (Fig-
ure 11) also suggests a minimum thrust required for penetra-
tion. The amount of thrust needed to initiate penetration
would depend upon bit design, bit size, and the amount of

wear for any given rock type.

500 NPM
rS.0 9 cfm AIR .
L J
/ 400 .ﬂ.L .ﬂ? IOOlO

THRUST (10)

-23

Pens/aey (v xis™)

Figure 11 - Penetration per Revolution
versus Thrust
The upper part of the thrust curve is limited by other
components of the drilling system, either clogging of the
cuttings or insufficient torque.

For both rock types, the penetration rate obtained by
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water flushing exceeded that obtained by air flushing for

a given thrust. This apparently results from the lubricat-
ing effect\bf the water at the cutting edge. However, this
seems to be less evident at the higher thrust levels where
deeper penetration and higher contact pressure prevents water
from reaching the cutting edge. At low thrusts (marble, 300
1bs.), lubricating allows for almost 60% greater penetration

rate with water flushing when compared with air flushing.,

2. Effects of RPM on Penetration Rates

The relationship of rpm versus penetration rates (Fig.
12), developed from this present study coincides with the
previous work conducted by other investigators (Fish, Kim
and Fairhurst). Penetration rates appear to be approxi-
mately linear over the range tested, except at extreme rpm
values where the penetration rate deviates from linearity.
At high rpm levels, an increase in rotational velocity
causes a decrease in both the penetration per revolution
(Figure 13) and the size of the cuttings. These decreases
(Figure 13) are due to the increased rotations per inch of
hole depth. With an increased amount of fines in the hole,
the cutting action is less efficient and the penetration
rate is subsequently affected.

Rpm can greatly affect the amount of wear on a bit.

Higher rpm not only increased the distance traveled by the
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cutting edge but also weakened the carbide due to higher tem-
peratures from increased abrasion. However, a doubling of rpm

would not double the distance traveled per inch of hole by a

.0 ,
[ 4
'.75 .
‘o
X k50
-
&
>
= MARBLE
| o 500 Ib THRUST
w fr
= | 4 ¢tm AIR
w
Q.
300 600 900
1 i
R.PM.

Figure 13 ~ Penetration per Revolution vs. RPM

point on the cutting edge because some increase in penetra-

tion rate is gained.

3. The Effect of Flushing Agents and Quantity on

Penetrzation Rates

The effect of the quantity of flushing on penetration can

be seen in Figure 14 and 15 for water and air, respectively.
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The figures distinctly show how increases in the amount of
flushing agent facilitates faster removal of cuttings and thus
prevents regrinding of the rock chips. At a certain point on
the curves of Figures 14 and 15, it may be observed that an in-
crease in the quantity of flushing agent does not lead to an
increase in the penetration rate, thereby showing that the two
variables are independent at the point where the curves take
on a slope equal to zero.

During drilling tests at constant flushing rates, the
flushing rates (4 cfm for air and 1 gal/min of water) were
sufficiently high that penetration rates would not have been
greatly affected by any small deviation in the flushing rates.
This is not obvious from the figures, where the test values
look considerably lower than the maximum value. However, this
is the result of the truncated scale on the penetration rate
axis. These test values are only 5% below the maximum level
and therefore should eliminate the possibility of insufficient
cuttings removal during the entirety of the drilling study.

It is not clear why the two flushing agents have differ-
ent plateau levels. This small difference (.09 feet per minute)
may result from uncontrollable error in the operating system
and measurements. It is possible that the higher fluid resis-
tance on tlLe drill steel by the water reduces the effective
thrust at the bit and lowers the maximum penetration level
for water flushing. It was noticed during the drilling tests

that higher initial rpm were required with water to maintain
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the require test rpm, thus compensating for this resistance.
The same may be true for thrust. For drilling at 4.0 gal/min
the water Gélocity is 314 ft/min in a 3/4-inch hole with %-
inch drill steel and would cause a fluid drag opposing the

thrust penetration.

B. EFFECTS OF ROCK PROPERTIES ON PENETRATION RATES

Four engineering rock properties were compared to initial
penetration rates for seven rock types. Initial penetration
rates were used, eliminating as much as possible, the effects
of wear which occurred with some rock types.

Least Sguares techniques were used to obtain the "best fit
curves" relatinc engineering properties to penetration rates.
Curves from first to fifth order were fitted to the data. A
smooth, continuous curve having no local maxima or minima and
having the least squared error was desired. It was found that
curves of degree greater than two were very irregular and not
consistent with relationships which would logically exist be-
tween the two variables. Therefore second degree curves were
used in all of the data plots. It was found that a small
number of data points and large standard deviations limited
the quality of the fit.

In most of the tests, 0il shale and sandstone did not cor-
relate with data from other rock types. Sandstone, being the

only clastic and the only silicate rock used in the study
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should obviously be put in a group by itself. 0il shale should
also be set apart from the others because of the plastic proper-
ties which\broduce an extremely different cutting action during
drilling. Rotary drilling tests in o0il shale produced long slim
cuttings similar to the type of cuttings that are obtained in
metal cutting. Thus it appears oil shale should be grouped a-
part from other rock types.

Grouping of the rock types was tried, attempting to con-
struct a family of curves for the data. It was found that there
was not enough data to successfully group the rock types by any
physical characteristic. If more rock types were tested and
drilled, grouping by petrographic features should be possible.
Factors such as silica content, type and amount of cementation

definitely affect rotary drilling.

1. Uniaxial Compressive Strength

Uniaxial compressive strength vs. penetration rates for
the seven rock types drilled is shown in Figure 16. The best-
fit. (second degiee curve) for both 6% and 10% cobalt bits is
also shown. As shown by these curves, rotary drilling pene-
tration rates have an approximately linear relationship to
uniaxial compressive strength which is in agreement with find-
ings of White (1969) using similar bits. Over the range of
data from the seven rock types drilled, a correlation coeffi-

cient of -.755 was obtained. A correlation coefficient of
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zero would indicate no correlation and a correlation coeffi-
cient of -1 indicates perfect inverse correlation between the
two variables.

The correlation of uniaxial compressive strength and ro-
tary drilling would seem reasonable since rotary drilling is
affected by the coefficient of internal friction. Rocks with
high compressive strength have a large angle of internal fric-
tion value and larger angle g of failure (see Figure 2a). With
a large angle g the chips produced are smaller, resulting in a
higher specific energy and more fines for the drilling process.
More energy is required to attain failure stress in developing
a chip for rocks with high coefficient of internal friction

than for rocks with low coefficients of internal friction.

2. Young's Modulus

Figure 17 shows penetration rates vs. Young's modulus for
6% and 10% cobalt bits in seven rock types. Also shown is a
second degree curve representing the best fit of the data. The
dri;lability of the rock types appears to have an inverse rela-
tionship with Young's modulus. A correlation coefficient of
-.863 was obtained from the seven rock types drilled.

More data from a broader range of rock types are needed
before grouping of the data could be done. Paone and Bruce
(1963) found similar results for diamond coring bits in rocks

having a wider range of Young's modulus values.
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3. Shore Scleroscope Hardness

Figure' 18 shows penetration rates vs. Shore hardness for
6% and 10% cobalt bits in the seven rock types drilled. Also
shown is a second degree curve through the data. The Shore
hardness for those rocks drilled appears to have an inverse
relationship to drillability. The correlation coefficient of
-.650 was obtained for the seven rock types drilled.

The area of impact of the scleroscope is on the order of
.01 inches. Because of this small area failure is more af-
fected by bonding strength than crushing strength. Bonding
strength is a parameter affecting shear angle in rotary drill-
ing. The effect is evident in Figure 10 where a threshold
thrust is necessary to overcome bonding strength and initial-
ize penetration.

From the Shore hardness vs. penetration rate curve, it
may be concluded that as hardness decreases below 50, the pene-

-tration rates increase rapidly.

4. .Schmidt Hammer Values

Schmidt hammer values vs. penetration rates are shown in
Figure 19, along with a best fit second degree curve. From :=he
considerable scatter in the penetration rates for a small range
in Schmidt hammer values, it appears that very little correla-

tion exists between Schmidt hammer values and the rotary
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drillability of rocks. From the Schmidt/penetration data, a
correlation coefficient of -.402 was obtained.

The aféa of impact of the Schmidt hammer is much larger
than that found with the scleroscope and the cutting edge of
a bit. The Schmidt hammer represents macro failure different
from that of the bit's cutting edge. The Schmidt hammer com-
pacts the rock and does not measure any physical characteris-
tic found in rotary drilling.

This correlation closely agrees with the findings of
White (1969) for a much larger range of rocks. Most rock
types range from 50 to 65 on the Schmidt hammer scale and
do not cover a large enough range for good correlation.

It would be very difficult to accurately predict penetra-
tion rates for rotary drilling from the wvalues of the physical
properties measured in this investigation. These properties
are affected by a number of physical characteristics of the
rock and do not represent a single physical property. Before
penetration rates can be predicted by physical properties,
those properties that more closely compare to rock failure at
the cutting edge of a rotary bit must be measured. Some of
the properties that should be measured and may relate to. the
type of rock failure in rotary drilling are (1) coefficient
of internal friction, (2) bonding strength, (3) velocity of
the stress pulse in the rock, and (4) Young's modulus. Pos-
sibly a combination of these properties could be used as a

measure of the rotary-drilling strength of rocks.
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By grouping those rock properties which closely represent
rock failure in rotary drilling a family of curves could then
be construé%ed to predict rotary drillability. This would be
a better way of grouping rock types than by the properties used

here.

C. WEAR RATE MEASUREMENTS WITH AN EVALUA-

TION OF CARBIDE GRADES

The mode of wear on both carbide grades was similar and
appeared to result totally from abrasion. No chipping or flak-
ing of the cutting edge was apparent. Only where no flushing
was used did temperatures get detrimentally hot and cause the
bit to become permanently black. This suggests that a tempera-
ture of at least 400°C was reached (after Fish) which reduces
the hardness of the carbide considerably (see Table 2). The
first wear to appear occurred on the outside corners and the
center ridge at the rotational axis. This wear appeared as
polishing of the cutting edge and was visible before indica-
tion by any quantitative technique. This polishing was from
abrasion because it occurred when water flushing was used and
high temperatures were not evident.

The largest amount of wear was at the bit corners decreas-
ing towards the center and down the outer edge. On several bits
wear was disproportionately on one side of the bit. Apparently

the carbide was not centered properly and one edge was performing
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all the gauge cutting. On several bits initially there was
considerable wear on the leading tips of the backing. This
backing was ground away, having little effect during drill-
ing. This was true especially for the high penetration rates.
Of the wear measuring techniques used, penetration rate
changes were the most informative followed by weight loss and

area profile changes.

l. Penetration Rate Changes

Figure 20 and 21 show penetration rates for different
drilling distances in the seven rock types.

Figure 21 shows drilling tests where wear was the most
pronounced; those in Figure 20 show little wear. The curves
are not a direct measure of bit wear but indicate the effect
it has on penetration rates. The amount of wear could be de-
termined by measuring the loss in drilling performance and
then establish a relative scale using the percentage of de-

crease in penetration rate below the initial rate (see Table 2)

2. Bit Weight Loss

The second most indicative wear measuring technique was
the change in bit weight. Three measurements were obtained
during the 10 holes drilled with each bit. Although only 3

measurements were taken, reasonably smooth wear curves were
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TABLE 2
PENETRATION RATE DECREASE AND QUARTZ CONTENT OF ROCKS
% Decrease in Penetration Rate .
Rock Type (Values at O and 40 inches) Q‘::’;tz S(;;f
10% Co 6% Co

Yule Marble 83 0 o
Sandstone 37 20 85 .1 to .2
Fremont Dolomite 0
Trona o
Leadville Limestone 44 12 5 .3
0il Shale 2 1 10 .01 - .02
Manitou Dolomite 7 1 5 .01 - .05

obtained (see Figure 22). With this technique, wear of the
backing, the shim or damaging of the threads can give false
indications of carbide wear. For example, after drilling
three holes with the 6% cobalt bit in limestone (Figure 22),
the top of the bakcing was damaged and showed considerable
weight loss with no edge profile loss (Figure 23). Before
weighing, each bit was thoroughly cleaned to remove all rock
cuttings. This is particularly important in drilling shale

because fines became extremely packed around the cutting edge.

3. Area Profile Change

The third method employed for wear indication, the profile
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change method, proved to be inadequate (Figure 23). Even with
the 10x microcomparitor, extreme wear could be measured by the
other techniques before profile area changes could be observed.
Only two directions of the wear surface can be measured by this
technique, making it quite inferior to the others. Sketching
of the silhouette and exact repositioning of the bit was dif-
ficult making the profile sensitive to operational errors. If
larger magnification and mechanical locking of the bit could be
employed, this technique might be applicable. Only four bits

underwent enough wear to show up significantly on the silhouette.

4. Wear Composition of 6% and 10% Cobalt Carbide

As shown by the penetration rate vs. distance drilled
curves in Figures 20 and 21, the Grade 44A (6% Co) carbide
insert was superior to the Grade 241 (10% Co) insert. Initial
and average penetration rates were the same or better for the
Grade 44A carbide.

The rate of wear can best be seen in Figure 21 for the
rock types that show decreases in penetration rates. 1In drill-
ing marble, limestone and Manitou dolomite, wear was present
with the Grade 241 bits but lacking in the Grade 44A bits.

The Grade 44A carbide is only 2.5 Rcckwell "A" points harder,
but has a major advantage in being 2.5 times more abrasion
resistant. This higher resistance can be seen in Table 2

where the decrease in penetration rate after 40 inches of
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drilling is compared to the size and quartz content present in
the rock. Since no chipping or flaking of the insert was pre-
sent, it ié\the strong abrasion resistance of the Grade 44A bit
that makes it superior to the Grade 241.

In the rocks that induced wear, the penetration rate curve
tends to flatten out after a foot or two of drilling. Appar-
ently the sharp edge of the insert wears quite rapidly, possi-

bly from high temperatures weakening the carbide.
D. EVALUATION OF THE DIAMOND COMPAX BIT

In the tests performed the diamond COMPAX bits proved to
be technically feasible and superior in wear resistance over
the cobalt carbide bits. Drilling rates for the COMPAX bits
were inferior to carbide bits when air was used as the flush-
ing agent but comparable rates were obtained with water flush-
ing (Figures 9 and 10)

It is felt that the main reason for the lower penetration
rates obtained with the COMPAX bits was the result of a slight
deviation in the geometry from that of the carbide bits. The
COMPAX has a clearance angle of zero over the thickness of the
COMPAX black (see Figure 24). This thickness may be very small
but would have a tremendous effect on drilling performance,
especially where the drilling spiral is steep (high penetration
rates). This bottom area would carry a large portion of the

thrust and add considerably to the frictional forces. Friction
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was considerably reduced and higher penetration rates were
obtained with water flushing.

There‘%as a significant difference in performance between
the two COMPAX configurations (Figures 9 and 10) The 360°
COMPAX bit outperformed the 180° COMPAX bit because of the
smaller amount of diamond blank in the axial direction of the
bit (see Figure 24). The frictional forces are also less be-
cause of the area of contact for the COMPAX which is less.

Preliminary tests indicated that the COMPAX bit can suc-
cessfully drill granite, whereas cobalt carbide bits fail due
to excessive wear. Over the twelve holes drilled by the COM-
PAX bit in granite, the penetration rate dropped approximately
60% with only slight wear to the COMPAX. This loss in pene-
tration was caused by the heavy wear to the carbide at the
axis of the bit (see Photograph 2). A possible remedy would
be to design a coring type bit that would expose more COMPAX,

leaving no carbide on the cutting edge.

Thrust Thrus Contact

ZERO CLEARANCE ANGLE

Figure 24 - Cutting Edge of the COMPAX Bits
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The failure mode of the COMPAX diamond drill blank ap-
peared to be minute chipping at the cutting edge or flaking
of the diamgnd layer from substrate. With the exception of
the granite drilling test, the wear sustained by the COMPAX

bit was negligible.
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TABLE 5

80

THRUST STUDY WITH AIR AND WATER FLUSHING

(500 RPM

3-in. Timings)

Rock Thrust No. of Timing Standard Penetration
Type lbs. holes Ave. Deviation Rate ft/min
Marble
Air (4cfm) 140 Initial Penetration
300 5 .4246 .0197 0.588
500 5 «2222 .0032 1,125
1000 5 +1200 .0019 2,083
1200 Stopped
Water 125 Initial Penetration
1 gal/min 300 5 .2634 .0044 0.949
500 5 +1766 .0018 1.416
1000 5 «1174 .0021 2.129
1500 5 .0202 .0013 2,772
L. Limestone
Air (4cfm) 200 Initial Penetration
300 5 «6910 .0367 0.362
500 5 «3126 .0068 0.800
1000 5 «1510 .0037 1.656
1200 Stopped
Water 150 Initial Penetration
1 gal/min 300 5 «3572 .0092 0.700
500 5 «2502 .0067 0.999
1000 5 «1392 .0018 1.796
1200 5 «1052 .0031 2,376
1500 Stopped
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TABLE 6
RPM STUDY WITH AIR FLUSHING AGENT

&(Sdo—lbs thrust, 3-in. timings, 4 cfm air)

N
Rock Rpms No. of Timing Penetration Rate (ft/min)
Type Holes . Ave, Ave. std. Dev.
Marble

200 3 1.524 .164 .004

300 3 .847 .295 .013

400 3 .714 . 350 .016

500 3 .561 .446 .010

600 3 .509 .491 .011

700 3 .484 .517 .013
Limestone

200 3 2.000 .125 .004

300 3 1.309 .191 .003

400 3 1.101 .227 .014

500 3 .758 .330 .014

600 3 .608 .411 .012

700 3 .523 .478 .044
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TABLE 8
DRIL&ING STUDY WITH WATER AS FLUSHING AGENT
MARBLE (#2 Block) Thrust = 500 1lbs Rpms = 500

Timings for 3-in. drilling depth

G.P.M. Ave. Time No. Standard Penetration

(Min) Holes Deviation (Rate (ft/min)
4 .1303 3 .0006 1.918
3 .1303 3 .0006 1.918
2 .1323 3 .0006 1.889
1,5 .1353 3 .0012 1.847
1 .1386 3 .0015 1.803
0.75 .1413 3 .0015 1.769
0.50 .1453 3 .0015 1.720
0.33 .1517 3 .0012 1.648
0.25 .1650 3 .0046 1.515
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TABLE 11

Rotary Drillability Index* for Carbide Bits
(500 1b. thrust, 500 rpm, 4 cfm air flushing, 10 Readings)

Drillability Index

86

Sample 3Co. Average Range

Yule Marble 6 93 89 - 97

10 278 123 - 742
Sandstone 6 35 32 - 38

10 37 31 - 43
Fremont 6 278 191 - 246
Dolomite

10 358 341 - 369
Trona 6 32 31 - 33

10 37 36 - 38
0il Shale 6 50 48 - 52

10 50 48 - 52
Leadville 6 189 178 - 203
Limestone

10 432 290 - 521

* Defined by White (1969) as the drilling time per foot of

hole multiplied by 100.



T-1759

87

V. CONCLUSIONS

~
The following conclusions can be formulated from the re-

sults of the rotary drilling performed.

1)

2)

3)

4)

Penetration rates increase linearly with increases

in thrust, except at low values where penetration
rates drop significantly and fall to zero at some
threshold value.

Rotational speed has a linear relation with pene-
tration rates.

Water is a better flushing agent than air; water
increases the penetration rate by reducing friction
and prevents bit wear resulting from high tempera-
tures.

The amount of flushing agent has a significant effect
on drilling rates in facilitating faster removal of
the cuttings and reducing additional grinding. At
higher flushing quantities the chips are removed as
soon as they are formed, and nothing is gained with
additional flushing.

The engineering properties that were found to relate
to rotary drilling rates are uniaxial compressive
failure strength, Young's modulus, and Shore's hara-
ness. From the data obtained predicting rotary drill-
ing rates could not be possible. An investigation is

needed to find those properties that affect the
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5)

6)

7)

88

mechanization of rock failure in rotary drilling and
produce a method for predicting these rates.

Og‘the wear measuring techniques used, penetration
rate changes were the most indicative of bit wear
and performance, Bit weight loss and cutting edge
profile loss were too easily affected by physical
factors that are difficult to control.

Based on test results, Grade 44A (6% Co) is superior
in wear resistance to Grade 241 (10% Co) The amount
©of wear on these carbides was found to correlate to
the quartz content of the rock being drilled.

Based on drilling results, the COMPAX bit should not
be used in dry drilling applications because of poor
penetration rates. However, when water was used as
a coolant, very successful results were obtained.
These preliminary tests also show that the COMPAX
bit will drill granite with small amounts of wear.
Since cemented carbide bits will not successfully
drill granite without excessive wear, the manufac-
tured diamond composite may provide an opportunity
to economically and efficiently rotary drill rocks
heretofore reserved for natural diamonds or some
other drilling methods. Of the COMPAX bits tested,
the 360° type proved to be a better design and out-

performed the 180° type.



T-1759 89

VI. RECOMMENDATIONS

Further investigation and development is needed with the
diamond COMPAX bit to establish an optimum drilling configura-
tion and determine the effects of impact and extreme tempera-
tures. The economics of this wear-resistant bit should be es-
tablished for present drilling application in much harder
rocks which, in the past, have been drilled predominantly
by percussive techniques. (Wear rate was much less for the
diamond COMPAX than for carbide bits in the 12 holes drilled
in granite.) There was a 60% drop in penetration rate in
drilling the granite resulting from the heavy wear of the
carbide at the center of the bit. A different configuration
which would make the entire cutting edge from the COMPAX ma-
terial would eliminate this problem. Using a 360° COMPAX in
a coring configuration would make the cutting edge all COMPAX.
(The 360° configuration would put COMPAX on the outer edge
for gauge cutting whereas the 180° COMPAX bit would not;
see Figure 8).

Further drilling studies should be conducted with the
bit in a family of harder and more abrasive rocks, under
conditions similar to those of this study. A complete in-
vestigation would require a full scile field drilling com-
parison.

Much of the work in rotary drilling has repeated pre-

vious works with little to add to the understanding of the
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mechanisms involved. Possibly a detailed total energy balance
approach would help to quantify the variables that control
rotary driiiing. Through an energy approach, the efficiency
of the drilling process could be calculated from the input and
output energies during drilling. Input energies would be mea-
sured on the drill by torque readings and the output by the
amount of new surface generated with the cuttings.

On area of research that is quite lacking is the effects
which rock properties have on rotary drilling. Rock properties
that are directly related to rock failure in rotary drilling
have not been pursued as they should. With a large number and
range of rock types these properties could be grouped to obtain
a family of curves. From these curves, penetration rates could
be predicted for rotary drilling. This would add considerably
to the understanding of rock failure mechanisms as a result of

rotary drilling.
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APPENDIX A

COMPUTER PROGRAMS

Several small computer programs were written to facili-
tate data handling. Three programs, STRAIN, U AND SS, were
used in converting the raw data from uniaxial compressive
tests to stress and strain values and for plotting this in-
formation to obtain Young's modulus of each rock type. A
very general plot program was used for plotting the numerous
graphs needed to present the relationship of various vari-
ables involved in rotary drilling. The following is a
brief description of these programs explaining their opera-

tion, use, and data input.

STRAIN

The program STRAIN, Table 12, takes data readings from
the uniaxial compression tests, calculates stress and strain
and plots these values. Each load value and its correspond-
ing deflection reading is written into a data file and ac-
cessed by the program. The file is constructed in a dual
array with the load value (in 1lbs) first and the deflection

reading (in thousandths of an inch) second as shown below:
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Caw TH!S PROGRA' DRAWS STRESS STRAIN PLOTS ON THE HOUSTON DIGITAL
Caew PLOTTER
Cae SPRING, 1975
Coe
ok X ]
TESSTON Fe102) RO(40)aX(1@) oY (L28) E(8) 2 TICA8)TA(S),TE(S)
1T7(5%)
Cuw NATA FOR HEADINGS
SATA TA/Z'ClTCULAR CYLINDER '/
GATA TE/'TRIANGULAR PRISH v/
NATA TC/'REZTANGULAR PRISM v/
151
P183,141592% ,
Con GET THE INP 7 DAvA FILE NAME
“RITE(4,6)
6 FORMAT('«FILRE NAME? 1,9)
READ(447) 1
7 EORMAT(AS)
OPEWNCLINTI Y=L, FILESIN,ACCESSa'SEQIN')
of 2 GET THE CORE TYPE
4 HRITE(4,1)
1 EORMAT('4CORE TYPE(CYLINDER=D,TR]»PR!SHMa1,RECT-PR]SM=2)1 ',8)
PEADC(a,2) RTYPE
2 FORMAY(2F) |
Cus GET T#E CORE DIMENSIONS
HRITZ(4,3)
3 FORMAT(Y4DIHENSIONS(DIA OR LENGTH,WIDTH): ', 8)
READ(&,2) A,8
Caw CALCULATE THE AREA

IF(RTYPE,ER,7,) AREAaPlelewn/4,
IF(RTYPE,EQ,1,) aREAzA®B/2,
IF{RTYPE,EG.2,) AREA3A®B

Cue IF A%EA IS 22RO rRRO% = ASK GQUESTIONS AGAIN
IF(ARKEALEQ.T,) GN T2 4

of 1 GET THE CORZ HEIGHT
“RITE(4,5)

5 FORMAT( ' eHETILHTE ' E)
READL4,2) HL

o 2 GET TWE TITLE OF THE PLOT

4 WRITE(4,16) ,
i FORAAT('&TITLEY ', 38)
. REAI(4,17) T1

17 FOF4.7(4°A5)

Coee RELD I THE INFO

9 READ(1,2,ENRag) F(LY,ROC(D)
IR
oo T 9

Cawn FALSL_TE T 06 STEESS AND THE STRAIN

8 NO 4v Jsi,l~t¢
XCJIR(RO(J)/HLYn 2006

12 Y(J)a(F(J)/AREA)

cee wWRITE THE RTPORY
wRITE(6,18) A,8,kL

18 FORMAT(Y DI-ENSICONS w Y,2F42440/,° HEIGHT = ' Fi2.44077)
#RITE(6,15)

15 FORMATLLX, "3TRAI* MICRO INZIN',1X,'STRESS PS1',/)
WRITE(6,14) (XC(JJ) Y (JJ)rdd=dp]=2)

14 FORMATI(SX,ELS,6,4XF1R242)

Ceo FALCULATE THr DELTA FACTORS = FOR THE PLOT

IXOaX(l=1)/32, ¢ 1.
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1YZaY(1=1)/5%4, + 1.

RXe5el¥D

GYzheyyn
Coee vLITIALTEE THE FLUTYER

IFCLFLCT(LY),'E,2) STOF

CALL PLOT (.3,,5,=3)

CALL FACTOR (,8)
Coe PLCT THAE AX]R = X AND Y

CALL AXIS(QOIZQt'sTaAIN'MICRO Iul/INO'!'2glarlaliﬂ.0RX)

CALL AXIS(L.,g,, STRESS=FS1',14,10,+92.,8,RY)
caw ScALE THE CATA mOWN TO REAL INCHES

nO 11 XK=1,1-1

KEKYB(X(KY/3MYyn , 3

Y,

11 Y)Y (R) AT
Cas ANE FLOT 1Y
DO 412 Ls2,1=-1
12 CALL SYAROLIACLY,Y(LY»ol040D00~1)
Cas NOw FLOT THE HEADINGS

CALL PLOT(QlaZ.OE)
IF(RTYPE,EQ, ) MALL SYM3C0L(1409.8,.3:TA,2,.,25)
TF{RTVRPE LEC, =) CALL SYMBOL(L1449,8,¢34T78:¢2.225)
IFCRTYPE EC,2,) ~ALL SYMBOL(1,,5.8,.3,7Cs2.025)
CALL SYHMBROL(1.217¢5,.3¢1"'"STRESS STRAIN PLOT'»Z.218)
CALL  SYMBOL(1,,12+2442:T1024057)
CALL &y430L12,,9.5,,2, '0IMENSIONS = ,2,,13)
CALL MUMEER(599,,999,,421A22444)
cALL SYHROL{999,,999,,420' X '42,,3)
CALL EUHQER<?99.1999}0020803c54)
CALL SYMZO0L(790,.99%9,,420" 1M, ',2,,4)
CALL SYMBOL(1,,9.1,.3,"HEIGHT = *,2,,9)
CALL ,\;L'W-?ER{-',’QQ. !999"0 OS'HL'EI '4}
CALL SYMBROL{269.,,999,,420" N "43404)
cALL PLOT(L7,,2,.3)
Cae aNG TRATS IT FOLKS
CALL P.07(Z2.,2..,999)
ENG
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Load (1bs) Deflection (ths. in.)
1000 021
N 2000 049
2500 072
3000 094
3300 123

. o
. .
. ac

The STRAIN program uses the maximum stress and maximum strain
values to construct the coordinate scales and makes the plots
fit a 7 x 10 inch area. This program is quite flexible and
can work for samples of circular, triangular, or rectangular
corss—-section. The sample configuration is required by the
program at the beginning of execution along with the data

fill name and dimension of the sample in inches. Appendix

D contains the stress-strain plots for the ten samples of each
rock type drilled. The following is a printout of the STRAIN

program.
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Ss

The p;bgram SS (Table 13) calculates stress and strain
values from raw data and prints these values out in tabular
form. The data input is more compact for the SS program and
requires only the deflection reading for each incremental
load value. Each rock sample is represented by two lines.
The first line is set into five arrays that contain the
sample's cross-sectional dimensions, the sample's length,
the number of incremental readings, and the failure load.
The second line is set into an array of 3 spaces which con-
tain the deflection readings. The deflection readings cor-
respond to load readings in 1000 1b increments. The follow-

ing is a printout of the SS program and a sample data file.
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20227
22233
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TARE
389857
gRa%sR
B3@2a0
22245
20e7¢
A02us
2829¢
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N

k8 1}

o

i NY

[£ RN ]

Table 13 SS Program 96
DIdTNSION STRESS(67),STRAIN(62),DEFORM(62) »XLOADGE)
WRITE (4,2) .
rgé~ZT§1x?'THE NAME OF THE FILE CONTAINING THE SAMPLE DATAZ
“Er  (4,4) ROCKS
rabL. IFTCE (1,70CKS)
FCR AT (AS)
MEl _
REL (1.,3,E:0=225) A,B,C,JsMAX
IF(a) 25,25,3

YOR AT(3F,21)

WRITE(6,16) ROCKS,M

FOR AT(//77418% s mmmmmmme VA5, t NOy 'y ]300 emeemanat,y
WR!YE(élii) A,B'C.J:HAX

FOR AT(11Xs"AREA = ",F5,3,' X ',F5,3,"' SQ,IN,", 5%, 'LENGT

14 @ "LF5,.3, I, '/, N0 OF READINGS = 'Y, I13,5X, 'MAXIvMUM
ZLOAD - 'vISl' LBS"J//)

ARITE(6,10)
FCR aTey1xs ' LOAD(LB) DEFORM,(THSIN)',3x,y 'STRESS

1(L=2/S 1) STRAINCGINZINY v, /)

REA (1,1,END=B5Y(CEFORMIN) ,N=1,J)

co0 5 1s1,J

LG D1 1vzge!

STRTSS(1y=sXLoAR(l)/(A®RE)

FOR (AT(SF3.2)

STR4IN(IYS(DEFORM(1)/CI®, 221
WRITE(6,6)XLGADCL) DEFORM(T) ,STRESS(1),STRAIN(T)
SONTINUE

ULTIMS=MAX/(A¢?>S

WRITE GIULTIM

ropti§?iix.'tLTIMATE STRENGTH = ',F6.8," (LBS/SG,IN, )" 4//77
FORUATIL4XFR, 26X ,F2,3,9X2F12.2,7X,F18.5)
MaMeq

GO To 22

HRITE(4,13)

FOR“IATC(//77/7,1%: "ANQTHER RUN? 1=YES, 2=NO ',8%)
REA™(4,15)ITEST

FOR AT(])

IF(ITEST)G.12,9

STG?

gND
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Sample data format for data input to SS Program

N
1.533 1.504 3.035 44 44200

001054071080085090094100104108113116120123127131135139141144148151154158
161165170175179182189194197201205212218225230240245250258264

1517 1561 2.978 29 29400 |
001042059062068073078081085089091095098101105109112115118121125129133136
150164167171179

1519 1.559 3.025 54 54200
001040056064068072078083086090094098101105109112115118121124127130133137
140143146150153156160164168172175180182185188191194197202206209212215220
224227248252261273

1562 1.528 3.038 S4 54400
001055062068073073084090094100103107110113117122126129132136139142145149
152155158161165168171174177180183186189192195197201205209212215219223227
230233237240244256

1¢514 1534 2.979 47 47200 A
001042047054058062067071075030034088090093097101104107110113117120123127
131134137140143146149152156159162165168171175178181190194198201205209
1520 1.531 2.970 50 50800 _

0010450550640 700 75080088094098101105109113118121125128132135139142146149
152156160164168171174178182185189194199207214218222226234244249252258261
264267

1500 1.548 2.980 55 55400
0010380060510580640700750738082087091094100103106109112116120124127131135
138141146150154157161164167171175178182185188191195198202205209212215221
224230240245250257262

1542 1.521 3.010 53 53400
0010200290370430460510540560610650670700730 7603003308 7092094097101105108
111114117120123126129132135139142146149152155159163166169173176179182185
1881932004209210

1549 1.564 2.936 59 59800
001065084092098104110116120126130134138141145150153156159162166169172175
178181185188190194196199203206209211214218221224227230233236239241244246
249251254256259262269272276279289

1¢553 1569 0.994 49 49300
001043055064069074081087091095100104107110113117120124128131134138141143
;32149152154157160163166169171l74177180183187189192197202206210223227232
-1
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~N v
The program U (Table 15) is for conversion of the data

file of the SS program to the form used by the STRAIN pro-
gram. The only requirements are: the name of the data file
to be converted, and information on the load increments of
the deformation readings. The following is a printout of

the U program.



ok X ]
Cue
Coe
Ces
Coe

Cos

ok A

12

Coae
3

Cae

Caw

Cae

Cae

99

T-1759

Table 15 U Program

X _f, ::i.

sF ol o6

F

a4

NP THE 3YRESS STRAIN PLOT PROGRAM
g7

NIMENSION X(128)

NOUBLE PRECTSINN NAM
GET THZ INPLT FILLE ‘aME
WRITS (4,1)
FORMATC R ILEEXTE 1,80
READ(4,2)
FORMAT(A12)
OPEN(UN]Ted,FILEaNAN,ACCESS=SEQIN®)
GET Tdz POU 1S SPACING FACTOR
HRKTE(dlg)

FORMAT('+LB3 FACTORE 14 §)

READ(4,17) “X

FONMAT(])

167

RE2D T
READ(4
FORMAT
1S IT

e

’
(
T

£
4,
3F
HE

Ma4

ADER TNFORMATION
.299) AIB)C.I
)

HE
EN
)1
E o OF FILE?

IF(lE3.2) 50 TO 99

0 we SO RELD IN THE READINGS
READ(4,5)
FORMAT (42F2,7)
AND wRITE
Do 6 ¥=El,l

YeadK

(X¥(J),ds1,1)

IT BACK OUT WITH THE LBS READINGS

ARITEZC1D,8) Y, X(%)
FORMAT(2F)

conTIUE
AND INCREME™T FGR ANOTHER DATA FILE

10=[C+
60 TC
STCP
ENCD

1
3

99
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The p;Bgram P (Table 16) is a very general plot program.
The user supplies the data points, coordinate lengths and
scale, and figure headings into a data file. From this, the
program constructs the plot. P also fits the data with a
best-fit curve of a specified degree. The following is a
listing of the program and an explanation of the data file
format. Table 17 is a sample data file used to construct

Figure 12.
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of 2 TH®S PROGRAI DRAWS PLOTS ACCORDING TO THRE USERS SPECS
Cus 0T E oF VAUR EXTREMELY BRIGHT PROGRAMS
Cae QUIT O MNITE VERSATILE
Cow SRl Ge 197
re#
ok X ]
GIMENSION X{120),Y(122),C(12),0EyX(122),0EVY(120)XT1(12),YT1¢1E)
DIMERSION TPFRIG(SE),TI(55),TISUBL(S2),TISUB2(52),TISUB3(5R2)
nhw“sqm Tiazy, TIT(s) ) ISYM(5)
CONMON VP17 XKF
nOUBLE PREC:STION NAHM
ol 1 THE [ATA FO7 THE SYHBOLS PLNTTED
A NATA XSYV/StApglll'ld/
Cas GET THE INPIT FILE JAME
1 FORMET('+IN2UT FILELEXTE ', 8)
RELD(4,2) KNap
2 FOFMAT(ALD)
A NPENCUNTITSL,FILE=NA4,ACCESS="SEQIN')
cee QEAD IN THE TITLE CIOROINATES IN THE X ANp Y DIRECTION
READ(1,3) TYX,TIY
3 COPMAT(AF)
Cae RE+D IM THE FIGURE anD NUMBER
REALDt1,4) TIFIG
4 TONMAT(82AL
o 1 READ IN THE TITLE AND 3 SYBTITLES
READt1,4) T°
READf1,4) T'5UB1
REaD(1,4) T'SUR2
RELD(1,4) TISUBS
ol 2 READ 114 THY x aMD Y AXIS INFO
READ(1,5) XLEN,XSTA,XDELTA,XT]
READ(1,5) Y_EN,YSTA,YDELTA,YT]
5 FORMAT(3F,1 AS)
Cos INITIALIZE THE PLGTTER
IFCIPLOY(2) NEL) STOP 'NO PLOT CHANNEL!
CALL SETwIN(14,,114)
cALL PLOT(1,5,1.3,-3)
TIXsTIX/XDELTA
TIvsTIY/YDELTA
Coe THIS HEXT SCCTION CENTERS AND PLOTS THE FIGURE AND TITLE AAND

Cen SURTITLES
rAalLL CEVTER!TIFIG,NC,D1,C02,D3)
XKF2FLOAT(ND o, ¢
ENCODE(NC,4,T) TIFIG
FALL SYrmOL TIX,TIY, ,2:T03,,15)
FALL CEOTES TT, o, TUx,XhEN, , 18)
TIVaT]Ye,25
ENCOTE(NC,4.7) T
CALL SYMBOLIXNEW,TIY,.15:T,240N3)
IFtTISUBL(1),ER," 'y GO TO 6
CALL CENTER TISUBL-NC,TIX,XNEWs,1)
TIY3T1Y=, 173
ENCOGE(HC,4,T) TISUSL
CALL SYMBOL'/XNEW,TIY,.1,T,2.4NC)
IF(TISUR2(1},EQ," 'y GO TO 8
CALL CENTERITISURZ» 4G, TIX, XNEW) «1)
TivaTlve,15 ‘
ENCOUE(NC,4,T) T1SUB?2
CALL SYMBOL:IXNEW,TIY,,31,T,2,sNC)



cow

Cow

Casw

14

Caoe

13

cee

o T

Cos

Cod
Coe

Cas
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IFeT & 234,000 'Yy 62 TG 6
CALL Gt TEx T1S8Un3s iCpTIX, XNEW 1)
YI "STI\'O-.]_‘}

ENTOUEC 0,4, Ty TTSUER

CALL SY 0L YiiEw, TIY, .1, T,0,,NC)
FLOST Top X x1S ‘
NEADLE(S L4 XTI T

caLl CETER T,NC,D1,02409)

CALL AXTHC 0, T, =0y XLEN, 24sXSTA,XDELTA)
PLCOT THE Y XIS

CEUDTE(S ,4,¥TIY T

CALL S TER T,Mv0,D1,02.03)

CALL A¥ISCGL 0. ,yTl,CaYLEN,SEv ySTA,YDELTA)
THIS ¥

STcT1n PEADS IN INFORMATION TO BE PLOTTED ON THE PLIT
e rD01,14) LaYLLTIT

XLeXL/7xDeELT

ylayi /7y2rLT

CALL SY¥=0L XL ,Y a1, T1T42,,25)
FORUMAT (27 ,5:.5)

READ(L,44) L,YL,TIT

xLeXL/Zx2ELT

YLsY./ZYDFLT

CALL SYUBOL XL,YL,+1,TITs2.,25)
REAJ(1,16) L,YL,TIT P
xLeXL/xDeELT

YLaYL/ZYDELT .

CALL SYHROLIXL,YL, 4,717 2.,25)
READ(1,14) L,YL,TIT

xLaXxu/xOeELT-

YLsYL/ZYDELT

CALL SVM?QLJXLpYLo910T1T031025)
READ(1s24) L,YL,TIT

xLaxXiL/z¥yoelTe

YLsY./YPFLTA

CALL SYMROLIXL,YL,+1,T1T42,,25)

Kel

SEAD 1T THE FLAGS 0N HOW TO PLOT
REAO{1s7.EM 12995y IDEVX, IDEVY,LFIT,LDEV,XS,XF
FORMAT(4]1,27)

1 )

READ IN THE INFO TO PLOT

READ11,3) X1, Y1), "RV (D), DEVY (D)
wi 1% FE, 00 PLAT CURVE

IFIXt1) ,FR,>1,) G0 T0 9

Isi+1

0T 2

IEBEN

1§¥MFg1SYMLA)

-

no 11 Jsi,l

SCALE THE CAT4 To REAL INCHES
X ()2 (X (J)=ASTA)/ZXDELTA
YCJIa(Y(JU)=YSTA)/YORLTA
XXX J)

YYsY<(J)

AND PLOT IT

CALL SYMEOLIYX,YY,1,1S5YMB,24:"1)

STANTAYD DE TATIGNS?

IF INEVY.ER.Z2) 50 T2 12
YES we PLOT 17
OXaDLvY(S)Z'2ELTA
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CALL PLOT(YL (a, 225,YYa0X,3)
CALL PLOT(Y fa 528 ,YYeDX,2)
CALL PLOTUX ,YY+rXs3)
rFALL FLOTOA ,YY=" X0 2)
CALL FLOTEX e, 225, YYaDX, 3)
CALL FLOT(X e, 225,YYalX,2)

Coue RTLNTARD DE TATIONS?
12 IFLIreyX, 27 7) 50 TJ 11
Cow YE: me PLOT 1T

OY=DEVR LU/ IELTA
CALL BLOT(XianY,YY~,725,3)
TALL PLOT(X '=CY,YYe3)
CALL PLOTIXZa0v,yY, )
SALL FLOT(XIeDY,YY~,02258,3)
) CALL PLOTIX legY,YY+,725,2)

11 COTInE

Cow FIT & CURVE TG THE TATA IF DESIRED
IF(LFIT,EQ.:) GO TO 16
DO 16 Jsi,31

calLl FIT(X,?,1,LFIT,C,2,CC)
Cas FLOT THE CUIVE
1P%=d

XXz (r5=X3TAY/XDELLTA
YFe(/FeXSTA/XDELTA .
15 YY2ClAa)eXX#aB4C(5)#YXa#4eC{4)0XX0u3+C(I)uxX0XX+C(2)#XX+C (1)
CALL PLOTU(XL,YY,IPN)
1PN=Z
XXX 4,2
IF(XY, LT, XF) GO 10 15
WRITE(S,17) K,CC

17 FORMAT(Y CUTVE JUMBER ', 14,

1' HAS OORRILATION COEFFICIENT QF ', F7,5)
ol 1. SET UP FOR ANOTHER ZURVE ON THIS PLOT
16 Kars1

IFK,6T,3) ‘=1

60 Tn 13
Cuoe THATS IT FOLKS
999 CALL PLOT(Z4,2.,999)

STOP

END

SURROYUTINE ZENTER(TILNC, TIX, XNEW,HT)
Caew TH!S SUBROUTINE CENTERS A TITLE

CIMENSION TIC1)

rCoMOy /P17 XKF

0 1 1857,1,1

Meel

TFeTI(IY NELY vy GO TQ 2
ANEAEXKF o (FLOATU(NCI®HTI/2,¢TIX
RETURY

END

N e
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3ge .75
FIGUKRE 17
RPM VS P:i:&T ATIUN aTg  for the plot program
FOR LIMESTNNE AND MARBLE
(53¢ LBS THRUST, 47F4% AlRrR, 6% CO, CARBIDE)
(POINTS REPRESENT AYERAGFE VALUES AND STAD, DEV,)
6 0 133,33 wPM
8 0 .1 PeNETIATION RATE (FT/MIN)
502 .5 MARBLE
630 .41 LIMESTONE

Computer listing of sample data file

e 1280

g0

200 ,164 ¢ ,72Q4
308 ,295 & 713
4P 352 7 216
5008 .446 ¢ 1Y
622 ,491 7 ,711
700 .517 ¢ 713
wl

g 1709

98¢ A

202 .,125 2 ,704
32¢ .191 ¢ 703
402 277 ¢ .14
58¢ .330 ¢ ,714
602 .411 ¢ 712
70C .478 ¢ 744



T-1759

105

Table 17 (con't)

FORMAT OF DATA FILE FOR THE PLOTTING PROGRAM P

Line Number Data

1 x and y coordinate of title

2 title name

3 subtitles

4 subtitles

5 subtitles

6 subtitles

7 x-axis information, length, scale of x per inch, standard
deviation of x, title of axis

8 y—-axis information, .

9 standard deviation x (O=no, l=yes), standard deviation
of y, curve type (0=no curve, l-5=degree of curve),
standard deviation lines (0O=no, l=yes)

10 x and y coordinates of any curve or data information,
and title

11 "

12 "

13 "

14 "

15 X, y, standard deviation of x, standard deviation of vy,
of data

n flag
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APPENDIX B

~
PETROGRAPHY OF SELECTED SEDIMENTARY AND METAMORPHIC ROCKS

The following is a summary of the lithologic types deter-
mined for the seven rock samples supplied. Identification and
description were based on

1) hand specimen inspection

2) study of thin sections with a petrographic microscope

and where necessary,

3) x-ray diffraction analysis of powdered samples.
Accompanying photomicrographs are keyed to each sample ac-
cording to number. A detailed petrographic description of
each sample follows.

Photomicrographs were taken with a Leitz panfot micro-

scope. Magnifications and other conditions used are listed

below photomicrographs.
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Photomicrograph #8:; Leadville Limestone, Buena Vista, Colo-

reado, U, S. Steel Quarry

Limestone, gray, microcrystalline to very fine grained, Cal-
cite, 90%, mostly 0.002mm angular interlocking grains; about
10% of the calcite occurs as recrystallized pathces up to
0.07mm in diameter. Quartz, 5%, authigenic patches inter-
stitial to calcite, up to 0.03mm in diameter. Fine calcite
shows discontinuous thin coatings of opaque material. Larger
patches up to 0.04mm in diameter of similar material occur
scattered throughout the rock. This material may be petro-
liferous, as fracturing the limestone results in a distinct
sulfurous odor.

Solution of the limestone with 10% HCl resulted in a residue
consisting of a brown gelatinous material, fine quartz, and
coarse white fragments, 0.lmm in diameter containing pyrite
and an unidentified blue coating. The undissolved residue
constituted less than 5% of the original limestone. X-ray

diffraction analysis confirms petrography.
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Photomicrograph #11; Manitou Dolomite, Canon City, Colorado

Dolomite, pink, very fine grained. Dolomite, 85%, 0.1 to 0,15
mm, as interlocking euhedral to subhedral grains commonly with
poorly defined, intergrown edges suggesting recrystallization.
Calcite, 5%, 0.1 to 0.22mm, irregqular patchy grains intergrown
with dolomite. Quartz, 5%, 0.5 to 0.lmm, subrounded to sub-
angular, with edges showing partial replacement by dolomite.
Open pore spaces, 5%, 0.3 to 1l.5mm, smooth to irregular walls
of interlocking carbonate grains, Some pores contain irregqu-
lar patches of opaque to brown translucent unidentifiable ma-
terial (Figure 8). The latter is also found to occupy small
fractures, as small, 0.002mm, spherical masses along grain
boundaries, and as small inclusions, less than 0.002mm, within
and concentrated at the center of dolomite crystals. X-ray

diffraction analysis confirms petrography.
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APPENDIX C

TABULATED DATA OF DRILLING RESULTS

The following is a computer listing from the SS program
of the data obtained from uniaxial compressive tests. This
listing contains the following rock tyes:

Fremont Dolomite i

Sandstone

Trona

Yule Marble

0il Shale

Manitou Dolomite

Leadville Limestone

Table 3 contains the results of these tests for the

seven rock types drilled.
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- ,. SANOS NO. 1 oy -
‘ AREA = 1.565 X 1.566 SQ.1IN, LENGTH = 3,284 [N,
NO OF READINGS = ‘35 MAXIMUM LOAD = 15900 L BS,

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1200, i, 408, 2.00832
2222, 65, 816, @.02108
3202, 81, 1224, 0.02626
4202, 96, 1632, 2.03113
5@@99 1@3! 2ﬁ40. gl@3349
6820, 1114, 2448, 2403599
7200, 123, 2856, g.03988
8202, 133, 3264, 0.04313
9202, 141, 3672, Bi04572
10202, 149, 40842, #.04831
11200, 156, 4488, 2.25058
12200, 164, 4894, ¢.25318
130300, 173, 5324, 2.05618
14002, 182, 5712, @.059021
18202, 189, 6120, 0.06128

ULTIMATE STRENGTH 3 6488, (LBS/SO,IN.)

ewem-=ar  SANDS NO, 2  ereomce=
AREA = 1,564 X 1.537 S4Q,IN, LENGTH = 3,128 IN,
hO OF READINGS = 16 MAXIMUM LLOAD = 16722 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/ZIN)

172¢, 1, 416, @.20232
2020, 53, 832, G.21712
359@) 115. 1248| @.03548
4002, 111, 1664, 2.23581
5200, 118, 2088, 2.23806
6202, 127, 2496, 204097
7300, 137, 2942, @e04419
8002, 148, 3328, 8.04774
9020, 187, 3744, @.25263
100002, 166, 4160, @.25355
11200, 174, 4576, 2,05613
12@¢00, 184, 4992, 205839
132002, 190, 5408, 206129

14700, 198, 5824, P.06387
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16202, 219, 6656, 207065
ULTIMATE STRENGTH = 6947, (LBS/SO,IN,)
N
- e e e : SANDS NO. 3 P--n--;——n

AREA = 1,564 X 1.571 SO,IN,
NO OF READINGS = 47 MAXTMUM LOAD

LENGTH = 3,229 IN,
= 17928 LBS,

LOAD(LB) DEFCRM,(TYHSIN) STRESS(LB/SQIN) STRAIN(IN/ZIN)
1302, 1. 407, 2.00033
2700, 61, 814, 2.02227
3?’@@. 79'.. 12210 P.02628
5200, 93, 2035, 2.83291
6200, 99, 2442, 003292
7200, 178, 2849, @.23589
8302, 115, 3256, 2.03822
9203, 121, 3663, 2.24724

12209, 128, 4070, 2.04254
11009, 135, 4477, @.04487
12¢0¢. 143, 4884, B.04752
13202, 152, 5291, 2.04985
14200, 158, 5698, 2.252514
152072, 165, 6105, 2.05484
1620¢., 174, 6512, P.05783
17222, 186, 6919, P.06184
ULTIMATE STRENGTH = 7285, (LBS/SQ,IN.)

SANDS NO,
AREA = 1,519 X 1.566 SQ,1!N,

NO OF READINGS = 18 MAXIMUM LOAD
LOAD(LB) DEFORM,(THSIN)
inee, 1.
ZZGQO 51.
3200, 70,
42029, 78,
5220, 85,

4 --------

LENGTH =2 3,284 [N,
3 18400 LBS,

STRESS(LB/SQIN) STRAIN(CINZIN)
420, 2.00032
841, B.01654
1261, 002272
1682, @.02529
2102, B+02756
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6702, 94, 2522, g.030248
77220, 107, 2943, P.03472
BaAC, 115, 3363, #3761
9%@@. 125’ 37830 @'@4053
19600, 133, 4204, P.04313
11000, 141, 4624, @.04572
1266@| 1495 5@45. 0-@4831
13020 157, 5465, @.05091
14020, 165, 5885, 2,05352
15292, 173, 6306, 2.05617
16€20, 182, 6726, 005924
170@a¢, 191, 7147, 2,06193
18200, 222, 7567, P.06485

ULTIMATE STRENGTH = 7735, (LBS/§G.IN.)

mwme--cl  SANDS NOY B memema--
AREA = 1,523 X 1,580 SQ.IN, LENGTH = 3,282 IN.
NO OF READINGS = 16 MAXIMUM L0OAD ® 16180 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCINZIN)

1220, 1, 416, 2.,000832
2000, 51, 831, 8,01655
32@@. 751 1247| ﬂ|02433
4200, 82, 1662, 0,02661
5200, 93, 2078, 2.03018
6202, 104, 2493, 2.03245
77222, 112, 2909, 2.23569
8220, 117, 3325, 2.03796
9202, 126, 3744, 0.04p88
1323e, 136. 4156, Pe24413
11922, 144,( 4571, J.84672
12ZZ@. 153! 49870 6064964
13207, 164, 5402, .05321
14222, 173, 5818, 2,05613
15232, 181, 6234, 0.05872
16032, 198, 6649, 2eD6424

ULTIMATE STRENGTH = 6691, (LBS/SQ.IN,)

- SANDS NO, 6 rreecae
AREA = 1,575 X 1,593 SGQ,IN, LENGTH 2 2,976 IN,
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NO OF READINGS = 14 MAXIMUM LOAD = 14902 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCINZIN)

3200 0 89, 1251, 2,02999
4200, 98, 1668, 0.03293
5308, 106, 2086, @.23562
6220, 115, 2503, B.03864
703¢, 125, 2922, ¢.0420%
82340, 135, 3337, 0.04536
102292, 152, 4171, 205049
12002, 165, 5005, ?.05544
14202, 192, 5842, 2.06384

ULTIMATE gTREMNGTH = 6215, (LBs/sQ,IN,)

—~ -

mmmeeeel  SANDS NOy 7  eeecmie-

AREA = 1,567 X 1.547 SG.IN, LENGTH = 3,275 [N,
NO OF READINGS = 16 MAXIMUM LLOAD 3 16522 LBS,

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAINCINZINY

inga, 1. 413, 2.20033
2202, 82, 825, 24102667
320¢, 92, 1238, 8.02992
4292, 99, 16502, 2.03227
5332, 186, 2063, P.23447
6022, 1145 2475, G.03727
72272, 123. 2888, 2.04aea
8237, 132, 332¢, @e242672
9323, 139, 37130‘ dedd52
10202, 146, 4125, @.0474R
11220, 153, 4538, 2.04976
12222, 161‘. 4950, 2.25236
13220, 178, 5363, 9.05528
14‘6&@. 178. 5775, @.25789
15020, 186, 6188, 2.06249
14280, 194, 6602, 2.06309

ULTIMATE STRENGTH = 6807, (LBS/SQ,IN,)
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creee——. SANDS WO 8 i
_ AREA a2 1.584 X 1,554 SO.IN, LENGTH = 3.099 IN.
NO OF READINGS = 16 MAXTMUM LOAD = 168@0 LBS,
N

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAINCIN/ZINY

1@030 1@ 4g60 B-ﬂﬂﬂ32
2@2@' 52} 8130 g!ﬂib?ﬁ
3202, 62, 1219, @.020821
4202, 69, 1625, 8,02227
5322, 74, 2831, 0.,22388
6@@@. 821 2438, B.72646
7002, 92, 2844, 0.02969
89@@0 1@%; 325@. 6003227
9023, 104, 3656, @.03356
18707, 108, 4063, B.03485
112@@0 121! 4469. go@39ﬁ4
12209, 129, 4875, 2.04163
13402, 139, 5281, B.04485
14220, 149, 5688, 2.04828
1BZZEQ 161p 60940 ”0@5195
16203, 175, 6500, 0.25647

ULTIMATE STRENGTH = 6825, (LBS/SQ,IN,)

eseec=al  SANDS NOy 9  cemmme--

AREA = 1.58¢ X 1.538 SQ,IN, LENGTH = 2,882 IN.
NQ OF READINGS = 15 MAX IMUM LOAD = 15822 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1732, 1, 412, #2035
20002, 40, 823, @.01388
3000, 51 1235, 2101777
4900, 58, 1646, @.02212
5209, 68, 2058, #.02359
6200, 76, 2469, 2402637
7002, 86, 2884, 2.22984
8000, 97. 3292, @.03366
9203, 103, 3704, 2.03574
10202, 113, 4115, B.03924
11002, 121, 4527, 0,04198
12@@5. 13ﬁ! 4938. 0004511
13202, 136, 5357, 2.04719
14022, 146, 5761, B.25066

15200, 186, 6173, 0.05413
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ULTIMATE STRENGTH = 6582, (LBS/SQ,IN.)

~
crmecana SANDS N0« 18  ~====a--
AREA = 1,563 X 1,551 S0.1IN, LENGTH = 3.135 IN,
NO OF READINGS = 14 MAXIMUM LOAD = 14528 LBS,

LOAD(LB) DEFORM,(THS]N) STRESS(LB/SQIN) STRAIN(INZIN)

1203, 1, 413, ?.20332
302, 67, 1238, 2.02137
4202, 78, 1659, @.02485
5203, 89, 2063, @.22839
6232, 99, 2475, 2.03158
7222, 113, 2888, 2.03589
8202, 122, 332¢e, @.03828
9322, 132, 3713, @.04211
19202, 144, 4125, @.04498
11202, 153, 4538, @.04882
122980, 162, 4950, 2.05167
13223, 170, 5363, 0.05423
14008, 186, 5775. 0.25933

ULTIMATE STRENGTH = 5981, (LBS/SQ.IN,)

- -

mme====l  MARBB NOy § e=-e-l-o-

ARFA = 1,523 X 1.545 S3,1N, LENGTH = 2,952 IN,
.0 OF READINGS = 17 MAXIMUM LOAD = 17222 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN)  -STRAINCIN/ZIN)

1002, 1. 431, 0.00034
2008, 34‘.‘ 861, @.21152
3009, 60, 1292, 2.02033
4003, 74, 1723, 2.02507
5222, 83, 2153, 9.02812
6202, 90, 2584, 003049
7000, 99, 3014, 2,83354
8207, 106, 3445, 2.23594
9790, 112, 3876, 2.03794

1e0ae, 118, 4306, 2.23997
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110092, 124, 4737, P.04201
12722, 134, 5168, Pepda4C 4
1300, 134, 5598, (e 24607
147222, 142, 6729, B4l
152832, 154, 6460, B+050814
162@@. 159) 68920 Z0g5386
17322, 176, 7321, 2.05962

ULNIMATE gTREMGTH = 7487, (LBS/SQ,IN,)

--o---—-: ?‘ARBB NO. 2 -"‘""‘-""
AREA = 1.584 X 1,529 S3,1N, LENGTH = 3.g262 IN.
NO OF READINGS = 17 MAXIMUM LOAD 3 17622 LBS.

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1292, 1. 418, 2.00033
2283, 81, 837, 2.02645
3222, 103, 1255, 2.23364
4@Z@u 113( 16730 g!@Sﬁgﬁ
5022, 129, 2092, 2.03919
6222, 126, 2517, €:04115
7223, 134, 2929, 2,24376
89@@. 146! 33470 @’64572
9222, 145, 3765, 0,04735
1peen, 150, 4184, 2,04899
117222, 155, 4682, g.05062
12222, 161, 5029, 2.05258
13222, 166, 5439, 2.25421
14220, 171, 5857, 2.25585
15787, 177, 6275, 0.05781
162202, 184, 6694, @.26229
17222, 194, 7112, 2.06336

ULTIMATE STRENGTH = 7363, (LBS/SQ,IN.)

--?-;—--- MARBB No. 3 o

AREA 8 1,650 X 1.599 SC,IN, LENGTH = 3,143 IN,
NO OF READINGS = 48 MAXIMUM LOAD 3 18982 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCINZIN)
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1222, 1, 379, g.2eod2
2227, 56, 758, P.01782
I oA, 78, 1137, Je12480
4220, 89, 1516, d.22832
5@3ﬂ. 98; 1895. a003118
6@@@0 109. 2274. 9;%3468
7¢003. 123, 2653, P.23913
8202, 134, 3032, 0.04263
9220, 143, 3411, B.04557
1ge0e, 152, 3790, 224836
11220, 160, 4169, 2.25091
12@@@1 166; 4548. ﬂ'95282
13207, 174, 4927, #.05535%
14@%8. 183( 53%6. 2'35822
16220, 19@; 5685, B.063245
16207, 197, 6264, 2.26268
17@@@0 204! 6443. E.ﬁ6491
182322, 212, 6822, £.36745

ULTIMATE gTRENGTH = 7164, (LBS/SG.IN.)

emececaac  MARBB NO4 4 eeiese--
AREA = 1,527 X 1.573 S0.1IN, LENGTH = 2,822 [N,
NO OF READINGS = 16 MAXIMUM LOAD = 16729 LBS,

LOAD(LB) DEFCRM, (THSIN) STRESS(LB/SQIN) STRAIN(IN/ZIN)

1200, 1. 422, 2.000235
2002, 61, 844, 2.22163
3002, 78, 1266, B.02766
4722z, 86, 1687, @.23052
8202, 91. 2129, ¢.23227
6002, 98, 2531, 0.23475
7@9@. 1@71 29530 0093794
B2@¢, 114, 3375, Ne04243
927, 122, 3797, 0114255
1@2“20 126’ 4218. @'24463
11702, 132, 4640, 2.04681
12208, 139, 5062, 204929
13202, 144, 5484, @.05126
14202, 1541, 5906, B+05355
15004, 159, 6328, 0.05638
14302, 168, 6754, 2.05957

ULTIMATE STRENGTH = 7845, (LBS/SG.IN,)
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........ FARBB NOQ, 5 @ eeceeem=
AREA = 1,56¢ X 1,517 SU.IN, LENGTH = 2.976 1IN,
NO OF READINGS & 16 MAXIMUM LOAD = 16938 LBS,

'~
LOAD(LB) DEFORM,(THSIM) STRESS(LB/SQIN) STRAIN(IN/ZIN)

13@@. 1}. 4230 @o@ﬂ@34
2¢ea, 74, 845, 2.02487
3227, 96, 1268, A.23226
4200, 126, 169@, 2.03562
6220, 123, 2535, 8.04133
7202, 132, 2958, P.04435
8eee, 139, 3380, 204671
92072, 146, 3823, B.04926
10202, 152, 4226, ?.05128
13202, 173, 5493, 2.05813
14222, 182, 5916, 2.06048
15202, 187, 6338, 6.06284
16022, 196, 6761, 206584

ULTIMATE STRENGTH = 7141, (LBS/sG,IN,)

e - MARBB NOD 6 crcemnm-
» AREA 3 1.664 X 1.522 SG,IN, LENGTH = 3,056 I[N,
NO OF READINGS = 18 MAXIMUM LOAD = 18422 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/ZIN)

1222, 1. 421, Pe0gu33
22na, 54, 821, We21767
3224, 8ad, 1202, P.02618
4200, 91, 1623, 2,02978
5207, 96, 2093, 203141
6200, 193, 2404, @.03377
79802, 110, 2804, 2.03599
878¢, 116, 3205, 2.03796
9982, 122, 3606, 2.03992
10408, 128, 4006, 2.24188
11200, 133, 4407, 2.04352
12730, 139, 4808, 0.24543
140002, 151, 5609, 2.04941
15020, 158, 6010, @,05177

16202, 164, 6410, P.05366
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170002, 171, 6811, 2.65596
18002, 181, 7212, 2.05923

ULTI DATE <TRE GTH = 7372, (LBS/S4,1IN,)

N
------- - MARBB NOy 7  e=cecce--
AREA = 1,528 X 1.495 S3.IN, LENGTH = 2,966 IN.
NO OF READINGS = 14 MAXIMUM LLOAD = 16202 LBS,

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAIN(CINZINY

122¢, 1, 446, 2.20834
2232, 52, 892, 2.01753
4322, 638, 1784, 2.22293
5200, 74, 2238, 9.02495
6@@2. 823 2676. 6032763
7222, 52, 3122, ?.03034
8229, 97, 3567, 2.03277
9207, 193, 4013, 2,93473
19232, 123, 4459, 8.23641
11700, 113, 4925, 2,03817
12@@2, 12@. 53510 @t@4ﬂ4é
13200, 126, 5797, B.24248
143630 132p 62430 @eﬁ445?
15730, 141, 6689, 2004754
16208, 152- 7135, 2.85125

ULTIMATE STRENGTH = 7224, (LBS/SQ.IN,)

Ll L 2 T X MARBB NO. 8 - g ™

AREA = 1.488 x 1.465 SG,1N, LENGTH = 3.91@ IN,
NO OF READINGS 3 15 MAXIMUM LOAD = 15400 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(CIN/ZIN)

1222, 1, 459, 0.00033
2039, 36, 917, 2.0211%6
3002, 51, 1376, 0.01694
4000, 60, 1835, 2.01993
50090 66, 2294. ﬂ002193

62022, 71, 2752, 0.02359
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7200, 78, 3211, 2.225914
8202, 85, 3670, P.12824
QR 9, 4129, Pe2299

12222, 95, 4587, 3.23.54
11222, 191, 5046, @.03355
127202, 187, 5585, 2,03555
1320¢C, 114, 5964, 0.03787
14200 o~ 122, 6422, 2.04053
15200, 133, 6881, Ded4419

ULTIMATE STRENGTH = 7064, (LBS/S0,IN,)

S-S .- - : MARBB NO. 9 ----- - -
AREA 2 1.552 X 1.532 SQ.In, LENGTH = 3,042 IN,
NO OF READINGS = 17 MAXIMUM LOAD = 17620 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(INZIN)

1202, i, 422, 2.02033
2802, 45, 843, 2.01482
3022, 52, 1265, @.817114
40920, 59, 1687, @.91941
5230, 64, 2108, 9.221L5
6222, 69, 2532, 2.22272
7232, 76, 2952, 2.02522
8292, 83, 3373, 8.022737
92322, 89, 3795, 2.22928
102282, 95, 4217, #.23125
11022, 122, 4633, 2.23289
12@@@. 1@8, 5@630 ’ﬁc@3553
13002, 114, 5482, 2.03752
147¢2, 121, 5923, A,0398"
15222, 134, 6325, 0:04276
16200, 140, 6747, 804605
17227, 149, 7168, Be049021

ULTIMATE STREMGTH = 7421, (L3S/SA,IN)

meceeeal  MARBB NOW 10  =mmo-ie-

AREA 5 1,511 X 1,524 SQ.IN LENGTH 3 2,934 IN,
NO OF READINGS s 16 MAXIMUM LOAD = 16200 LBS,
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LOAD(LB) DEFORM,(THSIN)  STRESS(LB/SQIN)  STRAINCIN/IN)

1000, 1, 447, Pangm3a
2202, 4z, 8§84, Bailladl
339@0 53{ 132@. ﬂo@lﬁﬂb
4203, 59. 1762, .02211
5229, 62, 2200, 0.02113
6302 N 67, 2642, 02284
7202, 75, 3080, P.B2556
BAZR, 81, 3520, Beg2761
922¢, 88, 3964, 2.02999
10200, 94, 4400, R.03204
11902, 129, 4840, 2.03423
12022, 186, 5282, B.03613
13222, 112, 5722, 2.33817
1402082, 119, 6162, P.04056
15222, 127, 6601, @.04329
16@@@9 135. 7@410 6084621

ULTIMATE <TRE!GTH = 7129, (LBs/sQ,IN,)

---'-.-—-: SHALE NOI 1 --“-----
AREA = 1,576 X 1,599 SQ,IN, LENGTH = 3,113 IN,
NO OF READINGS = 37 MAXIMUM LOAD = 37922 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1000, 1. 397, 2.00832
2002, 37, 794, 2.21189
3@?@. 54; 119@. 3061733
449e., 68, 1587, 0.0218¢
5222 79, 1984, £,02538
62272, 91, 2381, 002923
7807, 126, 2778, @.034E5
8age, 124, 3175, @,03855
9002, 134, 3571, 204174
10970, 139, 3968, 004465
11@@@. 1475 43650 0064722
12@0@0 155{ 4762. ﬁoﬂ497?
13702, 163, 5159, 2.05236
14002, 179. 5556, 2.05757
15000, 192, 5952, 2.06168
16002, 208, 6349, 2.06682
17000, 218, 6746, 2.07023
18002, 227, 7143, 2.07292
1902¢, 238, 7542, P.07645
20200, 246, 7936, 8.07982
21200, 255, 8333, 2.08191
22222, 266, 8730, 2.28545
23222, 278, 9127, 2.28937

24202, 288, 9524, R.29252
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25220, 320, 9921, B.99637
28727, 312, 12347, 0,7299517
27 7 527, 17714, de327

28727, 334, 11111, e1@6e1
293330 347{ 115”8. a‘11147
39000, 362, 11925, 94111629
317222, 383, 123214, B.12323
32000 » 420, 12698, 212849
33320, 425, 13498, 013652
34700, 448, 13492, 04143914
35”2@0 475§ 138890 9015259
36397, 516, 14286, 2416575
37230, 552, 14682, B¢17732

ULTIMATE STRENGTH = 15042, (LBS/SQ,IN,)

e ooeee : SHALE NO. 2 ﬂv!—-.—;—-

AREA = 1,582 x 1.592 §8.IN, LENGTH = 3,298 IN,
NO OF READINGS = 47 MAXIMUM LOAD = 42082 LBS,

LOAD(LB) DEFORM,(THSIN)  STRESS(LB/SQIN)  STRAINCIN/IN)

1242, 1, 398, 2.80232
2208, 43, 795, 2.,01388
3229, 63, 1193, 0.02034
5203, 89, 1988, 0.02873
6822, 98, 2385, P.03163
7323, 112, 2783, 9.,23551
g2ee, 123, 3182, @.03977
9232, 133, 3578, 2.04293
10727, 138, 3976, 2.24454
127222, 162, 4771, @.05169
13229, 172, 5168, @.05552
14@52. 18gq '55660 ﬂ0ﬂ581ﬂ
15002, 191, 5963, 2.06165
16403, 207, 6361, @.06682
17229, 219, 6758, @.27069
184029, 226, 7186, B.27295
190832, 236, 7554, 2.27618
2030, 248, 7951, 0.08005%
2iven, 257, 8349, 2+08296
22002, 267, 8746, 2.08618
23220, 284, 9144, 2.,09038
24207, 29, 9541, P:093614
25702, 305, 9939, 0.29845
26020, 317, 10336, 2.10232
27%a0, 339, 10734, 2.10652
28222, 340, 11132, 2.12973

29202, 353, 11529, @.11293
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327202, 365, 11927, @.11782
Iqman, 374, 12324, He12221
3o 27, 393, 12722, fe1258%
33520, 405, 13119, 2013073
3430@. 4220 13517. 6013622
3520 438, 13915, 7414133
3622¢, 454, 14312, #.14655
37232 > 473, 147172, P.1526R
38422, 500, 15107, Pe16139
393232, 525, 155385, e46946
409%@' 568; 159@2. ﬁ018334

ULTIMATE gTRENGTH = 15902, (LBs/gQ,IN,)

emmeccea  SHALE NOy 03 mmeemas-

AREA = 1,513 x 1.594 S3,IN, LENGTH = 3,253 IN,
NO OF READINGS = 32 MAXIMUM LOAD = 32822 LBS,

LoaD(LB) DEFOR”.!THSIN) STRESS(LB/SQIN) STRAIN(INZIN)

1002, 1. 415, @.02033
2208, 4, 829. 2.01314
32089, 61, 1244, 2.01993
4200, 80, 1659, B.02622
5202, 92, 2273, 2.029458
é@@@o 102( 2488. ﬁoﬂ3275
722¢, 116, 29192, g.p3802
82202, 130, 3317, @.04253
9220, 140, 3732, P.04586
18202, 158, 4146, 2.05175
11732, 172, 4561, 0.05634
12222, 189, 4976, 8126191
1323¢., 224, 5390, 2126682
14200, 222, 58425, 007272
157227, 243, 6227, 2.07959%
167, 262, 4634, (e JB%3D
17¢4¢, 29\3'. 7445, V29469
18202, 314, 7464, 2.102853
19020, 332, 7878, .10829
20202, 353, 8293, 011562
21702, 384, 8707, .12447
22029, 424, 9122, 0.13135
23020, 433, 9337, 2.14183
24700, 461, 9951, 2.15100
25002, 490, 10366, @,16052
26320, 522, 12781, @.17098
27292, 562, 11195, 9,18343
28002, 595, 116140, 0.19489¢
29@@@0 62@. 120250 @02@3@8
3@@9@. 6520 124390 9'21356

34200, 706, 12854, 023125
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32000, 768, 13269, 0.24894
ULTIMATE <TRENGTH = 13608, (LBS/SQ,IN,)

—————e—. SHALE NO. 4 ~emmcem-
‘ AREA = 1,542 X 1.551 SG,IN, LENGTH = 3.830 IN,
NO OF READINGS = 33 MAXIMUM LOAD = 33322 LBS,

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

ieez, 1. 419, 0.00733
2?@90 56. 837. ﬁ'@184*3
4cae, 83, 1675, 2.02739
5202, 89, 2093, @.22937
720¢, 104, 2931, 2.03432
82290, 1148, 3349, 223632
9208, 125, 3768, @.04125
18292, 135, 4187, ?.94455
11202, 147, 4695, 0.248514
12202, 159, 5024, ¥.052438
13222, 171, 5443, ?.05644
14720, 181, 5861, 2485974
16202, 204, 6699, 2.06733
17222, 215, 7117, 2,07096
18002, 229, 7536, 2.27558
19222, 249, 7655, 2.27921¢
280048, 253, 8373, 2,08357
21¢22¢., 264, 8792, B.28713
22722, 278, G211, Re917%
2320% ., 315, 9629, 2.10396
240203, 322, 10048, Be10627
25207, 329, 17467, 2.12858
26202, 335, 17385, Pe11054
28203, 374, 11723, 2412343
eoree, 399, 121414, .128714
3Jgaea. 415, 12564, B.13696
310042, 445, 12979, @+14686
32000, 464, 13397, 2.15314
33202, 525, 13816, 2,17327

ULTIMATE STRENGTH = 13942, (LBS/S0,IN.)
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------- SHALE M0, 5 e eSee-

AREA 3 1,527 X 1.554 SQ.IN LENGTH = 3,151 1IN
NO OF READINGS 2 33 MAXIMUM LOAD = 33703 LBS,
AN

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAIN(IM/ZIN)

;CGG. 1( 421; Q'EQQSQ
2202, 58, 843, 2.01587
3202, 68, 1264, @.22158
4020, 79, 1684, g.025L7
5200, 93, 2107, 0.22951
622¢, 105, 29528, 0.,23332
zen, 117, 2958, 23713
geea. 128, 3371, @.04262
96@@0 138! 3793. 00@438@
1020¢, 152, 4214, 204767
11209, 161, 4636, 0.25129
128282, 172, 5257, 2.25459
13@@@. 183! 5478. @oﬂSSGB
14202, 195, 5922, 2.26189
1522¢., 204, 6321, 206474
1620C, 217, 6743, 2.06887
17200, 228, 7164, 2.27236
182¢2, 238, 7585, @.87553
197200, 249, 8837, R.037922
20202, 262, 8428, 2.08315
21202, 274, 8854, 2.08696
22202, 276, 9271, B.28759
23723, 287, 9693, g.09128
242002, 297, 17114, 2,09426
252@@. 3@9. 1@5350 @oﬁ9836
26224, 320, 18957, #.10156
27200, 334, 11378, Pr10602
28722, 347, 118422, @.112312
29287, 359, 12221, 0.11393
Jgcan, 374, 12642, @.11869
31002, 39¢, 13064, 2412377
32202, 412, 13485, 2.13212
33@@@, 448. 139@70 g014218

ULTIMATE sSTREMGTH = 142€2., (LBS/SQ,IN.)

- -

R SHALE NO s 8 - -

AREA = 1,586 X 1.573 SGQ,IN, LENGTH = 3.146 [N,
NO OF READINGS = 35 MAXIMUM LOAD = 36080 LBS,

LOAD(LB) DEFORM,(THSIN)  STRESS(LB/SAIN)  STRAINCIN/ZIN)
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17222, 1. 401, d.0a03?

272¢ 47, 832, e B

3 82, 61, 1233, Ben1934
5222, 96, 2024, 2.03054
67222, 115, 2425, P.03655
83a2., 145, 3287, Be246L9
9732, 167, 3628, 2.05328
18202, 177, 4208, 0.25626
11223, 191, 44929, B.26071
12722, 208, 4818, g.26612
13222, 224, 5211, 2.26993
14222, 231, 5612, B.27343
15232, 244, 6043, B.076614
167222, 254, 6413, @.28074
172202, 266, 6814, 298458
18220, 278, 7215, P.08837
197207, 289, 7616, 2.09186
20232, 292, 8217, ?.09213
21282, 324, 8418, 2.09663
22302, 316, 8818, @.12045
247272, 345, 9622, Be1@966
25223, 362, 108921, £e¢11443
262722, 478, 12422, #.15194
27232, 496, 12823, #.15766
28733, 525, 11223, Per6052
292an, 521, 11624, Pe16561
Igeaa, 536, 124925, Be17238
31222, 548, 12426, Be17419
332¢@. 582, 13228, £.18436
34230, 596, 13628, #.18945
35232, 615, 14229, Pe19549

ULTIMATE STRENGTH = 14432, (LBS/SQ,IN.)

mema-=-l  SHALE NOy 7 emee-e--

AREA ® 1,529 X 1.526 S3.IN, LENGYH = 3,207 IN,
NO OF READINGS = 32 MAX1MUM LOAD = 32282 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1729, 1, 434, 2,00033
2202, 47, 869, 01466
3202, 69, 1303, g.02152
4202, 83, 1737, R.02588
5393, 1e0, 2171, @.03118

6703, 117, 2606, B.03643



T-1759 134

7202, 132, 3o4ae, 2.04116

87202, 146, 3474, D.P4557

92, 167, 3928, Keld4983
18502, 175, 4343, 005457
1172@2, 194, 4777, 2.2592%
122272, 202, 5211, 2,26299
13202, 213, 5645, Be6642
14222 > 223, 608¢2, 0.06954
15282, 245, 6514, 207647
16723, 257, 6948, g.c8eid
17¢a7., 269, 7383, @.08388
18232, 279, 7817, 0.0872
19222, 292, 8251, .291825
202472, 303, 8685, B.29441
21292, 315, 9122, 0.,09822
22089, 327, 9554, 0.10196
23203, 337, 9988, 2.12528
24329, 3481 12422, 2.12851
25922, 360, 10857, @.11225
26227, 372, 11291, Be11622
274232, 382, 11725, 2.11911
28402, 395, 12159, 2,12317
3geag, 424, 13028, @.13221
31027, 444, 13462, B+13845
32000, 472, 13897, 2.14718

ULTIMATE STRENGTH = 13983, (LBS/SQ,IN,)

emmeceac  SHALE NOYW 8 @ mmemeo--
AREA = 1,537 X 1.554 SQ,1N, LENGTH = 3,157 [N,
NO OF RE&DINGS 3 34 MAXIMUM LOAD = 34302 LBS,

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQAIN) STRAIN(CIN/ZIN)

1723, i, 419, Qo232
27122, 67, 837, £e2122
3002, 83, 1256, 0.92629
4007 93, 1675, 202944
5307, 127, 2093, B.04023
6087, 149, 2512, 284727
7002, 167, 2931, 2.05297
8@@30 135& 3349. g!@SS&ﬁ
YIER 198, 3768, 2.06018
10223, 214, 4187, 206779
11207, 224, 4605, 2.07295
12200, 235, 5024, 2.07444
13@0@0 247A 54430 @107824
14200, 258, 5861, g.08172
15202, 274, 6280, 2+028552

16200, 283, 6699, 0,08964



T-1759 135

17282, 294, 7117, 209313
igeaa, 329, 7536, 2.09788
197874, 323, 7955, 2e12134
20040, 332, 8373, Be10516
21287, 344, 8792, 9.10894
22020, 366, 9211+ 2011593
24203 N 391, 12248, 212385
25202, 424, 10467, 0.12797
26200, 416, 12886, 8413177
27202, 428, 11324, 2.13557
28202, 4472, 11723, 13937
295%@0 457. 12142. 8014476
3gene, 473, 1256¢, 2,14983
31@@30 4920 129790 Qc15584
32002, 525, 13398, 2416637
33zae, 563, 13816, 2e17738
347032, 593, 14235, 18784

ULTIMATE STRENGTH = 143682, (LBS/SQ,IN.)

mrmcm-es  SHALE NQy 9  emecea--

AREA
NO OF READINGS

1.583 X 1,589 SQ.IN, LENGTH = 3,121 IN.
37 MAXIMUM LOAD = 37222 LES,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1222, i, 398, @.00032
2002, 49, 795, 2.2157¢
3coe, 64, 1193, @.020854
4222, 79, 15949, 2.02531
529?0 96} 19880 ﬁoﬂ3ﬂ7b
6202, 112, 2385, 2,03525
‘72002, 124, 2783, 0.03973
827, 138, 3187, Def14422
Q73¢, 151, 3576, Ae04537
123272, 165, 3976, Ye25287
11222, 178, 4373, 2.05703
12703, 193, 4771, 2.06184
13202, 208, 5168, @.06665
14200, 2249, 5566, 2.27049
1520¢, 236, 5963, 007562
169%20 2493 63610 ”!07978
17229, 262, 6758, ?.08395
18200, 276, 7156, #.08843
19200, 294, 7554, 0.29292
20020, 323, 7951, @.097¢8
21202, 315, 8349, @.10093
22732, 328, 8746, g.1052%9
23720, 342, 9144, 2.10958

24292, 357, 65414, ¥,11439



T-1759 136

26707, 387, 17336, #e12427
2702, 599, 12734, 2412734
284072, 416, 11131, Be13322
29@32. 432. 115291 ﬁ|13842
Jgaoe, 452, 11927, 414483
31222, 479, 12324, @e15059
35300 487, 12722, @.15624
I3222, 5@7, 13119, 2.16245
34222, 522, 13517, Pe16725%
I522C, 561, 13914, B417975
36222, 597, 14312, 8.19128
37002, 655, 14709, g.202987

ULTIMATE ¢TRENGTH = 14789, (LBsS/sQ,IN,)

meme-ecl SHALE NOy 18 memmea--
AREA = 14559 X 1.521 S4.IN, LENGTH = 3,225 I[N,
NO OF READINGS = 33 MAXIMUM LOAD = 336722 LBS,

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1200, 1. 422, 228931
2202, 71, 843, 2+.82215
3200, 86, 1265, 2.22683
a0ea. 104, 1687, g.63127
5200, 113, 2109, @:,03526
62@¢2, 129, 2532, B.24725
7202, 141, 2952, #104399
8202, 152, 3374, 2.04743
12232, 177; 4217, 2255273
11¢0¢, 188, 4639, Q5866
1272e¢e, 200, 5061, De06247
132672, 213, 5482, Belib6646
147727, 2254, 5924, MeP754
1850386, 239, 6326, De27457
1@96@0 2511 6748, @,27832
17202, 263, 7169, 2.28226
18202, 276, 7591, g.28612
190240, 288. 8043, P.28984
20002, 322, 8434, @.293672
Ziﬁﬁgo 3110 8854, P.0972C4
220003, 323, 9278, @.10078
2300¢, 335, 9722, 2+10452
2470¢, 347, 12124, @+10827
25092, 359, 12543, 9.112014
26@@@0 373q 109650 6011633
27772, 386, 11386, @e12044
28002, 400, 11828, 9412489

29002, 413, 12232, @.12886



T-1759 137

30002, 429, 12652, ?.13385
31700, 452, 13073, 116123
32077 478, 13495, 1414914
33404, 529, 13917, ¥s16225

ULTIMATE STRENGTH = 14172, (LBS/SQ,IN,)

'~
——————- -  MANDD NOW 1 ==--- ---
AREA ® 1,575 X 1.52¢ SQ.1Iv. LENGTH = 3.248 v,
NO OF READINGS & 25 MAXIMUM LOAD = 25422 LB8S,

LJADCLB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAIN(CIN/ZIN)

1202, 1, 418, 2.,00033
2002, 31, 835, 2.21017
3007, 49, 1253, 2.21608
4200, 62, 1671, 2.22334
5000, 71, 2289, 202329
6002, 79, 2506, 2.02592
7002, 86, 2924, 2.02822
8002, 94, 3342, 0,23284
97 a2, 182, 3759, B+,033346
182230, 108, 4177, @.03543
11202, 115, 4595, 2.03773
12000, 121, 5213, 2.23972
14222, 135, 5848, 024429
16202, 152, 6683, 2.24921
17202, 157, 7101, 2.25151
18227, 164, 7549, 0.25381
19787, 172, 7937, ge18577
20202, 175, 8354, 2,05741
21222, 182, 8772, 2.059714
22727, 186, 9192, 2.06122
230ar, 194, 9627, Po2636%
24227, 198, 10425, Ue26495
25200, 204, 10443, B.06693

ULTIMATE STRENGTH = 12613, (LBS/SQ,IN.)

mteee—— MANDO NO, 2 .

AREA = 1,512 X 1.534 SQ, 1IN, LENGTH a 3,021 IN.



T-1759 138
NO OF READINGS = 34 MAXIMUM LOAD = 35202 LBS,

LOAD(LB) QOEFORM,(THSIN)  STRESS(LB/SQIN) STRAINCIRNZIN)

12072, 42, 434, @.01397
22224 82, 862, B.02714
3222, 123, 1293, B.033429
4202, 113, 1725, 0.83747
5AQC, 124, 2156, Be4p2s
6302, 127, 2587, geD4224
720¢, 137, 3218, 2.24535
8raz, 145, 3449, g.04802
9UAn, 152, 3884, 2.05034
18222, 157, 4311, 2.05197
112332, 164, 4743, 2.,05429
12682, 172, 5174, B.05627
13222, 18@, 5605, 2.05953
142272, 186, 6036, 2.06157
1522872, 191, 6467, B.26322
167232, 197, 6898, de6521
1720%, 204, 7329, B.06753
182208, 211, 7761, @.26984
19203, 217, 8192, 8.87183
28720, 224, 8623, B.27415
212002, 229, 9954, 2.27580
223720, 234, 948%, B.07746
23222, 247, 9916, B+27944
26202, 255, 11212, 2.08444
27328, 262, 11641, B.28626
28287, 265, 12272, 2.08772
2922¢, 272, 12503, ?.28937
31222, 282, 13365, B,09268
32038, 284, 13797. B.09401
33337, 298, 14228, Ue29599
34292, 311, 14659, Be10295

ULTIMATE STRENGTH = 150908, (LBS/S9,IN,)

‘eme=caes  MANDO NOy 3 rmeee-c--
AREA 8 1.517 X 1,522 SQ.IN, LENGTH = 3,226 IN.
NO OF READINGS s 32 MAXIMUM LOAD = 31900 LBS,
LOAD(LB) DEFORM,(THSIN)  STRESS(LB/SQIN) STRAINCINZIN)
1002, 19, 433, 2.00628

2029, 93, 866, @.03073
3200, 187, 1299, B.03536



T-1759 139

FYLLY 113, 1732, 0.03734

6.8 121, 2599, He3959
8002, 131, 3465, 0,84329

9408, 136, 3898, B.04494
10200, 149, 4331, 8004627
11282, 145, 4764, B.04792
13200, 155, 5632, 0.05122
14202, 159, 6864, 6.25254
16¢02, 167, 6930, 025519
172e8e, 172, 7363, @.05684
18002, 178, 7796, ¥,05882
19402, 182, 8229. 2.06415
22702, 187, 8662, 2.36189
2170¢, 193, 9295, 0.06378
22490, 194, 9528, Ped64114
2372, 203, 9962, @e267L29
24402, 2028, 12395, B.06874
25207, 213, 19828, 0.07239
26700, 218, 11261, @.c7204
28220, 241, 12127, B.27964
29202, 249, 12560, B.28229
32220, 255, 12993, 2.08427

ULTIMATE STRENGTH = 13816, (LBS/SQ,IN,)

eme-===l  MANDO NO, 4 =scmce--

AREA = 1.521 X 1.516 SQ3.ly, LENGTH = 3,062 [N,
NO OF READINGS = 35 MAXIMUM LOAD = 35127 LBS,

LOAOCLB) DEFARM, (THSIN)  STRESS(LB/SAIN)  STRAINCINZIN)

1200, 52, 434, 0.01633
2002, 84, 867, 2.02743
3007, 99, 1301, 8,03233
4000, 112, 1735, 2.03654
5222, 123, 2168, B.24017
6202, 134, 2602, @.04246
7000, 140, 3036, 0.04572
8202, 148, 3469, @.04833
L EIR 155, 3923, 2.05062
102087, 167, 4337, @.05225
11202, 167, 4774, P.0545¢4
12002, 172, 5204, 0.05617
13200, 176, 5638, 8.25748
14700, 187, 6072, 2.05879

15702, 185, 6525, B.06042



T-1759 140

16202, 189, 6939, 2.06172
17290, 193, 7373, 2.06323
187272, 19K, 7806, Q76466
19427, 235, 8242, Peii663

23280, 206, 8674, £.26728
21222, 213, 9127, 0.06956
22222, 2191 9541. P.07152
zagﬁ@o 2211 99750 “'67218
24002, 224, 184028, 2407315
25209, 227, 12842, B.07413
26202, 233, 11276, 8.07629
2739@0 237) 117@9. g!g774ﬂ
2829¢, 242, 12143, 2.27923
29722, 247, 12577. B.08367
3gaae, 253, 13219, 2.08263
3iooe, 261, 13444, ?.08524
32400, 266, 13878, 2.028687
33320, 269, 14312, B.08785
34200, 274, 14745, 8.08948
IRZA, 296. 15179, #9667

ULTIMATE <TRENGTH = 15222, (LBS/sSQ,IN.)

- - - MANDO NO. 5 bbb L
AREA 3 1,529 X 1.522 SQ.1IN, LENGTH = 3,064 IN.
NO OF READINGS = 32 MAXIMUM LOAO 3 31000 LBS,

LOAD(LB) DEFORM, (THSIN) STRESS(LB/SQIN) STRAIN(CIN/ZIN)

10090, 17, 436, @.00555
223@. 88; 8720 g'@2875
3222, 121, 1328, gd.03322
422z, 108, 1744, ¢.23523
500¢, 114, 2182, 823724
6222, 121, 2616, 2,23953
7220, 126, 3252, Bei14114
820, 134, 3483, 2014373
923¢e, 139, 3924, Ae24541
10200, 144, 4360, 04784
11772, 149, 4796, ?.04863
12200, 152, 5232, B.24966
13200, 156, 5668, @.35096
1422¢, 1663 61@4; 3.85227
15@@00 1641 6542] ﬂaﬂ5358
16200, 168, 6976, 2.25488
17@¢30, 174, 7412, 0.0558¢
18020, 175, 78438, ?.05717
19000, 180, 8284, @.05882
20700, 184, 8720, 206011
21730, 188, 9156, @.06142

2272e., 192, 9592, g.06272



T-1759 141

232929, 196, 192028, g.06403%
24400, 201, 12464, 2.06566
267720, 211, 11335, 2068973
2772, 216, 11771, de7:87
28200 222, 12207, 207253
29906. 226# 126430 ﬂ.g7383
32220, 233, 13079, @.87612

uLthATE gTRENGTH = 13515, (LBS/sQ,IN.)

memeee-l LIMES NOyW 1 emesme--

AREA
NO OF READINGS

1.554 X 1.572 SQ,IN, LENGTH = 3,173 IN,
43 MAXIMUM LOAD = 43842 LBS,

LOAD(LB) DEFCRM,(THSIN) STRESS(LB/SAQIN) STRAIN(IN/ZIN)

12239, i. 412, 2.Q0332
22092, 35, 82¢, P.@11€3
3022, 47, 1232, PeB1481
4220, 56, 1639, B.01768
5200, 61, 2049, ¢.p1922
6280, 65, 2459, 2.82249
gode, 79, 3279. 2.22492
9022, 83, 3689, #.02616
10202, 86, 4299, g.22712
1122¢, 92, 4509, @.02834
12702¢., 93, 4918, 2.02931
132@@0 98( 5326; 50@3889
14292, 122, 5738, #.03215
i152a¢, 106, 6148, .03341
16732, 129, 6558, B.03435
17722¢, 112, 6968, g.23537
18722, 115, 7378, P.23624
19220, 118, 7788, 2.03719
2p22e. 1249, 8497, 2.23782
21097, 123, 8627, 2.0387%
22722, 128’.' 9.’3170 £e24034
23220, 132, 9427, Be04162
24702, 136, 9837, @.04284
2502¢, 149, 10247, P.04412
e6eae, 143, 12657, 0.045027
2708¢., 147, 11067, 2104633
28730, 150, 11476, 0.24727
299882, 152, 11886, 2.04762
Joeac, 154, 12296, 2.04853
3200¢C, 162, 13116, B.05043
33700, 163, 13526, 2.05137

34000, 168, 13936, 2.05295%



T-1759 142

35200, 172, 14346, g.05421
367270, 175, 14755, B.05515
7700, 179, 15165, 915641
IAVAN . 182! 15575, Beui%73A
39990. 185! 159850 0005833
4p020, 188, 16395, R,05925
412%¢, 192, 16825, @.06051
42292 195, 17215, 006146
432gﬂ| 199; 176250 ﬂ!g6272

ULTIMATE gTRENGTH = 17952, (LBs/sQ.IN,)

- —————-— L IMES NO 2 —rcmm—--
) AREA 2 1'563 X 10541 SQ!!Nl LENGTH ? 3.2@2 IN!
NO OF READINGS = 45 MAXIMUM LOAD = 45802 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1202, 1, 415, 2.02031
2022, 72, 833, B.02243
3202, 74, 1246, 2.22311
4@@@. 75! 16610 e0@2342
5027, 78, 2076, 2.02434
6228, 81, 2491, P.22537
7230, 86, 2936, 2.02686
8230, 92, 3321, g.02811
9022, 94, 3737, R.22936
108232, 97. 4152, R.232229
14227, 187, 4567, B.03123
12222, 183, 4982, 083217
13202, 126, 5397, 203317
14720¢, 109’ 5813! Be(13424
1522¢., 112, 6228, @.a3468
160020, 115, 6643, R.13592
17282, 118, 7958, 2.a3685
18702, 121, 7473, 3433779
19237, 124, 7888, Yau38732
2@@@@0 126{ 83@40 ﬂn03935
21@@@0 131& 8719, 9-04ﬁ91
22722, 134, 9134, 2.04185
2320e., 137. 9549, 0.04279
240022, 144, 9964, 0.04372
25022, 144, 10382, Be14497
260222, 146, 10795, B.24562
2702, 14?0 112192, B.04653
28002, 151, 11625, @.04716
29020, 153, 120244, 0.04778
30200, 156, 12455, @.04872
3128¢, 158, 12871, 0:104934
32002, 160, 13286, Pv04997

3328¢, 163, 13721, 2,05091



T-1759 143

34702, 165, 14116, @.05153
35222, 168, 14531, Be05247
36200, 174, 14947, B.05340
372202, 174, 15362, P.05434
38.:7. 1771 15777. ’/‘-,‘5)52"
392212, 1793 16192, Peas556
aguge., 181, 16607, 8.05653
41?gﬁo 1830 17@22. 2.805718
42290, 186, 17438, 705889
43230 N 189, 17853, B.25923
44992, 192, 18268, 2.25994
4523¢ ., 195, 18683, 2.26092

ULTIMATE STRENGTH = 19015, (LBS/SQ,IN,)

P - LIMES NO, 3 cemmmn—-
AREA = 1.532 X 1.5490 SelN, LENGTH = 3,208 IN,
NO OF READINGS = 514 MAXIMUM LOAD = 51203 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/ZIN)

1230, 1. 424, 2.00034
2222, 3 848, g.200%4
320¢., 8. 1272, Q.202249
500¢, 20, 2119, @.02623
623¢C., 25, 2543, 2.22779
7%22¢., 32, 2967, 2.082935
8a0a, 35, 3391, #.21091
97 3a, 39, 3815, g.01216
12282, 42, 4239, g+01329
11282, 45, 4662, 2401403
12200, 48, 5286, #.01455
13222, 52, 5514, 21621
147222, 55, 5834. B.01714
15“@?. 59,.‘ 63580 ﬂnﬁ1839
16722, 62, 4782, @e71933
17232 86, 7236, B.032957
18¢d¢., 69, 7629, #.22151
197282, 72, 8053, B.022244
2322¢a, 75, 8477, 8,082338
2178¢. 79, 8921, B¢02463
22040, 82, 9325, 2.22556
232322, 85, 9749, 2.82650
242040, 89, 12473, B.02774
284802, 91, 10596, 2.02837
26030 . 94, 11029, 2.22932
280202, 102, 118468, 2.23117
29220, 123, 12292, 2.03211

3pQ2a, 105, 12716, 203273



T-1759 14i+

31222, 108, 13142, P.23367
327202, 111, 13563, 103462
33237, 114, 13987, ¥,23554
327270, 118, 14411, 1,23673
3522¢ 122, 1483%, Wea3823
36220, 125, 15259, 0.23897
37200, 128, 15683, 2.03992
38200, 13%, 16127, 0.04052
390372 N 133, 16533, 204146
40229, 135, 16954, ?.24208
41720, 138, 17378, P.04302
42200, 14¢, 17802, 0.04364
43790, 142, 18226, P.04426
44°23¢, 145! 18650, B.245272
45290, 147, 19074, 2.04582
46272, 15¢, 19497, B.04676
47002, 152, 19921, B.04738
48070, 155, 20345, g.04832.
49720, 157, 22769, B.04894
507200, 162, 21193, g.04988
51200, 164, 21617, P,25112

ULTIMATE gTRENGTH = 21782, (LBS/SQ,IN.)

- e w s w - : LIMES NO. 4 ----;—-—-l
AREA = 1.528 X 1.582 SG.IN, LENGTH = 3,192 IN.
NO OF READINGS = 54 MAXIMUM LOAD = 540208 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(CIN/ZIN)

12082, 1. 414, 2.008231
2242, 35, 828, P.21096
3200, 42, 1243, @.01316
arag, 48, 1657, 21504
5020, 55, 2071, 0.01723
67892, 61, 2485, 2.21911¢
9230, 65, 2899, 2e213°
84002, 760 33141 12287
9230, 78, 3728, D.02444
10000, 84, 4142, R.22632
11922, 89, 4556, @.02788
12009, 95, 4971, 0.02976
13222, 98! 5385, P.23072
142722, 182, 5799, B.03195
1524d@, 107, 6213, 2.03352
16202, 112, 6627, .23529
17000, 116, 7042, 2.03634
1802¢, 122, 7456, B.033759
19222, 124, 787¢, f.03885
20922, 127, 8284, 2.03979

21¢22, 134, 8698, Ped4104



T-1759 145

22¢00, 134, 9113, 04198
23000, 138, 9527, B.04323
24072, 142, 9941, Pe044409
25130, 145, 17355, 0.24574
267372, 1572, 12769, Be24699
27209, 154, 11184, P.04825
28807, 157, 11598, 8.04919
29739, 162, 12012, 8.05075
31002, 169, 12842, B.05294
32002, 173, 13258, @.25427
33002, 176, 13669, 0.25514
34722, 183, 14283, 2.25639
3572¢, 183, 14497, B.05733
36232, 186, 14912, B.c5827
38702, 203, 15744, 006362
39222, 296, 16154, Pe6454
4pace, 212, 16568, B.06579
42722, 218, 17397, 2.06837
43220, 222, 17811, 2.06955
4420¢, 225, 18225, .87049
45227, 228, 18639, B.27143
46222, 231, 19254, 0407237
48222, 238, 19882, 3,07456
49232, :241! 20296, 2:8755¢
50202, 244, 28712, 2.27644
5i20¢, 252, 21125, 2.07832
52200, 253, 21539, 2087926
SSZZQ. 256! 21953. 2\“8@29
842007, 263, 22367, 2.28145

ULTIMATE STRENGTH = 22367, (LBS/SO.IN,)

m—————- < LIMES NOy 5 mmceea--
AREA 2 1,535 X 1.565 SQ.IN, LENGTH = 3,181 IN.
NO OF READINGS = 51 MAXIMUM LOAD = 51227 LBS,

LCAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCINZIN)

1222, 1. 416, 2.00031
zﬁﬂgq 33, 833, ﬂ-ﬂlﬂ37
3002, 40, 1249, @.21257
4000, 44, 1665, ?.21383
5702, 49, 2081, 2.0154¢0
6200, 51, 2498, ?.01603
7000, 54, 2914, 2.01693
8002, 57, 3332, 2,01792



T-1759 146

102292, 64, 4163, @.22212
12400, 69, 4995, 8.22169
13302, 72, 5412, 2.02263
18202, 82, 6244, g.022515
17229, 86, 7377. 2.22724
18a0p, 92, 7493, 2.02829%
1922¢, 93, 7929, 2.02924
2022¢., 96, 8325, 2.03218
21227, 100, 8742, 2.03144
224007, 103, 9158, B.33238
23200, 106, 9574, ?,23332
252028, 114, 12427, 0.23584
26260, 117, 10823, 8.,23678
270007, 120, 11239, 2.,03772
28202, 124, 11656, 2.23898
29222, 126, 12072, Be23961
3g000, 129, 12488, 2.24255
32720, 134. 13321, 2.24213
34207, 139, 14153, 0.04377
3%000, 141, 14572, B,C4433
36282, 143, 14986, 2.04455
37220, 145, 15492, ‘0484553
3gAae., 147, 15818, .24621
39220, 154, 16235, @.24715
40420, 152, 16651, €.24778
41207, 154, 17267, 2.24841
43202, 159, 17902, €.24998
44302, 161, 18316, B.25261
ASA0D, 164, 18732, 2.25154
662720, 166. 19149, 2.25218
47200, 168, 19565, g.25284
48207, 174, 16981, 8.75376
4943¢, 183, 28397, ¢.25753
5208%., 188, 20814, 2259107
510222, 1914 21232, 2.p6L24

ULTIMATE STRENGTH z 21343, (LBS/SQ,IN,)

""'--'---: LIMES NO. 6 L XX W R

AREA = 1.551 X 1.561 S4,In, LENGTH = 3,178 IN.,
NO OF READINGS s 39 MAXIMUM LOAD = 42022 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(INZIN)



T-1759 147

inae, 1, 413, ?.00331

233¢, 32, 826, B.01227

3@@?. 353 12390 G-Qilﬁl

47220, 39. 1652, ¢.01227

5220, 44, 2265, 2.”138%5

YEER 49, 2478, BeC1542

7200, 55, 2891, 221731

sree, 59, 3324, 3.01857

9eae., 62, 3717, 2.01954
10702¢, 66, 413¢e, 222477
1i0ae, 74, 4543, ¢.p2234
1222@, 76, 4956, 2.02391
13202, 79, 5369, B.02486
14732, 84, 5782, .22643
18432, 88, 6196, 2,22769
16290, 93, 6629, 0.02926
1722¢. 97. 7822, 2.983352
18220, 101, 7435, 2.03178
19922, 1025, 7848, 2.0330C4
29204, 128, 8261, 2.03398
2122¢, 112, 8674, g.23524
22722, 115, 9287, 2.23619
23202, 118, 95822, 2.03713
24202, 121, 9913, 2.23827
28200, 126, 10326, 2.23965
26702, 129, 12739, ¢.24059
27324, 133, 11152, Q.04185
2822¢, 142, 11565, 2.04425
297222, 144, 11978, 2.24531
322%¢, 148, 12391, 3.24657
31200, 152, 12824, 2.04783
32092, 155, 13217, 2.04877
33400, 158, 13632, @.C4972
34290, 161, 14043, 2.05066
35000, 164, 14456, 0.85167
36270, 168, 14869, B.05286
37207, 177, 15282, 2.05577
3882%. 183) 156959 6085758
39220, 186, 16128, #.,05853

ULTIMATE STRENGTH = 16521, (LBS/SG,IN,)

-------: LIHES Nol 7 ---;-;--
‘ AREA = 1,524 X 1.511 SG.IN LENGTH 3 3,219 IN.
NO OF READINGS = 35 MAXIMUM LOAD = 35902 LBS,
LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCINZIN)

120¢, i, 434, 0.00031
2@@0- 67( 869’ g'ﬂZﬁai
3220, 74, 1303, 0.22299



T-1759 148

4noe, 83, 1737, 8.02578

5020, 88, 2171, g.02734
6eae, 93, 2626, 2.02889
7200, 99, 3042, 2.03¢79

8300, 124, 3474, 2.23231

oaae, 126, 3908, 2.23293
10800¢, 128, 4343, 8.23355
11222, 129, 4777, .c3386
12202, 113, 5211, 2.23417
13220, 112, 5645, 0.23479
14700, 115, 6782, B.03573
152302, 13¢e, 6514, 2.24239
1822¢, 132, 6948, B.ca1014
17220, 135, 7382, B.24194
1820¢, 138, 7817, 2.24287
1923¢. 141, 8251, P.04387
21090, 147, 9119, @.04567
227028, 149! 9554, B.04629%
23727, 152, 9988, B.04722
24222, 154, 12422, Be24784
257002, 156, 18857, P.04846
2622¢, 159, 11291, #e.04939
27202, 162, 11725, g.05233
28422¢, 164, 12189, 0.8529%
292ar, 167, 12594, g.05188
3g2ea, 171, 13228, 2.25312
317232, 174, 13462, B.25425
J24@a, 177, 13896, B.05499
33422, 204, 14331, 2.86337
34220, 212, 14765, 226524
3523202, 242, 15199, 27456

ULTIMATE STRENGTH = 15598, (LBS/SQ,IN,)

9.-----: LXVES NO. 8 - g -

AREA 8 1.589 X 1,596 SQ,IN, LENGTH 2 3,167 IN.
NO OF READINGS = 47 MAXIMUM LOAD ® 47272 LB8S,

LOAD(LB) DEFORM,¢THSIN) STRESS(LB/SQIN) STRAINCIN/ZINY

1292, 1, 394, 000032
2200, 35, 789, g.01185
32022, 44, 1183, 2.21389
4202, 49, 1577, B.21547
59@“. 56q 19720 @0E1768
6200, 67, 2366, 2.C2116
72082, 75, 2762, @.22368
8202, 79, 3155, 0.02454
9202, 85, 3549, 0.02684

ie7202., 94, 3943, B.026842



T-1759 149

1100¢, 94, 4337, @.0296A
12020, 97, 4732, 2.03063
1472¢, 103, 5520, @.03252
15302, 197, 5915, 2.83379
17222, 113, 6723, .23569
19229, 119, 7492, 2.03757
20232, 122, 7886, 0.£3852
21702, 126, 8281, 2.23979
222720, 129, 8675, 0.24273
23420, 132, 9269, .04168
24700, 136, 9464, @.04294
25222, 139, 9858, 2.24389
2672¢, 143, 12252, 2.24515
27700, 147, 10647, B.04642
2s8uvae., 152, 117241, B.C4736
29202, 154, 11435, 2.24863
3gaee, 157, 11829, 2.04957
31200, 160, 12224, 2.250852
32000, 164, 12618, @.25178
332920, 167, 13212, B.05273
34802, 174, 134027, g2.25399
38227, 174, 13821, g.25494
36200, 178, 14195, @.25627
37200, 182, 14597, B.05747
38202, 185, 14984, g.05841
39232, 189, 15378, g.25968
4g2ae., 193, 15773, 2.06294
412272, 196, 16167, 2.26189
42227, 208, 16561, 9.06315
432072, 203, 16956, g.06417
44002, 207, 17352, B.06536
45202, 212, 17744, 2,06694
46202, 226, 18138, B.07136
47239, 236, 18533, 2.07452

ULTIMATE STRENGTH = 18612, (LBS/SQ,IN.)

-

rreeceea | IMES NO, 9 ceccnc--

AREA 3 1.595 X 1.565 SU,IN, LENGTH = 3,172 IN,
NO OF READINGS s 39 MAXIMUM LOAD ® 392083 LBS,

LCAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(INZIN)

1002, 1. 401, 2.00032
2702, 2. 801, 2.20063
37202, 32, 1202, 2.010829
41232, 33, 1602, 2.01047

500¢, 38, 2023, @.21198
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eeda, 43, 2404, 2404356
7322, 47, 2804, @.01482
8200, 52, 3205, 0.21639
10720, 67, 4026, A.22112
1i09e, 71, 4407, 8,02238
1278¢, 76, 4807, 2.02396
1322, aa, 5208, 2.22522
14480, 84, 5609, 2.32643
18000, 89, 6029, d.22826
16232, 94, 6410, B.02963
17292, 99, 6812, 2.23121
18222, 182, 7211, .23216
19092, 125, 7612, 2.23317
2@@%@. 1@9; 8212, B.93438
213@@0 112g 8413, P.2353¢
227222, 115, 8813, 2.23625
23232, 119, 9214, B,03752
24492, 122, 9615, 2.03846
25234, 125, 12015, 2.23944
26202, 129, 10416, 2.04067
272022, 132, 10817, 204161
28200, 137, 11217, ?.04319
29202, 142, 11618, 2.04414
3g29¢. 143, 12218, 2.04528
3ieze, 147, 12419, B.04634
32¢@2. 152, 12822, B.04729
33202, 154, 13222, 2.04855
34738, 158, 13621, 0.04984
35200, 162, 14921, 0.25127
36224, 167, 14422, 0.65265
37000, 173, 14823, 005454
lsede, 182, 15223, 2.05733
Jeeee, 185, 15624, 2.25832

ULTIMATE STRENGTH = 15704, (LBS/SOQ.IN,)

emecmees  LIMES NOy 18 m=ee=l--

AREA 3 1,532 X 1.54% SG,IN, LENGTH 3 3,217 IN,
NO OF READINGS = 47 MAXIMUM LOAD = 47820 LBS,

LOAD(LB) DEFCRM,(THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1202, 1. 422, 2.00231
2202, 2. 845, @.00062
3707, 59, 1267, 8.21554
4220, 55, 1690, g.21717
LId 0 é8, 2112, P.22114
6222, 75, 2535, 2.02331
700, 79, 2957, 0.02454

82ada, 82, 33842, 2.02349



T-1759 | 151
9080, 86, 3822, 6.02673
10200, 89, 4225, 0.02767
1172¢, 92, 4647, 0.02862
1220¢, 96, 5072, 0.02984
14704, 103, 5915, g.03202
15202, 106, 6337, .23295
17202, 113, 7182, 2.23513
18007, 117, 7625, 223637
19200, 120, 8227, 2.03737
20232, 123, 8452, g.23823
21002, 126, 8872, @.23917
2207, 129, 9295, 9,04217
23222, 133, 9717, 2.24134
24207, 136, 1014¢2, B.24228
25200, 14e, 10562, $.24352
26202, 143, 10985, 2,24445
27200, 147, 11497, @134569
2870¢. 153, 11832, 204663
297202, 153, 12252, 2,04756
38220, 156, 12675, B.04849
31292, 159, 13297, B.04942
32202, 162, 13528, 2.05236
33000, 166, 13942, 2.05164
34202, 169, 14365, 2.25253
35202, 172, 14787, 2.05347
16297, 176, 15214, B.05471
3722002, 179, 15632, 2.05564
38200, 183, 16054, 2.05689
39207, 186, 16477, 3,95782
41202, 192, 17322, 2,25968
42202, 195, 17744, 0,06062
44000, 202, 18589, 2.06279
45209, 225, 19212, P.06372
482072, 210, 19434, ¢.06528
472a¢e. 219, 19857, g.06828
ULTIMATE STRENGTH = 20195, (LBS/SQ.IN,) ¢
semeeeel  DOLOM NOY 1 ===ceaew

AREA 3 1,533 X 1.524 SQ.,1v,
MAXIMUM LOAD = 44222 LBS,

NO OF READINGS s

44

LOAD(LB) DEFO

12892,

2787,
3208,

RM, (THSIN)

i.
54,

71,

LENGTH = 3,035 Ino

STRESS(LB/SQIN) STRAIN(CINZIN)

434, 2.00333
867, 2.021779
1321, 2.02339



T-1759 152

4002, 82, 1738, @.02636
5002, 85, 2169, 2.228021
640¢, 9a, 26022, 0.02965%

7202, 94, 3036, 2.23097

8000, 102, 34702, 2.03295
9cae, 184, 3983, ?,03427
12222, 158. 4337, 2,035%4
11029, 113, 4774, 2.23723
1223c, 116, 5225, 2.03822
137332, 124, 5638, 3403954
14720, 123, 6072, 2240853
15020, 127, 6536, @.C4185
17202, 135, 7373, 2.04448
1823¢a, 139, 7887, P.24587"
i19eae, 141, 8241, B.24646
207237, 144, 8674, 2.24745
21029, 148, 9188, P.04876
22022, 151, 9542, 2.04975
232372, 154, 9976, 2.25274
24200, 158, 12409, @.25204
25020, 161, 12843, 2.05325%
26222, 165, 11277, 2:.05437
27309, 1772, 11710, Be256021
29020, 179, 12578. 2.25898
33000, 182, 13212, 2.25997
31222, 189, 13445, B.26227
32787, 194, 13879, @.26392
332002, 197, 14313, ge26491
3442¢, 2014, 14746, B.26623
35922, 205, 15182, 2436755
36222, 212, 15614, 2.,2698%
37222, 218, 16048, 2.07183
3820¢, 225, 16481, 2.87414
39200, 230, 16915, @.07578
4239292, 242, 17349, 2.07928
4100@., 245, 17783, 2,08072
42270, 25@. 18216, g.08237
432243, 258, 1865¢, 2,08521
44229, 264, 19284, 2.08699

ULTIMATE STRENGTH = 19178, (LBS/SQ.IN,)

emmecews  [OLOM NOW 2 =emecce-
AREA = 1,517 X 1,561 SG,IN, LENGTH = 2,978 IN,
NO OF READINGS = 29 MAXIMUM LOAD = 294082 LBS,
LOAD(LB) DEFORM, (THSIN) STRESS(LB/SOIN) STRAINCIN/ZIN)
14442, 1. 422, 0.,00034



T-1759 153

203@. 42; 845. g!@i41ﬂ

3300, 59, 1267, ?.01981
4029, 62, 1689, 2.02082
5020, 68, 2111, 2.02283

6022, 73, 2534, B.02451

7233, 78, 2956, 0.,02619

seac, 81, 3378, @.g2727
sez2a, 85, 3801, B.22854
13792, 89, 4223, @.02989
110002, 91, 4645, 2.23256
12720, 95, 5067, 2.23197
13207, 98, 5492, B.232914
14c00, 101, 5912, 2.23392
15222, 125, 6334, 0.03526
16207, 109, 6757, B.03667
17202, 112, 7179, @.03761
18202, 115, 7621, 0.33862
1922¢, 118, 8024, 8.23962
200062, 121, 8446, 2.04063
2i207, 125, 8868, 2.24197
227202, 129, 9298, B.ca332
23400, 133, 9713, @.04466
24202, 136, 12135, 8.24567
2852087, 15@.' 18557, 2.05037
26222, 164, 10987, g.25507
2720¢, 167, 11422, 2.25628
2810¢ 174, 11824, d.25742
2910¢., 179, 12246, 2.26011

ULTIMATE STRENGTH = 12415, (LBS/SQ,IN,)

-

emmaeeol  DOLOM MOy 3 mmeeela

AREA = 1,519 X 1.559 SQ,1v, LENGTH a 3,225 IN
NO OF READINGS = 54 MAXIMUM LOAD = 54222 (BS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/ZIN)

12040, 1, 422, ?.20033
2002, 43, 845, B.01322
3202, 86, 1267, 0.218514
9@@@. 64! 1689. 0.@2116
5207, 68, 2111, B.22248
673, 72, 2534, deg238n
702¢ ., 78, 2956, @.22579
8eav, 83, 3378, 0.02744
9722, 86, 3800, 2.,02843
1g72e, 94, 4223, 2,0297%
11209, 94, 4645, 2.03127
12200, 98, 5267, g.2324r
137237, 101, 5490, 2.23339%

14020, 125, 5912, Pe234714



T-1759 154

15429, 199, 6334, ?.23623
14222, 112, 6756, g.23702
173ae, 115, 7179, 2.23882
1873¢e., 118, 76214, P.03921
19030, 121, 8023, Q.240C2
28227, 124, 8446, 2040599
217220, 127, 8868, 2.24198
22792, 1342, 92942, 2.04298
23000, 133, 9712, C.24397
24732, 137, 12135, @.04523
2573¢ . 144, 10557, B.e04624
27¢2¢, 146, 11421, 2.04826
282072, 157, 11824, 2104959
29222, 153, 12246, @.25058%
Igaae, 156, 12668, 2.,25157
342202, 162, 13291, 2,05289
I27AL2, 164, 13513. 2.25421
33222, 168, 13935, 2.%5554
34202, 172, 14357, 2.25688
38039, 175, 14782, #.25785
IeNZ2, 184, 152082, 2.25957
37220, 182, 15624, 2.06017
3922¢, 188, 16469, 2.06215
402202, 191, 16891, P.06314
41722, 194, 17343, 2.06413
42022, 197, 17736, 2.26512
43007, 202, 18158, 2.06673
4473¢ , 256. 1858¢, 2.co817
45220, 2”9‘1 16d22, 2.269L29
46202, 212, 19425, 2.070028
49000, 224, 20692, @.27485
51222, 248, 21536, 2.28198
52020, 252, 21958, 2.38331
$3289, 2681, 22381, P.08628
54200, 278, 228823, 2.09192

ULTIMATE STRENGTH = 22887, (LBS/SQ.IN,)

- -

LA L TP T DOLOM NO, 4 .-
AREA B 1,562 X 1.528 SQ.IN, LENGTH 'i_ I.038 [N,
NO OF READINGS s 54 MAXIMUM L0OAD ® 54402 LBS,
LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(CINZIN)

17280, 1, 419, 2.00233



T-1759 155

5020, 73, 2095, 0.02423

6200, 78, 2514, 0.22567

gaan, 99, 3352, 822962

QaA2L, 94, 3771, 2.03294
ia7ee, 102, 4192, 8.23292
12200, 107, 5028, 0.23522
13220, 112, 5447, 2.03621
14@8@. 113& 5866. De)37272
182¢2, 117A 6285, d.23851
16202, 122, 6724, @.240316
172a¢, 126, 7123, 2.04147
18227, 129, 7542, 004246
19237, 132, 7964, 0.24345
20e00, 136, 8382, g.24477
21720, 139, 8799, ¢.0457%
22000, 142, 9218, 0.04674
23222, 145, 9637, Z.24773
24200, 149, 10056, 2.049L5
25482, 152, 12475, 2.250€3
26807, 155, 16894, B.85102
27027, 158, 11313, 2.25281
287283, 161, 11732, 2.05323
29202, 165, 12152, 9.05431
Jazaoe, 168, 12569, @.05537
317040, 171, 12988, 2.65629
32200, 174, 13427, 8.25727
3328¢ . 177, 13826, B.05826
3422¢, 1842, 14245, 2.0592%
35200, 183, 14664, 206024
38229, 186, 15283, 0.26122
38200, 192, 15921, 0.26323
39722, 195 16340, d.06419
422292, 197, 16759, 206485
4in0a, 201 . 17178, B.06616
42708, 205, 17597, 0106748
4320¢ . 2@9. 18216, 2.2688%
a4z27, 212, 18435, B.26978
45702, 215, 18854, 2.272¢77
467222, 219-_ 19273, 2.272029
47200, 223, 19692, 2.07347
48Q0e, 227, 20111, 2287472
49200, 230, 20532, 2.07574
50207, 233, 20949, B.07677
51@2@0 237. 21368, @.678¢¢
52720, 247, 21787, 2.,07922
53200, 244, 22286, 2,280372
54700, 256, 22625, @.08427

ULTIMATE STRENGTH = 22793, (LBS/SQ,IN,)



T-1759 156

-n-----: DOLOM NO. 5 ---Q-;—-

ARgA 8 1,514 X 14534 SO, N, LENGTH = 2,979 [N,
NO OF READINGS = 47 MAX IMUM LOAC = 47200 LBS,

LOAD(LB) DEFORM,(THSIN)  STRESS(LB/SAINY  STRAINCINV/IN)

102G, 1, 431, 0.00234

2022, 42, 861, 2.21417

302¢, 47, 1292, P.21578

4899, 54, 1722, 2,01813

5670, 58, 2153, 2.01947

$23¢e, 62, 2583, p,02284

7422, 67, 3214, @.02249
12822, 8z, 4326, 0.32685
11208, 84, 4736, #.22822
13732, 9a, 5597, B.03224
142022, 93. 6928, 2.03122
15202, 97. 6459, B.23256
16222, 191, 6889, 2.23392
17022, 104, 7320, 2.034914
18@@@! 1@7, 775@. 6083592
19222, 112, 8181, 2.83693
2802¢, 113, 8611, 2.03793
2129¢, 117, 92842, 3.23927
222322, 123, 9473, 2.04028
23020, 123, 9923, 2.04129
24000, 127, 10334, @.04263
25770, 131, 10764, 0,24397
26227, 134, 11195, 2.04498
279020 137{ 116260 09@4599
28222, 140, 12256, 2.24720
29227, 143, 12487, G.04820
30090, 146, 12917, 204984
31@@@. 1491 13348( Uc@5@z?
J224e2, 152. 13778. 6065122
33032, 1564, 14209, 2.8523?7
34202, 159, 14642, 2.05337
35@9“. 162! 15”7@. 3025438
363082, 165, 15504, 2.85539
37220, 168, 15931, 2,05639
3803¢, 171, 16362, 2+257472
3902¢., 175, 16792, 2.05874
49222, 178, 17223, 2.05973
44922, 181, 17654, @.26076
42200, 194, 18284, 2.06378
43290, 194, 18515. A.06512
44027, 198, 18945, 0.06647
45000, 291, 19376, 2.26747
4600, 205, 19826, P.0688?2
47200, 2989, 22237, 2.07018

ULTIMATE STRENGTH = 21323, (LBS/SQ.IN,)



T-1759 157

mmmmeeee  DOLOM NO, & =e=mccoa-

AREA = 1

1522 X 1.531 SQ.!N. LENGTH = 2,978 IN
NO OF READINGS = 57

MAXINMUM LOAD = 52822 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCIN/ZIN)

1202, 1, 430, 2.20034

2223, 45, 859, 221515

4232, 64, 1719. 2.02155

5202, 73, 2149, @.22357

6722, 75, 2578, BeB2525

8382, 88, 3438, 2.22963

920¢. 94, 3867, 2.03165%
1222, 98, 4297, 2.23322
11202, 121, 4727, 2.023421
12942, 105, 5157, 2.2353%
13222, 109, 5586. 2.03677
14222, 113. 6216, 2.2380C5
i522¢, 118, 6446, 2.23973
162022, 121, 6875, BeC4274
17222, 125. 7325, 2.042089
18702, 128. 7735, €.243172
192¢2. 132. 8145, P.04444
2@3&@. 135. 8594, B.04545
21322, 139. 9024, 2.04682
223242, 142, 9454, 2.04784
23402, 146, 9883, 2.C4914
24202, 149, 12343, 2.25217
25222, 152, 18743, 2.05118
26C0¢., 156, 11173, 8.05253
2722a, 16@. 11622, g.25387
282809, 164, 12832, B.g5522
29223, 168, 12462, P.05657
33232, 171q 12891, 2.95758
32282, 178; 13751, B.05993
33222, 182, 14181, 906128
34200, 185! 14617. B.R6229
38707, 189, 15924y, B.06364
362392, 194, 15472, 06532
I7287, 199, 15899, Ae367027
3822%, 207. 16329, Q.016972
IO, 214, 16759, g.272028%
42930, 218, 17189. 2,07342
44020, 222{ 17618, 0.07475
42202, 226, 180248, 2.07629
430220, 234, 18473, Q.07879

4529C, 249, 19337, 2.08384



T-1759 158

46707, 2%2, 19767, @.08485
47204, 258, 20197, @.78687
4307, 261, 20626, ?.78788
49227, 264, 21256, 2,08889
5g22%, 267, 21486, B.08992

by IMAsE cpRENGTH = 21832, (LBg/gQ,IN.)

Ll LT TP COLOM NO 7  ~ecccaw-
AREA = 145720 X 1.548 Sq.lIN, LENGTH = 2,982 IN.
nO OF READINGS = 55 MAXIMUM LOAD = 5542 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(IN/ZIN)

1222, i. 431, 2.28034

2007, 38, 861, 0.01275

3022, 46, 1292, 2.01544

4220, 51, 1723, 2.21711

5200, 58, 2153, B.01946

6307, 64, 2584, @.22148

72223, 78, 3215, 2.022349

8U22. 75, 3445, 2.22517
9223, 78, 3876, D.02617
11292, 87, 4737, g.02919
12222, 91, 5168, g.c3054
13022, 94, 5599, @.03154
14202, 189, 6229, B.23356
15202, 1ﬁ3, 8460, B.23456
16722, 106, 6891, 2.03557
17382, 199, 7321, 2.23658
1804¢., 112, 7752, 2.23758
19200, 116, 8183, 2.23893
208289, 124, £613, 2.240227
21200, 124, 9244, 2.24161
22702, 127, 9478, €.24262
23202, 134, 9945, g.04396
24202, 135, 12336, @.C45307
282082, 138, 12767, 0.24631
26370, 141, 11197, B.04732
27322, 146, 11628, 2.24899
2872¢C, 152, 12059, 2.05034
3229¢, 157, 1292¢, Be0526R
31222, 161, 13351, 2405403
327272, 164, 13781, 2.25583
JI2A0, 167, 14212, .015624
34722, 171, 14643, P.05734
I5AA0, 175, 15273, 2.25872
36202, 178, 15504, 2.25973

3723¢, 182, 15935, 206127



T-1759 159

38322, 185, 16365, @.26228
39202, 188, 16796, 2.263029
4@naz, 191, 17227, B.26409
44204, 195, 17657, B.06544
42700, 198, 18788, @.06644
a3 93y, 202, 18519, Be:6779
447202, 205, 18949, 0.26879
482072, 209, 19382, 2.27213
46002, 212, 19311, @.27114
47300, 215, 28241, 8.27215
48007, 224, 20672, B.07416
49207, 224, 21122, 3.87517
528@@0 239( 21533. 30@7718
54302, 242, 21964, 2.,08025
%2227, 245, 22394, 108229
53200, 25¢, 22825, 0.28389
54237, 257, 23256, g.08624
S520€C. 262, 23686, 0.08762

ULTIMATE gTRENMGTH = 23859, (LBS/SQ,IN,)

mm———- - DOLOM NOy B8 =mececma--
AREA = 1.542 X 1+521 S3.,1IN, LENGTH = 3,018 In
NO OF READINGS a 53 MAXIMUM |_OAC =3 53492 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAINCINZINY

1902, 1. 426, 2.00033
2002, 20, 853, B.00664
32209, 29, 1279, P.20963
4799, 37, 1795, 8.21229
52322, 43, 2132, 2.01429
7282, 51, 2985, 0.01654
8903, 54, 3411, B.01794
9zﬁ@o 56. 38370 Qr@iaéz
18702, 61, 4264, B.22027
117282, 65, 4699, Q.22159
12232, 67. 5116. 2.22226
137222, 72, 5543, 0.02326
14300, 73, 5969, 2.02425
15732, 76, 6396, 0.2252%
163@91 83{ 68221 2062658
17222, 83. 7248, Je22757
18722, 87, 7675, 2.,02897
192ae, 92, 81921, 0.03056
20207, 94, 8527, 2.03123
217220, 97. 8954, 2.03227
227202, 121, 938¢., P.03355
2332e., 105, 9827, R.03488

241302, 128, 12233, g.03588



T-1759 160

25022, 111, 10659, B.23688
26700, 114, 11286, 2.03787
272002, 117, 11512, 2.03887
28307, 122, 11938, 0,03987
29720, 123, 12365, B.04e86
Jeraan, 126, 12791, Ae24188
31222, 129, 13217, 0.04286
32227, 132, 13644, @.24385%
33202, 135, 14272, f.24485
34202, 139, 14497, P.74618
35222, 142, 14923, B.04718
3822@, 146, 15349, 2.04852
37282, 149, 15776, B.24950
3972302, 155, 16628, @e2515%
42222, 159, 17355, £.€5282
41222, 163, 17481, 2.25419
42222, 166, 17928, 8.C5515
43222, 169, 18334, A.25615
44202, 173, 18782, B.¢5748
45222, 176, 19187, £.05847
46222, 179, 19613, 2.05947
47203, 182, 208039, 6047
48722, 185, 20466, C.06146
49233, 188, 20892, @.06246
50290, 193, 21318, ¢.06412
517234, 228, 21745, 2.066453
52022, 427, 22171, 2.13953
83202, 921. 22598, @.30598

ULTIMATE STRENGTH = 22768, (LBS/SG,IN,)

wmmee-eeac  DOLOM NOy, 9 =ccece--
‘ AREA = 1.%49 X 1.564 SQ.IN, LENGTH 3 2.936 IN.
NO OF READINGS = 59 MAXIMUM LOAD = 59822 LBS,

LOAD(LB) DEFORM,(THSIN) STRESS(LB/SQIN) STRAIN(INZIN)

1282, 1. 413, g.cee234
2202, 65, 826, @.02214
3200, 84, 1238, 2.22861
42202, 92. 1651, - B.23134
5222, 98, 2064, 0.0333A4
6702, 124, 2477, 2.03542
7727, 110, 2889, P.23747
870C. 116, 3322, B.83951
923¢, 122, 3715, 2.04087
10202, 126, 4128, @.24252
11480, 132, 4541, @.04428
12227, 134, 4953, P.04564

13000, 138, 5366, 2.24700



T-1759

14202,
18202,
16@@@0
17202,
18200,
193ae,
2ezae.
217822,
222@0,
232a¢e,
24222,
28202,
26202¢,
2722¢2,
28282,
292a¢e,
Iazrze,
31?@?0
327202,
33202,
34222,
35222,
363@@0
37222,
38323,
39222,
ag20¢.,
412@90
42227,
43@@ﬂc
44222,
4520¢.,
46222,
47223,
48229,
497002,
59220,
5193@0
52002,
53222,
54202,
55222,
56227,
572202,
s870c.,
5920¢@,

ULTIMATE STRENGTH = 24684,

AREA ®» 1,553 X 1.569 SQ.1IN,

NO OF READINGS =

-
LA K X X X W I

49

141, 5779,
145, 6192,
157, 6604,
153, 7317,
154, 7432,
159, 7843,
162, 8255,
166, 8668,
169, 9081,
172, 9494,
175, 9927,
178, 12319,
181, 12732,
185, 11143,
188, 11558,
192, 11972,
194, 12383,
196, 12796,
199, 13229,
223, 13622,
206, 14034,
209, 14447,
211, 14862,
214, 15273,
218, 15685,
221, 16298,
224, 16511,
227, 16924,
232, 17336,
233, 17749,
236, 18162,
239, 18575,
241, 18988,
244, 19420,
246, 19813,
249, 20226,
251, 22639,
254, 21251,
256, 21464,
259, 21877,
262, 22294,
269, 22723,
272, 23115,
276, 23528,
279, 23944,
289, 24354,

(LBS/SQ,IN,)

DOLOM NOs 10

MAXIMUM LOAD ® 49322 LBS,

2.048C2
B.04939
g.251€9
2.252114
2.05313
£eJ5414
2.25518
2.25654
2.05756
2.058519
B.05962
B.267263
2.06165
B.26321
Z2.L6423
B.26471¢
Bel66L5
D.006674
C.e28778
#.06914
Z2.27216
J.27119
B.27187
%.07289
2.27425
8.27527
B.27629
B.07732
A.27834
2.27936
2.28238
2.081472
g.08228
0.083114
#.08379
2.08481¢
£.28549
2.08651¢
2.08719
p.08822
g.28924
2.09162
D.79264
2.09404
g.095C3
P.729843

LENGTH = 2,994 [N

161











































































