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INTRODUCTION

Residual stresses caused by welding result from the norumiform
rate of cooling and the restrained thermal contraétion or non-
uniform plastic deformation.

From the zone of extremely high temperature at the weld, heat
flows into both the adjoining cool body and the surrounding
atmosphere. The weld metal solidifies under very rapid cooling.
The plasticity of the hot metal allows adjustment initially, but
as the structure cools the rigidity of the surrounding cold metal
inhibits further contraction. The zone is compressed and the
weld is put under tensile stresses of high magnitude(1). The
danger of cracking in these structural elements is great(2).

Change in specific volume is caused by the change in temper-
ature. The following simple analysis helps to visualize the
action of temperature change in a confined body on stress operation(3):

A reduction of the temperature (t) of a confined body by (At)
would decrease the body's original length '(€) by (AQ ). To

restore the original length, a tensile stress (o—) must be applied.

Hooke's law gives == %g , and the expression for temperature
E
expansion is o¢. At = b'—_—c:f By substitution therefore,

L= . At, where o< is the temperature expansion coefficient,
Ie.:_:nd E is the body's modulus of elasticity.

Assuming E = 30 x 10° psi for steel and <= 6.3 x 107 per °F,
the temperature reduction necessary to reach the yield point of

about 30,000 psi is:



|

This indicates how a relatively small temperature change in a
confined body can give rise to an intense stress, and of course
stresses will result from any temperature gradient regardless
of whether the body is confined or not.

In the case of large and complex structural frames, residual
stresses will definitely be high because of the confinement of
the individual members. Also the proportions of components have
significant effect on the stresses.

As a result of the highly localized heat input, followed by
the rapid cooling, specific effects are introduced into the
regions adjacent to the weld. The sudden variation in temp-
eratures between the weld zone and adjacent parts, Figs.l § 2,
can cause non-uniformity in grain structure, and the formation
of hard Martensite or Bainite, Figs.3, 4 § 5, which are briftle
and; with the interplay of thermal stresses, contribute to
cracking under external factors. The sharpness of the variation
in the microstructure can be reduced by prehéating the basic
metal aﬂjacent to the weld, %o about 400°F just prior to welding.
This preheating produces more gradual change in the microstructure
and thereby eliminate the metallurgical stress-raiser.

In many projects where stiffness and dimensional stability are
essential, the removal or at least a significant reduction

of such stresses 1s necessary.
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Oxy-Acetylene Welded Mild Steel Plate (0.23%C)
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Manual Metal-Arc Welded Mild Steel (0.2%C)
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Metal-Arc Fillet Welds In "40" Carbon Steel (0.41%C)

Heat aflected zone near the fuslon boundary. Martensitic
structure with small islands of dark etchinx constituent
in the prieor sustenite graln boundaries.

The right figure shows a part ln greater detail.

Light acicular structure of martensite within the body
of the grain - Dark etching cools in the zrain boundaries
may be troostite or very fine pearlite.

Figure 5
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Some gf the patterns of residual stresses are understandable,
especially when a metallic solid is exposed to a homogeneous
treatment. Various theories that depend upon layer removal
(4-6) have been developed to analyse uniform stress distributions.

The decision was made to release the embeded residual stresses
by removing successive layers off the metallic surface using
diluted nitric acid solution or caustic soda solution. Although
such a technique is time consuming, yet it is preferred to the
mechanical methods where excess heat and vibrations can affect
the pattern of the existing residual stresses.

Fusion welding is generally used because it is rigid and simple,
as compared to rivetting or bolting techniques. In fusion
welding tensile stresses of high magnitude are always developed
within or near a weld(7) and the danger of cracking in these
structural elements is great.

Thermal treatment is currently applied to relieve such stresses.
The technique of inducing mechanical vibrations, through a
variable speed eccentric motor, has been tried with simple
metallic shapes to reduce or eliminate residual stresses developed
by welding(8-10). The effect of such a technique on complex
structures, however, is not clear and needs investigation.

One major project affected by fusion welding is the Lawrence

Livermore Laboratory's Shiva project in California(11l).



THEORY



THEQRY

P4

Stablein, (12) Davidenkow and Shevadin, @) rLetner,™*) and Brisch

(15} 211 tried to deduce mathematical equations for pre-

and Thomsen,
dicting residual stresses in bar specimens, applying the deflection
technique. The most suitable analysis is the one developed by Frisch
and Thomsen. If a straight metallic bar of rectangular cross section
is subjected to such loads that stresses are induced in one of its

surface, the stressed surface of the wmrestrained bar will become curved

upon release of the load., Furthermore, if the induced stresses are
tension stresses and are constant at any particular depth in the stress-
ed layer, the bar will assume a concave awvature of radius R,

The analysis deals with longitudinal stresses only, and it has

been assumed that the effects of possible transverse stresses, if

present, are negligible. ) ORIGINAL PAGE 18 ‘
OF POOR QUALITY
m=_E_ w2 Ay L
52 1. AR TR
H- Ay
Where:
o, = Original stress in the infinitesimal layer Ahy which is u
arbitrary infinitesimal layers of thickness A h below the
surface of the original bar
E = Modulus of elasticity
2L = Central portion of the bar between supports
H = Initial depth or thickness of test specimen
Ahy = First layer to be removed

A f = The change in deflection after the first layer is removed

Successive layers of thickness Ah are to be removed from the bar
until hy is completely removed. From the observed changes in deflec-

tion of the bar, it is possible to reconstruct the original stress dis-

s 4t 2 Fln e A Tavrar h
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Where:

K=4E = A constant for anyone material
2
df = The slope of deflection as a function of the depth of the
dh

layer i I -
Also it may be written in 2 logaritiwic form while replacing o by

n, the true response of the residual stress (psi)’

1= BO +‘B1X1 + BZXZ + BS}{S ------------------ "3
or
Y = bo + b1Xy * bgXy * b3z ¥ £ mmmmmmeemooemeo e 4

Where:

i

By, B1, By, & Bz = Parameters

bO‘J bl: bZ: & b3

Estimates of the parameters

e = Experimental error
X1, X3, and X3 = Logarithmic transformation of 12, H2 and af
<h
Y = The observed residual stress on the logarithmic

scale
The stress in the first layer can be obtained by obtaining the
siope of the defiection versus depth-of-layer curve at the surface and

letting Ah + 0, Thus

oy =B ML 8f e 5
3712 dh “surface
Where:
Q_Qf_)
dh surface = Slope of deflection as a function of depth of

layer at h=0, or surface of bar

Revealing the pattern of the residual stress distribution for each
of the seometrical shapes under consideration will help to develop a

new set of analytical formulas to represent such stress patterns as

foimd in cammlex frame strictures bv weldine.
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THEQRY
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Assume the body of g bar is formed of infinitesimal layers
of thickness Ah each.

Let c—é be the stress generated by welding in a layer (n)
below the original surface of the bar and of thickness Ashn.

Following the removal of all layers ahove l&hn, the
original stress o—é in that layer will be changed to o,

This change 1s caused by the redistribution of the stresses

following the removal of (n-1) layers above the layer (n) and

in order to restoresthe balance of stresses across the bar sectﬁ@ﬂ‘
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In order to visualize the effect of the removal of any
specific layer, z;hm at depth hm’ upon the stress O"B_iﬂ the
layer D h -
Let (e e be the stress in the layer lﬁhm at the time this
layexr is removed.
The removal of the layer Chhm canses two changes upon the
stress lim
S
i~ Inducing a stress A because of the removal of the axial
force in the layer llhm

Z- Inducing o stress G*EB hecause of the removal of the hending

moment effect of the force removed in the layer ﬁhm

Therefore, the original stress c-I;L in the layer Ah

caused by the welding is composed ofs- TR which is the
n~1
stress in that layer at the time of its removal + Z:f(q—“+-o“’)
nA nB

which is tThe total stress induced in that layer Ahfl because

of the removal of all previous stressed layers.

P

-1
TR Tt L (Om togy) e ©
0

It Fm = The axial force in the layer removed, it balances
the remaining axial force Fs

Fs="Fm

Agsuming the width of the bar = b

4

.. Fm = O, X cross sectional area of the layer

= C‘—.-.[-ﬂ‘ -{\hm.b ————————————————————— (7)

P7
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The remaining axial force F, is worked from the balancing

axial stress O_EA appearing at layer n.

vv Py = o H - hm).b ——————————————————— (8)

. Fgq Fy ~ bhy (9)

S UE-A = B = —O_ﬂl‘ S — — s
e {(H-h_).b (H-hy).b T H-hpy

The second reaction is the bending reaction

M_.C
T = - e (10)
nB T
S
Where:~ 3
h(H-h_)
= o e b e o e (11a)
Is
12
(},,i = The distance of the layer n from the N.A. of the
remzining sectlion
H-2h  +h -+
= hn m hn _______________________ (11b)
2 -
MS = The bending moment in section remaining
= F, » Its arm from the N,A.
o p  wt Oy e (12)
m!
2
Substituting (11a), (11b) and (12} in (10)
5 H-hp+Ah, H~2h, +h, +00h
. i . II]_' -
“ . cr';l = 2 5 2
b(H-hm)
i2
3 JF (8 hm+A hy) (F bn+hm+a.hn) 153)

b(H-h,)”
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And substituting for F, froa equation (7)

S -30. An (H-hy + Al ) (H-2h,+h + Bhy))

-2

g = e s (13b)
n
= (5-h,,)3
Stregs at the outer fiber
= 14
O3 = B €, eemmmccmmmemmmm e (14)

Where

BE = Modulus of Elasticity

€ =

o Strain measured using electric strain gages

.+ The total changes at layer n, due to the. removal of Ahm

From equations (9) and (13b)

L Tpe Dby 3075 85y (H-hyt Dby ) (H=2hpthy+ Bhy) g6
o o T = - -
a1 H =~ hy ( - o)
., _ S n1
R Y N e
B - by (2 - hm)B o

And for the ounter fiber

Iy T Yo h, =1 And. Ahnzo

I
, o—. Bn 3 e Ahy (H-hpt Ahy) (-H4hy)
B E— i (H - n_)3

5 h -n,

oge My 30E. By (H-hyt Ay)
H - hy (2 - hy)?

——
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G o

or O";'ﬂ = - ———— e (l7b)
— Ang 3 Dhy, (H-hp+ Ahy,)
H-hy (5hy,)?
- _ B o . (17¢)
An, 3 Ahy (H-hy+ Bn) '
H-h (H--hm)2
From egquations (16b) § (17b) .
‘ I3
A X
" an, 38n,(E-hgrAny)
H-hp, ) (H-hy )*
Ahy 3h (H-h + Bh ) (H-2hy +h + 8hy)) ;[
.-i-.
XLI—hm (2 - hy)3
o (B-hy )2
© Any(Ehy) - 38R (Ah T AhL) N
Ahy(H-h )% + 3 Bhy (5-h + Ahy) (E-2h, +h +Ah )
(% - n)”
C o (H--hm)2 + 3(E-hy+Bh ) (H-2h,thy+Dhy )y (152)
P 0T men)® - 3 (8- By ) (b))
2 - .
Het + 3(H-h,+Ah_) (H-2h +h,+Oh))
And o=, = E. €. ( hm)z >y P w2 ) )
ol (B=hy)? = 3(H-hy+ Bhy) (3-hy)

This equation can be put in the form

A% + 3mc

A% - 3BA
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Uhere

A=H-h,

"B=H~-hy + BDhy = A+ Ahy
~H-2hn+hm+Ahn=A+2(hm-hn) +Ahn

O
1

Since we need to know the change in stress at each level
for each layer removed, A‘Eo and bd'n—l are introduced as tThe
change in strain at the outermost fiber and the change in the

stress at level n respectively

From equation

(18b)
ez -5 AE (B-by,)% + 3(H-by+ Ahy) (H-2hy+ Ahgh ) a9
? ° | (B-ny)? - 3(F-ngrAng) (B-hy)
Procedure:- -

1~ Hemove a layer by etching

2~ Calculate The stress in that layer using equation (17c) . -
It will be the residusl stress in that first layer

3« YWhen removing each subsequent layer, the)stress in each
layer is the sum of the residual stress in the layer plus
the change in the stress due to the removal of the previous
layers,

Equation to be used is equivalent to equation (6)

; . n-1
La24y O_'ﬁ nR + ”’_"Z'Ad——fll ————————————— CZO&)
1
n-1
or TR =9 p - > Do e (20b)
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This means That equation (19) is used to find the changes

in stress at any level. Sum

them. And uvpon the removal

of layer n, equation (20b) is used to find the residuval stress

in the nth. layer.

BExample

H = 00,2505 inch

First layer removed Ah = 0,0006 h, = 0.0006 inch
Ahy = bhy  ny = oy
€ =0,0000. = 4x 107% in/in 5 =29 x 10° psi

From equation (12c¢)

29 x 108 x 1 x 10-6

T = -

n 0.0006

3 x 0.0006(0.2505 - 0.0006 + 0,0006)

(0.2505-0,0006)

116 x 0,062

= - = + 24
0.0005

Since this iz the first layer,

in that layer.

(0.2505 - 0,0006)2

000 psi

this is the residual stress

For the change in stress in the next layer

Ahn = 0, 0059

h, = 0.0059 + 0,0006 = 0,0065

From eguation (14)

6

Ao—-ﬁ1=29x10 x 4 x 10

¢ [ 0.2499% + 3 x 0.2505 x 0,2440

0.24992 - 3 x 0.2505 x 0.2499
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0,062 + 0.183
by =29 x 4 x = -« 226 psi
* O|062 - 01188

Second layer removed:-—

Ap = 0,0059 , by =0,0065 , €5 = 1 x10°

From eguation (12c¢)

29 x 10% x 1 x 107°
oh =" '
0.0059 3 x 0,0059 = 0.2499
0.2440 (0.2440)%
o7l
= 1.7 = 580
0.003

And from equation (20b)
o = © 580 -(-- 226)

which will be the residual stress in this second (nth) layer.
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The basis for the calculations of welding heeif'priginated in the work of
Roberts And Rosenthal (16,1: 7) Various assumptions were necessary in the derivation
of the mathematical formulae, including the possible radiation and
convention losses(18). Heat is lost by conduction into the adjacent
parts of the metallic bars; in addition, the bars lose heat from its
surfaces by convection and radiation, which was proved previously to
be negligible(19). Radiation loss can be calculated from "Stefans
Law'' to be about 1.8 cal/square centemeter or 7.5 watts/square centemeter,
if the temperature is 800°C. If the remainder of the éurface reaches
ZOOOC, the radiation loss will be 0.3 w/sq.cm. Convection loss will
b-e of the same order(20).

In a theoretical analysis it is necessary to know accurately the
amount of heat reaching the work-piece. Efficiency with Vee-Groove
and a good arc may reach 90%, while it may drop to 30% with simple
melt-run on a flat plate with poor flames.

In their mathematical analyses the above authors aimed at throwing
some light on the effect of the material characteristics and welding
conditions on the temperature distribution, but it is not intended to

supplant experimental measurements, they related heat input to vd/4 +A

Wheré - v = welding velocity
d = fused width
o{= theoretical diffusivity of the parent material
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Example:
24 e.¢.s units arc-volt thermal
conductivity
Mild steel 0.082 30.4 ~ 0,10
Aluminum Alloy 0.88 25 ~ 0.45

If vd/ddl is >1, the heating is efficient with not much losses
Also Q= BKT (1/5 + 4d/4%)
Where Q

rate of heat input to plate (cal/sec/cm)
k

1L

themmal conductivity
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PROJECT DESIGN

The suggested investigation will cover structural ste;els, 'i:}qge
ASTM A36, with flat and W-cross sectional shape, 'up to 1/4" thick.
Reinforced box geometric stmc’:‘tures’ will be built using the semi
automatic ;501id wire arc welding technique, to comform to AWS Di .'8
standards, (21 ) using Hobart wire #28, AWS E70s-6, size 0.035 as filler
metal (Consumable wire AWS AS5-18 for mild steel electrodes) with
maximm current of 100/225 amps and maximumvoltage of 19/28 wolts_
Edges will be brush free of mill scale, rust and other foreign matter.
The base metal will be dry and free of all oils, paints and foreign
matter. Temperatures will be checked by the use of temperature indi-
cating crayons. '

All joints will be of the Groove-fillet typé. The filler metal
will eliminate possible variati;)n in the coefficient of linear expan-
sion of the parts and prevent complications in the stress analysis.

The geometry of the structure will be studied closely. Marks

will be made at certain distances around the welded zones and accurate

measurements will be taken.



ORIGINAL PAGE [8 P17
OF POOR QUALITY

Electric strain gages will be fixed on the metallic surfaces, 151‘@tect—
ed by suitable adhesives against the acid-treatment which is to be used
to remove successive layers for releasing residuz;i \éytl_"esses.
Several frames of the same structural shape are to be prepared
and used for the various phases of the si:t;d-y,-that will inz:lude:
(a) Corparison of the original and welded shape and dimensions
(b) Sectioning and releasing of the residual stresses’b}' layer
removal with diluted nitric acid solution, a technique tﬁat
has been developed by Waisman and Phillips.(5) This layer
removal method is most us.eful in determining the residual
stresses in flat plates _or'beams in which the stress varies
with the thickness, particularly if the stress gradient 1is
sharp. This method consists of Temoving thin layers in the
region of interest and observing the dimensional chages in
the part from which the layers were removed. The a;verage
stress in each layer can be calculated and a plot of the
residual stress distribution obtained. The same chemical
etching technique has proved suitable and effective for other
shapes including the cylindrical, solid and hollow geometries (22-27)
(c) Exposure to vibrational conditioning as a stress relief
techmique, by attaching a stress relief vibrator to a central
area of the frame, in a wofking cycle of fifteen minutes.
Dasgupta, Baker and Weiss<{28 have studied the vibrational technique
to relieve residual stresses. They learned that dynamic surface stresses
are induced in or near a weld.
The basic stress relieving method employed will be that is referr-
ed to by The Stress Relief Engineering Co. of Costa Mesa, California
and The Rigging International Of Oakle;nd, California, as The Formula

62 System,
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The procedure recommended is to relieve stress irmediately after the
frame is completely welded by placing it on level rt.lbber pads and run-
ning vibration thru its 15-minute automatic mode, The technique is a
non-thermal method of relieving the residual stresses in metals or metal
weldments withcut distortiﬁg or changing the tensile strength, fatigue,
or yeild point of the work piece. It is necessary to prove that the
vibrational technique is reproducible and capable of being monitored
gnd effective at all critical locations wi‘cl1-in a part being so processed.

In the thermal stress 'relieviyg process, energy in thg form of heat
is introduced into the workpiece to reduce stresses. In the mechanical
process energy is introduced into the wor niece by means of vibrations
in a low frequency range of 0 to 100 cps, which will generate encugh
dynamic stresses to interad; with the high intensity surface tensile
residual stresses, and at the same time eliminate the side effect of
vibrations using up a large fraction of the fatigue life oi_""tjae‘gai't
being processed. It is important for this investigation to establish
relationships among stresses, forces, amplitudes and accelerations de-
veloped during vibration.

Relationéhips between force and deflection characteristics should

also be experimentally investigated.

An accelerometer can be used to moniter acceleration of a vibrating
part. Electric strain gages can be used to measure about half the yield
strength of the materisl as an Indication of the level of vibrations .
to be applied for stress relief.

The resistance strain gage can be used in conjunétion with -the
accelerometers to characterize the vibrational act for complex shapes

and to monitorthe vibrational stress relief operation. It may also
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P19

be helpful .in indicating vibrational stress relief when oriented parrallel
to the direction of maximum residual stresses,

Combining measurement and analysis to characterize the vibrational .
behavior of a given shape, and monitoring the vibrational stress relie:"’
treatment, requires a spectrum amalyser. Such an instrument exists at
N C. Agricultural and Technical University, similar to the more expen-
sive Fouriex Analyzer, except that it needs continuous vibrational
source applied to the structure. The accele_rome;cers and strain gages
are affixed to the part, which is then subjected to a continuous vibra-
tion. Signals are processed by the analyser and the modes associated
with the natural frequency, characteristic of the part, are determined
and displayed in animated 1sometric form on a cathode ray tube and
photographed.

The frames, vibrationally conditioned, will be checked for stress

rellief in two ways: .
{a) Tolerances, squareness and parallelism will be msasured and
compared with a similar frame umtreated by vibratieons,
(b} A full stress investigation by sectioning and layer removal

will be made as explained before.




PART ONE
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Work on the project started in Avril, 1978 and has continued
for six months.  The first two and one half months were spent
-purchasing equipment, strain gages, accessories and steel
bars. A stand‘for etching the metallic bars and & tray for
holding the acid solution were designed and built of plexyglass
sheets, 3/8 inch thickness, cemented together by ethelyne
dichloride, Fig, 8 ‘

Carclina Steel éo. of Greensboro,N,C. through Mr. Robert
Sherman, Vice President for Englneering has encourzged the
project, showing support by offering to cut, weld and recut
the steel and boxes free of charge when I purchased the reguired
steel from their company. N

Flectrie strain gages were supplied by the BLH Co. They
are Gesignated SR-4, FAE-50-35 SX (350 Ohm) with a length of
0.500 inch (Gage PFactor 2.07) and 0,250 inch (2,04), The gages
are encapsulated with a 0.001 inch polyimide film that orovides
protection for the sensing element during insulation handling.
The film also promotes better long term stability as the foil
grid is protected from air boxrne contaminants or fingerprints.

The gages are self temperature compensated; They auvtomatically
cancel unwaﬁted changes in gage resistsnce, due to temperature,
so that only stress produced strains are measured. The 4%ree
and accuracy of self tTemperature compensation is defined in
terms of a chord slope temperature coefflcient; apparent strain

is (U in/in) per degree F temperature change oﬁer a sgpecific
temperature range on a material having a specific coefficient of

expansion over the same range.
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Recommended temperature range of these gagéégis -1.00 to
oo °F. The gages are méde of &onstantan on éolyimide carrier,
They were vrovided with nickel-clad copper-ribbon leads soldered
to the gage tabs {one inch long) with 425 OF tin-silver solder.
To prevare the metallic surface at the spots where the gages

are to be fixed, the steel is smoothed with a sanding disc

~

fixed to a portable rotor. . The surface is cleaned with Methyle
Ethyl Keton, The surface is next roughened with sand paper and
re~cleaned with MEK.

A layer of EPY-500 adhesive-is uged to adhers the gages to the
metallic surface, The adhesive must be cured at about 170 °F
for 24 hours using electric heaters under slight pressure of
about 20 psi, vusing pads and wooden blocks wrapped with string.
This type of adhesive can stand a strain of about 5% at Toom
temperature. It has an excellent moisture and chemical resistance
and is useful over a tempergture range of -450 to 600 °F., When
the wrapping is removed, the gages are checked for adhesion.

A gage tester,is used to check on gage adhesion and insulation,
Readings should show less than 1/10 % deviation from a resistance
of 350 Ohm, ﬁhich shows that the gage is within the range that
the bridge can balance, Lead wires with polyvinal chloride
tephlone are next soldered in place. Nylon plastic tape is used

to isolate the wire ends off the metallic surface.
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A barrier D which is a two component semi-rigid epoxy system,
is spread on the gages to protect them against water and chemicals,
It has a temperature range of ~100 to 225%R, | Tt has to be cured
at a temperature of about 1500F for one hour using the electric
heaters, The layer is.thin in order to not stiffen the gage.

The recording equipment is compcosed of a portable BLH digital
strain indicator, model 1200A solid state, and a switching and
balancing unit model 12?5 that can provide up to ten input channels,.
The iecorder'has an accurate setting of gage factor of 0.001
and a four—way dlelay ot +1O OOO )& inch ber 1nch.

Before etchlng takes place, . the gages are cormected to the
. strain indicator through the switching and balancing unit. The -
_gage factor is adjusted and the indicator is bglancad for each
gage., To-compensate for the temperature effect, threetleading_
wires are soldgred; two to one side and the third to the other

gside of the gaée leads, Pig. 9

Structural A36 steel bars, hot rolled, 6 inch wide by % inch
thick are sawed, to a length of 3 feet each. ATl cutting ié
done by means of a gaw. No ﬁlame cﬁtting is used. This
eliminates any heating other than the welding itself.

Ong bar is tested as received in order to investigate any
possible residual stresses while forming. The analysis showed
negligible residual stresses in that bar.

Square boxes, 3 feet by 3 feet, Pig.{p were formed by welding

the hot rolled bars together either by continuous real



STANDARD STRAIN GAGE CONNECTIONS

(1 i " =t rmy \
1y £ A CENSE g
e s 3
H G PG O Ll e
J L o

S0 0066

L, g

N W,

4
I

L?] % BRIDGE

-




ORIGINAL PAGE I3
OF POOR QUALITY

s,
’
i

¥

{z.

N

//. N

N

PR

"4
é\.,

e Xxza X 4

\\

NN

N

N

1N

AX
L

7

4

5
/

YAV

4

—

Al

-BIG-10

é’&q

A
Z

a
Z

Y
By




ORIGINAL PAGE IS - P23
OF POOR QUALITY

intershield welding technique using 26 volts, 275 amps., 3/32
inch bare wire and powder flux, or by an ACelder using 225 amp.,
5/32 inch rod.- Such shapes simﬁlate gsome of the conditions

in built-up structures.

The sides of the box used are suffi;iently long to obtain a
unifrom state of stress distribution. Strain gages are fixed
along the bar and simultanesous measurements are taken after each
etech, One gage is fixed across each bar.

Future studies will cover thicknesses up to one inch and
the width of plates up to 15 inch, Sueh study will reveal any
-plate distortion that may take place beside the zetual residval
patterns generated in such Blates.

At present a set of tests is being performed on & inch bars
welded together in various ways to form sguare boxes and then
sawed and analyzed as has been done before,

A third groub of tests is planned to weld unequal sections
together in order to study the effect of various widths when
.welded together and if such a structure may develop concentrated
residual streéses.

Seo%ioning and releasing résidual stresses by means of layer
removal, was performed using nitriec acid solution of 30%
concentration. This technique hés been developed and proved to
be most useful in determining the residual stresses in flat

plates as well as many other sectional formsf5’22'25)
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Etching precautions include wearing respirators for toxic
fumes and gas, rubber gloves and rubberized apron on top of
lab coat. The stand and the gecid tray are supported on a table
under a hood with an outlet fan running continuously.
Nyleon serub brushes and paint brushes are used to continuously
brush the metallic gurface with the acid solution; becaunse
of the inclination of the supported bar the residue drops into
the acid tray.
The bar is e?ched. After‘zb hours measurements of strains and
thicknesses are taken, ‘to be followed by a second etching énﬁ.so on.
Magnetic surface t§mperature thermometers are fixad‘to thé
‘back side of the bar while etching, No excess helat"'is registered
(170 to 180°F).
3 inch and 6 inch deep throat micrometérs are used to measure
the bar thickness at various locations,
The average stress in each layer is calculated using the
theory explained and presented in this report, together with a
developed compuber program, a copy of which is enclosed,
Results of the residual stress distributions in the bars
cut from the welded straight and box shapes are shown in Figsg.
11 to 18, High tensile residval stresses are found at the weld
(about 25,000 psi) dropping sharply to compressive stresses in the

range of 3,000 to 5,000 psi which spreads for some depth through

the bar section. Surface stresses change gradually along each
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bar, from meximum tensile of about 25,000 psi to maximum
compressive of about the same value at a distance of about 7 to
8 inches away from the weld.

The similarity between the patterns of stresses obtained
from the flat welded bars and the box welding indicates
that the .stress distribution in various shapes can be obtained
approximately by supervosition. These stresses can, therefore,
‘be considered as the cumulative sum of the thermal stresses set
up by welding,

In order to judge the reaction on the strain gage fixed across
the bar, other tesés are‘planned with various bar widths and -
with more than oneigage fixed across the span.

Both tests No. 1 & 2 are performed on:bars gawed from a sét of
three bars, 3 feet each, welded together end to end as showni=
in Fig. iO. Welding is carried out with the #3 AC Jet Welder
mentioned before,

Test Wo.3 is performed on a bar sawed from a square box welded
together naing the Inter Shield Technique,

Test No.l is performed on a bar sawed from a square box welded
together using #3 AC Jet wel(;.e:c.

With these results and with what may be revealed in the Turther
built-up shapes plarmed and under study at pregsent it will be
possible to estimate the general stress distribution in welded
built-up shapes.

This is essential before going thiough the second phase of


http:patterns.of
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of thg study that will deal with shaking the various shapes of
built-up shapes, 7registering the spectrum and analyzing it throusgh
a Fourier Analyzer using both a load cell with strain gages, and
an accelerometer with a suitable amplifier. It is possible to
register such spectrum and then feed it intc an anslyzer using a
suitable computer program. The structure is to be shaken for about
15 minutes at the frequency that shows maximum amplitude, 2and

then will be tested by a complete rgsiaual stress analysis to
investigate how the welding stresses can be relaxed by the
vibratlions,

Standard tensile test specimenms 4 inch x % inch are prepared
lengthwlise and crosswise from one of the bars as recéeived, Strain
gages are cemented on the specimens and calibrated against load.
Results are as shown in Fig. 19 The calibration was carried out
on 2 10 ton tensile testing machine, T

Fatigue tesbting specimens are prepared from one side of a
welded box as near to the weld as possible. These specimens
are being tested at the present time, Similar analysis will be
carried out on specimens from a box after vibration, in order
to investigate how such vibrations may affect the fatigue life
of the steel, This is cénsidered as an essential study especially
where the‘steel is to be exposed to dynamic loading in practice,

Definite conclusions cannot be made at this early stage of

the study.
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The objective of the first phase of the program is to determine
experimentally the magnitude and distribution of stresses
lengthwise and across the thickness of each member. The use
of electric stralin gages eliminates the need for straightening ‘
steel members [ollowing the welding.

113 by volume diluted nitriec acid solution is used to etch
successive layexrs off surfaces opposite the gages, The rate
‘of metal removal is 2 to 3 mills/15 minutes, Dimensions snd
strains are measured after a period of 2§ hours following each
etching process. This arrangement permits measurement under
stabilized conditions,

The stressgses are next calculated using the theoretical

approach that we developed

--6-i£;; and b inch wide by 1 inch thickness hot rolled steel
bars are used in the first and second phases of the study.
The bhars are cut to a length of 3 feet by means of a saﬁ. No
flame cutting is used, eliminating any heating other than that
from the welding itself. ‘

Bars are also tested as received to investigate any possible
residual stresses from the miliing. The sbudy showed neg;igible
stresges ln such bars,

Square bozxes 3 ft x 3 £t are formed by welding which simulates
somez of the conditions in built-up structures.

Future investigations will study multi-pass weldlng, weld
widths wp to 15 inches, and unequal sectlon welds to determine

the effect of such connections on concentrated residual stresses,
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Current results indicate hizgh tensile stresses at the” weld
of about 25,000 psi, dAropping sharply across the bar thickness
to compressive stresses of about 3;000 to 5,000 p%i. Surface
stresses showed more sradual chanses along'each bar, Tfrom the
ma¥ximum Tensile of 25,000 psi to wmaximum compression of about Fhe
~same magnitude at a disbance of 7 to 8 inches away from the wesld,

Some flat bars were welded end to end; a lengfh=of 3 ft.
sawed with the weld central, Patterns of stresses obtained
froﬁ this study are similar to those obtained with box welding.
This similarity may indicate that the stress distrgbution in

various shapes can be obtained by superposition.

-

How to relieve such stressés? Traditioﬁélly, resiaﬁal
stresses are relieved through thermal treatment, suitabie for
simple and symmetric structures. Complex and heavy stfuctures.
however, cannot be thermally stress-relieved.

. The technique of inducing mechanical v;brations in the weld
" to reduce or eliminate residﬁal stresses has been tried with
various metallic shapes. Consideration must be takéﬂ éf the fact
that a continuous application of vibrations or vibrating -
near resonance, may lead to metal %atigue, .and g possible
spreading of any empeded cracks., FPor this reason it is
plarmed to vibrate at a frequency within 100 c¢cps, which would
generate enough dynamic stresses.to interact with the high
intensity tensile stresses and at the same timé eliminate.

metal fatigue.

. .ORIGINAL PAGE IS
OF PQOR QUALITY
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In the second phase of the study which is in progress at
the present time, a load cell is fixed to steel structures
similar to those already analyzed for stress patterns. A
hammer is used to strike the cell generating an impulse to the
system,Figs.20,21, It is important to Observe~the freguency
response of the force input before proceeding with the test.

The sigrial will be treated in either one or both the following

two ways:-

1~ The signal will be sent into a channel of a2 Fourier -
analyzer, The acceleration response is measured through aﬁ
accglerometér; “aﬁplifiea and sent to é second channel of the
anglyzer, Figs.‘22,23.

The impulse should have a low enousgh frequency‘input to excite
the system sufficiently at low frequencies, A softer or
harder hammer may be indicated by the observed freguency content
of the impulse,

2- A second method, which is being applied at the ﬁ}esént
time is to read the data of the Qulse and feed this information
into a Dec,10 computer available on campus, through a sultably
developed program that uses data digitized manually and stored -
on a magnetic disk. It is designed for the Jjoint analysis
of two randomn, ‘stationary, ergodic processes contalning
significant noisé. The frequerncy analysis consists of Fourier
transformed probability functions and statistical smoothing.

The fundamental utility of the program is in the analysis

of frequency response characteristics.
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The routines used includes Power spectrum densiyy, cross-
spectral density, Transfer function analysis, Céherence
analysis, Hamming window smoothing and ParZe;n lag smocthinsg 30,31

The structure will be shaken Tor about 15 minutes, using
a mechanical shaker,Fig.2% at the frequency that will show

maximum amplitude, according to the previous shock study.

The third ﬁhase of the program will be to test the vibrated
structure and carry out a complete residual stress analysis,
as iﬁ phase one, to reveal the‘effecfiveneés of the viﬁra%ion
technigue on the embeded residual stresses.

It is slso important and necessary to prove that the vib-
rational technique is reproducible and capable of being monitored
and effectlve at all eritical locations within a part being so
treated.

Fatigue test specimens will be prepared from the welded
structures and fested for fatigue life, and similar analyses

will be carried out on specimens to be prevared from similar

struectures after vibration.


http:shaker,Fig.24

<
b
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Future Work Plan !

Study multi-pass welding with bar thicknéss wvwp to 1 inch,
weld widths up to 15 inches, and unegual section welds to det-
ermine the effect of such connections on concentrated residual
stresses,

A load cell will be fixed to steel structures similar to
those already analyzed for stress patterns. A hammer will
strike the cell generating an impulse to the system, The signal
will be treated in either one or both of two ways:-
1~ Amplify load cell and accelerometer signals and send to
two channels of a Fourier analyzer. A softer or harder hammer

may be indicated by the observed frequency content of the impulse.

2- Read the data of tﬁg pulse and feed the information into
the Decl10 computer through a suitably developed p;ogram, -

The structure will be shaken for about 15 minu?es, using
a mechanical shaker, at the frequency fhat will show maximunm
amplitude, according to the shock spudy. .

Next the vibrated structure will be analyzed for sEresses,
as in phase one, to reveal the effectiveness of the vibration
technique on the embeded residual stressés.

Fatigue test specimens will be prepared from the welded
structures and tested for fatbtigue life, and similar analysis

will be carried out on specimens to be prepared from similar

structures alfter vibratlon.
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A second set of steel boxes was Tormed by welding bars
4 x % inch section. TDetails of shapes and dimensions of
these boxes, referred to as tests No.5, 6, and 7, are
given in Fig. 25 The wesults of the stfess_distribution
measured as before are vresented in ‘Figures 26 to 31.

Test 5 was stopped short due to an épparétus failure,
yet the general trend of its results bogether with those
of test 7 are similar to the previous ‘results of tests 1 to
4 of the first report. .

The second phase of the study developed a set of computer
programs ?o analyse the load pulse and the acceleration

response that were obtained when steel frames similar to

those studied for stress analysis were secured to the ground

through brackets, A copy of these ﬁrogramé, tozether
with the theoretical analysis and a key to applying thess
programs are vresented later in this revport.

Vibrational characteristics of a vart have to be analysed
exverimentally. If the part is-vibrated near its natural
frequency,- vibration amplitudes become quite larse, even
though the Iinput forces or displacements are relatively
small, Correspondinzly large dynamic stresses can be
developed, which interact with residual stresses. A typical

set-up for impulse testing the steel frames is shown in
Pig, 32-1
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A load cell provided with en electric strain gage, and
an accelerometér were attached at opposite ends of the top
side of the frame. A plastic hammer spplied a force to the
load cell at point X, Figvﬁhl and the éighal was sent into
channel 1 of an oscilloscope, Thé acceleration response
was measured at point Y using the accelerometer and sent to -
channel 2 of the oscilloscove. A photo.graﬁh was taken of
the display.

Results of treating a f;ame similar to the onewtested
for stress distribution No.7 are shown in Pig. 33, A blow-

-up of the photograph was prepared, "+ from which
measurements -of both the load and acgeleratién frequencies
were taken,. These values represent theVX-data and Y-data .
for the computei Programs. The ouiput of thgse programs
give statisticel analysls of the frequencles, while the
Transg. results give the frequencieé in cps against thé
magnlitude of deflection. Results of the Trans, values are.
presented in Flggzg showing the promlneht periodic ffequency
conponent that may help reduce the stresses and may reveal
the frequency of the structure. .

The frequency chosen for vibrating the frame in test8

was about 162 cps. An B model C10 vibration exciter, .
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tilted to a horizontal ﬁosition was used. The frame waé
connected to the exciter wlth a solld rod, as shown in

-Plg. 32-11 . This arrangement was necessary because the
heavy welght of the steel frames prevents placing them on

top of the vertically positlioned exciter. The exciter used
has a frequency ranse of 5 to 3060 covs that can be controlled‘
through an attached panel, HThe vibration is accomplished
principally by means of an Induced electromagnetic force

which is localized in the rezion of the basic structure

or body casting. : . ~

The frame under study was vibrated a% 162 ¢ps for 15
minutes, It was removed, the sides were sawed apart‘and
a stress snslysis Was'performed on thé top side that was
exposed to the heavieat vibration. .

Results of this study are presented under test8, in
Pigs. 36 § 37. | These results indicate that the vibration
affected the stress diétribution at the critical location,
1.e., at the weld. Vibrating the box develorved sufficient
dynamic strésses to reduce the intensity and genergl distri-
bution characteristics of the residual stresses generated

[}

by the original welding.
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Quantitative data from neasuring residual stress natierns
both after welding and after vibration are needed in order
fo state some definite conclusions, Also it is imvortant
to deteimine how vibration treatments effect the wvarious
steel structures to relileve welding stresses.

Although experiments performed up to the present time are
limited, the results demonstrate that avplying a suitablé_
vabration emplitude to low carbon steel weldments signi-
ficantly reduces.peak residual stresses in the weldment,
Such vibration seemed to smooth out the pattern df residual
stresses by reducing the localized high stresses due to ‘
welding.

Such findings were exvected due bo the fact that residual
stresses are the result of Iinternal nonuniform vlastic defo-
rmation and that the vibration reduces the disorder by
changing the dimension of the structure. The procedure,
however, 1s expected to be more éomplicated wlth complex
shapes and multiple modes of vibration may be needed to sllow
all junctions of the structure to be exposed to thé gulitable
vibrational amplitude.

The effects of the vibrational technique and the corres-
ponding induced cyclic stresses on the fatigue of steel 1s

still under investigation and no conclusions can yet be
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presented at Tthis stasge.

The boxes formed and studied are of comvaratively simple
shape, The following studles will cover more comvlex shabes;
pulses will bs induced at various locations and analysed. It
is hoped that through such studies, a standard type of

treatment can be formulated.
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The welded steel Doxes studied during the veriod from April 15
to November 15, 1979 wers formed of bars 4, 6 and 8 inches wide
and £ and % inch thick, They had various shapes, Table 1, and
other complex shapes are planned for the coming study period.

Figs.38.58 show the results of the tests conducted on seven
sets of boxes., Bach set of boxes was subjected to three phases of
testing. The Tirst phase of the study examined the residual stress
distribution across the thickness of each bar and at various locations
along the bar directly after welding, Both the theory and the tech-
nique for such analysis together with the developed computer program
for stress calculatlion have been presented |,

The second phase showed the results of impact testing using a
load cell, an accelerometer and an oscilloscope. The study was
rerformed on a second box identical to the one examined in the first

phase., This phase also analyzed the pulses, applying the computer
programs presented at the 'end of this report & the chart of
displacement vs, the frequency of vibration. (A specific frequency

was chosen to be within 100 cvps that showed a veak displacement.
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For the third vhase of the study the second box was fixed on the
floor facing the mechanicel vibrator., A steel rod of L-section,
with welded studs at beoth ends, was used to commect the box to the
vibrator. Other designs will also be used to sult other shapes of
boxes for future investigation. Each box was vibrated at the chosen
freguency for 15 minutes. The vibration was resonsnt and was félt
through the metallic frame. Following the vibration, - the box was
sectioned and studied for stress distribution as previously carried
out in the first phase,

Tests numbers 3 and 7 are not complete yet; .With phases 2 and 3
of test 3 and phase 3 of test 7 still under investigation.

Handling the vibrator was very successful during this period
of the study and its manual control confirmed the peak that was
chosen from the pulse analysis for each box.

lost of the pulse results indicated that a suitable frequency
within 100 cps can be used to give a pesk displacement which reduces

fatigue of the metal to a minimum level,
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SUMMARY OF VIBRATION FREQUENCIES OF TESTS

TEST VIBRATION FROM
NO. FREQUENCY FIG, NO.
1 62 CHART 1
2 162 CEART 2
3 |56 ora180 | CHART 3
L ' 50 CEART &
5 70 CEART 5
é 55 CHART 6
7 80 & 135 CH;RBT 7

TABLE 23
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Summary Of Current Investigation

The research program currently underway investigates the
'ﬁatterns of residuel stresses in Weld§d iﬁé steel structures
of various geometricsl desizns, formed of hot rolled bars
of wvarious widths and thicknesses, .High tensile stresses of
about 25,000 to 30,000 psi were found at the weld; these droopped
rapidly to compressive stresses in the range of 3,000 to 5,000
psi which spread for some depth through the bar thiclkness.

The pattern of stresses at a distance from the weld was
reversed, showing high compressive stresses at the outer
layers. The outer layer stresses, however, were of a lesser
degree than the stresses found at the weld.

In the second phase of the study, a load cell was used
together with an accelerometer to generate an impulse and
analyze the response, A vibration freguency within the range
of 100 cps was chosen to generate a veak displacement, Such
a limited freduency was chosen to reduce the damage to the
steel by fatisue, due to the vibration. A set of computer
programs was designed for choosing the approovriate freguency.
This technigue was found to be less expensive than using a
commercial spectrum or Fourier analyzer. Results showed that

the most effective pulse varies between 50 and 80 cops.
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At present, the steel structures are vibratedausing an B
. model C10 mechanical vibrator with attached panel to control

the freguency to the required value,

Puture ﬁOrk Piéﬁ

4 new study is suggested using a %ariable speed motor with
eccentric loadez)The motor will be cormected to a metallic
frame fized firmly to the ground, The motor speed can be
ad justed to generate vibrations at the specified-frequency.
The study can be performed in the field, or whers the frame
is to be located. This teéhnique presents a practlcal way
to test the method away from lzboratory facilities, The
frequency should be determined using thé gsame present 19ad
cell and the =zccelerometer, The pulse can be recorded on the
gsereen of a portable oscilloscope and analyzed using the same
computer prograns already deveiﬁped.

Fatigue testing of specimens vrepvared from the sides of the
welded boxes showed a 1life span of a fatizue limit of 30,000
osi. This investigation needs to be continuned, Similar
studies are being carried out at »resent on specimens cut from
boxes after vibratlon. Yost of the vibrations sc far-are
limited to 2 maximum of 80 cps. For the future investligations,
similar boxes will be vibrated at higher freguencies chosen

according to other peak values that were registered from the

impulse analyses.
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between the maanitude of the vibraztion and the fatigue life
of the metal,

The study will be ezpanded to include aluminum vhich 1s used
on & larze scale in the aerospace Iindustry. Alumimum can

be etched using czustic sods solution a technigue that was
= ¥

22)
anplied in studving residual stresses in dramm tubuf; The
svudy will uss the same basic eguipment, including the strain

sting labo-

[wte

e resistance box znd sither the ex
brator or the neir plenned variable speed
Czsic 2nd fundamentsl theories and computser programs

presently developed will be used,
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This project heretofore has examined the effectiveness of”

vibration in reducing residual stresses from weldiﬁé-various
shaves of steel structures. The present activity, parf of
which is reported here, examined the pattern of stresses in
some more steel structures, aluminum structures and the
effectiveness of vibration in reducing these stresgses,

A second part of the activity studied the fatizue 1ife of
steel exvposed Lo vibration treatment. Further, and as
reported before, a varisble sveed motor has bheen added to
our testing equivment and was used to vibrate some metallic

frames at the reguired frequency.

A new set of steel frames was formed by weldine bars
b and 8 inch wide by & and & inch thick. Tetails of shaves
and dimensions are given in Fig. 57,

The results of stress distributions, messured ss before,
zre presented in Figs,58-65,.76-82 and 92-96. . The
second pvhase covered the load pulse and the acceleration
response analyses and their results are giveg in Tixs.66-67,
83-84 and 97. .- The three frames were vibrated at 78, 63
and 112 cps for 15 minutes respectively.

It wvas noticed that when the frame was an oven structure,
testZ, Figs.76-82, the peaks of the stresses wers lowver
than when the frame was restricted and had a closed shane,

testl, Figg, 58-65.

v STV
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The cross connection between the bars in test 3 helped to
reduce the stres;es and the results showed a maximum stress
of about 5,000 psi only, Figs.g2-g4,

The a2luminum (606176) stuidies started by testing a bar as
received znd showed that t'in matefial was exvosed to some
residual stresses of aboué 53,000 to %4,000 psi which were
mostly developed due ic the straightening process following
the extrusion and treavient of the bars, The few tests
carried out so far show that the welding caused peak residval
stresses of about8T6“3ﬁﬂfpsi that spveared at 2 certain
depth from the outer surface. Thaet may be due to the higher
conductivity of aluminum to the hest of welding as compared
to mild steel and such a bshavior may reduce the risk of
surface cracks, These conclusions however cannot be final,
The experiments on welding are still in thelr first staze and

further investigations are needed,

An investigation of how vibration affects the fatigue life
of steel was carried out on steel specimens of the shaoe shown
in ™g.119. The investigation was essential particuvlarly for
steel exvosed to dynamic lozding.

The specimens were machined locally for both the non-
vibrated and vibrzted mstal boxes. They were tested using a

classiczl rotating beam, constant load fatigue testing machine,

of the type shown in the same figure,
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Fach specimen was mounted between two rotating spindles.,
Stresses were continuously reversed and the steel was passed
through complete cycles of flexural stress, The load
consisted of accurately adjusted welghts stacked on a hsnger
and the machine operated continuously at a speed of 10,000 rom.

Stress was calculated from

s = 16 wi/ 07
Wheres-—
S=extreme fiber stress, psi
w=total load on the svecimen in lbs.
L=moment arm,i.e.,, distance from end support to load
point{in inches)

And D=minimum diameter of svecimen(l inch)

A maximum Tiber stress of 30,000 psi was assumed For the
structural steel under study, for which experiments showed

a fatigue life span, or cycles to fallure of 2x106 cycles
and higher, The microstructure analysis of the grain showed
no effect of vibrations, Figs.120-123,

The concluslon as of now is that the vibration of steel
structures within 100 cps and for a limited time pefiod of
about 15 minutes does not fatigus the steel while it signi-
fleantly reduces the peaks of residual stresses at the weld:
zZone.

Our school of engineerinsg has received a new testineg machine

MTS~Type8l0 and I intend to use it in the near future for

some further studles on the fatigue life of the vibrated
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metalllic structures, both steel and zaluminum.

As reported before, a variable speed motor with a speed
range of'700 to 4500 rpm has been added to outr testing
equipment. If was mounted on a heavy channel-sections base,
and provided with an eccentric at the end of its spindle,

The eccentric was connected to the side of the frame to
be vibrated, Fig, 124, The vibration lasted for about 15
minutes at the required frequency dicided upon by the impulse
study and the snalysis of thé siznal registered on the
oscilloscove, This technique proved successful and opens
the way for a'practioal method of fibrating the metallic
structures at the chosen frequency, in the fileld as well as
in the lsboratory.

In conclusion T can say that although the surface stresgses
due to welding mild steel structures are high, yet the
design of the connections may 1limit the severity of these
stresses. The technique of vibrating the structu;e at
resonance whithin about 100 cps for a short period of about
15 minutes reduces the veak values of stresses in both steel
and aluminum structures.

As faxr as fatigue 1ife of the metal, there is no indication
at the moment of any sound effect of a limited vibration on the

fatigue of steel, ,espeéially if such vibration is verformed

within 100 cps,
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29713.-29713.-23771.

44841.-35930.-35873.

21797.-18202.-18143.

11520.-135253.-11348.

30471.-30415.-24444.

22419.-18873.-13212.

17805.-15027.-12135,

20349,

18808,

14813.

19929,
18880.

21420,

-9259.
~3339.

1711,
~3472.
-2104.

-64627.

23416.-10107,

12942,
15100,
15869

11615,

-5301.
1442,
-221%.,

~0%02.

~1493.

15%2.

2422,

1845.

3767,
=-1419.
-%3945.

46346,

2393,

2664.

-1205.

4
i7828.
24904,
14493,
2055,
18343,
14927,
9187,
4997,
-1871.
~&737.
1217,
~4041.
5680.
7144,
~1732.
-2488.
1175.

48418,

3
17828,
24904,
14493,
11174,
24275,
22021,
17411,
19957,
11863,
10&?2.

3713,
18094,
20639,
14673.

8994.
10433.

14877.

14330.

b

17828.

7

174828,

35815, 35815,

14550,
9113,
18420,
14984,
9243.

12333,

11014.
2053,
12505.
11380,
1027,

1970,

4333, -5471.

G663, —7134.

83013,

12281,

7830,

11433,

10953. -3491.

7958,

20935,

4942,

-20B4.

2538.~10274.

10054, -7138.,

2688,

4311,
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. Fatizue Testing Machine And Specimen
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¥400
As Received

Y400
Vibrated
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FIG.124

Variable Speed Zlectric Motor
With Eccentric For Vibrations
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Summary of current investizations

The research project has examined the effectlveness of
vibration in reducing residual stresses from welding various
shapes of A36 steel structures(T-shape connections),. It is
currently investizating such patterns in welded 606176 aluminum,
that had been cold extruded.

High tensile stresses of about 25,000 to 30,000 psi were
found at the weld surface of the steel bars which dropved
ravidly to compressive stressses in the range of 3,600 to
5,000 psi that spread for some depth throush the bér thickness,
A cross commection between the bars(T connections) helved to
reduce the stresses and the results showed maximum surface
stresses of about 5,000 psi only. It was noticed also that
wnen the frame was an Open‘structure, the peaks of the stresses
were lower than when the frame was restricted and had a
closed shave.

Patterns of stresses at a short distance from the weld
were reversed, showing high compressive stresses at the outer
layers, but to 2 lesser degree than those found at the weld.

4 load cell and an accelerometer were used to generate sn
impvulse in the steel frame and analyze the resvonse picked on
the screen of an oscllloscope. A vibration frequency within

the range of 100 cpe was chosen to generate a veak disvlacement,
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Such a limited -freguency was chosen to reduce the damaze: to
the steel by fatizue, due to vibration; A set of comﬁuter
proxramns was desimed for choosing the avoropriate frequency,
Hesults showesd that the“most effective pulse varied
between 50 and 30 covs.
Oricinglly the siteel structures Wére vib?ated using an
2 model C10 mechanical vibrator with attached nanel to
control the freguency to the requireécps. ‘Later 8 Variable
speed motor with éccentric load was used and connected to
the metallic frame. Tne motor speed could be g@justed to

-

generate vibrations af the specified freguency. ‘This-new
apprcach was to investigate the vossibility of vibrating the
metellic frames in the field. The pulse was recorded on
the scresn of a portable oscilloscops and analyzed uéing the
same combuter programs developed p?eviously.

Fatisue testing of specimens prervared from the sides of
the welded steel boxes were essential particularly for welded
steel structures erposed o dynamic loading. Results showed
a life span of a fatigue limit of 30,000 psi. The specimens
fof these tests were machined locally for both the non-
vibrated and the vibrated metal boxes, They were tested

using a classical rotating beam.constant load fatigue testing

machine, where the specimen was mounted between two rotating
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svindles and stresses were continuously reversed, This
investization needs to be continued and a more advanced

estiny machine MTS-TyveB10 that our devartment has purchased

<t

recently will be used, It is also vlanned to widen the
study and examine the effect of higher vibrations on the
fatizue 1life of the steel and estgblish a relationship
between the magnitude of the vibration and the fatigue 1life
of the metal,

The second phase of the project which started few months
azo deals with the above mentioned aluminum which is being
used on a large scale in the aerosnace industry.‘ While
the stress distributlion for the steel was studied by etching
the metal In diluted nitric acid solution, the aluminum is
being etched using caustic soda solution, Both technigues
were used before studying the distribution of residuval stresses
in tubes and plates(22r2&&25). The study used the same
eguipment used for stsel including electric strain gages,
strain ;ndicator and resistance box and similar computer
prozrans modified to suit the aluminum.

'Preliminary studies showed that the as received (cold
extruded) aluminum bars were exposed to some residual stresses
of.about 3 to ux103 nsi which were mostly develoned due to
the straishtening vrocess following the extrusion and
treatment of the bars, The few tests carried out so far

showed peak residual stresses of about 8 to 10}:103 psi that
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appeared at a certain depth from the outer surfaé; at the weld.
Thié may be due to the higher conductivity of aluminum teo

the heat of welding as comvared to the mild steel and such

a2 behavior may r=duce the risk of surface cracks, Such
studies are still in their first stage and the conclusions

cannot be final,

mMiture Work Plan

To continue the investigztions on aluminum structures.

To expand the fatigue testing asnalysis for both the steel
and aluninum, usingzg the new testing machine MNTS-Type 810.

In order to support the findings of the patterns of stress
distributions, it 1s necesgsary to cgntinue the study by
measuring temperature distribution that takes place whiie
welding and to correlate the patterns of both the stress
and Temperature. Thermoelectric technique using thermo-
couple wires of 0,0005 inch introduced into holes drilled
in the metallic bars or spot welded to the bzr sides.
Temperafures can be messured at successively decreasing
diétances from the outer surface, together with temperatures
at various distances from the weld =zone. The state of affair
may necessitate carrying out extravolation to find the *
temperzture at the weld. In additlion a radiation pyrometer

will be used to check on the temperature at the weld.
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This section of the oroject studied the effectlveness of
vibration on releasing residual stresses generated by welding
aluminum bars to various shapes, The frames were formed of

3

bars 3 and 4 inch wide by i, 3 and z inch thick. Detalls

1
2
are given 1n Fiz,125

Results of the stress distribution were worked out as
before, and are presented in Figures 126~130, 132-141, 143-

152, 154163 and 165-169,

The load pulse and acceleration response analyées are glven
in Figs. 131, 142, 153 and 164,

The four frames were vibrated at 82, 69, 85 and 50 cvs
respectively for 15 minutes. An unsuccegsful trizl of vibrating
the frames at 26, 24, 35 and 27 eps,
was performed for 15 minutes but the embeded stresses were
not effectively reduced, It was found necessary to vibrate
at the higher fregquencies given above,

It was observed that the thicker the bars and the more
restrained the structure (Tests 2&4) the higher the magnitude
of the trapped stresses,

Both aluminum and mild steel structures showed comvaratively
high tensile residual strgsses generated by welding, The
main difference is that peak stresses appeared at the outer
layers of the mild steel bars, while it avpeared at a slight

depth from the outer layer of the aluminum bars. Such a

- behavior ls mostly due to the higher conductivity of the aluminum,



STHAIN GAUGE

MATERTAL

TEST . FIG, BOX NATURE LENGTH X WINTH
NO, NO., SHAFE or X DEPTH X ARRANGEMENT AND
TEST WALL THICKNESS REMARKS
a . -
n r== m]
1 b . 36Mx36nxlnxl - eom Aluminum
g Y lBefore W2
° o after  (3(2) W
a ’ o g Beforewf.fglmgf‘term_
WL “ T i
2 B g ﬁ 1t iJTﬂn N 1 Alumi
R g et e e uminum
o 8 | 36mx36nxlngd BE (W
c o [ B
S M BT oreE AN AT TET
: g 3
3 [:L ggg jﬁ —_ — ==
b - ® 36ux361x3nxs Aluminum
\”) 8.0 2 (W) (3(2)(D
[+ m 42 m
Womn ;
R : g8 Befor?_ﬁnd_.ﬂﬁsz__ .
-PEP it EL
3 22 semxgmagngd l - ”l “
——— 1xJonx3nxs= Aluminum
G0 2 pinlz) (1)
C

FIG, 125

"ALITYNO ¥00d: 40
£l 39vd TYNIDRID



AYER
AYER
AYER
AYER
AYER
AYER
AYER
AYER
AYER
AVER
AYER
AYER

AYER

OF POOR QUAL!
i 2 S
-1209, 4837, 3023. 3023
1471, 2544, 2007, 99,
-3328. -2B4. -342. -1518.
-3948, -4549. ~2513, -3143.

-5009. ~7520. ~4606. ~4159.
-5217. -7016. -43%0. ~4933.
-4748. ~4830. -5201. -4489.
5252, ~7592. -5944. -5467.
-5371. ~6814. -4117. ~5605.
5187, -7246. ~&011. -4940.
5110, ~7138. -5921. -4834.
~4465. -6394. -5231. -4044.
-5219. -4594,

TEST 1-a
FIG,126



TRESS

gHHILE dFAV]

" n.
. { - : Ce - . ; :
: R, SR il ORIGINAL FRGE 18— -
L. ! ! . St0°0: L 1 - ;
- i i ! - ! .}- OF POOR QUALITY- *-
G . SR PR SRR A TS
1T : joocc b ' : : { .
; : : ! ! b : .oy : L
I SO R U D IR SO S I N
S AU ol dm s b
1 i ' T ¥ |D¢O.D" " '
. : o . - — _ ”
U R IEEUHES P WOOL oo “
L i ! ! i I - P - : !
“ N 1. e e SN e . ﬂ : L
RS T IO S U el S R P _
. i i : . o ) 1. . .
i P i T ; ' T ; i . _
PR ! i R _ _ i L
' : _ - mMO.Dm ! : . .
TN RO IS SRt B it (R, S D P L
i . ——— R S A - R R T I ' '
— A R N, R e , - )
RO PR S R e m T T
- o il B e et - A SR i s ]
. o e T [08070 - - w
SRR LT - R T IS I
oL Ty T J :msm-!,.#.“ PR TR R PR
et R T T T 1 i 1 i
[ SN AR D - e TUURS | (AU Ry . YT :
o . —— e P 1 . [P Moy B
! . PR S e awe b oemee hme oI -
o S Ll Rt e ) B RO g
ot FRPOPINY TRV ; A S S P
D T v i “ _ I “u. v e KRR
A T - 1 _ E 3
mc..u...mw,__ ; L1l P R I Il.m. i AR
M= L : : N N < R
e : . OISR, 0 WPV SRS RN S -
- ” LI, 1|”I.|..l. [, S — - ———— o pe —t an !
! . — -ONO@O mLIw llllllll e i ———— . - - |¢|;._
| ~ bt 1 [N N 2 [ [
1 T4 1 ._ Tt il »__ L - : .
' 1 LI L] [ . i R
| T I A B SO (S ]
P i 13 g1, o
RN AT P S ! e
e T T T 1 3 IR T T P _
P T 1 H : I | -
11 . |-|. . t [
: e ST e N w—
t T o, T T .
) i ' : I : . e —aem
— _ — =
[ o Ry o v R | iy g gt b
I R —— I e e = - # e o
m——— —— = — LA s —— —— s p — ——— - p— llﬁ - o owm—
I VN AR _. N B0 J {0 /Y P S DY I g m
: ———— i A AT - |n|- - — —— lﬂ ——— e - - T ——— ——— - — - — - - H
! J RSN LN, _—— —— j——— B i Lt B
! PN P N SRS AU SR P
= = | |
). I : - I
! . BT PRI NI JO i —t —
I S 2 1. LU CHRLENY SO : : JUG AR SOV SR —
JRAPRUNE SNV IR Y M MMM (AP B B : .
” IR I MY - P T, —
Y T L } E . o 1 1 i i . T —— o .|..|
T LT | LI t o T .1 Y ! [ 1 . - I - _
RO - IS J\\M! T b T R T L
- -1~ - - — 1 1 1 * _ H 3 13 4 v . '
o T CRIR AR o T SOl (] A0S AL Rt RN Rl S I
b i AR SRR IRSDAN RN MR B SR, [RCERES S
' .lm . ———d - . R IR - [ T S . p— —— - - n \l
—= . ) o = ] o =) ;
' S W = 8- m . o . L = =) =1 O o
< =4 < “ - 8 < = = < S < <. i
3 > y > ) . . : o Ly o Ly o -
tlm -ﬂw...i m —_— w! e w _— -..c.w!- P — o8 - . -
+ + + + + + 1 1 1 1 1 1



s UIHILA YIAVT

& ian Ml. T R - 1 “....._.}.“.....m.,.ﬂ.ﬁm -
oo P i s o T ORIGINAL PAGE TS
st b b to i loF POOR-QUALITY.

TP AT 5 Y0 O e
NS et A RS N st [P ot Dvvuel DI R
JRDUS U S o Z S A B ISR N y
JR A - - . . 1 T -l - L _
it S s = e -“ e A S i
IR i oIl IV L ” RN SURM AR INENERUUE I ;
R el I e I e LA el ek Fttiol DR I |
|-...}..! _ - . - —— - ——— “ - - - L R .I.-“. - . .
- - -l B e e o R R I
e e s e e e
e R T ) D i S S Rk
N i~ JOE R U M) M-
(ERETS: TR TR DN RS BN PPN TEARCN DR A S !
L NI I R _.l..ln. T T BTN (IR PP [UNDUURSIN DU RS PRSP *
al.uql.u...:: [N R IR SONDUR P 'lu....n... I I I .:_ |_|”|..w... . -.“- _” A “
SCHSEY AN (PR R BN BRSNS A DU S LA URGE BAPUENCES SN NSNS
e e o e e~ 050D IEEaETI e
- ER e um e x...i - |lun. . w.nH.u.-“ﬁiu o
s s 1 — e v -
- ) i s IS DR S
t - - H i . 1 JR—
71 . T I”|||| T+ 3 15 o - .I||.......l1|.||._-.|.lul..l
— : ; it : i

..
i [ 1 1 ! s : PR o\ [ (VU PN PV
g ' f : {3 [ o S .

1 1 [] T 1

= 0T070 \.\r- o — B p—
: = i S IO A S SO S
V [} [
] Ill\ ilﬁ'v o _
i P -
1 1 1 » i ] ) 3

STRESS
+30,000



CGIHILE HHAVI

i P 1 ] ] 4 Ll _ i . ll
b . | ; i - _ :
P it eyl ¥ T _ s SRS i i :
IR & om_m_z»r.*nnmm 5§ : ; e -
SR Rl ek 25 QUALITY S S— S— — :
e ToF A SHOT T ] NI
R bl St .._--...-w....”.; RS RO SRS SR oyl ittt SO
e s Bt R Bttt B - il et e St
PR _ — b -._ R IR T _ e . - — i
- ﬁ_lh!...m.. - LT _L I RSP Ivun [ A TR DRNOE AR S :
—— - ”, -|-w w AUV SR S - . A S N S - .lL
[T S | bt = 2 [OPOT00 . L ) e - R Y
- .- [ ve.-l P .- R SUTUTO B U, - i - : - i
RN DRI e fe R . SN R R e T '
(- - St IRt Rl Il Etett SRl tsted s st Sl SRR RS
s el E ioutently B SRl LSt Itattl bl bl et et BRSO
JUCS SO . L AOREE A N R AU A SO .,-."i oy
IR N EO i VY - ge0 0T . - e - _ e fm e b :
b JRUUDORS (O DU SRS AOUPUUPU ISR RN SEUNSSAUY SNRVIE SO IS RAS S
PPN L U U - e ——am —— [P I SR A N o B ST Bt M
ECHP - N e o L P T e e e s e ; “
e JENOUEN S UION ORSPUMGON S RN DUV PO S A SIS R S, - i
RO 1 S U U, DU I U )0 R4 T A N B — e .
e B [ RS Py SRS # {4 it S I RO
- N . HCE IS S R
= L e e S St
i - Sc070Ll NI W IR SN —
T R : S i NP RN DRI SR
e et L— : LNt B [ JEI
el S 1 3 i Y S U S,
m|..l—..mh_ ' . ﬂm ] i
— 82 — : = 4 Il DS S
SR ST R : : 1 JREE 7O DU R S,
- —=f SR L | S
: R YAV0] — : ,i?liw.-. cem et R
- . e e T s —
" . ; i Y )t 1 i i
3 r 1 1 b - L 1 t
v ) ] ] [ v H [ [
. R [ ¥ ) . 3 ¢ P lor by i
] ' g Ty 4 [ T 1 5 } .
* ' 1 o ity TN 1 !
: TO 0L }. N I
: . —. ] ' \ ]
| 1 - i ' v ' [ t
. HIE - : '
: T ; .
] - =
oo - .y - ]
e [P A s
S
—— 010: PR “
IR R - ——- : e - .
. : : N\ : N ——
. . : ¥ . .
' 1 + K 1 N i
h v T ' }Ml.lli 1. t [l '
” y , m\oo,.,o ™ T : --
T - _ e .h\.\.m M A N RO SNSRI N — |
A S . I.II\M\. Jlm..w.. e e T I.....-..llx. : T =
r 1
e — —m———— e e e . - [ DN S —ar - i |. ' 1 . al - - - —_— - ———
SUNURT D, N 7SR S NN D APEES ST, . I
L e PN I, Illl.lI}INN —— RS (. Ll....ulwt...l._u- -— [ S A
; S = =) =] o - === .. o -
) o I & = =1 o = T = S =l a a ‘.o
! =4 =3 < < = = o = 2 =~ T = S = a T a N
= ) o ™ =) S ' =0 s 3 o Y
e O T L P S S JiUNUE = SOOI T - [ 7 N R SRR ¥ SO — M|
+ + + + 1 1



qIHILT YAV

p

oo s oLl L LORIGINALL PAGEIES T 1Ll
SR e ksl i SRS (NSl S IR S s 3] o o1 QUALITY . 1 ...
S S B R R R B e R T i - — m i
.t..i.ii-n. T IR B . P SR 1 _ - m
e e m e} - _ i} . - _ ' ‘]
S R N SR RO D A (e B I (R |
N [N I . . e _ N _ _ - L _
L S _ e m —_— “ - ——— TR I e . _- - : -.m
et S et o) St STl ISP sttt Soetunintl nualll AR IO o
3 [ 1 —_—
e e b - eemme ] e el - 0v0° 0 - o bl 1 . !
b o S USSR Bl el i osatis Hsitustt b DD i
ISR RS St S (e Rl Puioust Ry P i 3oty Pl DU
I Bl ihoteh IRt Rttt ity SR Ruseiol it ol DR S
SRl e R Bl ISR IR i il i BRI Rl
o T I |50 T S PR “
S Tt Tttt Rt (hhiotvot S bl IR ISt st S DS R
S Rl [Pttt I SSuonnt uiiiots Sl N N Bl il it R bl B
Souii Rt Sy e febotio ISauall A N Etid Dl e e N
e B e [tetel I il Sl ISt toutsba Rrspuciwe Mt Wuputlt I
e e e e e e (0500 e e e e
: — - T “ | g o e e )
. i ﬂ ¥ - . Joumm = —
E h = T e e
—_ ._ “ AR S EbioRy i S
.IMMH;=||!a_ . _ : =0 O T T

i
e
]
|
|

1 GAGE i~

= _
& 1 1
-4 3 ST 1 | % IV A R
T AL - m i i o
[ : S TR DA R
o t il e |...1-i* J
W S VNP T P {1 |

J I . | S—
$
- Y T 7
{ 1 _—
s v, —_—

OT0 G 1 —— 5

N

!
|
t
1
it
1
j
!
i

+20,000
+15,000{..
+10,000]_

|
l



it i

HZ

— ) =
T e S
- .. . _ORIGINAL.PAGE.S. .
Py C 2 OF .POORQUALEFY -~i =~ :
——E-E = — . : :
=1 s = . =5 z . i ree w b a N
] == T . - =1 - . ' Sty H
- - : - : [as] t "t 1 . i
.. nn_.«w . i ' k= - S " il Bkl .
R - T <5 i A : : ? _
MH o - ] ' m 17 ‘ I Rt S '
: : . o o bTonImTITIIIL s Ll
=2 : : U : SRR S I SO
4 . - ! ' .
T o _ — _ ” 667063
TELISHS . _ i - : M A _ :
! _ S SO S R SRR JLERRPO ST S :
S T . R TS PO MR
Vo . - — - ; -f ] i R . .-
' | L SR SO { i ' i i »
K —eete . - | EPTOPING B R - i B sEadd
T e IR I R T T
- - | PR N P U - [N .
s T U S R e e [ U S
b . U AU T 3 ] o
= . h : : 7 H : Lo )
L A o Sl I R Wcot Rttt RO Sgbumtdl B sopracl fed
iiied ..\h.w.l ..... NANE B N R TR I S T, PSRN I AR A

—— e mde e — EYRNE S SR I R Sy eommme b o A PRSP EPOUIL N, J

! i = _ i ! L b -
: ' i

A RO D ASOd Bhortl g Rowputi b g Sl st S s P
DRI S SR SR pPy SRS AR Dl N P BT A :

[T S S O TR IR - _:l A SO VA NN PR
; j | b g 1 .

H i | N E 1

R L ! ..nM..-.lM.l. ~—i- T o m. S R o
L SRS A SR PO N S I | Y A ) N
A S S _ i - FASUY NS

- . i 1 a - e i =TT 1
ST ks b e e s b e
I S 1 S o [ [ ) i
e e e =
P ] : i .

L I i - f ; |
oo St : _ m _ : | —
i H - i ' i ! 1 {
i o _ . t—
. [ ! H t 1 4 i ]
i T : : : ' [ i i " _
i H i ! t : i i H
' - : ! : 1 i 1 { =
: [ s 3 i H ] 1 1A.w
—_ R : s ; v v [ i i 4
N 1 - . m f i = ‘.“I
1 1 | | i } ; T b2 By
4 ' ' i, Py
.l t i
f s : ] 1 i i Lot Ml
1 ' ' | .
] .ll.l [ T n B i T
! ! H Wb ] N
1 o : i N 1 ;
. | i i T |
1 e e - N i ] ]
i s i i T | 1
_l;[l . M \ ml.ll q m o T
] i M ' v : 1
e T ; - i . 1 i T LE8G7
e et —eewd ! , : [N S S rllll.lu ——_— ]
T s e S — "
R . : ] o R i
N + ! i . 1 - 1 i
” " i S — : _ — t
N _ : o 1 b v [
e -
i ' | 1
|Jp— -— : [ e ; ' - :
1 3 @ ' i R i
“.i....l'l.l.ll ||1u.l m “ — R [ 1
] H :
e s o e E _ .

R | 4 { —- : i § — i : —
T i ! o L oo —
H . ' i
I T Sl N S e N memETT Ao
L IR AT R I.l|.~...lllll|l._ - ll....lnl.lwsll e Bt e e o

L 4 T = Y N L A TIECTI Y ST O S
o ) _1% AR -.m-ls.l:l.__ ...,-“J.*.um.qﬂ- .._2. e N . N .,
B N D= R Bepe st Sabover ballel Bosual Kl v
h H H _ : ﬂ y -_ o — —




AYER
AYER
AYER
ATER

ATER

R YER
AYER
AYER
AYER
AYER
AYER
AYER

AYER

GAGE # 1

10

i

13

14

n
a..

3

1097, -1099,

-1141. ~2341.

1323, -2670.

1220, -3072.

2307. -1887.

303,

712. -29435.

-2034. ~-3181.

1175, -1760.

- 1324, ~1033.

242, ~1105.

TEST 1-c
FI1G,132

0.

44.

-444.

~-24490,
~3431.
-3148.
~-30%7.

-3888.

4

1077,

~2351.

~3682.

-3041.

-2473,

- 3821,

-14461.

-2406,

0045,

. —2283.

~-2388.

=3039.



. a3HOLE YIAVT

b oo i [ i ORIGINAL PAGE S, -
R Wbngunt TGO biits SRR ol R R i+ OF POOR-QUALITY ©
L : - Il I i T _
cee - ..L:w:nf..a.azf: ST R S N m ! NV : :
e = e umm ey ve e P R L N “e s m _ - . _
- memm o] sirwear——m e aaee am——— - [ - - e a - e - [ - —aa i T |
g Nt RS F D AR S B LR R R o
e b e e m e [ e T T o |
el Wil SRR BEerl Il Bl Feeodbll EEa ISl Kt Rl CECt EEERERIECS
SLLTEII bl IRt e S e sl itatidl D S
i : ! i, ! -
i vvntd DSEINE BEES S I Bt Eidviiet bl Moy R ey i
. 1 H _ L t
- —2 e | - R N — e - et I - | S N
—_ -1 Shtel LR — e — [, -.I.,Iw...;l:. . ”__
b 1 1
Sl Pl Saietial it Sl S douisntbal Semol Biniut Mool sl Stiebtl SN
I PO R e e . - . R NV R m| i
R R N R [ P [ S€0°0 - - it .-
ey DS S Feivell Dot IO IR il DD St s DR BURO SR
—— s T e e B ek Tl S eI BESLEEE e - = - £
b o2 L qeecs i e o i SR VU U SOUIUNIN A S [ R um—— I DT w
S . avm m r | e camama il Db R R & T —.v e Rl e T R R ” - - }
iyl IOy etoN S el issionat Bl il Sl ISARORl Srapsiual i M SO
] 1
RS T DAY S OO B EUY 1] A 11 O OO B SRR U
p— A I ) M o, R Je A TS RRRON ) SSO Ot Sasebe B N
Y al H [ ' ' +
1} * e 1 .— L) i ] T l__r-- - TTTeET e —.l A
| B ; ; — oS R g
N : . LM IR U DR R R N
-] Hg T 7 i
H - . . . ¥ '
R 540 YR e e R
i Lt : Pt I —_— e L “.I}.E...i
N L it : 1 namrm b e e e m———
PR 1 il B il ] 1
—inh o ! by e . .Inl.wrhl_|||‘||- — e e
—E3 : el e A S ol W
S 1) T T L L
' ~ b r 1 ] !
| 0z0°0 [ N
[ i 1 3 ' L ! ! . [ .
A SRR B A 5 S U SR A S0 S S S
- : T 1 : _. S — ” 1 : . !
v /.._ . O [} ¢ '
m _ N
S¥0T0 i —
M_ I [ { 1
—t \ - ———
— M i
— 01070 o s —
L e : - W T N A T I
. AN : — _ n
- - / i |
- : . M ,/...mdc.-o — : —}- —
] . ; N e : ; ;
R I B ..w | LI AR y ! ¥ N A
/
! W Wb I Rrn oy I St oS S SRl M Y M D,
M U B eient s Dt e DS SO N NS RS R P

+20,000

]
k
L

+25,000

"STRESS
+30,000

ELICRITET I TR LA IO Y



l\um&
o . I3H3LT YAV
Daabel w..._sm”.!.._.,:.w..,,__ﬁ I ool RO DT : BRI :
L I i e o TR RS I S SO AN
R Rl Eer e R R I R IR RS I R “
LIITLITIT ORIGINAL PAGE RS - -f. - [SYOD; ! i boood " !
..... S RN iy i Y D T A SO R S S i
S S b o mﬂow:om.»lﬁ.g T e Pl R .. i
AN BN S T I U A | . i
g s SR Bl ICRE Bkl Kbl Bt R e SRR R
I _ _— i S S . -m. .il~. — - _. . "
e I E - o JO%070 ~ . . o
o i .. e e T [ P
NN P . . | parna it OISR
B D RS e St RSO Sl Hbiuy SGUNE I
T BN T Sy By pwssupy yeay [y e T
SO A FoS A kit SIS s R DS Rheiontet vl sesl SN
S it IO N o Rl Rl Feaitd BROE R
....... - ” - B S - m.m.o.:o_w - - i
i M Rt B Pt Sy S SSOPE R I a il S B B
el R bl Sopsevont Aol Sl wiavicl ISR IR itk IR Bt Rl
ST T L LTI T e m s e e ;
i N AP bumsiy s Mttt iy hunull wnib ittt Abteten i soiund npnibe il ST
. . [
S T NSO oo by s Ry 30 11 . - ——
e i A ) . o T s T e
T - - —}- AT e e e e “..a- -
—_ — 1 |t '
T - o — U o B o ooyl
S e e i : Eaen e a R et e
— £ v [ I A T
b : i EFAON0] O DU SO S S
S e e
“ _ , Bt Rt Sl bl wussaon

{

GAGE.4

N

TEST |4

|
|
!
|
|

]
e

-
I
i
L
|
{
|
3

,
\‘\\- h
]
[
L
.

|
?
|
.

|
|
|
b
|

i
=
<
i

|

{

|

|

|
J
i
4
1
!
|
|
|
i
f

|
|
i
1
|
{
|
--

[
|
|
|
t
;
!
|

- I... . .;_..mm-”d . ; =

e ] w.l.- S . L : . N
PR J R 1 - 4 L ! s [ ] - o
~ _ —ete b -
ST D D T e e pum— o e
PRI D SR s .. JREEEN” MOUCTIN SRR R AT - L
B DR . T T A T T T = o _
S o T B S i I i N DO S S
. . - -—— D e L] LT S (RS [ - . - -l“ —— -
W =) o= [= =] [=) -
2, © .28 g g glJuignig g 18 "2 .:8. 1l
W.P\.I ﬂ. n” C.” 0} . - - o mu nnW - 0’ - ﬁ.w’ 0} - aU) i
] tn < t e - o) wy i
7> T« W v SO S N < S — 0 ~ 4 @ j
—— _— —_ ——— LY e et m e e — —_— - R
+ + + + + + i H 4 n/_.m nw_ z_w




el QaHDLI Y3V

R R T . PR B T
AR B A SRR SRR SRS IO L L U TR : '
i i - SIIo R N
VoL "..:.” _ORIGINAL uu.wmm_.mm. B AR IR I “ B . ) . _ . iy
i T POOR QUALITY 1T T 607D RS P u “ :
R IS S SRR __ R R ; _ D DM ”-n.m.. [ m
j o s s .- - ; i e ettt IR I
JRS T — e e b o I R A TR PO e ) o . .
— Tl e ——— . L w.. - w - . ..“ — — R . I
I e —a - I L. [ . - _ H i
N L DT LLL] LT ot il -
D R N IR T A T OF0D - S : ! -
.- - ] - - ——— R I S i -
e 1 = ! ! e b !Inﬂ.. . - —— !
R Rl et TRl el Rt wietliell It il RS AR
R B St R SSiiotois DOTRRSE Shtastall Rt S Nl SRttt et ettt DO :
. U T S : o R P Pl
I a P A S T 500 ; : . “
- = M e — s ——— - - T - P S = HE . i
oy - — i" —————— ket B [P TIPS —— — — —amrm - —— - . ——— - - - emm——— e _v - -~ — - -
A S - RSN S SUURUY SRS R A I S T RV ;
S Y U S SR N DA -_ A SO IR R MR SR
AR i, SR ———n PR A MEEVURENY DU I ST e ——— LA
\ 1
L e e T = - e 10500} S — T
S T AR P i} - : - - - ;u R Y RS A “hluﬂ. #..u: .
- I R = — Tyt - |
=1 . -] — 5 ; T IR D
. 1 w... 1 H "
i Ir ' : IR SR A I
+ T i

e

inl- |-k
£
o
ol i
I
i

|

[}

|

i

[

1

3.

[
1 ! ] w o L ETlE M
TR ! - Earwhiabe Dot St Spun
- s - - M - i []
o
£ Tt 4] ' S|
- .clu,.m T I N R T N |
L N P ! i ST I IR S R |
S - i PP — P - H
82070 N R U |
! 3 1 N TS S
! PR R L
1 -1 1 . v mr
5 _ { ‘
i . s ' -
] [ B
L » r i
LI 1 [ ] 1
: : SIOT0
- I Y :
i : . N [ T
i . !
1 3 * '
- . — ] |
[} I
— : \." i — [ N
. w =
_ d_ . 01070y f e 1“ "
—— - .,\ W - - -1 —
. ; N ] i i
_ == ) e e —
— ; ; - A ™ = r T
! . I ) Mﬂl 1 L I3
_ s ’ ¢ i 1 3 -
IL... i 1 —
. = moo\»o ; _
— . 1 1 1 i i 1 1 | |
H m N 1 1 . 1 1
T - i M T :
i
SRRV Y B N _ .Mm eme et e
Uy IZTI o SUNRNS IOty DR DA IR ST SRR VSR RNRr TRV IR SR
v o =) o == - == = - Q < e
w = = I = = = o o al =1 < a ..o
m = = [= [=] [=] =] (=~ R = (=Y [=1 (=] =
- - - O T toa o Tl CTa c% g
- - -
(o] r— - LN - i — Lo ] -
+ + + + 1 1 t '



o v '
H
e s L WY SRR PRI S

Fraaret o
xa e QIHILT ¥dAV]
- A e e ] P } : : T .1 .. )
- T _ R - - i . - : b '
e - - ” - — - _ a o oee——— . - . . . . “ - 1 - P
B e O SF0°0- ! - - _
..... R e N .. oo ‘ e -1 : oy
i ORGINALIPAGE IS 1 - | -l e L
— o F POCRIQUALIFY————— : S AP R A
4 ) ! N [EDRPR !
u;l.lim B DT I A “ IR ol ~ L I
S S M Sl e e
U N - ﬁ [ ov0 Ot I b :
e I, .. oo - [ - +- v e o 1ain I -
o m— — ! - - - . ﬁ - SEU - I::.__ - - ——— N [
i - i
- - H - = - .- - s r—— ||m- - R SN SE Y - - mas " T - ﬂ
0 T 9 - .
e . _ U TR O B R SV AR RN A __H...-.. _ . :
U S - o — T . . FUDE DU I -
¥ i i !
e Ty e AR Sl - - - ]
e 1o .. T e eme e S0 .t ) _ } N :
SR RO PR PR RO G0 SRS DU N .|_.. VR B I* - _
—— e b - - b e e m—r———— ] em— e rwer w—— ——— ———— - ————— - - - - - e u - T
3 . i 3
A S e SR i R RSN A DRRR DA RN SR ST
— e T L T T AT - S ISP SrUNIUN MU NG g
IR S DUV B o T {02070 - B :
—_— - -i- “t-— Brmaknti B el e AP IR B o Rt o T
I e i i : FRCSECS St [ TNl SOl Sl o NURCA SO
g L N Pa . i
H \ N | _ R .
ol - o O I A vy = AR
g i LS P! — e L n
. ; i i : H
= | SZ0T0L —— B l;
.!1.”4 — ! : : T RN W DU R AR S
= W oL 1 z w . x— --l,l.m||ri... ||.:|_
I—— : - : , > i : }
— RG - Sl o T
N = EAY (N S SN UV R R
e —— b : 1 Lol “ t B — |
M ! . H t H
0200 R D
. \ L B T - !..I-I._
. - . B} i, b 1 R e . e e
' ' H W o1 Rk r - ) t
— T T - i 1
“ : 41— — . ”
T ] . 4" L] [ I
o ’ AT (I ; - i
* 1 e < ! - : 1
“ L E——— “
[ 2 P / H ]
. i
[ S S - i -l-—- - 1 |“.
¥ - T
! R ~ - : _ ———=
H i
o 01070 S ml :
L — — — SRS PNV RO SO N
o= i ] e ey —
T T S .. T e Hh. T —
vy [ i f i T LI S Jo—
i f ‘ N v t 10 - i —— e e e
=T : L ! -
— . e -mw.ﬁwmuo : : R
T i - : I —t s - -
SR B | - ] : 0 I
o [ el o = M e e e -
DU IR S AU I RN A St IO R I U ESRDS N
9] o .o =] < o L S = R = =" =3
v = = = = < < Foloa Tl o == a ... a. !
44 i o o fom (e ] o <Q o a [ o (= [e= ] Q H
[ -1 - - - - o) . [} - - - - -t - - LS :
= 3 (=] [Te] (=] LN < . A < BT LD 72| =] 1
7230 = UV o TN o\ [N of R— S SNSRI I p RNNEPIRSESSOE F o R SN FRE o T o — e e
-+ + + Y + -+ | t 1 ! | 1

RIS SN T 3 TR |



ORIGINAL PAGE IS
OF POOR QUALITY

GABE § 1 2 3 4
AYER 1 5821, -8003. 5321, -873t.
SYER 2 7564, ~9249. 7564, -8444.
ATER 3 6031. ~9052, 4844, -7415.
AYER 4 5343. -8758. 6948, -5500.
AYER 5 7158, 2419, 7158, 3844.
AYER 4 10B73. S127. 10873. 7801
AYER 7 12174. 4948, 12970, 9144.
ATER B 11715, 3708. 10346, 8189,
ATER 9 15251. 6935, 13408. 10117.
AVER 10 13522, 4485, 12091, 9910,
AYER 11 14586, 7780. 12937. 12215.
AYER 12 12048, 9041, 11911. 13374,
AYER 13 12824, 10575. 13530, 14691,
AYER 14 10819, 9035. 10505. 11776,

AYER 15 10031, 9923, 11399. 12841..

TEST 2-a
FIZ.137

T~y



] QIHILT YIAVT

T
LY z ) — ML —— — AT W T e { fmeemanm W
A

T e = dwme =t . P T S L T [ S ;
Cm T o = {r. . Lir - ORIGINAL PAGE IS - - |
m e et .| . _ PR S N . B L --.-QH.TO.O_N:@Cb_:i Coeeed

e TS it 170 O R R —
i vty il I SRR SR B L 0 ettt ROl D
S T A e N T U I - -- o
ol ﬁw S et vl Bl Rttt Bt IR el Elioeetl Rl S A R
e -} R PR S, e _ PR SN S R ' ..l..*
et e vl T i eutl il TRt Mt ettt B RSN o
D N P - T SRR SO B
—- . _ - = - m . JURPUUIGI S P — ..ll].m(...... r——an e} ——— P H . _
] } 1 ]
S IS Aol it ISl St (RSO SR IS Sl W gl IPUIOE SRS
ST : S W el O Bt B
S . I ) B L - T ! .
. I B S 5600 o — T
iueiolt St ool el (A Ko Iponit WUl DIPTE SbSR il S i Sty -___
A Dol et e u\ St SOt It WUl RU it Al Dl ol IO S
— b — - ume PRI i - e e - REEEERLES SN H——— .m.!. -
T el o [05070 T
gl Ot PR N J STl SCROS Y RO SIS DAY R MY
o i AL SN S - _n m.i‘ -
- e — N — B P
= 7 - P .! T o
M /e t t 3 1 ]
. =
i
: w
- _w 3 L “
— S VRN WOl SR Rt R ol
_ :u. 3 1 1 ” . R l||||-.r~. —— m _ II!_

0 1 ; : —
/ﬂ 3 |
\y 1 0.T0-D i . __1 [
—— I ! e o o
_ \ .ﬂ ; ._
e — |
- [ -
i [ { 2 i ' ] '
N EERERPRE R L . e
” . £ a H . ! ] ' ] . y
- ” ” 7 SOUTD , -
T T ..__ . t 3 \
e l b T Vi HEE] I -
- R b 1 L Y _|
3 1
RS A, - . ll.er--l ..ww.n.f.- S NP I .1:.! PRI R
s Sbudonit A (i shosmingt vumui g S O ! AUt R B o

P o T
t H

LYEIRTTVRY IO ST ) ' CI




e _ QIHILT WIAVI

T SR e e BRI e EE T,
A Bort e et R -
——— o ST I T oniL BAGE gl
oTh o sv0°0 .- oF _ueox QUALITY - - - -~
. N S S [ R SR NS S AR
. Ll T T s he Lhnmo oo i
- T AT T e T T T T T
e T P SNt 171 | S N
- aa w e - _q..! . |.r.l.“:|ltt..|.....ll —— l.lmlll.ll ~ famen mrima v rw———— “.Ill. —te L - e b e e e — =,
S T | e s e T e —:
* ! i
T LI T I T [ T T Ty T e T T
T I S S o S S— i- _ = -
N — R— M : _ SE00 S T -
et et e e o — ! ; 2 . : | H i
: ¢ ! : : 1 i -
RVt S I " t _ u -
S St S A S AR _ e o
TiTT I ; g | i i
S e — e e R s S —
U m LUV —— 3 :
SSOSOURISPING FUF . S T . it . o PRI RN .
PR S v i . 1 ; i [ T .1 - . N
: ; : L : ! 1 ! ! '
i 1 N ' i ! I !
] —— = D mem i Wme . .
H ' al..l.l“ 1 Tk H ! - 4 [ ] ]
P | LER o — i — S
+ e ammr s e .u 4. ” —— M ¥ - m
7 1 - Y K .
T - 200, A i
(] ’ ¢ i , i 1 Al.m i

1
| TEST #
| {GAGE 12

et
Hikixe

- — e =y M
H P : : : T 1
2 |"|vl|| * o [ Q,»- “ H h
_ t 1 B 0z . s : ; i
r|||i-mt- X i R Y 020 T T3 !
. ey AN T [ N : ]
[ i AN : § 1 [ K v 1 i
— B [ Y i T3 ] T ] T 1
1 ! : 1 Y : ! [ i '
‘- 1 K [ AL\ W El ; 1
f L ' [ R R O VAR I S A 1 P T [
- .. | [ [ it i ' ' P v 1. b T | T i
T i [ P IR AN - T PR i 1
T M) LT, N hd | y ] i
I S : Vel [ N 1 m._.u.DO f: "_ A [
_ R N L P11 . T | T H
DS SV ARSI AR O R NN ; T O !
i [HENERN S ) oy ] T I
R SO SR M 121 N N [ . 1 o :
e | s v = et ] ANEERNA B (RIS A I i 4 T
f- - T _m TR “._m N Fia [
i T i TR T T T i
==t e A I e Ea s L e R RE B
- " T D v [ . H 1 ! ! ] ._I.,l_ —r
U I s b : I [ N i : HENEE -
| e - ] 3 | + T, .L_ HEH 109§ 3 HEEEE N iy
i i v ..Vﬂ__um“ i s 1 R i
! L b WD ER [ - . _
H - ! i (L O A LT W T AR I P Vb
! I r— 1. " i i AL it 11 RN 2 LT SRR
— ; N L A TR I O Y O
1 i i T AWE M [l T ¢
e i y | i moo " O ol .w. 1, 1 ' i _
' - ol 1 [ I (IR RN IREERNEN i _
£ - i 0 N _““.._~__F.L|r-“ AN L !
H ——3i." bl 7 1 T ] IR M I ™ 3 T -
; " N o i A PN 0 O O LA WA SO S A
] 5 ] 1 ' RIS et ' 1 R i1l ' L ——
! 1 ! t t ﬁlllmlﬂ! . T 1 J ot I 5
1 [ ! ¥ N M . { [ 1 md_ mll.llﬁ 1
Bl ‘ ' H 1 . .
A IS DU il ! S I O N SO

-kl
i
I
i
|

5000
0
a

0
Tl
N
0

1

1
s
]

1

x
,!
!

TRESS
“l
0
0
+20,000
]
-10,000; 3371
-—E - - -
-15,000

|
-20
3
.f
0

10 Squars ~ te the Inch



=~=F

e T QIHOLT Y3JAVI

B A S 1 I N PR I T T o il e
. ]
= j— - ——— b s e -~ e mmsmia g p e et} o - mm——— M.Iuln|||
] e e i - R [ T T B il Sl el i el
- C-——oRiGINAL PRGE WS T TTTSTODT ] | e e e
IS i “OF [POOKR QC.H—..%.K:!: DRI S 0 PR IURARN OSSN PR, PSSR G
. - . Pl -
—1 falll AU SAmRSY L LT O - i
y — .
S NN I syl Fummlions Semegl Ry Sl RUSUN M PR SR SRR
' ! . . e 1 .
—ap—m——t &} T —— - . bt mEmLE = e |t — t |“| ..... -————— |I|l...li.|.l|:l.| ——aow - .n!nl o :
- I e} 0 e eaf mmeea—— [, LS R, B el
. B RS R T _[0¥0°0 RPN VORI VES
L i . [ -
T RNV P S R TP A el Eetbiernll Sumcar il SRESELACE SIS STRRETR N DR SV
H - |I-|l T L] bt i I - T [} 1 - I“i LI | . i —
houheereiand Eenadhmaid aumnbinbintted Seatama U SR B . o T a 1 )T
ESESSE [ B i
' el e R il Bt S -ieasleril Sacmessl i U ERRNIRON T T
F— 1Ty T T bl ; s R R el A A e ettt et =i
e f Ml nai ol B Eeru i R S S A B ke o epmes bt — o et g e e e T
e o e e b e el R e bt — L e e e — s Pt ttiad il L bh i) smermrrs Jwree a—y e | s —ima e LR A
T F
S SOy N R S RSN S -1 (A 1] AU I PUEY SR I
1 ] . . ] I s '
——— ] T T T raceiennll kearural raramiel Bl Bl et S it o Sl
- A . “t— T 1 I B B B R T =T
B O e s e I
‘ [ . 1 HIE ! 1 I L _ M — .
I R A ! R IR R SN I TSI IR S
| T T T L CHDE MRS ESNSC SLEMCIES SCANANE NG R
T i A VAR i i L I ; T
T T ¥ =T ] T N R 7 P
[0 NI -..-.\ o : OO ol i e, e L e
£ 0 [ [l i ! ! e 1 i [ i ‘s Fl —
+ | 1 Py i I i« ' HlE i} 11 ] 1y 7| { 1 N I v .
[ Y ! R i * Poa i 1., EEE I A I ' 11
t F i N L o s ! £ . b Lo [ iy % -, ) E
i B I . Lk / t Y . b o [ DN ] ' ' . s
T 11 DR I T Y : ; i § IO R O A I I O N
1 ] [ vy 1 i1 -1 ' 1 1 [N s b $ 1 Hl T 1 ]
RN ENEEE (W T it |1t [ I [ Lt -
@l T O 1 N T I . 1
L_ L1 RN i R I : L SZ0°0 PR L IO S—
] (DL ' . T v y ' \ L | Lot e ]
.md.._u_.u. I O [P A B ._.qu..\I_. N
S PR S N E B - IS S (T T AR D 1 PO AU
1 v T T4 v ; E < [ i . T Ta 7 i
[ [ [ Yot i s 1 b [ . 1 h [N B .
-0 9 ; s ST B IO A= . ———d e
=t } v [T ML [ BEID ' 1! N vy TN P T S
[ [ 71 [ IR 14! N RN i b ]
- T L] [ .\. pA ;o N v ] v t gt 1 .— -
T M P B K N ORI N0/ 31| SO BN ] :
[ [ [} 13 [ NI ' ' [ [ Pl [ ' ‘ i
[ Y - i T | i [ AN Y i i1 HEE R RN T .
T \ ' vyl T . 1Y 1 by by b1 | Fe vt e b VE S -z ) [ 1 :
D I T [ v M SO B AT S L .
] ' [ t \ 1L by N [N r 1 :
T 1 M DR T - I Y AN [ ) 1 ] os | podt il ' ' t N
I LK TP g I i K N K T LT ' '
TTr it T 1 I ' 1 " 7 s A IR RN [ T o114 - v !
N (] 7 i ] ¥ it ~ F [ I i 1 [ N '
. S ORI | VARSI STO O RO S R
N ] [ ] i DN § A [N [ . -
Y (Kl i1 1 T 11 . ] 1 Pl T § o ] [ D £ Vo
- T T i 7T\ T Tt . ¢ [ i
L] i 1 v N\ s - - I RN 1 - : -
, (K [l 1 N . R [ . ] .
111 1 t A Ny i ) i [ 3 4 [ .
G il H / o 1 3 1y [l [l
Tt T | H 3 ' R i oy [ W | g i3 H - 3
T T 1 :\. N T [ [ ¥ 1
: : e P 1 [ JT0_0]
s f R <l ! | .
. b 1. ! yop bt 1 [ i 11 . 1 ] f
] LI ' [ 1 vt t . I 1 b ' . I ' [ [l 1 .
K] i v ] H Y Tt t} Y ' [ Vot I Lt LI T ¢
T ]t 1 - vt ¢ 15N - I I [ - .
LV E (I N ECEE IR | » 1 I I T i VTt (A J
e e N R T+ 1 |13 K 11" N RN EE N [ 1
R [ N [N 'S 1. s b v L b J v 1|yt N -
[T [ TR o P b _ R ¥ RN ] TR B [} 1 ior 1 i)
T 4 ' T vl e T F 1] Vol ' i 0 [ 90070 bt ' y I ' [ } i - -
1 P 1t [ A I R4 RIS I RN NN [N B
P I [P Vi [ LT N T i [T S PR L
IR AT [ T I\ LLICSIN TR AT AN N TR A I L 3 T A
R ' T T3 [ Yot Y R T . -t T (B T v T30
[ [ T R N Y i R R L : 1t
e IR AP N (P LS B [N A [ [ ! i
T3 Lo pd 1 .05 B A y } LI 14 11 }o:os | b [ [ '
. O T T ; 70 A Ll [N TN T ..
. e ELtRa o el — i a—tim e mf e g — = —— T MR .
o =T =" T — RN - R - R DI NSRRI NN . S o S R = JEFUN o R
t TS oo = o .. o _ 7 = S = R A = TN = oo il
[ = = B =] < O = L= RS S = | = IR~ = B~ v
[o ol N B - P miaiagl « "3 - . 'S [aie Bidet-bea ~z|u [ oo TR + Pt ma b Nl S l”. .’..|_||. -
Ewl-- o T O T e L A T B T e ¢ -~ a..L
[ J=¥ & o8 I —t —_ 7, QP IR JERSRRE o S A .
L + + 1 1



qIHOLd YAV

Om. voox OCZ..

Om_m_ZB.. _ur

| Sl
T

SO NS DU

——— —————

AR PO N —

CH i - -
'
P -
"
e [P
1
R — i n
d
. T e T

S SRRV USRI SIS JUDNEELS SRS

(SRR NGO P W LI USRS S

‘o

0000 T o oy e e e —

- ...:Ill_ N

—_ -.I.I.s..._.ullll..il..|..l -

+ ST p—

e e r o —— e ——— e i e = ——

— e e

. omo..o.-..

5200

. R—
A
g
o
R
RS 7 5 T thr -
e B L
= e

pom - e
1]
[ Tt
! -
+
z .
He T

el e g

'
[
H

——— -

e g e e

——— et e

S A

e alqn.“ ———————— dm _
| S
1 . ittt

m.-lll e s

MW

000

4

11 Squares to the Ingh

+5




19€-2¢

gocpier

22 EF

[F 3t

—hangat

GroTZ]

=
- N oH L _ — —_ e — — —_—
& 3 ~ ORIGINAL PAGE 18—
%o 5 OF POOR QUALITY
e : i
| BB B oo e
21 3 = =1 .
o
pn.\bu =l = '
SR | N _ e s 2
H !
33 !
1 t
jgo=e g be b ; e :
$665i 3% .
. . | e ——ShE
[ . !
; B : —
! - |
' - 1 . . .
9084 Tl “ - ; i _
. " - . - S} - I .
C e e ! P -. " ’ :
‘ | t _ :
i 1 H 1 i i
L5380 007 : : ' ¢ ;
P .- EoL . .
! A O S N e ; :
. .". ! | ] — 1 : . t T ]
. ) - | om \ SN . s ——— 4 . ’ 1 i
B6iT6 g - : i :
.o . - e - U oo e i : “
: i R et R s Rt T SEEREE
. A il ottt Sighual Sl : I DA
R o S el T R Bt e Crat
i 1 - = R | " e R
Rttt el b e i : S— ;
. o o T T ’ e A . - 1t — ——=—1 -
”. - ~ f— = bl e - PO —_ ——— S
S T DUy Aot P s Sintult B LT R SR
u e [ o T .u|| ”.. | _ o . - ﬂn—v 2.. T mlu !n.lim
T T L T L T e s S B B
R . O ! [ i ¥ i T ;
‘ I ! i - — P e T B
p——r L S T 1 r- i " T “ — 0 O oo = )
S SO S S RS N - SRt 1 el
! Tl.|| B e B ..Inllnl.n..lu.ll..m
————— —_— g e armp e a—ap —~—— -- I . =t e
T J U A St S A U U S Ty T
LT . . j ; T LI T T e
T T T T T T T T I L T T DI T T LT T
” ” j ! i i gl S
i S m et a— e S - e
: i | ST DI T I I
JRREER - - — e e e b et e
“II - ikl e i
AL I T e e e T e T T
T s e o o Fe- ” R PN UL AUV I, |
) ———— e e _|)|I|.| —_————— lnn'vll T e~ e intentatier Tl S = mmmm m o mp—— — emm— ke et
WHTE e - : : : s —l e e il Mt
SR S Y N Spar N S

O S gy TR TR TITiInl

O P BASUOY SOOI . ”

—— e gy S e S
S R [V SN RN SN L. e e e e e ey — L -
A A O tagionts S MO R S T s S
- - S NS . A, o s Lo — e
R M m N S IO iy

. H . - ——e B - - S po- e = e
j - ——— e I R . ; -

! » - ! — - . ! ' ! N N i .-

. _q. 1 r—— . — §ormeem = e —f = -1

. ) . o LTl : m

Disp.



AYER

AYER

AYER

AYTER

ATER

AYER

AYER

AYER

AYER

AYEH

AYER

AYER

AYER

AYER

GAGE #

ra

ORIGINAL PAGE 18

OF POOR QUALITY

1 2
1533, 7é7.
872, ~14844.
i881. ~2753.
2457. -2438.

2310. -89S,

2144,

1421,

148°9.

2281,

TEIT 2-c
PIG. 143

3 4

-1533. -1533.

2536, -al.
g12. -184t.
1494, -2437.
1398, -1573.
2555, 475,
1676. 2&6?.
1782,
3071,
1650.
1%11.
789.
1635, 787,

1733. 830,



Q3IHOLE ¥3AVT

SO DU DURDU R FU U S .- |

o N
IR S . . ! t | :
T .- y i
T i e X :

B £ T, -
. ORIGINAL- mymmwa_m e IR e S el
- -~ -~-QF-POOR-QUA N P

N N - . - - .. - -
- ——— — ammmam ——— - PR, m ———
o e g e [ . e, - e ey I
' - U II.“ - PR .- - .- ..m —— — - e . - -
- JU S S o‘w\.o D e T
- . e e e el e e L e e S — —
_ e e e I . . e i i- ———— .
[ : . _. e e e ....W. PRI DUV RO RPN
» t * -
- ' s i e e
Rt S S S SO SR S S SRS SRS S ——
P B T g o f— ¢ i e e ——
ca - DRI § “ ; e r " : R —_——
e e o e o i 1 : ! T mmo D : : ; T, e e
i s : 1 ; - — DI
-— - e —— ] ¢ s —— n e e e e = —— —— b
i } . e
T Siweivopt w T T\ T T T e T T T T T
T - e h v 1 |P 1 1 H
' i N S .
R e o : e S e el S Ea—
- ; 1 ; i 1 4 1
e el aa e = . . [ : - ! .
e e = e —— i _
f f i . ' t Voo OMO O [ O T S
T ; . - . — | - i
S S S S : : Y : - . i
N 1* 1] 3 Fl
o ~ ; = me—"
w...l . . v i ' E) 1 q m m b
i _ _ " ik G i ; . i .
o p— : n S— m ; : : _
o T 1 I i i . v 1 Pt H
P sy e ! : ; T F i T ] '
o H i ! 70 i ; 1
b o= - L —— e e S e
ol i T, e T I T T ¥ i
Tk e [ | i - H T T i .
|.|M|. § T T 1 . [l - 1 [ hd H 1 4
P - S | R : O { :
. << - i LI i : ] S S —
R . ' it : ] LR ' .
st T HIEE i 1 \
e o e e
N _ . 0200 R ”
H . H . ' H * l 1
—-rhe s o : r A . — ——
’ - H e ! . O g : 1 :
- | — : I T 1 KR Il !
' B I 'y s [ i
e e T i [ ' T s T [ O !
H it T T[Tttt i | i1 T 3§ T 11177 i
1 Vv _.I - P 1 | IS ot 1 : ] ) 2 ! F
T 1- ] N o IR : . i
N DU S LN v -t TGT00; L O N U SR
{ " T N 1 B . . ; v i i [ ! H
T pn-n L. i | S 1 ' I i -im i
' f H t RS 11 T " (” ¥ v : }
[ U U U — 1 - i 2
] ! ! ~ 1 . ] J a
. . . : . [ ' ' s 1 ! PO T S —-
T T T - L. T T O (A - N :
ot AR A i . i SR S |
i T - s T i A Tt
i R [ I N .d. - : _ AR g B e emiat
i R - ¥ R 1t .O:HO .”.O [ . T _
LT | LI L. i > TR AL S NPT TR A - i S !
II.I..l_l B ' [ . ! I S 3 [T o o
- oo ! 2 —_— HE T BT Y U S e
- . - P \ [ j V
I T ! ’ .. TR PN N N S SR [ P
. — T T PR R e .I . s ¢ ! T O T I A ' ——— ..l....u
{ y T T x i 1 T v T R I Pl 1Ty — v
m.l. ] T | 1 m_ |_n T T T} H T .l B m T e 1
i— ———e—t 7 o v T M. M [ [N :
T ¥ - T N
— — - » ! L, 3 <D0 0 : - s ] [ S -
. B T T - 1 . : oy i H D ,"....n.lm.l.| lm!. ._Ll IR P
R : r s H i [ 1 ! t i P : - ! _~|" I DR A
s - N [ I T S ) il A A R I R
[ S i b i N — e i A
H . : L 14 ' - [ S Y WYL S VAN SN U JUHp
] 4 13 HIR] N } e [ [ .I_I N Hl v
|| ! (N 7 3 ; P I I I A A
SRR S S oo T T T T T T T e T e
_—_— el O e D D S TR e D e O o N — R
o [ R = o i R
[l o .
- ~ .

TRESS
I
I
0
%

o 1 - i I

— N I L — o) — .0 £
P + | t _ 1 1 1
18 Sqiares o the Indh



_ | U3HDLI YIAVT

..; T
: w...i it e ..-_.l. ORI [P N - b N m e PR
E R S N R ; oo
SR SETTR TP e [P W SR . . 3
! , . -
. ORIGINAL PAGE 18. =7 TN ITTINITITTT L o O A "
ANrke B TR : . S . i ' “
OF POOR QUALNY . T T UTsvor0 T T A A
= - —F e ad— . U, L L — v . - MRl a -— 'ES P . F mEar 4 - -
. b ] e | pm S T [ I TR |
[, s - ta as - - - ! i - “- . —
—-—— 1 - 1 _ r
. _ ot [ N .
1 13 _. ¥ - = l" " - ﬁ- - —lu == reonT T
: — -l ol —— - - - b e —ee, R, [ - -
. A r i H 1 '
1 P e o - R .
|| ~ - - m — . ] - - '-A-“ ———— ”| — l—l.. - |\w
S R 114 70 B T T LT
. —— ||N ava e TE e —— |l|.|_m .- = . mem— e N — - h — L TR T T S S |
S Rt o | s A ey
: | ; i T R
Sm fr m e it en e e e T
. S PN (YOS, S U SUR SR .|m| e e e L
- M - s - - T llltlllq ——l et r— —— 1l!li1]|“ - —— ll'“ 1 —_—
e et — ; _ o ——] S —
IR - - e : | 8E0T0 : L :
" et PR . SUR .lm.l.. B . [ N
. . —— |- H e |b=!|..|._ = vmena L
- . Yo .l 1 i - - .
o i r : s " i I -
m e 4 o S " 4 0 X _l.!l - ] H
—_ I . { R .n m e _. 11." - R _—
- T ! i i i [ {
f--- - J-lin..H."x t - ¥ | mll __. - ; -
Vs nie e e e : ! __T ac0" v : : i
! : — e 0E S —_1 - —
e ST el ot e o — o W “
i e - : — T R—
fo §me et md e - — | : : H 3 '
» p— ! ' H 17 ? H N h -
. A N i ! H H v i . T 1
AN DR— i - [ - 1 H P EETEN i
et - [y 1 ] T - H
_' — el een : ; d ; ! i - 1 :
=) et vee ———— + [ ” N . .
nm ' ; : g - . i : i ' i
H . __ ‘ | ' i m..NO.... \ [ H
ey T T AR Y N : ; :
- — ” P 1 '
P — 1 “ ' 1 ErO - ' .”w. 1} ! W ]
L= i i i i N i . ; ;
[— L ! i ] i v T . T * “
7 I L R i ] § T ] G i : :
L ES pS— i - S = _ T
- AETE ! - ; i Fry_3_ H 1 i
o e ek : == — : :
P H T 1 H i
m ”|| R 1 q ONOIO [l M B 2 f
R . M i SN i
i - 1 T ! 1
| - p— - : H b ! [ t i \
1 ' 1 Bt ¥ T, 1t vt i ]
S S . ' . *J_. Ty g o .
N — 0 A O LI R R
H i N i Ty [N L U I B I B T L IR 1t
mlluyl |ml.l b 1 [LEY i : j_s ! 3 PR R . '
: H i 3 Y . (Y i . - P T,
s Tt et ! : .L—l 1070, o S i
[ N : _ N 1 ¢ T v [ M
S O . NI I W N WA . o
| - _ i T [ 't L i B 3 ¥ 13 T
1 i 1 oy ¥ T oA T T T —— -
¥ f
T e e e e e P e e e e | e
e _ ot . = H 1 t .
R I 1 i 1 b N S T T . ._* =
i i H i T P -1 —rree -
enmee e § mmmeaars mae i i i 13 . N R | 1 i i L [ H -
! ¢ [ v v fa i T i - —i-
A . . i 10705 2 :
R « Kl et e e e i e
1 ! ' i o] v i - H Ml
- — - (] 1
S S : : - H_ym.i N P I S I St A
B . t . v i i : ! WL !
VU S, |- - : TR I RPYN A : )

B _ [ . . v T T A = R R A I P S S S
. PR T o I A e T L .“__ mlmx_ﬂlml.l,m X
B e S : m LRI N . T DL (B N A UL I OO IO A A

¥ ' i m _Ot.o 1 H { e I [ ¥ T
JE. S i H . Lt oy ' ' I 1 3
AR S : ‘ : I NP B S . T AR I A I S
—iee ] - : oo ils TR N [ [ A T i
—ede ! ——r el L e e e
[N Y " R L n IR N R [N ! _T_ Vo ]
: : [ — L U e i ek e :
— _— LB R s f [ PR __ _. RN ” '
e S N, A 14 S O P O A 0 Y A Y NS W,
; ™ fm—i - —— - T Rt ——
——— 2 : e ===t - : ——— __I.m inlml..".L.. .J.|4|WLI - _l_!_llm.x TN SO
5 it e . ~—i N NS RO [ 9 R ! 1 _|._Ju - L."..I..IF et Lefognion
lllll —D ... —. D _ O S t s =
@ 8 18 78887 o o nE e g8y 8 or 8 e
g, TS T8 It g T § ThienThe IS T3 8 i § i 8
B2 D o e 5 o ; o TS T S e e R QL
n o ! T o e I SR SR R LUV 2 S N it
V] — - P o1 v 1!

5 Sqares to the Indh



— QIHILT YHAVT
- _ . . : oL
e B - . i -
SO Rttt M . o
o= == - —_——— = LRI o
Tt T PRI RN S
e e — T e . e - - -
.- — S-S o - - mma— - — - - e -1
ORIGINAL PAGEIS " ==y - aiaieiie §
T OF POOR QUALITY T T T
D U S o - - i e e e ———
1 1 L]
.. R -y e R _ e - L
-—— — e e - - - . a4 om - — - m - - we - — - .
) SR N SSPU 1 £¢ R 1 SRV U S
e R s st o ot I St SOt Wy
e ———— re——— Im.rl. Icllulnll.l......._... ———— e e e —— e
D RO SNSRI S OV S T A S
ST T gy T i LTI
B s e o 3 i ..ll-!l v o b v .
R - e : ] 182070 ! — L PR
' i T 1 i \ ' ' 1 . —— e e ama
I T (R I T | . i i L
. - - i i i R o ! : - ——
- T T B K ! . i
. —_ - e H | ' ! . e e e =
e S ; i i : 1 _ 1
' | ! | [ —
oo - i ' - : : : ]
- Tttt - ' . N _ 1 t !
—— o : : 0800 T .- L — '
T 1_M| i i i i N ) 1 1 T 1
s e e m
: i~ LT i i ¢ ; i ! 0 .
) I : 1 : R : m ; i m .
] H 2 [ t i !
ot e : _ : . ; . i .
P ' 1 t . ; I N
CM -t - * - ¥ 1 m 1
N s S s— 500 et ”
R e S S— , s p— .
EE ) - i i | I ' Al B 1 ]
——E “ . ! I‘.
LN TD e 1 S i ! O : : :
=y . § 3 i I...... ' H
o : - ; £, i :
: _ i I i i 1 { s
T e m e | ; L - bt : i 1 i :
T I i 7 020 .O“ - |
S S
e ——— [ . [ . . 1 : !
T/ H I ) P . ]
fo - — 1 1 R . t
H 0 ) 1 IR 1 v T .
- H ~ A [T I R i T 1 v i H
— g T : N N ; d
I ¥ v 1 i T T Y
o ot e ! s L T 9T00; — v : :
o et ——— }em r ! i, 3 1. 1 : - ' -
[ S S 1 b ) R | .
—— 1 . v f .ﬂ. T, x..“|. T o
sl allsialt b _ R By T m ; :
R SV P | i L s L 1 1] o
[ 4 —-} ! . R [ N i ] :
! L TREE R O ' ' P N
nl .Hll 7 N I . ..—w ! : i o C f : 1
i - . I L n § T
[ S L 1 L0 S S PR MR [ —
' s e fen 4 ! i L . - 1
T 4 - R : ! et —
i : T EEN e [ETE T ; — e
T i : [ § : . i ' !
: o | i A NS T
o — T TN T H E A T i P
R R RO ; S 7 1
" s s st o e
PI JE— PR S N - SD0'0 ] NIV U Y JUSTRETIN YN OSSO O I
I - 1 1 Vb N 1 ] e R D N L} _linl 1
v : R T1 LT T : i T -t
oI i . S s ] WA 8 o Bl 8 Y IO R St R
o i 1 1 1 vl RN t - TR RS
: - 1 TEEN B i i} . [ R
P I i L 1t o T i g o
: . -~ N K L IR I B R |
I T | i T i T T T
—_ RN TR L DU DU O S - : o
v = b & [ R = R A TP = R = S = T = W RSP
t I =T = = D = = R = s _L.._U. I = N BTN = S = =) =
ba| = o TS S e Tt O ot o TG i~ =] o "7
£ N TR IR 2 O TS TR T e T e T el ~ T .
B w-—-0 -y o tn o T sk R e o L el £ R~ A I - SR
o O & o~ 4 ! —t — wy b ) —t — ol——. o3 .
+ + + + -+ + 1 1 1 1 t t

10 Squares ta th< Inch




QIHOLI YdAV]

......

ORIGINAL PAGE B~ By e R 0 N
OF POOR.QUALITY, i~ .0 Tiliion i i) o i T T T
LTI LTI I T T
) - e e LA R s
) ot il e ek R SN RSP S S
— | 00— S —
LTI il — m o
e ——— E———
oDl o D i = i : -
Sl s s e =

o R E —
et - . —— [ i :
Rt — = u :
LI ” T :

f :

-#
!

&
" O I :
. 0 1 i
m - Ilull II.Inlnwu “ £ d. . 4
jormm e i L 1 \ I :
H . i ' D i 1 3
i E N I N T T T ! ]
i i -— Tl R ] T ]
—llll 1 T P L H3 [ b}
g e e _ _
R T : 23 | 8T020 : .
t i i [ N . :
S SRS F T S I i 0
R - ™ T T ; i
wmmmre b em e | e \ ——
. : i ! N f ¢ 1
_ amr——— m.. - - “ " i M _w.. “ 1 s Iml
ST Tt T - r i L | ] iy ] « '
S T S I e, P
oo ! . ! : e ae LI
- v 1..1! - z . G.MOEO : RN [ER—— P ils“r!lin
T 1 Lo ] ' 1
- _l . 1Yo i . I I
R : ) i : 1 1
| : . i b i 1 8 3
i e : . [ I .
e - T i 1T [} N T
....... - innat il i T i ' FR ' H ! z
- s 1 * L i i '
el — 3 L 150070 1 ] :
i iy ' RN BN P SR
N . B ] S i
- N i el N RN e
it Mt ey T ;
[ . e L —
[ ' i iy i
R I P [ I "...T ] i .
—— - “ ——l : PRSP S - e | 2
— D O L O [ T I = B s
% < o [ == I L= ~ [ () L= I e
51 T o TTTO =] o YO 1 o o
&= ~a ) : &
= R

S
i
0
:
1
{

SRR I R

M Squnes o the Inch




AYER
AYER
AYER

AYER

AYER
AYER
AYER
AYER
AYER
AYER
AYER

AYER

ORIGINAL PAGE IS
OF POOR QUALITY

GAGE #

[ ]

|

13-

14

i 2 3 4
1773, 3546, 3548.-12413.
1128%. 11309. 11309.-13443. -
19705, 7197, 8%41, -7080,
100846, 8434, 4303. -89463.
4126, 7523, 329t. ~1897.
854%. 7315, &441.  B43.
9703. 46942, 4306. 4465,
5902, 4274, 1737. 68BS.
6319, 8137. 2404. 112748,
1684, 1664;k—2?83. 6099,
4584, =3980. -70487. 10094,
-8697.-112246.-11598. 193023.
~5562. =570, -9264. 11459,

-46081. ~4237. -8342. 14054,



UdHOLH mmwﬁ

—_ T ¥ T i
R e Sy I et RN ERRES EER
Pt Dot iyl Ao i Do e
fm— |.n.._ P, II.Im RTINS [N U —_— - s . “ e ] eawme 1..1“ [ lmn.u
ORIGINAL T %ﬂ@,l S e 571 M : T
O__u POOR chrﬁuﬂ S S SB B SRS S S U SRS )
— ——— _l..l.-l - - - _ - _— he . - Mllu -~ - —
: ' i - .
! e e e et v o A D e T .
e m emtame ¢ m = o . u e e “ r mmmmemme b oo oV r...u!l.)l e e
ke = ST TR [N SRS S N U U S D S
e = et e kI B B = . lllm -— rI.I:.tr.l.T.. - e - - e
- L o R I I 5 - o SR
R IO R R S : i H :
H T it e e R e T T
I.r.il. —— | I —_———mle e : 3 —
e oo - B - —— e b b L,
3 S S R, B S
- o |“|I .l.l!.ln|lll i E i e Rttt y-m— - — 1 Ju A TmmEm—m ———— |m
. U S "y v N | : : i i
i i I P T = 1 !
— H -1
- - e oef ; : e SE0T0 H ; ! RN
e e eer— [ SRS DU DR .t e e —
- .. .t — M N 1 i
. . e i i - : : : T
- y : 1 i [ | i -
— . _ : i L - A ! ]
..... N (- i ] “ i -
LT i i [
L i 0 . [l I M T : : I
‘ i i ER _ e
—— I“ 1 . 1 |.|_ - OMO O ——————e o — -= - H 1
R o i i ' R | B 1 t H i
- —l R 1 1 ' - 1 ]
[ R — ! :
i __,I K H [ _ ” “
TI. . . . | | 1 T i
. i 1 ~ w t
T T : i i ! ~
L A 1] 1 i 1
T : ~—t 52070 _ :
s ~ 1 1
o

[

I
]”‘N - T 1 " ._
e T ! i i : - T ]
TBRZ2. — * N Y4 —~F :
_l.:T... (5> | RO DAY £ i 1
L R —— H _ - RN i i :
...... i : » O.mo-..o et | — : |

1 . 1 1

‘ ] 3 T .

L e e e 1 ! ...%. 5 - : A . .

. { . : . P : , ER KR

T e et [ R N I S T S Tt | -8 T

: i . : : :
R

H : N R N N I RPN I

TrTr ke ] e o e R 7 B : T

B S T I P 3 f_w ~ o
v Lo o} . 71 1 ] - Tr
' -lll.rm: —_} £ \- yire ot f s . R [
: - I ; : [ i
N S I 1. ! i “ ! N TS S
e e W . R .o 1 —N. i . 1 M . _ b m 1 . )
. m ! i f - i [ I .. _ [ . MR .. _.
SR S | P [ A Foi s N i3 - e it B 1 P
I H 3 __ 1 AL - T T 1 i
S S 7 0T0™ 0 o T
i g fome e —eom e - ! ! Ll 1 ey ¥ 1 . — .I!|.|m - [ T el MRk 7
SR N T T ~ T I T T T
R ) i - " — ; IO
— = A B i n RE sl & s
T ; !..:.%,l SIS b ;3 T T N Ao !
PV PR AN RN RN RN N N N
! — Y I i ] RN TN R " ;
[V I U] ! 17 [ RN 1] i ; T i i T
' .—\ 1 1 ._ N 7 f T 1 L N d
S S : ] z s00™ - ' PR I ]
SRSV RSt OO S N A \ Ao v 1 i i i ] HE LT
- - _ - S VA 4 s R [T RN i i — 1 .Jlela..: ! - 1
—— e | L R _m B I AR T LI IS PRI D Ao i L 1 NI
a1 L i : T I I
e e 2 S G M s B A s P
S AP B SN = CHE N I DR BT SR SR
—— BN MRS S S 10 SN O S0 0 L PO
vy [__ o [=J=" = = - -
— —_— — R = . S T = S T o -]
w le g [ToimT S TS T o I _..“I_L.O._m.O =S S8 -
& i—— S, O e TToOTT O = = o T e YT S T T T & e S i
b=t - - RO Rttt SR I...\ﬁ.J _....0 S L S R - - Sl s L
[ By WY —— O ) L} Ly poold O N L NI B e SO _5..-.H|._|0...-.|I1“|.
0 e s ] od (o i —. ' Y] R w ' —. S o~ ol e 1 3
+ + + + + + 1 1 1 1 1 1

18 Squares tu inu fech



STRESS

@dHOLT HIAVI

! i B fee man [ R— - - - H b~ m - H
B VL LU U SN P el i -1
ORIGINAL ‘PAGE £5 1 =2 I . |77 S
m“ - ) - —— m!!vi-’llli L —ll!ll "I -_— “
—-- ——-OF . u_ P “{Sp070 e
S St M R ' i I T U
. F A S B N S I
— 1] i 1
RN, U [ [ J - U Ut B
B T . - . i..m---!-._ - - -
N S R - S IR ——m
et iarar e e [emeee o al e e - ——— = s —— v e Tl-lil-mi. - - vee e
1 -t A
U VOV YU 0FP07°0 . o . b e e e
[ e Tt Tttty ———— M.. e T [P |||.|I !.Hnu.. .|I —
S e SO O] R SN OSSO SO S A
i- JRP S e U e SSN UF G PN S EPUIUPPE S
t , 1 I |¢'-..Ii.;l1l1|1| ¥ _...II H ] e
- e R S ,n t I : : i
BN Tt L el T = - H rl.wl_ T T )
T e S e
Y SV ! _— ; 92070 e ! - : —
1 1 . o H . e
I ' H I | DR - i N i H 1 ——
o e s SpuS Im— — — T ———
» i H - 1 H »
" T i ] ] — ” i ; ———
- - " y Tt T ER [ 1 - b 1 1
R t : ; : ) 1
- ; —= e |
e e e eeem . oae _— ! 0070 __ __. —— i ' ot
P . i ! i 1 1 N Pl i i
- 3 t ¥ ] | H i { ' | ' i
F b e _ _ i _ ; : i . "
. - H i 1 T 1 !
' H 1 2 ——
o T T . s | i .
R I ! I : i
e 1 . _ 1 i ] m
s i ' A [ ' i
f I : ! .mmo. 0. “ - ! "
A . w “ o S i -
T T i : ] ) ] ;
- - : . : - by : " ;
— . 4
LRE T ; ! ﬂ_ Hf— _ m
B 2R 1 i i CA L — :
1 i ] ri T
L _-.I -“ - <3 / w “
[ B .ONO..“‘.Q — § ot : .
= e e : e 7 : |
: ! \wh ! i ! i
' T n\-r - L \\- " - El 1 a b 1] 1 m‘
—_—— o — —— : u \\H A M | i ’
' . ' I L N A
i L D a1, 7 T f
T ; : T A L T I |
T T 7 E - . v T 1
emeeeeeoe = e IX,L[ S1070 ol _
;o . i [ N ] .
Rttt L R 7 R — - :
et T T/ . i . ¥ R
ll'llln' B B “ L] .—. i
1 b L N R
R R " : \P \\.. ' | P i
gl i —— g W, s S
— b e et : (O Y A4 EOTS PR L NN  SD N S LA
. : - 070°0 :
T S , T S I R I R
A A 'y e : St L N o [ —e
_l|l||!u._ - .. 1 1 . . 1 . v|1. [ S i
T H K F o, ' ¢ ]
] | 1 N | N _ o lI.._
“ - — - T S et i S
T, T I A
1 M 1 b M
: 1 “ i -t —pertem Lo n i ". .ll.i”.
TR e e st el S AR
T e e e e e T
e | N ] _ RPN PR,
g et AN
S e T (e i naion S o S——




— QFHOLI YAV

T G Ep— e e e N B D R
ORIGINAL PAGE S S s e R AR B
—_-OF-POOR ocrﬁ,j“ e R e S e Sl il SO
ll.l.l.l."lr....¢!.. a— == mﬁo.on - ' s _“l . m s e - 1
oo gy J L T T

e I s e St St

VRUUIING DU P P — .I....l.:l.."ll. N |I|~ e Sl PR ——
| ' } . -
. LTI e T A DO SO S un_ ..Hllr;.:!“lli.......;mm-l- AR
e e T T T T L T e e - I
Ll 1 i —
. Loy’ o S
- - . s o e e e s e r.l-..i..;...:Il.!ql....ll.i [ S,
T s T SR SRRSO RN i oI T
..... . T\ T Y T T T I I T T T T - :
- - ot - - . ... ||” - Ty HED I Sl e AT i B 1
: T lmi| i I R i i) ; i i
e e e e : 1 : SE0T0, : ! . i
e . R . 1 3 - "7 " i 1 SR
—— ‘L H _ ] i A i e
- : - “ i _ ; ; : ; :
- [ T ; } i 8 i i - ") —
et e s = . 1 i { (e fd i i - i i
e R [ ' 1 N 1 ¢ §
g e« = s L : H ! K ! 1 s
R S i o : I ' | o
. ! ! ] s | + i ¥ s "t '
J U I ' v . ' OMO ..O e e L0 1
R - .-....cl. u I . T 3 N A N 7 1 " 0 v 1
——— n mcl. T ' . N 70 _ H . T 1 -
R DI S ; i H T i N \
i E 1 ] 1 [} i
R : : . . ol N T
- -3 : : i . - N I I i
et it w —— ' i ! B . v 1
”.|m i . § 1 ] | i
— L . r 11 1
) | ! 57 R -3 |
ey - — ! i ' olo_ ! ; ! i 1
_ ’ - H 1 1 i o k H t i
|luur|...- = e I t 1 i 0y H 1 H ]
- 1 3 T i 1 ¥ i 71 ] H
IIW].E .3
L I D | ] N 17 th ! 1 :
o : 1 T A [ H [ i
R - - : 1 s : : v (e ] : i
I _.. - L1 s . 7 © i ' T N
' . . PN, - i i 1. H
e e bt & : TR 0z070 WA i |
[H— 1 s PPl ! S T, "
. r . N T 7 (RN .. YA ; T T T
N ! [ N R I I . Ll : Pt o 1
= | [ : Ty I Tt '
[ R | * ! B . A P B )
— m.l - _ i [ “ I \\\ T LT [ L
R ! ! S I KK ST AT N I N 1 Pr ot T
. |I1|I‘"!.s —_— — T . \ bt [ prdi ] ) v Y |
1 H t - : [ [ " ~ E t [ i 1 '
.- LI T PSY0I0 : I I B
— : - ! 4 RN T [ L
[ | . ! ! i l! R DR [N B I 'y [
S S, oot 7\ O TS DR PRI IR AN
1 [ ERN i VT . \ E R )
[, _ . : p 1 VW s 4 ! 1 H A BT s
e = — . | I A ] 1 I 1 g 1K ' ;! ¥
[ T e T i Ay T OO D D T S I L bl T
[ SO, ot [ WA ! N i IR RN RN v L !
¥ T 77 - IR rr T PR T
- 1 : IR _ 0TO™ 0 L. G .
L : ! R i _ i ;i o i R
T . ' i [ iy e 3 .t v, m o 1 i T ¢
T L [ 1 LY I i 1y . .lnlm T ; T
M ! L] L . T e |4 1 K i T N
: e : S SO AR N | eyl N A 1 ~
- I —~ ; ) N I S A T A O O L
I R [ [ PRI N LN TN IO O O O [V I
I —— [ ! S MR 5 A [ A 111 t i R 1
t ! - ' .O.o L R I [ L bl
R P N7 780070 N T I
N I il : .._4_.._....___,_.__ EEEEN i :
".Iun — e | . A VT I TR IOY DIT0 JC TG PEO: “ T L |
S P v 1 f L T D I R i . HE N
H i i : e i M f i i Fi T i T ! el I
H . Lol 5 ' 4 Y R " . 4 . [ T ' T« 1
: o . 0 “ ] ] e AW "l.”lT..l I T T ml._.“ o T
Vo 1 ] | . ! = [ ] [ Y | [ T ' ”l!_ﬂ | T M i T N
. ! i : I T T :
P o 1 I I TR ER .rT U LR 00 O T VTR SR
v o O D Qe D D -
v Lo o (= o o o ..JI.I_I.I_ ; .-U ..... g.,::8- 8 ™ S o
= o = o o T © = (=3 [= S o B o ViTae Ty
m ﬂ.- AHM C.“. Y M.U..zl i _HM e AT < I......l_lﬂu = Ml.._ PRGN N e A - NIT“I. [ e
vy =~ ot o LY - e 1 — : o~ - =X LI v v||||.I||._
+ + +

10 Squars to the Inch



JdHl1E

YIAVT

i - . . . Fer wopme ! -1
u g _,.”.:.wu.w.-.;. - _ m ! | :
S eorv it R . e e
VR SN - - P S
. L I . ' i
e e e Sv0°0 . g -
OF P o.x o_._»_._i_..i” LT N _ . -
. ] 1 R
m nllvlllnlll ———— - == o Im..l ——— LR R TR C L R - - L — a “
.- .o ..I.I-.II”:I...I.- ! T “a . |._ * e e -
- : Il g i s
“ L mee— e e ml.l — i ——— .l.lm - !ilu—.‘ . ——— m e —— P
" EVREENPEPYNRp YN JEVEVSEO N SNV S —_ - - R S w e T
S P S ﬂlln..lnl . e Te— o~ — ey "l hteabindl Bl Tt s —_——
o b —— e R i T S P - P -_. Bl T T
7 B S SO ¢ 71 A R S O SO RO S
- - - .— L e e et 4 e B i el e de =+ fraem— —————— e ——
- - — . ! | L e — b - e —_— . o va— —t
- . — R DR T S PR S ek ) -
i ! N :
e DI TIIImoim T s e T T T “a SR I S A S,
- — —_— e — i|m||||rlll PR SO R D —— L " W —_————
I [ 1 ' t i '
- Ty T H i L T T [ i i i
R R : ! 1 Senro. ! ! E S
—— — —_— | 1 H ! i .
— - m | : st | ! i "
t “ 1 I | o, |.“
——= s “ _ U — _ _ ! h ;
IO — L] 1 s . 1 i - “ 1 . 1 L] P L
3 i O i i (IR
e i i T 1 . M
[ — _. . ] 1 _ : —_—
1 ] - i v .
T e N _ " . 1" I H
R 1 . | M ) [ '
= - _ — ] omo o e T e :
e . i X -
s s e —
m..ﬁu T . I H H 1 P
w i v i i . : i
[ : = ! Ty i
R — T 3 [ W B
a...man..- i i . ] El 0 fi
! — SZ07 — m_
AN - - : DY (8] f
- - ; : — Sy v ] .
amTam T - 7 ; i i i : i
PP * : f T i = : I i p
— T i i TERN L] i 1 ot B I i
TRZ2 Tl “ THEAN _ j I S oy B :
=TT ] N : N I b 1 i i
Y : i 1 | ; 1 " _ | | :
T H 1 ] |- I - I v ] \ )
; : N 07070 o . ‘ : !
' . . hy | R | [ . e i H
i I : I : T 1 : : Lt !
T - 1% R ! L1 i | [ I |
e s S e N T\ LAY o ] * v 1 * il }
B 1 [N VN ] ' . 1 i \ -
- H 4 / " * _/- L 1 » i 1 r o z 1 1 .
i i L1t S T+ R i [ 1 N [N IR P bov
C ' ST N (] Lt T ' [
———— —— -1 1 ] hY D i B - ! : . it i
- e} mee e b : : N : ST020 [ O
i 1 1 N ' i3l : ] 't PR :
— ] ———t - T S ; N i H v i
et i — " 1 -n ) L} ' ’ Im 1 ] ' 1
N i RN : . L ado tatl — \
-l...l..m r..n.m [ t T NN [ it m ) [ U
—_— m -3 N N TN B ) ) — 1 i ! ‘a ! !
R [ [ A I L DT P I L I L 2N TR AT ]
S St e i . T Ny, ) T [ v v K t i ¢ ¥ s
; 1 ; s N L0T0T 0 SR PSR I
[ S it | T / P S o T T T N T
i Py, b ‘ N il i nf Machae
z . H ) 1 H ' N r 1
e e e e
\ NN L \ [ N N
: - I ‘ : f// [ I i1 LI A O D i
: -- (- LI T B B 0 Mt N I BTN I S A
. - [ . . I ._._.I_ __ll:,.___
h U LD /7 T . T T i i 14« [
: - T S007 0 N o [
v | = I 1 i N T A P S R I
e - V 1 [ i i a1 .4... N . T -_..mun ] [
17— v [ [ [ IR O I Pl e
. [ ] I i T 1 T NS N b e e i
i T op ot [ a B N s 1 N
5 O PO IS 0 A Y S O o
-— T I : N E i T i (] T 7 ..wl B .ulL 3 rl 1715 .
1 IR K| ! T 1 T I R
U S [ — : L L D P -

—_— ) < LN = —_— .
(a1 [ o . [ R ] t Phr = A T = T
———a TSt —& =S = o u_....lw [} H =3 K =) i
ot TR e A - ' T O l.l.llju =T _I_ R e L T
) mm—— try [ B 2] O HI | - e O vt by e
by o oy i —i LN H 103 1 -
+ + + + + + ) 1 1

I Sguarvs to she I




T
!n o . - = - ~
6 U _ L . VI— . h -w
oo ] N LPAGETS _
oo X = Om“d_zv t..ll--l;;-,lf..
...... o B = R 15 ™ TOF POOR QUALITY -
= i
ot B o =
nnww — [ . i = R HI. -
B .h S R u
b I | ¥ ' . A
“ M M . N . : : _
s B m : B G . . : €45l
Qi T T : -

Al Ear I i — - i . _,
wo* 1 X ;
T e : e e - e

S S !
T ! . PR —
FEY ey e e o T
Skl - - T — s o
et SR S MUt S N - RS SR
P ‘i..ﬂ_.,l: L PR -y e
. —_ e i i wwn = e =t m - [ SO, - - i
- - e “ N A T _ _ e . —_— e - m.hu.m.
. : e . L SR - :
. 1 “ ) . : [V x.lll....:L —— —— - . ——— e = - - — - — i._
T T - bl St i . R ; I
- ra— o m = N l.....lwli... - :I....l..-.-..u.l .. - .I:llll.......'l..l!ll- T R N . L ~ . e
A SR IR SRR — e
O D S L —
S e T DT TR T R
semmese e el s e T Tl T e _
—— P N A o i a - . TR
IPHR B e b H - .00 - - -3
o . e v i AEm——s = % == s me—mmen = P 35 -s - r"
g : .
T - T I T PR —
ST R R ao CLLITL
S i A Sl PR - = SN
.HH[I..... i et e - [N [ —— _ . TR . - "
T ST T T G S——
- S TS P S o - I
e e & o e o e e [T P o T T T
T el ML At
[ — Il : H.”..-m
c£Le AR ———— Tt T Tt T T T —
vT memmmmmm o otm o T T PR
RO S - e
e b gemeamTm - mm mtmmommomen TmAwmE s TR = .! i . -
) b o T . I~ FRT—
o T . - o
N R b iy
- ——t— . - mw— unilnl e Ay o - S E T TR S e e e el T ey —v=1  wamr = e = = —— = - —— i ey = ki S S ||”“
o 0y Q '
- (@] [Ta o . HinY [wn] uwn o 2 :
o & N & - ™ . " q 9 | A
w - : - - -
g . ‘ ) - e e mm—— T —a T aEhen emimmem e e e R e Al T e Lt R e - ——



QYER
AYER
AYEK
AYER
AYER
&4YER
AYER
AYER
AYER
AYER
AYER
AYER
AYER

AYER

GAGE #

]

10

H

iz

13

14

ORIGINAL PAGE 15
OF POOR QuALITY

1 2
2479, 2479,
2ga0. 1933,
43463, 3377

4831, 4791,
sdle. 3252,
o831, 4473,
G272, 9174,
w097, 3837,

2993. 2877,

4938. 3943,
1909. 413,
-1130. -1243,

-1330. 2474,

TEST 3-¢
FIG. 154

1239.

1713,

4324,

4792,

5377.

=3943.

~1442.

-2454.

4

-3718.
-1733.

-2231.

-13d.

=251,

-174.

2234,

2131,

3734.

4330.



e R IO R m i
! - - - - - - Ll (- - L. i
ﬁ m _-.,..:,., oo iy I N DO _,

! ; N . . S ! = R S DO

P R FURUY I ROV 4 KA EOUPRE MO SO, S o
[ —_—— e — 1 - ——— ——e Y — -

S - = R s ot poptbuntl Muh SSRN I
— - ] e e p e
: M 02020 e fom e T
S G N 1 : _ A S S
I....lll‘lTllllnl ||||| L § n : _ w : 1 et = _ - !\l*
1 o 1. /r . 3 1
| i ' [ . @ a i
H T 3 T T Y i
T 1 T ..|.|ll.x14.| m v oyt N 1 r 1
| | [ T - v | l
S - : ST0™0
-——- P : —
IMII N - i
_ .
e T
s R S Pl R - e
e e ] e | —— — — —
ol Stk metntin fboies St s nc bt It Mo Gitio: ovpnbd sy
S e Bt .| el sttt il e el
It - _”.. Il iunbdiadiat At Rt e e
m— o - I
S M....m" P S S-S —- IH.. ; — —
- _ A e I
\ I [ _‘.
, o s00701 = .
T T et T T * ” T . D -t .Ilmlm.!ﬂ. T . . -t N T
o el sl R |/w B A R T T i
pps s st s oy s s i B Bt ST Y WD
——— e —— .-T..sin,...- S JEPUPQUS PO QNG | RSN N |I";L.:|..|.|-.!".. i vl e AR I
RN ety iy Sauliver Ruvhinval Snubunned S A\t SRSVl My Doy ANRDEE B RSO
DTN b S I . B D .

-25,000

]
]
]
i

-30,000

1
I
L. ..



e : QaIHDLY WIAVI

T cmm e e H ! e
|mw i SR Rl SR DR
e GR-QUAMT Y. | T m«o.ow L. t : ;
-l ZTORROORQURITL b T =i ey
UGS PR USRS S S - N S SR NN SR R
T _ _ " : “
it Ny DU el INSDOH Miaudl bbbl Bl & il ettt IR B
B EE S N SRR I I N - m '
B S| _ - e B E N : _
T - RSN RN ¢ 70 R : : -
I “ ] e .u-ll..m ol o sl VLTl s
|- - o SR il At entuitnt Sietentel Il SR ' |
j--m B S ceiim e e am - - - SRR Y RO * : '
RN SR B I IR SRR T DR e o) e
i -- P §¢0°0 o U
p—— S SOl Sl (S S DR K o et RN BSOS T
SR T SV D I OGRS U S (SN 5 A O g _
MRS B OGRS It R u“..|..: SN T sl Reibestt Ao : :
INVRRIUSRDN VUL DUSRUOUY [SSURT R pE. omNo A O T “ |
el e I e e A e e = e e
= i — ——
. 41 PR AN EATEtIN SN M
; T T B YA i : i —
[ ' [ T i Lo SO RN SV S,
- - i i

. NN — A ETA M _ — T S

iy
SR S N S A S T R T T T T

s, — A !
= L - : - DO
L3

et ma—— —

= r— i — S e S

) _m ¥
OO0 | ”
e i f— - m B el S Y S
i ; [~ i e 1 i
¥ 40 - I
& . .
T ¥ - ' . oa )
[ . | S I
T : : iy ; _ -
i - [ | ! " ]
: : — 1L [S00TO0 : : i
po— . . g W : - e h
PR - | IR I ' D
M \ i 3 —
1111111 A S A Y N IL_._I.- ., o _ — N
- - = . - Y SR SVORY FURURIUOY RSOy S S T DU SV SR G ——— N
- e — T R SN S | ———— T JFUCIED U VLR S5 JE P

STRESS
PS1
I |

i

¥
-25,00
-30,000].i.

Lo Sjismis il Iy



STRESS
PSI
0,

QIHILT YAV
I H : i _ ......
S . i ! ” ! i S
— $50°; i w ; _
o — } L I - DU R
- _ : R ISR IR SRS S ..
1 ] L ”
S S iabotl IS sl Aativeet IR SUISPS S P,
[ I N I ;
DU S | [ R DEDRON B SR SRR R PURRIT S . ;
[ i - o
S S ~TI SR ool 115705 TRt Souaont R
S st : . or0 e Rl IR SRS
P— - |“ |||||||
- . - ~—— - P I e e l.:lml ———— o IR

'

|

[

|
.....—.—-....Il. T

i

I

:

]

1

1

)

[}

I

I

|

] 1 1
Rl Rl O It R s T T S
A A DUUUID Ry (RS R I R R !
emtee | A - - R O 4 {4 s R O R !
Sehadl BT Sl Ml St Sediiienl Rttt SOl IR bt VSN RN EETE e
T HE T ISR JESIN MR G B B B s] E TR IR S p—
. [P AN R DR DI NN S JI e e Vel - [ B

el Dot I St It Aot Rnsatll Rttt OO It bt Sl sottoetete I
[V T SRR SN SR SPURNNORUEON PO SRR DILENU NI it Hremtatd EEE RIS R ;,W -

e e e - - ..l.m..l...-:l-ll-l- —— e e v b e s e e

ASSURENSUs S i OIS SN B Eg I DA o.ﬁc...o_ N A S Y - e -
O IR S IR I B B 20| R ACSOORCA NV i SRR S S S
[ PR P | ¢ 1 i LR B — _ e us-.!||.n-1
' . { T I
- ] |_»ﬂ JEENUUR SN NUNNNIUUN SRRV PR S e
. TN v v A e A nH.l
! : I SN WS S
0 ! h ‘\- 1 §
IS m : w mmﬁw 1] e i e e
Fo- " 1 H , I S, o eeeae M e
Ii.m v .M i o ! ¥ : JERREEY S DD S S S
=B H T 7 s AT T TT T
i FF i i
L i1l £, -
H LAl t -
— 22 e g e
. S TR : : ' : [ENE BCRPRCIIE IS T P
: N § S v ] .
- m———p ] Siielibadeiebetall Sk Sk A .||||*

i

L

)T v 3 1
i ] [ | i
[ R B ¥ o t [ .
v Tia V 3 Ve
: 3 1 ' Fl ! '
- .u. | [ED i '
_ T STOT _
j : :
i i
- fnli ; 17 ] B - 1
: = 01070 _ -
__ - ~ e T T T T e T T
N !

b el Bt R Y e L

_. P s | w___.. B

JRURAUN PO, N AT T : i
/ - L] t
[N VU AT RS R NN o - i A
- - i - NN WP UL SR INVTIVED NN DRSO LS. A P - . -
S A S U A S JU ORI AR NS I S

AP

|

]

3

i

I
+25,000] |
L)
+20,000) i

+

~



@3HDOLI UHAVT

i
.”“” L ST
| el R B
. _ A N " w T
e - ol ool I RO
! S e frem e e e ! S,
P - R j i.. ! Lt
. . i T —r A D
- ST ol el el IR S
RS Sl AOSUE SOt T
- - RS R IR
i - SRR i .
. R BN R
I p o= mrn - ||rq T m . _
———e _l..- e - — e o . — e | A
——— g —_ —_ vaeme | ot e sl ———— -.-‘ i R m-..il..-l eee e b e -
T o o o s [ 080T R — .
IR R i ) S AN ISR I ST i SRR U NS AR
-M e — ———
o : i £ 1] D U SN PCSE R T S
1= il . : I = N PR I i
] : ] f L S I DT TS S
[ = = PrC SRR U U —
c ﬂ..m. 1 { h H |
— 58 X : S S G —p————
= = PR B 1 St Bl IOl Db
i e ) ' I |M. e = s amen |
1 1 . i '
_ . : 4 [020-01 — - e e
- : 0 SR BN A R S
[ T AN |
T T T ] I
) . 1 r :
\ 1 N [ [
’ 1 T ) T
z f T, 4— T o4 - 111 ' 1 ]
| - T 1) . H T T
n 9 STOTOI.
1 Iy ! m N L
i
! /V,( _ “
_ - \ /Iu : - ,
o I SR N W Y T —
1 1] r 1
e %Ho [T e i !
” B W2 R R D T _
— _ - — _ |
o e e —
1 - . - i”w I 1
1 t T v \ - . ' !
L 1 1 j#l!.;iih : i 1 .
H T L R L | 1 M 1 -
" R -1/ 01— r— “ —
e e e e B S e S e =
I . }w Ty 1 1 L
[ Y
) [ [ p— . |*7 I ] e e e e —

+30,000; i




ATER
AYER
ATER
AYER
T AYER
#YER
AYER
AYER
fiYER
AYER
AYER
AYER
ATER

AYER

B 18
ORIGINAL PA®
ofF POOR QUALW{

GAGE # 1

3]

i0

i1

12

13

14

2 -3 4

3362, 3343, -4723. -U603.

618%. S147. —3227. -5207.

5994, 9974, —48712. 4453,

6485, 5384. ~54923. -4112,

6178, 4204, -1341. 435,

7820, D647, 4&57. 17B3.

6076, 4868, 3I?7L. 4090,

ouQ1. 4169. 5488. 4980.

4754. 241%7. 5751, 9847,

-4742, -5072. 9139, 9333,

5102, -4244. 853%. 8433,

-4020. ~4324. 7479. 8734,

TEST U~z
rIg, 159



QIHILE YHAV]

S SR et R B DIIR DA N U S m
__H;* SR C [ U B
] 1 i § * | 1 1
R VPSSP Ry b 7100 | s Sy P Bora
Zo T ORIGINAL HAGE Ry || N R DU By

cwr o=-| ———|-OF PDOR-QUALITY - I N D R
A FORSRNAS RS Y N ! :

1
IR ISR S U IV S } -1
1

LT : | 2 | i
et b e e | e T TR I e .
- : R R S S St i ! _
a_ - - - ! AU . ! - :

Sl B | IS SRS FGhutl ISRV SR RN DR fooioo
B St (S il NP ISR sl B iie S i phutvall et DU S

i
I
i
1
- - N R
1
]
!
1
i
1
!
3

ol i ttent IRRINRS Bielt M SE LGRS i Sl BN R
[ ) . [ B e b . - e b IR S ..
IR T T e e S R e Tt CERCE (paspry [ - __
SRR USRS IR PSR DN S I S N R s b — - e . h_
g e BSOS [p St ivomyont e rupiuibel PSSR Nsl ) Pl Mt SO
el SEESEE N S e Rl B B e L e faraneratl RO EISE PR
|.|m|nll et T oo G ommmm Rl TITT T ST l-,.u - -.u sEmmme s - wll T e —a—————ep e
| e s T fogn Nl.. LT
||.|..m| e T Rk ] et R SR |m|”.:|.| [ r:l.lul....u. [ D eiu -|w.- ——— e
B - SR St e - TSI T T T
T - rahranrs ottt h T T T
I = oo
T - ] N N \ i [l P A [
s f o v i /. J A S
-1 . <2070 , _
= e K- _ ——h ok T
e ' L e NG e e
= e -~ — e e D

o
MeX

. '1‘:1' '

i
GAGE |4
. \,\_
@
|
13
f
it u-!-

R R i

'
e

s ':1*:':;4

ek

i

i

|
.

- - - - T A
\ —
= — i OT0 0 T PSSR PIOUY p}
— — —_ - { ' . e e e e
- - e - ] ;
T 1 i
T y N : R 0
1 i t - ! ' [P
- i + 1 voq 3
- [ I
; (o p T —
17 o f -1~ ' - 1 —]
T y y ' T T . v T4
- — : - —
R D R DI I N | | . ! (I — SIS N,
- arien L e— o ! (PR (PR Y SN AU SO S S (RIS S
— i mem de DURN SR DU V.i - SRR S U DRI P DRI DTN I S
- — ———t e B T T (TS (RO VUV S i R
o . = < o, b o . .= o, ol O < - Qa < - _
Lo P R = fom | L] o i =] (] L. &t o] [ I o | PR
fan] o o fam } [} o (] [ [} [a) Lew] fom L i
- \ - - - - - [ e} [} - = - - - - - - 1
< N Ly o 1n fas) i R Y <o -y o ) f] "1
v SR < SN o (U st SUSUI 1 p JPUNNUNR 7 S B S SR ¢ S OF e oo B} e e
+ + 4 + + + 1 1 1 I 11 t
L2 TR T 7



QaHOLT ¥dAV

| | .1 1 — ! 2 T -
. [T SRR I I ) ! ! i i
R B _om_m E. v;ﬁm IS ; i R
: . : “on uaomwor»ﬂﬂmr ...... T “ p i ”
SR T ¢ b :
w MR e S A IR R ) _ i . ) . T T “
* [ S R . R SO A _ B . e “ N - i
s i RO Rt SRS Eol BT R R HEte Dairt S aeiel Mot
i S T R e - A RO Lo i
R _nn . “r m R —— i [ l. et IR Bt VIV P T . t
RO S | . 1 - P B e M R T T D e .
- - - m —— ~ - - [ - ow — ———— L - . i - R - _
- —— - t - - — - - _.||-| e —- O R ] Nt - . :
- - - _ - y——— 1 - nem—— .|.l|..|..mll - - - ———— _v..ln.llu. - emanr - u —
" [} 1 1 f
P Pl SRS ittty T T ROt T R Rt ettt D :
SR SN T R AR S B AVRRRIU NN DOIRE SRR “ _
S s S T o S D : i
NN U T M €00 [ :
———r —— w - - - — ammem e § s . I - P - -5 - m R N -
el Bl Bttt Mt e sttt Rl et B il R S S
A T I L I LT T LI T LR D DL TL D T !
NI I - SISO R N PCOSS g O O B
RS SRR S I IO I DS I N : T ......:Hm._ TN SRR A “ .- . “
s l-ll_l - e m———— 8 — e a - —_— ma rE oy ——— |IIE.HI -y —— o ——. -y m— e g P = a m—— w e e amna bmar s i} o e — |..I——. - -
[ R SR T I Y P N3 R . . .o
O S MY S RO Sy b S g; B g o Il St [ e At
_ = s e el e ke 5 R
£ . o N _ Y SO M
7 T . 7 vl I 1
- [ i I ¥ K IR S
o 1
i - - g
—=F-ed T | “ ' T ] N . .;. T - ™ o R e S
——— — 7 o< it O B g
—— 7 el SRR A S
wb T : 7 e I

— . -
I = S I ! \m FI AN A N RO RSO pU e e
] el : . : [P S-S SR

I : T i {

A . ; ;
. A 02070 e S B

1 - A R I T v . I

g .,.\._. _”_””¢ 5 N I
v q

5o F 1 ] 1 1 . !

U A N M L = M !

= — . ) (00— ——

B 51 341 P RS S S _ —

— ——— w) o tl _

S BRSO J I..J? “ i “_ _. [ , ! ! — I
OIS AR (R NN AT N . J Y TN AN AU
...... e Wlt- e D -

DR R POSEEER B SADUUR IS ISR IR IR DN ISR EDANRUUNRE AR S =

STRESS

’
a4 = o [} R e I - — - PR v R o | e R = (=]
o LD ] e} < (=] R .- Q | [ [ Q. O -

< p = = L < ] j=) ] =] oo o a a

- - - - - o T fan ] - - - " -~ - i

(== £ e i3 < ton - -~ < L o e - (= 1

B 1 Ty o e ¥ ke T L I S B L) L O mmee ~« B} e —m
+ + + + 1 1 L v 1



: - --t P = - . H H . . . L e L e e .

CHNURR S S A N I S Ll m-n vl m i

S SIS RS B DU DS b ;

" IIJ..{. ..u ) | H T " i .

.-_ SO0 ! i -t : ] !

....... m. $an - ”n m..» m ..m

) : g N I R o

' - - * _ b e ] 1 .

- 1 : DU S .- {

. R i StUTo b . i

gl Renutiil Bt ShUNRlt et SUbusil ISP SN |

Sl et Ry R i il el RS

S IR ¥4 £ 7 et K ] el d ] .

N . M. .o: -~ R i - :

SRS bl et ol v T D n

) | il sl ER 1

- e - PR o - - . ] - SO N PN S T

R e o1 JE B S IS SR A S i - '
¥ - 1 )

it Sl - - Tz -m - — - - - - - - — e e mema ag e —— - rFr " ..-— - i

- - - - O e . “ . . . |

e 1L - B N e Seh0y . v _ . ; i !

. - S R B _ - _ . e .- . .. ot

—— - SRR SRR SRR RO .. el R xm ol . W . : -

— e — HEutanintl R .:l.r.!m - - - - e - el Bl - - - - m ' _

W SU R IV IR - —_— [N DEUURNTORE: N S — - ——— [ - el - m
- -~ - - - e mnea .~ . Im..l — - —- ol - PR S PR, ' }
—— L ————f e ewaw — - — —— PO S g -— ——— —— a - -— [ -

. H

—mme b il Il R meidie il tehhbecl st . e e e

o \i- 000 S DI ST S

i ) N / o AU S B opnchuny VRS NSyl S SR
T L. 4 ' 5 B v
_ . ! : . e - -
T Fr P e t I P D —— e
* : ! I ' : N —_—
GO 1 T - I R
0 P Y T
13 N N - L]
] N — 0.0 | oI
— T : iy : : R S0F D IR R B
== ; O A — O T T T T T
- - ] 11 4 t H
- .ma:ﬂ Y : : > | e e
0= ! i | R I IR DR I
iﬁlG.l]ll e BRI ! . : ‘m!_qul P DR P I R l*
JR— A X N ) T N . —-—
1 [ ONO | i i m
. i K T [ T
s N .|4.._ N .. O T T lll-l.muil!ll[
- /M . R il . e o o ——]
_ AT D) t i
X . H : 1
L N . : [
i ' : ! I
Z —_ : AYAY [ v i : i
A 0 1Y T . N | ' ]
2 J Y .. 1 1 1
X _|SI0°T !
N\ i ' !
Y O ; ; i
% 3 . 1 t ]
i A T
X R _ i -l
e NC i N
- — - - - /H]l o i ] ]
N . I
. !
i -
e — | - w@ﬁ/.oﬁhul. e e
_ : . . | S|
- _— | ) N e [ )
. N I ]
. o N .‘. I ] .
: : : ; |."|rm,“ I [
v ! 3 N VI f n..:.lu ' ! i
= " 7 T ; " 1
[ 3
— S0070 ,, ; i
1 M - B ' 1 1
oo 3 I [ T = - -
T T LR W T ;
DA S i ” . %1 - - r
...... [ S DN R —n el S R - B
o o = < [= 1 o [ =" - a =] _
o = . <1 o < . 1. . (=] [} .. [} L= I (== D = R,

i o o = ] < o (=t ] o = o = = t
. - - - " - - - oo } . (=] - - - - - - - - - .-
U o Ly [om | 39 [ 3 LA - - fan) ury - P Ly . o - <3
| = SRR ¥ Y o ¢ SV o SR —— T . T 1 o iy ¥ . W N P JE— o P [ T S

+ + + + + + ' I i 1 1 1



G4HOLH HHAVI

..”mmm&mﬂw_z%..wbmm ww..m SEELE S B m L " : s . .“,u SR

;
e pOOR QUALITY | - oo TIopmTInp L TLiiiiinin d
gty Sl ISRt il I et Rt il IRntibiil bt Stotd Dol SR SOt
S S IR SeY [Rpeouias ey It il bdntiall HAoun DO I
. = == H - - ﬂ LI _.. - - - CEE] - ar - l.rll.-I..J-r.|.m e m P (R - - = _h - Irrul.lm
T S IR Rty el Rt B e Rt 3
el Doy e Ee IR Pt bty SRt ISPRTEINOY
R ol Eetsrl RERE Skl R Rl BT Rt bl Rl RS “_
: - - e p oy e e
i - o R T [ - s i
I o §60™0 - PP P S
SO DUt Subuniiel bt He IRORD VS P Uit NbUR IR DO SR
i R DrOT N S S NN UM SO U NS OV e A
SR e Y e A S T L [ N
S SR Sdvaptunt SO Moy Rl G Sy Tl Sontuny el Dt I
R ] LRI N U SIS PRI, PG S OO NNV AR U S
. ! }
T T T S [0g0° o § T T
e ) e i s o i Il vl ol b gty e o

prd

S — e e Tl e
N : : Ly . VST SRR SRR Sv—
SR oSR ' v v ¥ 1 ¥ ) -1 I S S

PR 1 4 - | H
— | 1 . : il . e !
o= " 1 PR o L R R FER—
—E G N e i TS EUUR TR S
. B o ﬂ : o . L= .I,||||Imw..l.ii. 2 e ]

- o . ] H
R 11 M ] R B S ——

] ' t L I 2 3 - 4 T

\ P 1 1 i “Jm T
. Y ] 3 [ i }
T I ¥ ¥ i

t

‘//,H" -—T_... ] ke

el
LAt
-y
113
d
o
!

— N - J—
WS [ U S ——
— ) S ;
— N CRLC R TR D S - i 3
T - A" it R S

] 3 T YN

N 3 1
¥ [l ) 1 1 » o I—. f 1
L i L 1 § ' - " v f e
L | 1 { 1 ~ 1 1 -
: : Y :
! - SO0 0 ) .
T 1 t " B 5 ' 1 ' )
T ' - N i1 - .
. s . I i i L {
{ : {
T T AT T SN RN I IO N NSO MY NP B
[P - - [URNNUR R SO F R, AR D ' e
"o - R — . — — [T, U S . - —— - o] cam

STRESS

5,000
+20,000



'
-
]

£
R 3 :
% o “ S R A Skt
e BT — 2
3 E 5 2 . - ORGINAL PAGE 7.
Sl A m o niniono 4R 7. T OF POOR QUALITY-- - -
O | e o st
. I H - — . Kl
53
= |

TR RSN Bty ot S5

. .........._ JE— R _...!.I..I-I.

el Rodatait S S - A R T
" it :
s B T - A. —— —— e} -~ " - - ———
- s . ————-——] - ———— 1 —_ - - P
. - 1 I vt S e N
- [ o i - —— - SV MRS, Aot
Rl RS SUNE G o b Il syt P S s ety
e B - - [P T RN PRSI A
S S o ™ J— Lo JIII..ITII.I. b S
. 1 3 i 4 e | R DU, I .
T b e
" ! - ql|||.|» - - v e = n | — s v ———
e St et S A i R T
e il S : - RN . —— —_ —]
1 H t ¥ —
JF SRV DU JENIVNIIION SRS BRNESE B S " -
— m —— - wl.l - ﬁ.l : - -
T T e ) To e Mo e -
| S Sy —.. w L . ”!l- ;
- T e b+ rp——] —— —— - : i S
R i T et SR ~ f i -
wwwww e e r— .
1 1 ! }
i S o - : ——
i p . v [ I :
1 R SR [ i IS i
i i i " y T =f i
1 [l . | t l.ur.H./Owil.
[ i ' L i
r- T T = =
1 i i gy
R ki ~ 1 [ =N e
. . ! [~ Y
H H |
i i
i '
. T !
1 ] i
T 1 i
= = .
i t T b
[ Y 1 1 i i
e i i
1 ] 1
; i . —_
w'llulrnllll. et S Jll‘lw"lll. '_ .— |||_
1 ¢ 1 1
i B — - —-
B 1 o
+ ———
H ” " i
H 1 o t 1 "
i T . o D
“ i - 1 - —_—
R . R .
T — ' ' 1
] . ' . v ]
i ..l_.l i 1 € . , ‘Lfl
H - i 1 s - :
1 1 \ .
e | ,
] : ! -t . - e
o i | A ) . LI -
e P , 5
) N T Ty e Tt o E . |
T T e e e g e T S
LR — - e T4 ) TR Ty WETE R g RN NC R T oY Pet TR IR Y o WY .a.nU
. m .:.-M.:... m S A BN jooed s IS VIR S 4
S R O S B e e e R btens S I K
S, U SUUUUNS UURRNIULE V. | ST S, u..?m .- [ e N
. H “ 1 N Iu. § H i




AYER
AYER
AYER
AYER
AYER
AYER
AYER
AYER
AYER
AYER
AYER

AYER

AYER'

AYER

10

R

12

13

i4

ORIGINAL PACE 1S

OF POOR QUALIL

1 2 3
2041, 2061. -2051.
1139. 2379, -2229.
2514, 3761, -1307.
3282. 3322, -99.
3432, 4827. -2414.
3475. 4887. 2149.
5099. 5177. 2314,
3227. 3305. 1841.
3321, 2541. 3094,
2530. 1555, 2108.
2869. -&45. 3433.
2895, -1841. 3677..
1593, -2584. 4276.
-423. -2832. 3320,
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3491,

4913.
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Previous experimertal investigations proved that a mechanical

vibration of a suit;ble freqﬁency within 100 cps can be used to.\
reduce the peaks of residual stresses at the weld zZone for both
structuralfsteel and éluminum frames, The vibration perifod 1is
limited to 15 ginqteé in order to eliminate any fatisue in the
metal bars. ) -
The earlier experiments with vibration techniques vointed up
the need to exanine temperatures at the weld point as they affeét
regidual stresses and their distfiﬁution. It 1s believed tﬁét

controlling sharp changes in temperature will modifiy or

7

eliminate the harmful effects of residusl stresses,
The basis for the calculations of heat flow originsted in the

work of Robertsglé) and Rosenthail(l?). Various as';swn'_otions ware

necessary in the derifations of the mathematical formulze,

(18).

including the possible radiation and gonvect;on losses ™ 7,

The experimental wo&k Invelved measuring the temverature along
and across the weld and through ‘the devth following the bead
devosit. Chromel-glumel thermocouples - with refrasil insulation
were used for that purvose, The junction of each thermoccuple
was mounted in a hole drilled in the bar to be welded at specific

locations, as given in the figures with the experimental results.
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Sometimes the thermocouples were dipped into the molten metal
to check the actual melting temperature? Signals from the
thermocouvles were recorded using a pyrometer and a multi-channel
switch. Baquipment has been calibrated by the Omeza manufacturers
and rechecked locally on cambus.,

Hesults are presented ag curves of temperature against time.
The curves have a wide zpvlication for different speeds of moving
heat source and for differing bar width, Results showed the max,
temperature always located under the source of heaﬁ,while ;t was
moving across the metallic bar. Temperature increased throuch
the bar thickmess with the successive beads being devosited.

At the beginning of the weld and during the first pass, a
steen temverature gradient was always encountered, But as ths
bars zot hot the variation of the temperature narrowed, The
multi bead deposition was carried out on both the A36 steel and
the 606176 aluminum bars using the arc welding technique.

As the heat source crossed the metallic bar, the temperature
dropped sharply from the weld zone along the bar, i.,e., in a
direction at right angles to the weld. This sharv drovp was due
to several resasons inéluding‘the metal bonductivity, the speed
of weld, the bar vroportions and the radiation and convection

heat losses.

#1436 steel indicated z melting temperature of 2300°R
6061T6 aluminum indicated a melting temperature of 1100°F
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Figures 172,173 - show the variations in temperatufé in thg
direction of weld and that these variatlons narrow with the
successive beads. This supports the idea of 1limiting the devel-
ovment of stresses if the metal 1s preheated. It also indicates
that the larger the number of passes the better the temperature
distribution and the less the danéer of the internal stresses,

The same line of discussion‘is true for other tests where
temperatures are measured along the bar , i.e,, at right anéles
to the weld direction,the case that revresents the most citical
problem as far ag the variztion in temperatures and corresvondingly
the pezks of the genefated residual stresses ars concernad.

At present severzl tests are being carried oﬁk on both steel
and aluminum bars of wvarious thicknesses and widths. T™is is
done in order to confirm the temperature distribution character-
istics and to £ind out the effect of the bar vrovortions on the
degrees of heat losses and the sudden differential temperature.

For future work, a study will be added to investigate the
beneficial effects of stress-relief on the ﬁetallurgical
structure of both the aluminum and steel and how can this be
related %o éhe fatizue strength of the metal. An investisation
will be carried out on the possible reduction or control-of the
effects of veak temperstures at the weld zone by raising the
tenperature of the gtructure members around thls 'zone using some
type of induction heating thereby reducing the sudden differnetial

of temperature in the surrounding metal,
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A36 Steel Rar bn.x = o1n, 172

2

Gauge arranzsement
Holes are drilled from the bottom side of the bar
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TABLE 2%
GAUGE # 1 GAUGE # 2
1st. Pass 2nd. Pass 3rd. Pass i lst. Pass } Znd. Pass % 3rd. Pass
] ! -
32 400 . 550 32 392 536 OF
78 400 550 68 | 302 520
- E Y IO
200 450 550 212 438 572
380 560 730 392 1 572 752
680 730 955 692 752 932
1020 930 1100 1022 932 1112
H
i

1270 1120 1120 1282 | 1118 1115
1475 1335 1080 1472 | 1364 1076
1375 1300 1020 1382 1202 | 1030

| —
1160 1170 ¢ 1010 1152 1180 1020
1030 1090 | 1000 1036 1112 1004
935 1035 1000 932 1066 980

i

: - —
905 1020 | 960 890 1020 950
860 1000 950 852 990 950

NOTE:

Readings are taken every 6 seconds
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Temverature °F

1,600
1,500
1,400
1,300
1,200
1,100
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900
800
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400

300

200

100
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Along Weld=- Seconds
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: | | R : T
Average of two gauges p_l_aced at U Z5 INCh japart: PIG, 173 ¢
Speed g£ weld = 3 !q 1-nr"h/m-1ﬂn1'¢:\ i : } |.
140 amps., 30 volts, ;1/8 inch ‘dia. rod- L ‘ P
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Arc Welding

Speed of weld = 3.5 inch/minute
Amp. 140, Volt 30, dia. of rod 1/8 inch
L1

236 Steel Rar Ln x %

Gauge arrangenment

Holes are drilled from the sides of the bar .

Direction Of Weld

fauge # 1
cauge # 2
Bauge # 3
Gauge # 4

w16, 174
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GAUGE # 1 GAUGE # 2 GAUGE # 3 GAUGE # 4
1st.P |2nd. P{3rd. P |1st. P|2nd. P {3rd. P| 1st. P{2nd. P|3rd. P |{1st. P|2nd. P |3rd. P
0 | 250 | 500 0 | 270 {400 | 0 | 250 | 400 0 | 250 | 450
_o50_|_ 1280 11370
1150 | 1370 :1270 |
| 50 | 270 | 450
! 100 | 320 | 520
900 | 1120 :1270
1000 | 1150 | 1070
{ 150 | 4gg | 600
| | 290 500 | 700
700 i 950 1090 : ; |
: ] 800 | 960 ! 900 o !
i 270 | 610 : 825 |
] ; ; 500 | 720 | 880
540 . 815 995 i : :
, 630 810 | 730 [ ! g “
230 | 830 (1050 :
| 750 | 960 {1050
430 710 820 :
. 4% | 690 | 600
: 600 | 1010 {1190
| 900 | 1130 |113S
340 | 630 . 770 i 5 i
‘ 380 | 580 | 490 |
j 635 | 1060 {1250
g f 880 | 1170 | 1170
280 S55 650 | ! f i T
310 | 470 . 400 ; ;
{ 700 ' 1930 -1260 3
NOTE: -

Readings are taken every 3 seconds
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FIG,. 1756

Arc Welding 1
Dia. of rod 3/32

Amp. 80, Volt 30,
Speed of weld=3.5 inch/minute
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GAUGE # 1 GAUGE # 2 GAUGE # 3 GAUGF # 4 GAUGE # 5 GAUGE # 6
1st. P} 2nd. H 1st. P|2nd. P | 1st, P{2nd. P 1st. P|Z2nd. P{1st. Pi{2nd. P {1st. Pi2nd. P
0! 370 0 150 0 300 0 | 300 0 155 0 | 300
7270+ 630
50 175
50 320
i 70 | 310
40 195
. 70 | 320
820 850
i 350 275 o
) 225 380 S
i 175 { 370
e 5
T 8 255
| 150 | 360
750 { 780 i
| 500 420
|
; 475 )
: 310 | 450 )
| 130 | 325
% 230 1415
680 : 480
| 450 490
730 630
, 490 | 530
. : 200 200
i _320__1480
590 | 590 i
350 390 ;
925 | 825
: 600 | 600
i
f 300 460
‘ 425 | 540
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..
TARLE26 Cont.
i
530 530
280 300
920 960
L 580__| 580 5
, 400 | 500 ;
530 620
450 ..1_450 -
) Lo 250 250 |
| 750 870
SRS (NSRS U 500 | 495 E
500 52¢ i
e e 630 | 715
395 ° 390 ?
: 220 215 '
R 620 | 670 E
- 420 | 420
530 | 500 a
790 795
350 . 345 N O —
195 200
520 570
350 | 355
I 425.__| 425
835 835
300" 305 i
e ]a70 170 i
: 430 440 5
300 300 !
_ ! 320 1 320 i
{ 700! 700

Beadings are tasken

every two seconds
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FI1G. 178

A36 Steel Bar 4 x=
Gauge arrangement 2
Holes along the axis of the bar

Arc weld

. i g
Amp. 160, Volt 25, Dia. of rod 1/8

Speed of weld = -3.5 inch/min.
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TASLE 27
Readings are taken every 2 seconds
GAUGE # 1 GAUGE # 2 CAUGE # 3 GAUSE # L % 5AUGE £ 5
1 : ‘
ist.E’an.éBrd.Eist.}‘an.}?Brd.Elst.Ean.PBrd.Elst,Fan.PBrd.lflst.:J?nd.?Brd.}'
; i . . : i
0 |300 400 [0 |500 i500 | o mos-30 | o 1300 330 i 0 250 pos
1450 L0 25 | 20 | 20
1290 | 505 110 1310 | : 252
_ 1100 508 450 350 | 280
L340 140 70 50 i50
1260 | sho | | W35 | 350 ; 270
1045 shs | 470 380 . 300
1050 300 180 120 : 1 90 .
1150 570 1130 100 300
940 580 505 #30 325
830 1 500 | 290 150 150
1040 630 525 430 : 350
850 T 630 550 {bms . 350
240 ‘ggg"f‘“““““ 130 280 g - 200 |
925 690 570 u8sg . 395
770 675 600 i 500 400
635 839 sho { 355 2L5
s25 | | Awssi VT Mese | FECHEE h25
ﬂi 700 705 Bl s syg hiro
| 555 920 595 395 | i260 i
730 800 650 550 | i bz |
650 720 550 [ 550 ! 450
503 905 600 95 ; ;255
- 565 780 §50 5140 : vy
600 700 6140 520 530
450 825 560 365 1240
600 730 625 500 ; 410
550 §60 600 475 | | oo
530 720 510 340 1220
sks 660 570 450 | 380
500 610 555 430 | 365
r415 630 450 310 200
50Q 605 540 h15 350
P k80 570 530 400 330




TABLE 27 Cont.
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!adinp;s Taken Every 3 Seconds TABLE 28
GAUGE # 1 GAUGE # 2 GAUGE # 3 GAtInY 4 4
15t.P|2nd.P|37d.P [bth.P | 1st.H 2nd.P|37d.P [th.P |1st.P|2n4.P [3rd.P Bth.P |1st.P [2nd.P Brd.p Lth.p
0 | 300 |00 | 520 U300 350 ] 470 0 280 300 Tuso 0 280 |320 |40 |
BN P 2 W - :
50 | 310 360 | 480 1
o 50 | 300 |3s5p |U470 |
40 | 300 | 350 |L50
200 | 500 | 550 | 640 o
200 L20 180 580 -
175 | 430 [460 | 530
160 380 425 1520 |
400 650 (700 760 -
350 550 620 | 700 g%
300 | 510 |560 | 600 38
275 | k50 |490 {560 (o8&
e i e ] .m_.l-n
700 700 | 800 760 Q T
520 | 615 | 700 | 710 2B
Loo 530 575 620 —:_;ﬁ
360 boo | 525 | 565 |
730 625 1760 665 ——
560 | 605 660 | ©99
460 | 510 |555 [ 580 | R
Loo 500 525 540
syo | 500 |3B0 /5351 .
500 | 550 | 575 | 580 1
420 k50 | 530 525
N 400 L70 430 510
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AGE 18

QUALHV

oﬁﬂﬂﬂﬁk"

Aluainum Bar 3 x 3 inch

Directioﬁ , \}\
of Weld 0,25"\ '3 o<
r/)\

3
2

L
/

Amp. 120

Volt 32

Dia, of rTod 1/8 inch{i4o43)
Speed of weld = 3% inch/min.

L

<

716,183



'Readinngs Taken Every 3 Seconds

TABLE 29
GAUGE # 1 (GAUGE # 2 QAUGE # 3 GAUCE # 4
N ‘ T
1st.P2nd,P B3rd.P [4th.Pj1st.P 2nd.P | 3vA.P{Uth,.P{lst.P Pnd.P [ 3rd.Pl4th,P{1st.P Pnd.P | 3rd,.Pllth,P
0 |Boo [ G50 | 585 0 | 350 |30 | 530 0 | 355 | k00 | 525 o | 330 | 380 | 505
R TR o T I i R -
370 520 | 500 | 650
' 25 355 | 370 | W75
— 75 355 | 365 | 485
630 | 600 | 690 |745 ‘
615 | 515| 625 | 665 |
100 4251 koo | 550
165 | 410 | 450 | 610
580 555 690 | 680 St (el e Renathetanl elenel Il ~ R I
580 | 465 | 680 [750
b ] 220 [ 550 | 510 4 725 | 2
A I U A 1 N ) 300|500 | 595 | 820 4
| 510 | ups 1630 600 L '73
NPT 455 h2o | 655 | 675 I LY
375 | 785 | 725 3
A N o 485 | 630 1800 | 3
150 ) 380 | s00 | 495 -
370 | 380 | 595 600
710
. 765 | 810
340 | 300 | 375 | 375
315 | 350 | 500 | 500

S! 39%d TYNIDIHO
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SUMMARY OF CURRENT INVESTIGATIONS AND COMMENTS

During the current experimental investigations, it was observed
that the thicker the bar and the more restrained the structure,
the higher the magnitude of the ‘trapped stresses (33 ’3,4) . Peak
stresses of 25 to 30 x 103 psi appeared at the outer layers of the
mild steel bars, and stresses of § to 10 x 10° psi appeared at a slight depth
from the outer layers of the aluminum bars. Such a behavior is
attributed to the higher thermal conductivity of the aluminum as'compared
to the steel. .

Experimental analyses proved the effectiveness of the mechanical
vibration technique on reducing and levelling the residual stresses
generated by welding in both the steel and the alumimm. The
vibration period was limited to 15 minutes at a frequency between
50 and 80 cps, 1in order to minimize any fatigue of the metal structure.
Limited mechanical and metallurgical étudy of the resultant fatigue points
to further experimental investigationg.

Experimental studies with vibrations pointed out the need to examine
the temperature at the weld and in the surrounding zone, and how
the distribution of the temperature affects -resid'ual stresses.

It is believed that by controlling the sharp changes in the temperature
around the weld it is possible to modify or eliminate the harmful effects
of the residual stresses. Manual arc welds 3 to 8 inch long are made
between pairs of steel or aluminum bars Lo % inch thick. The bar edges are milled,
straight with 45° chamfer. This pro.cedire represents the normal manual

_arc welding practice.
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Examination of temperature distributions both along and across the weld direction,
is ongoing. using chromel-alumel thermocouples with refrasil insulation. The
junction of each thermocouple is mounted in a hole drilled in the bar at a spc_acified
location. Several thermocouples are used sinmitaneously during each test. Results
showed that the maximum temperature is located under the source of heat and moves
with it across the metallic bar.

A beneficial finding is that the temperature residue in the metal increases through
the bar thickness as the successive beads are deposited. During the initial pass, <
a steep temperature gradient is encountered. As the bar heats the variation of the
temperature narrows:,

Reducing the current in arc welding causes slower melting and shallower penetration.
A larger mumber of passes are needed to f£ill between the rods, helping to preheat
the metal and reducing the contrast of temperature distribution. The resulting

reduction of internal stresses minimizes damage to the metal bars.
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FUTURE WORK PLAN

At present several tests are being carried out on both steel and alumimum
bars of various thicknesses and widths. This is being done to confimm the
temperature distribution characteristics and to determine the effect of bar
proportions on the degree of heat loss and temperature differénti_al. A
theoretical study of the temperature distribution also is under way. The
basis for the calculations of heat flow originated in the work of Roberts(lé)
and Rosenthal- 17, Various assumptions were necessar)’r in the derivation of
the mathematical formulae, including the possible radiation and convection ..

1osses( 18)

-

Mechanical fatigue testing is continuing using the new MTS-810 type testing
machine that has been added to our facilities. This testing wiil be
supplemented with a metallurgical investigation of the grain structure to
determine the internal effects of the vibration treatment.

A study is needed to analyse the beneficial effects of stress—reliéf on the
metallurgical structure of both metals under investigation and how it can be
related to the fatigue strength of the metal.

It was found that preheating steel to about 400°C plloduced a reduction in
residual stresses of about fifty percent. The effectiveness of heat treatment
following the welding fell off markedly at temperatures lower than 60,00(3( 78:39) .
Authors findings are based on mechanical tests rather than on actual measurements

of residual stresses. Future investigation will examine the possible reduction
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or control of the effects of peak temperatures at the weld zone by preheating

the bars around the zone using induction heating. . The effect of combining

such preheating with a limited vibration for about 15 minutes at a frequency of .
50 to 80 cps, following the welding will also be studied. Mechanical and
metallurgical investigation of the effects of difféfing vibration frequencies

on the fatigue life of both steel and aluminum will reveal the optimm range

for effectively reducing internal stresses.
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TYPE HWTST.FOR

Q¢1¢0
00200
40300
00400
003060
Q04600
00700
04800
00900
01000
41109
01200
01400
¢1500
01500
01700
01800
41900
02000
02100
Q92200
02300
02400
}
02500
- $2400

38

599

39

201
200
444
112

43

453
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COWPLEX FILL

INTEBER WORF(9)

DINENSION DHM{15),E0(15,10)
URITE(S,38)

FORNAT(/, “ENTER H,L,N,67,/)
READ(S,*)H,L,N,B

HRITE(S,599)H

FORMAT (“%£7,F5.0)

HRITE(5,39)

FORMAT(/,ENTER DATAY,/)

DG 200 I=t,L

WRITE(S,201)1
FORMAT(/,”LAYER’,12)
READ(S,*)BHR{I) ; (EOLT,d),J=1,})
CONTINUE

URITE(5,444)

FORMAT(//, ENTER THE NANE FOR A NEW FILE FOR STORAGE")
READ{S,112)UORF

FORHAT(941)

ENGODE(?,43,FILL) (WORF(I),1=1,9)
FORMAT(941) :
OPENCUNIT=20,FILE=FILL)
URITE(20,#)H,L, 0,6, COHN(T), T=1,L), { {LEOCT, ), J=1 ), I=1,L

CLOBECUNIT=2¢,FILE=FILL)
ENB
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TYPE LOOK.FOR

99

8%

20

30
888

22

28

COMPLEX FILE

INTEGER WORK(9)

DIHENSION ED(15,10),HM{15),DHM(15), HH15)

WRITE(S,1)

FORHAT(1H3,“ENTER THE DATA FILE NAHE)

READ{S,99) WORK

FORHAT(941)

ENCBDE(9,8,FILE)} (HORK{I),I=1,9)

FORHAT(9A1)

OPEN{UNIT=20,FILE=FILE)

READ(20,%,END=90) H,L,H,5, (BHH(I),I=1,L), ((E
1 H3,I=1,L)

HHH=0.0

B0 50 I=1,L

HH 1) =HHH+DHN(T)

HHM=HH (1)

HH (1) =H-HH(T)

CONTINUE

CLOSE(UNIT=20,FILE=FILE)

WRITE(S,21}H,N,L,6

FORKAT(//,5X,” BAR THICKNESS’,F&.0,5X,#
1 OF BAGES‘,13,5X,”¥ OF LAYERS”,I3,5X, GAGE SE
11TING”,FB.2)

WRITE{5,22)

FORMAT(//,5X,” AVERAGE THICKNESS/,5X, AVERAGE
1 REHOVED’,5X,”GAGE NUMBER 1 2
1 3 5 4 7)

1D 45 li=t,L

WRITE(5,24)HH(I1),BHKCIT),CEB(IT,J),d=1,0)
FORHAT(/,10X,F5.0,18X,F4.0,23X,10F8,0}
CONTINUE

END

0CI,Jd),4=1,

3



TYPE MAKE

BE164
gg2ad

38300
) 39
FE50 0

ga409
go70d
g68060
40904
919848
g1189
g12a6
61384
#1469
$1503
#1680
gi799
#1884
Z1903
2409
g1850
G2869
42186
g2209
92368
91484
92589
92609
g2769
T $2808

- 02589

p3889
83149
g3129
T G328
G3390
63446

$3588 1

#3680
33769
83960
34669
G4189
G4209
G436
F4569
4659
4760
41869
34969
#5609
65199
#5289
44

i
155648
“Y5469
g5709
#5804
35988
#6098

Lo 2y B e IR e I e B e T e R -2 T e 0 o B e Y o N e N e IO o Y o T e N

87
88

8y

668

706
50

H 15 THE ORIGINAL THICRKNESS (IN.) ORIGINAL pAGE 1$

HH I5 THE DEFTH OF THE I LAYER REMOUED OF POOR QUALITY
DHH(I) IS THE THICKNESS OF THE T LAYER REMOVED
EO(I,K) I8 THE CHANGE IN STRAIN IN THE OUTSIDE FIRER
I IS THE LAYER
K IS THE LOCATIOH
STRSS(I,K) IS5 THE TOTAL STRESS IN THE LAYER REMDVED
I IS5 THE LAYER
K I5 THE STRAIN LOCATION
SGUHLI,K) IS THE SUn OF THE SUPERIMFOSED 5TRESS
I I5 THE LAYER
KI5 THE STRAIN LOCATION
SRES(I,K) IS THE RESILUAL STRESS I# A LAYER
1 IS THE LAYER
K I5 THE LOCATION
L IS THE NUMEER OF LAYERS
N IS THE NUMBER OF STRAIN LOCATIONS
HHY I5 AN INTERNAL COUNTING WARIADLE

COMFLEX FILL

IHTEBER WORF(9)

COMFLEX FILE

BIHEHSION HEC19),DHHC19),HNCI9), OHNC19),ED(19,18) , STRSSC
119,16),5504(17,18),5RES(19,18) , HH(19)

UERITE(S,1)

FORMAT (1H3,* ENTER THE DATA FILE NAME®)

CALL DFEN(28,IER,FILE)

IF(IER .EQ, $)60 TO 87

GO TO 89

WRITE(S,88)

FORMAT(/, * ERRDR®)

READ(26, +,ENI=495) H,L,N,G, (BHH(D),I=1, Ly, (2001
1,0),4=1,8},I=1,L)

B0 15 J=1,L

00 14 K=1,N

§SUM{J,K)=0.5

CONTINUE

HHM=4 .

og 56 I=1,L

HM T ) =HHM+ DN (1)

HN(I)=HE(T)

IHH () =DHACT)

HHH=HMN (1)

HR () =H-HH (1)

CONTINUE

CLOSE (URIT=28 FILE=FILE)

B0 588 I=1,L

B0 784 K=1,M

STRSS(I,K)=29.81E0(T, K} 1{~1.0)/ (IHH(I) / (H=HN(T) ) -3 .
TOHMCT) ¢ CH-HI (DY +EHKCT) )/ CH-HECT) )41 2)

00 688 J=1+1,L

S5UN(J,K) =29, BrEO(T, KD { (H-HM(I) 4 4243, 8+ (H-HH(T)
TRRHHCI)) £ (H=2. @ RN I+ IRNC ) +HMET) 1) 7 € (H-HB (1) 2-3. 04 (U~
THNCTD)+OHECT) ) £ CH=HE(T) ) ) +S5UN (S, K)

SRES(I,K)=5TRSS(I,K)-SSUACI,I)

CONTINUE

WRITE(S,21)H,8,1,6

FORNAT(//,5%,” BAR THICKNESS',F§.0.5%,
I DF GAGES®,13,5X,”H OF LAYERS®,I3,5% °GAGE SE
{TTING*,F8.2)
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22 FORHAT(/7,5%, " AUERAGE IHICFNan',SX, AVERAGE RE
THOVED *, 5%, “GAGE MUNEEER 1 3
1 9. 5 4 7 )
D0 45 11=1,L
WRITE(S, 26)HHEI1Y  DHACTT), CEDCIT, ), J=1 /)
6 FORKAT(/,19X,F5.8,18X,F4.6,23X, 10F5.9)
45 CONTIRUE
: WRITE(S,44) :
66 FORHAT(/4//,1H2,* GAGE # 1

[

28]

1 5 8 7 8”)
B0 47 It=1,L
uRITI<J,u4;11 (SRESCI1,K),K=1 i)
34 FORMAT(/, " LAYER®,3X, Iz,o% 19F7.9)
47 CONTINUE
TYPE 898
898 FORMAT (1H2)
WRITE(S,464)
164 FORHAT(//,” ENTER THE HAHE FOR & NEW FILE FOR
1STORAGE)
REAL(S,112) WORF
12 FORMAT(9A1)
ENCOBE(9,43,FILL) (HORF (1), 1=1,9)
43 FORMAT(941)
OFEN(UNIT=20,FILE=FILL)
WRITEC2@, 10H,L,N,6, (RHH (D), 1=1,0), ((EDCT,J),J=1,
TH)  I=1,L), (HH(E) , I=1,L), ({SRES(I,J), d=1, /), f=1,0)
CLOSE (UNIT=28,FILE=FILL)
ERT
SUKROUTINE OFEN(UNIT,IER,FILE)
INTEGER URIT
INTEGER ERROK
INTEGER NORI(S)
CONFLEX FILE
INTEGER COL
0t coL=1,9

UoRI(LOL) ="

| CONTINUE
_Co=i :

REATI{S, 99) BORK
99 FORMAT(9A1)

EMCOIE(9,8,FILE) (WORK (1), 1=1,2)
999 FORMAT(® ,LAJ)
8 FOEMAT (7a1)

OFENCUIIT=UNIT,FILE=FILE ,ERE=9)
9 IER=1
19 RETURN

EHD
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TYPE HAKA.FOR OF POOR QUALITY
H IS THE DRIGINAL THICKNESS(IN.)
HH IS THE DEPTH OF THE I LAYER REHOVED
DHH(I) IS THE THICKNESS OF THE I LAYER REHOVED
ED(I,K) 1S THE CHANGE IN STRAIN IN THE OUTSIDE FIEER
I IS THE LAYER -
K I8 THE LBCATION
STRESS(I,K) IS THE TOTAL STRESS IN THE LAYER REMOVED

Lr B o 0 B e B e e ]

I I8 THE LAYER
K I8 THE STRAIN LOCATION
S6UN(I,K) IS THE SUM OF THE SUPERINPOSED STRESS
I 15 THE LAYER
K I8 THE GTRAIN LOCATIGN
SRES(1I,K IS5 THE RESIDUAL STRESS IN A LAYER
I IS THE LAYER

OO n o0

T i K IS THE LOGCATION

c . 15 THE NUKBER OF LAYERS

c N IS THE NUHBER OF STRAIN LOCATIONS
C HHH IS AN INTERNAL COUNTING VARIABLE

CONPLEX FILL

INTEGER HORF(?)

COMFLEX FILE .

DIHENSTON HMC19),DHKC19) , HNOI9), IHNC(19) ,ED(19,10) ,STRSS(
119,10),8504(19,10) ,5RE5(19,10),HR(19)

WRITE(S,1) '

i FORHAT(1H3,” ENTER THE DATA FILE NANE")
CALL OPEN(20,I1ER,FILE)
IF{IER .EG. 0)G0 To 87

B0 TO 89

87 WRITE{5,88)

88 FORMAT(/,” ERRDR’)

89 READ(20,%,END=495) H,L,N,&, (DHK(I},I=1,L), (CEQ(I
1,4),4=1,8),1=1,L)

495 D8 15 J=1,L

DB 10 K=1,8 °
10 SSUH(J,K)=0.0
15 CONTINUE

HHH=0.0

D0 50 I=1,L

HE (1) =HHH+BHH (1)
HNCI)=HM(T)
IHN (1) =DHN(I)
HHH=HH (1)
HH(I}=H-HH{I)

50 CORTINUE
CLOSE(UNIT=20,FILE=FILE)
DO 500 I=1,L
Bo 700 K=1,N



STRSS{I,K)Y=10.0+EQ(I,K)x(~1.0)/(DHHSI)/ (H-HH(I})-3.0%

TOHHCT ) (H-HHC(T) +DHMEID) Z{H-HN (D1} ) o2}

-1

D0 400 J=I+1,L

SSURCT, Ky=10,0%E0CT , K)+ (C(H-HN{I))+2+3. 0% {H-HM(L)
THBHMCTY IR CH-2, 0HN ) +DHNL I HHHCT DD 3/ COH-HHAT) 442~ 0% (H-

THHAT)+BHMAT )y (H-HH{I) ) Y +GEUN(J,K)

700
309

21

A

SRES(I,K)=5TRS5(1,K)-SEUHLT,K)
CONTINUE
WRITE(5,21H,H,L,6

FORNAT(//,5X, “BAK THICKNESS,F6.0,5%,7%
“{ OF GABES”,I3,5X,”¥ OF LAYERS’,T13;5%;"GAGE SE

1TTING”,FB.2)

22

URITE(G,22)

FORMAT(//,3X,"AVERAGE THICKNESS”,TX, "AVERAGE RE

THOVED-,SX, “GAGE NUMBER 1

1

34
47

898

446

4 3 & 77}
D0 45 It1=1,L

WRITE(S,28)HR{I1),DHECIL}, (EO(I1,d), J=1,])
FORHAT(/, 10X, F5.0,18¥X,F4.0,23X,10FB.00

CONTINUE

URITE(S, 64) .

FORNAT(///7,1H2,” GABE #
4 5 6 74)

DO 47 I1=1,L

WRITE(5,34)11,(SRES(I1,K),K=1,H)

FORMAT{/,“LAYER”,3X,12,3X,10F7.0}

CONTIHUE
TYPE 898
FORMAT(IHZ)
WRITE(D,4464)

FORKAT(//,”7ENTER THE NANE FOR & NEW FILE FOR

1STORABE)

i12

43

READ(S,112)UBRF

FORHAT(RAL)

ENCODE(9,43,FILL) CHORFLT),I=1,%)
FORHAT{7A1)
OPEN(UNIT=20,FILE=FILL}

HRITE(20,%}H,L, 8,6, (DHN(I), I=1,L),{(EQ(],J},J =1,
14y, 1=1,L), (HH(I) I=1,L) ((SRES{I Jb, J 1,N), 1= i L)

ELOSE(URIT=20,FILESFILL)

END

SUBROUTINE. GPEN(UNIT, IER,FILE)
INTEGER UNIT

INTEGER ERROR

INTEGER WORK(9)

COMPLEX FILE

INTEGER COL

B0 { €OL=1,9

NORK(COL)=" -

CONTINUE

coL=t

READ(S,99)NORK

FORHAT(941)

ENCODE(9,8,FILE} (WORK(1), I=1,9)
FORKAT(” ~,24%5)

FORHAT(941)

. BPEN(UNIT=UNIT,FILE=FILE,ERR=9)

hoanory

IER=1
RETURN
END

2

1

3

. ORIGINAL PAGE IS

OF POOR QUALITY
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VAL
VA2
VA3
WAl
WAS
WAS

INTER
FRFOUR

FRVA

FRR

Main program for frequency response analysis
Subréutine for transfer function (complex valued)
and coherence function (Real), It makes complex
variables out of real raw and smooth versilons.
Subroutine for power spectral density functions
(Raw version and smooth version by Parzen Lag). -
Subroutine for cross spectral denslty function
(Raw version and smooth version by Hanning).
Subroutine to check data and average X & Y (made
equal to zero) :
Subroutine used to make the input and output filles
(Opens, Reads and Closes the files contalning data)
Intepolates X & Y data

Finds Fourier Transfer, «SUBMIT FRFOUR Prints
TRANS (Includes FOUR).

Finds statistical transfer values(OUTPUT).

SUBMIT FRWA Executes WA Series and the output
includes: OUTPUT, FORZ0.DAT, FOR30.DAT,

FOR31.DAT and FOR3Z2.DAT (No TRANS, }{M value is needed)
Finds both Fourier Transfer Values (TRANS)-and

the Statistical Transfer Values {OUTPUT) (M value 1is needed)

Possible Output Files

FOR20,.DAT Results of averages

FOR30.DAT X power spectrum results
FOR31.DAT. Y power spectrum results
FOR32.DAT Cross spectrum results(Complex)

FOR33

FOR36 .

FOR37
FOR38
PORSS

CK(I)},QK(I)

AR(I),BR(I)
CKCX(I),QXCX(I) Raw
CKCX{I),QKXCcX(I) Smooth
CPK(I),QPK(T)

#File Name For Storage Of Results Must Be @ Characters

With

.DAT Ext.



TYPE UAL1.FOR

00100 PROGRAM VIBIAT

00200 CONON BYX(100),BXYS(100)

00300 COKPLEX FILEX,HT,HS,GXY,BXYS

00400 DINENSION X(999),Y(999),GKX(100},6KX5(100),6KY(100),
00500

20600 1 BKYS(100),HT{100),H5(100);C(100),C5¢100)

00700 1 ,BU100),RX(100)

00800 1 ,A(100),BB(100),CE(100),E0(100),085(100),DC(100)
00500

01000 © ENTER THE LAG NUHBER, ¥

01100 TYPE 5

01200 5 FORKAT( H? 4)

01300 READ(S,#)H

01400 ¢ DPENS READS, AND CLOSES THE FILE CONTAINING THE
01500 C DATA FOR THE INPUT FUNCTION,X

01400 CALL NAME(FILEX)

01700 OPEN{UNIT=20,FILE=FILEX) )
01800 READ (20, %)}HX, NX, TR, (X (I}, I=1,HX)

01900 40 CLOSE{UNIT=20,FILE=FILEX)

02000 C CHECKS TD HAKE SURE M, AND N ARE POSITIVE AND EVEM
02100 € CALCULATES CUTOFF FRER BANDWIDTH, AND STANDARD ERROR
02200 CALL CHECK{MX,HX,M,F,B,E)

02300 WRITECS,50)8%,HX,H,F,B,E

02400 uRITE¢4a,so)ﬂx,Hx,ﬁ,F,B,E

02500 50 FORMAT (5X,”RX=",13,3X, H=",F15.5,3X, M=,

02400 { 13,3X,7FC=,F15.5,3%, BE=" F15.5,3X, ‘E=* ,F15 5)
02700 € KEAD DATA FOR OUTPUT FUNCTION, Y - —- .

02800 CALL NAHE(FILEX)

02900 OPEN(UNIT=20,FILE=FILEX)

03040 READ(20,%,END=75)HY,NY, TR, (Y(I},I=1,HY)

03100 75 CLOSE(UNIT=20,FILE=FILEX)

03200 ¢ CHECK Y DATA

03300 CALL CHECK(RY,HY,¥,F,B,E)

03400 BRITE(S,51)HY

03500 S5t FORMAT(? HY/ ,I3)

03400 €  ° MHAKE SURE THERE ARE SAME NO. OF X AMD Y VALUES
03700 IF(NX .NE. HY) STOP “NX NOT EQUAL TO NY*

03800 € AVERAGE X AND Y HADE EQUAL TO ZERO

03900 € RESULTS OF AVERAGING IN FILE FOR20.DAT

04000 CALL FORMX,NX)

04100 CALL FORH(Y,HY)

04200 WRITE(20,29)

04300 29 FORHAT (3, “X(1) 7 5%, Y (I}, 5%, 7 1)

04400 WRITE(20,31) (X(I), Y1}, I=1,8X)

04500 31 FORMAT(5X, 13, 10X, 2€10.5,F15.5)

04600 POWER SPECTRA FOUND FOR X AND Y

04700 © RESULTS FOR X FUNCT. FOR30.BAT



043800
04900
03000
05160
032090
05300
03400
03300
03600
03700
03800
03509
06000
046100
Q4200
04300
06400
04500
04400
06700
06800
04900
G7000
07100

[ B ]

Lae B o]

101

103

ORIGINAL PAGE [S
OF POOR QUALITY

RESULTS FOK Y FUNGT. FOR31.DAT
CALL POUER(X,HX,NX,HN,6KX,6KXS,B,RX)

. BRITE(30,*)Y(GKX{I),GKAS{I),I=1,i)

CALL POWER(Y,HY,NY,H,BKY,GKYS,T,RX)
WRITEC31,#) (BKY(I),6KYS(I),I=1,H)

COMPLEX VALUED CROSS-SPECTRAL DENSITYFOUND
RESULTS IN FILE FOR32.DAT

CALL CROSS(X,Y,HX,H,NX,4,B8,08,00,088,00)
WRITE(32,*F(6XY(I),BXYS(I),I=1,8)

TRANSFER FUNCTION FOUND, COMPLEX VALUED
COMERENCE FUNCTION FOUND. REAL

CALL TRAMS(BKX,GKY,BKXS,GKYS,H,HT,HS,C,0S,
4,B%,CC,LM

FILE IS NAMED FOR STORAGE OF THE RESULTS
FILENAHE NUST BE 9 CHARACTERS WITH .DAT EXT
TYPE 105

CALL NAME{FILEX)

DPEN(UNIT=20,FILE=FILEX)

WRITE(20,101)

FORNAT(5X HTZ, 5%, “HS{1)4,5X,“C{I),” (5X,“CS(I)*,5K,71*///)
HRITE(20,%) CHT(I),H8¢1),C(I),E5¢I),I=1,H)
CLOSE(UNIT=20,FILE=FILEX)

FORMAT(“NAHE OF FILE FOR TRANSFER DATA?-)
END
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TYPE WAZ.FOR

00100
40200
00300
00400
00590
00400
00290
G0800
¢6%00
¢1000
¢1100
01200
01300
01400
01300

01400 .

01700
01800
01900
02040
02100
02400
02300
02400
02700
02800
02900
03000
03100
03200
03300
034400
03500
03500
03700
03800
03%00
04000
04100
04200
04300
04400
04500
04400
04700
04800
04900
05000
03100
03200
035300
05400
03500
05600
03709

SUBROUTINE TRANS(GKX,GKY,GKXS,6KYS,H,H,HS,C,C8,
1 GKXC,CX,CXS,BKX5C)

C THIS PROGRAM FINDS THE TRANSFER ANDN COHERENCE FUNCTION
C COEFFICIENTS BETUEEN THD SIGNALS.

EXTERNAL ABS
COMHON BXY(100),6XY§(100)
COMPLEX GXY,GXYS,GKXC,BKYC,GKXSC, BKYSC, B, HS,CX, XS
REAL €,05
DINENSION GKXC(H),GKXS (), BKX(H),
1 GKY(H),GKYS(NY,H(H) ,HSCH) ,CXEHY,EXS (), C{H),CS0M)
1 ,GKXSC{H)

L FIND THE TRANSFER FUNCTION

H=H+i
DO 15 K=1,H

IF{GKX(K) EG.0)GKX (K)=.0001
IF(GKXS{K) LER.OIGKXE{K)=,0001
IF(BKY(KYER.OTBRY (KY=0000T
IF(GKYS{K}.EQ.OIBRYS(K)=.0001
C KAKE COMPLEX VARIARLES OUT OF REAL
BHXE(K)=GKX ()
GHXGCUKI=BKXS (K}

C THE “RAW VERSION-
H{Ky=BXY (H) 7BKXEL)

£ THE “SMOOTH VERSIONY

HE(K)=GXYS(K}/GKXSC(K)

€  THE COMERENCE FUNCTION

£ THE RAW VERSION
EX(K)=BXY{K}+BXY (H)
C{RI=CX(K}
CUHy=CIK}/GRXTKY/BRY (KD
C{K)=ABS(L(K))

L THE SHOOTH YERSION

CXSIRI=BXYS (K} =GXYS (K)
C5{K)=CXS(K)
CS{K)=CS(K}/GRXS{K) /GKYB (K)
CS(RY=ABS{ES({K))

13 CONTINUE
RETURN

ENT .
CHEBRERHNBHUSHHAREBAHARHABHA BHAHH AHARH IR R HAY



TYPE WA3.FOR

13400 SUBRGUTINE POWER{X,H,N,H,GK,GKS,IR,RXR)
13500

13400 DIHENSION X(N),GK(H),BKS(H),RXRCH) ,DR(H)
13700 EXTERNAL £OS

13800

14000 DB 20 IR=1,H

14100 RXR(IR) =0, ORj
14200 NX=H-IR OF g’b”‘q‘- Page 1o
14300 BO 10 H1=1,HX OR QuaLmy
14400 RXR€IR)=RXRCIR)#X (1 DX (N1 +IR)

14500 10 CONTINUE

14600 RXR ¢ IR)=RXR(IR)/HX

14700 20 CONTINUE

14800

14900 kD=0,

“T5100 B 30 Ni=1,N

15200 RO=ROFX(NI ) #:2

15300 30  CONTINUE

15400 RO=RO/M

15500

15600 M= H-1

15700 Q=1

15800 HK=H+1

15900

16000 € RAU VERSION

16100 B0 40 K=1,HK

15200 B=K-1

16300 0=0/0443,1414

15400 BK(K)=0.

16500 10 50 IR =1,HH

16600 R=1IR

16700 BK(K)=GK (K} +RXR (IR1*COS (R#Q)

14800 50  CONTINUE

16900 BKCKI=2, #H# (RO+2. #BKLK ) +C~1 v (K=1) MHRXR (1))
17000 40 CONTINUE

17100

17200 Hit=H/2

17300 a=H

17400

17500 ¢ SHOOTH BY PARZEN LAG FOR SHOOTH VERSION
17600 B0 40 IR=1,HH

17700 R=IR

17800 DRUIRY=E .60 % (R/Q) 42 (R/Q)#53)
17900 40  CONTIMLE

18000 DR{TY=1.

18100 DO 70 IR=HH+1,H

18200 REIR

18300 DROTR) =20 # ({1 .-R/Q)543)

18400 -70  CONTINUE

18500 -

18600

18700 IO 80 K=1,HK

18800 B=K-1

18200 B=0/H+3.1416

19000 6KS(K)=0.

19100 DG 90 IR=1,MH

19200 BKS (K)=0KS (K) +RXK (IR) #BR (IR)*COS (R#@)
19300 90 CONTINUE

19400 BKS (K)=2, %H4 (RD+2. 46KS (X))

19500 80  CONTINUE

19600

19700

19800 RETURN

12900 FND



TYPE UA4.FOR

00140
40260
04300
00400
0500
00400
40700
00800
00900
01000
01100
@1200
01300
01400
01300
01400
01700
01800
01900
62000
02140
02200
02300
02400
02300
02600
02700
62809
02900
03000
03109
03200
03300
03400
03500
034600
43700
03800
03700
04000
04100
04200
04300
G4400
4390
04600
04200
04800

20

10

23

13
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subroutine cross{x,y,hym,n%,brar  rys,ray gk, o)
dinension x(nuxd,y(axd,chinl,qk{nl,

1 RXY(H), RYX{HY,AR(H) , BR (B}, QKEX(100) ,CKEX (100}
conmon gry (100),g9xys{100)
complen gxy,gxys,ghox,qkox,chex

do 10 ipr=0,4
i=ir#l
nr=px-ir
rxyli)=0.
ryx{il=Q,

da 20 n=t,n

rxy(i)=rxy (D)+2(n)ey(ntiv)
ryutil=ry{ilty(nl#aintir}
continue

ray{i)=ray{il/ny
ryxiii=pyulil/ar
ar{i)=0.5c{ray(id+vrynii)}
br{i)=0.0%{ruy{i)-ryu{i})

contiaye
do 19 k=0,u

q=k

qu=n
q=q/qa*3. 141 6+.00}
kli=k+i

ck{kk)=0.0
gh(kh)=0.0

do 25 ir=2,n

r=ir-1
chikl)=chikkr+2. 2 (ar{iri*cos(g*r))
ghikk)=gh(kk}tbr{ir)¥sin{g+r)
-tentinue

CECHKY =2, HeCARCUYHEK CRK) + (=1, 64K ) £AR (H+1))
qk (kk) =4, eh*qk (kK)

tontinue

Ap=st



Q4900
03000
031900
0u200
05340
05400
05500
Q3400
05709
03800
03900
04000
06100
04200
06300
06460
046300
04600
06700
04800
04900
07009
07100
07200
07360
07400
07300
07600
07700
07800
07%00
GR000
03100

39

37

46

a0

ORIGINAL page o
OF POOR Qu:fﬁ%

do 30 i=1,an

gketid={g,-1) -
chox(i)=ck{i)
ghex{idy=ghex{i)xgkii)
guytild=chcul{i) +qheu(i)
continue

saoothing by hanning aethad
ck{t)={cki{tyrck{2}))/2,
gh{1)y=(gk{1)}+qk(2)}/2.

do 37 j=2,a

ek {jrI =k {ji+ch( j+1)32/2,
ORCJ+1)={RK 0 +BK(J+1) /2,

coantinue

do 40 i=2,4
ckiid=lek{i-1)+2 k(i) +chk{i+1)) /4.
qkfid=(qh(1-1342,%qk (i) +qk(i+1) 1 /4.
continue

snooth version
da 30 i=1,ns

chexti)=ck{i)
gher{ir={g4,~1)
gher(i)=qkex(i)+qhii)
GAYS(I)=CHCX{I}+BKCA(I}

" gontinue

return
end



TYPE UAS.FOR

00109
0200
00300
00409
00500
00400
00700
00800
00240
01600
01100
01200
01300
01400

01500

01400
01700
01800
01900
020600
02100
02200
02300
02400
02500
02600
02700
02800
02900
03000
031400

10

20

" ORIGINAL PAGE 1S
g.? POOR QUALITY

SUBROUTINE FORMCX,N)
DIRENSION X(H)
sUN=9.

SN=N

D0 10 I=1,N
SUM=8UN+X (I}
CONTINUE
SUK=5UN/SN

g 20 I=1,¥
¥OI)=X{1)-5UH
CONTIRUE
RETURN -

ENB

_CHRERUHRHESBARUEAUSHRREARU AR ERIRNHRNRR AN AR AR

U mmr e £ e —— ——

SUBROUTINE CHECK(N,H,H,FC,BE,E)
EXTERNAL ABS,SORT
li=ABS (H/2)
HN=25HH
IFINN .NE. H)PAUSE <M NOT POSITIVE, EVEN’
HR=ABS (1/2)
HC=2+N0
IF(NC NE. N)FAUSE ‘N NOT POSITIVE, EVEN®
FC=.4/H
RH=H S
BE=1./(GH$H)
BN=H
E=SQRT(QH/0N)
RETURN
END

C HEBEEHAHBHANAHB R R BHRHBA R B U B HB H R RS BH U HHU R RS
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TYFE WAS.FOR

00100
00200
00300
00400
00300
G04600
00700
00800
00900
019000
01100
01209

SUBROUTINE NAHE(FILEX)
COMPLEX FILEX
INTEGER WORK(?)
TYFE 30 )
30 FORUAT( FILE NAWE:DATA:")
READ(S, 99 (WORK(I) ,I=1,9)
99 FORNAT(PA1)
ENCODE(?,B,FILEX){WORK(I},I=1,7)
8 FORHAT(741)
RETURN
END .
C BHERHHHEHHESHBESNRHHAR T HEHHR RS BARA N BRI R AR DA BAE



09100
004200
00259
00300
00400
00500
004600
007090
Q0800
00900
00950
01000
21100
01150
01140
01200
01300
01400

33
44

30

10

11
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PROGRAK FOUR

BIHENSION X(999),Y{999),K(999),A(999)
CALL ERXSET(10,0)

READ{23,%,END=33) HP,NX,T, (X(1),I=1,N0)
READ(24,% END=44) HP,NY,T,{Y(I),I=1,NY)
CALL FORM{X,NX)

CALL FORH{Y,NX)

CALL FOURTROX,MX+4,-1,4)

CALL FOURTR{Y,HX+4,-1,4)

B0 50 I=1,HX

IF(X{D).ER. 00X (1)=,00

H(I)=Y(I)/X(1)

AT =1/T

RITE(41,11)

FORMAT (4%, “A01)7, 10X, “XCI}7, 10X, Y(I} 7, 10X, “HCT) 1/7)
URITEC41,%)CACT),X(1), YLD, HLT), I=1,NX)
FORHAT(10%,F10.3,5%,3E15.12)

END
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‘PROGRAN INTERR

DIMENSION Y(999),X(300)
READ{23,%)A,J,C, (X(I),I=1,])
TYPE 5

FORNMAT(” INPUT NUMBER OF INTERPOLATED VALUES”)
READ(S, %N

L=N4%J

A=A/N

D8 10 I=1,N

K=0

D0 15 JJ=1,L,H

K=K+1

YOJJHT =X ORI 0K+ 1 I-X{K /N
YLI=X{Ey 7 ; i
CONTINUE

CONTINUE
WRITE(24,%)A,L,C,¢Y{I),I=1,L)
END




ORIGINAL PAGE IS
OF POOR QUALITY

.TYPE FRFOUR.FOR

COPY FOR23I.BAT=X,DAT

COPY FORZ4.LAT=Y.DAT

EX FOUR.REL,UAS.REL,SYS:SPCLIB.LREL
DELETE TRAKS

RENAME TRANS=FOR41.DAT

PRINT TRANS

DEL FOR23.DAT,FOR24.BAT

DIR/L

DAYTIHE



+TYPE FRUA.FOR
COPY FOR23.BAT=X.BAT
COFY FORZ4.DAT=Y.DAT
COFY FORAQ.DAT=H.DAT
EX HAl1,UAZ,UA3,HA4,UAD
BEL FOR&O.DAT,FORZ3.DAT,FOR24.BAT
PRINT FOR20.DAT,FOR3I0.DAT,FOR3IL.DAT,FORIZ.DAT
BEL ODUTPUT
RENAHE OUTPUT=FDOR44.DAT
PRINT OUTPUT
DEL FOR20.DAT,FOR30.DAT,FOR3Y.DAT,FOR32,DAT
BIR/L
BAYTIHE
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JTYPE FRR.FOR

COPY FOR23.DAT=X.DAT

COPY FDR24.DAT=Y.DAT
“EX"FOUR.REL, HASJREL, SYS+SPCLIF.REL

IEL TRANS

RENANE TRANS=FOR41.0AT

PRINT TRANS

COPY FORA0.DAT=H.DAT

EX UA11,UA2,NAZ,UA4,UAS

DEL FBRA0.DAT,FOR23.DAT,FOR24.DAT

PRINT FOR20.0AT,FOR30.D4T,FOR31.DAT FOR32.DAT
DEL OUTPUT

RENAKE OUTPUT=FOR44.DAT

FRINT OUTFUT

DEL FOR20.DAT,FOR30.DAT,FOR31.DAT,FOR32. BAT
DIR/L /
DAYTIHE
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TYPE WNA4.FOR

00100
40200
00230
00300
00400
Q0500
G03h0
00400
007060
04800
00900
61600
01168
01200
01300
01400
¢1309
01400
01700
41800
01200
02000
02100
02200
42300
02400
02300
02550
Q2600
02700
02860
02%00
G300
Q3100
03280
03300
03400
03500
03400
03700
03800
03900
¢4000
04050
04080
04100
04200
04300
04400
04300
04400
04700
4800

04870

04900
03000

20

ERY

SUBROUTINE CRUSS(X,Y,H,M,NX,BR,AR,RYX,KXY,0K,CK
1,0FK,0PK}

DINENSION X(MX),Y{NX),CK{H),BK(H),
1 RXY(H),RYXCH),AR(H) , BROHY, OKCX{100),CKCX(100)
i ,CPK(100),QPK{100)

COMHON GXY(100),6XYS(100)

CONPLEX GXY,BXYS,GKCX,GKCX,CHCK

U8 10 IR=0,H
I=1R+1
¥R={X-1K
RXY(1)=0.
RYX(1)=0.

BO 20 N=1,NR

RXY () =RXY (I X (NI #Y (R+IR)
RYX(D)=RYXCI)4Y (R #X{N+IR)
CONTINUE

RXY{I)=RXY(I}/NR
RYX{I)=RYRX(I}/NR
ARCII=0 . 9% (RAV{I)+RYX{I)}
BR{II=0.5{RXY(I)}-RYX(I})

CONTINUE
HRITE(34,*)(ARCI) (BR{I),I=1,H+1)

B0 15 K=0,H

- D0 25 IR=2,H
R=IR-1
CKCKK) =CHAKE)+2.4 (AR CIR)#£0S (B4R ) )
BEIEKY=0K(KK)+ER({IR) *BIN(G%R)
CPRUKK) =CK(RK)
BFKCKK ) =BKLKK)
CONTINUE

CKIKK) =2 sH# (AR (1 J+CK (KK ) +(~1 ek AR (M+1 ) }
BH KK =4 #H+ QK (KK

CONTINUE

HH=H+1
BRITE{(33,*)(CR{I),BK{L),I=1,HH)

DD 30 I=1,HH
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05100

05200 BRCX{T)=(0,-1.)

05300 CKEX (I} =CK(T)

05400 QKCX{T)=QKCX{T)+AK(T)

05500 BXY(I}=CKCX{I)+BKEX (D)

05600 30 CONTINUE

05425 WRITE(55,%) (CPKIKK) , GPK(KKY, KK, KK=1, M)
- 05450 URITE(37, %} (CKCXCTY,BKEX (D), I=1, M)
05700 ‘

05800 C SHODTHING BY HANNING HETHOD

05900 EKC1)=(CKU+EK(2)) /2.

06000 : B (1) =(RK (1) +BK(2)) /2,

04100 B0 37 J=2,H

04200 CK{J+1)={CKLD+CK (#1272,

06300 BK(J+1)=(OK{D+BR (1)) /2,

06400 37 CONTINUE

04500 D0 40 I=2,H

06600 CRCT)=(CK{T-1)4+2.#CKIT)+CK(I+1)) /4.
06700 BK (1) ={0K{I-1)+2.+0K(IY+BK(I+12) /4,
04800 40 CONTINUE

04500 _

07000 © SHOOTH VERSION

07100

07200 B0 50 I=1,Kd

07300

07400 CHCX(I}=CK{I)

07500 QKEX(I)=(0,~1)

07400 AKCX (1) =BKCK{ I )+QK(I)

47209 BXYS{I)=CKEX{I)+QKCX (T}

07800 -

07500 50 CONTINUE

07950 © T URTTEUIE, #)(CKCR (I, QKCKTI) j T=1 70Ny
08000

08200 RETURN

08300 BN



TYPE WA11.FOR

00100
00209
00300
00400
00300
60600
00700
Q0800
oG700
41000
01200
Q1300
01440
01300
014600
017200
01800
01900
02000
02140
02200
02300
02400
02500
02609
02700
02800
02900
03040
03100
03200
03300
03400
(3500
03400
03700
03800
03700
04000
04100
04200
04300
04400
04300
044600
64700
04800
04900
03000
03100
03200
03300
03400

o

Ly B ]

30

[ I e B 3 |

cnm

o

Lo B o]

N

102
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PROGRAN VIE222 ’
COHMON BXY(100),5XYS(100) _
COWPLEX FILEX,HT,HS,B6XY,6XYS
DIMENSION X(999),Y{999),GKX(100),6KXS5(100),6KY{100),
BKYS{100),HT(100),H5¢100),C¢100},L5(100)
,H(100),RX(100)
,A0100),BE{100),6C¢100),LR¢100),C55(100),0C(100)
READ(40,4)H
OPENS READS, ANE CLOSES THE FILE CONTAINING THE
DATA FOR THE INPUT FUNCTION,X
READ(23,%)HX, NX, TR, ¢X(I},I=1,8X)
CHECKS TO HAKE SURE ¥, AND N ARE POSITIVE AND EVEN
CALCULATES CUTOFF FREQ BANDWINTH, ARD STANDARD ERROR
CALL CHECH(MYX,HX,M,F,B,E)
WRITE(44,50)N¥,HX,H,F,B,E
FORMAT(SX, “NX=",13,3X, H=",F15.5,3X, K=’
13,3X,”FC=*,F15.5,3X, BE=",F15.5,3X, E=*,F15.5)
READ DATA FOR DUTRPUT FUNCTION, Y
READ(24,%)HY,NY, TR, (Y(I}, I=1,HY)
CHECK Y DATA
CALL CHECK(NY,HY,H,F,B,E)
HAKE SURE THERE ARE SAME NO. OF X AND Y VALUES
IF{NX .NE. MY)STOP “NX NOT EQUAL TO NY*
AVERAGE X AND Y NADE EQUAL TO ZERC
RESULTS OF AVERAGING IN FILE FOR20.DAT
CALL FORHE(X,NX)
CALL FORE(Y,NY)
WRITE(20,29)
FORNAT(3X,”X(1)7,5%,/Y(I)*,5%, 1)
BRITE(20,31) (X(I),Y{I},I=1,MX)
FORMAT(3X,13,10X,2E10.5,F15.5)
POWER SPECTRA FOUND FOR X AND Y
RESULTS FOR X FUNCT. FORZ0.DAT
RESULTS FOR Y FUNCT. FOR31.DAT
CALL POWER(X,HX,NX,H,BKX,GKXS,,RX)
MRITE{30,+) (GKX{I},BKXS(1),I=1,H)
CALL POUERCY,HY,NY,H,GKY,BKYS,D,RY)
MRITE¢31,%) (BKY(I),BKYSCI),I=1,H)

- CONFLEX VALUER CROSS-SPECTRAL DENSITY FOUND

RESULTS IN FILE FOR32.DAT
CALL CRDSS(X,Y,HX,M,NX,A,BE,CC,00,058,00) .
WRITE(32,%){GXY(I),GXYS{1),I=1,K)

T TRANSFER FONCTION FOUND. COMPLEX VALUED

COMERENCE FUCTION FOUND. REAL

CALL TRANS(GKX,BKY,BKXS,GKYS,H,HT,HS,C,LS,

A,BB,CC,CH)

FILE IS WAKED FOR STORAGE OF THE RESULTS

FILENANE HUST BE 9 CHARACTERS WITH .DAT EXT
WRITE(44,101)
FORMAT(12X,7HT*, 22X, “HSC(I) 4, 18X, “C(I} 7, 12X, CS{1)“7//)
WRITE(44,102) (HT{I),HS(I),C{1),L8¢1),1=1,H)
FORMAT(2X,2F10.6,3X,2F10.6,3X,F10.4,5X,F10.6/7/)

END
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Computer Program For The Measurement And Analysis 0Of Shock

Ioad And Acceleration Resvonse{1l)

Theory

Definitlons

T Frequency

fo 1/2h = The cut off fregquency

X &Yy Variables - impulse & response wave values

x(t) Record

v(t) Record

h The time interval between data values

k The harmenlc number

T The lag number

m The maximum lag number )

n The number of data samples (number of intervals)

£ The normalized standard error desired for spectral
calculations

Aq The finite analorues of Iourier cosine coefficients

Eq The finite analogues of Fourlier cosine ceoefficients

By, The estimate of the true (autocorrelation function)
value R, at logr corresponding to the displacement rh

Tp The ner{od t

Un OT Xy The data values

Sy The sample standard deviation for x(t)

Sy The sample standard deviation for y(t)

Ba The deslred equivaelent resolution band width for

A vower spectra calculations

Cx Digltal value of the co-svectrum estimate at

— harmonic k between x(t) & y(t)

Gr The "Raw" estimate of the power svectral density
function at harmonic .k, corresponding to the

A frequency f=kf,/m,

O Digital wvalue of the guadspectrum estimate at
harmonlc k between x(t) & y(%)

‘gx(f) Power spectral density function of x(*%)

Gy(f) Raw value of power spectrum Gy(f)

Tt =Hy,Hy; Time Intervals

Gy(f) Power spectral density function of y(t)

Tp Hecord Ilensgth

Q fndex

D Is Parzen Tag welighting function

AES Absolute wvalue

C Coherence function at each of the harmonic

>

frequency k (f=kfc/m}
For smooth
For rTaw
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ny(f) The co-spectral density function

Qxy (£) The quadrature spectral density function

N

Gk x Digltel value of the power spectrum estimate at

A harmonic k for x(t)

Gk,y Nigital value of the power spechbrum estimate at
" harmonic k for y(t)

Gy (Cyy Q) = Gy (kfe/m)

Grex "The smooth version of G¥

ny?f) . Cross spectral density Tunction .

G (f) Smooth version using Hanning method

.§¥S= Hx or Hy Time interval for X or ¥
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Nigitizing OFf Continuous Mata
i.2.y; converting continuous data into discrete numbers.

The procedure is first to define the points at which the
data are observed (sampling).

If the time interval = At (secs.) between samples = h
+* sampling rate = 1/h samples per second,

The useful data will be from 0 to 1/2h cps

The cutoff frequency f, = 1/2h  —cemcresommamcea. (1)
knovm as the Nygulst frequency

For any freqﬁency f in the range 0% ffg'fc, the higher
freguencies which are aliased with  areir-

(2F5+T ), (HEGHE), ~—mmm=m 2 (ZNfoaf)  mmmmemmmmmeeee (2)
(cos 2T ft = cos 2T (2nfoif).1/2F, = cos TE/f,)

Thus all data at frequencies 2nf,+f have the same cosine
function as data at frequency f when data are sampled at
points 1/2f, apart.

To Deal With Aliasging Problem

Choose h sufficiently small so that it is vhysically
unreasonable for data to exist above the assoclated cutoff
frequency f. (example-assume that information below 500
cps 1ls desifed, as the case we are dealing with, This
means that 1/2h =500 or h=1 msec., would technically be
sufficient). 1

In general, it 1s a good rule to select [ > 1= or 2
times greater than the maxlimum frequency of %nter@stm

The second part of concern is quantization,i.e., the
actual conversion of the observed values to numerical form.
If one assumes that the quantizatlion errors follow a
uniform probebility distribution over one scale unit, then

these errors will have a mean value p(x)=zero and a
standard deviation of "20,29 scale unit. This is the rms
value of the guantization eryor,

For most practical problems, quantizatlon errors are
negligible,

Basic Statistical Calculations For A Single Record
Digitlizing Of Data And Selection Of Sampnle Size

Let {Ung ;i n=1,2,~-~,N be the data values of a record
U(t) found at the points t,=t,+nh-
These polnts are at disgance h apart

S UpEU(E i) e (3)
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. 1 N
Semple mean = U = = J U, = =;e;ccemcmeeeceeeceee—ee ()
¥ n=1
R ? ] F -
Semple standard deviation = 8 =|} gl [ eeeeeeo (5)
— n=1"

And x* = (H:ly 2
For indepenéent data samples, The normalized standard error
=1/ V'T\r

Transformation Of Nata To Zero Mean Value )
This is done in order that subsequent formulas and
calculations may be simplified,
Define a new time history record
x(t) = U(t) - T
Then x(t) has data values ixﬁSgiven by

x, = X(tgtuh) = Uy - U = eeememee——mme—me—mm e (6)
note that X =0 - i

- The reason for representing the original data wvalues by
%Un instead of gxﬁi'is to have the {xh} notation indicate
a Zero sample mean value, :

Fouriexr Series Representatlion .

If a transformed sample recoxrd x(t) is periodlc with
a period of T, and a fundamental freguency fl:l/Tp, then
x(t) can be represented by the Fourier series:

o
x(t) = ao/2 + X (ag.cos 2Tafyt + by.sin 2T4f )

gq=1
Where: -
a_ = 2/T-\jx(t).cos 2T qfyt.at q= 0,1,2, -~
q - o
b, = 2/TiJ"x(t).sin 2T qf, t.dt q= 1,2,3,-=-
q 3 1

Assume a sample record x(t) i1s of Tinite length T.=T,,
the fundamental periloed of the data,

Also assume that the record l1s sampled at an even number
of N equally spaced points a distance h avpart, where h has
been selected to produce a sufficiently high fredquency
cutoff f,=1/2h.

Consider the initlal polnt of the record to be zero and
denote the transformed data values as before, by

X, = x(nh) e e e (7)
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One may calculate the finite version of a Fourier series
which wlll pmss throusgh these N data valuss., For any voint
t in the interval (0,T._) one obtains:

Nye. P Nj2)-1
x(t) = Ay + ZA,c08(RQTqt/T ) + 2L Bysin(2Tqt/T ) -  (8)
a p 3*._.! a D

HPA
At the particunlar voints t=nh; n=1,2,ww-,N
where T, = Nh
%=XMM=AO£ﬁ%wﬂﬂﬁMm+fomQTMMJ (9)
The coefficients Aq & Bq are glven by

/

Ao =EXx, =X =0

X n=l 0
Aq = I%"‘.%’;ifflcos(z YA NI SR /) P R — (10)
n=
1
Agsje = = ‘%‘xn.cos Tn .
=1 Note that A,=0 sinece x(t) is
Bq 0 Eéfh'Sin(ZTrqn)/N transformed data,Where: 5
s made equal to zero

Autocorrelation And Power Svectra Calculations

. Basic formulas to calculate gutocorrelation and power
spectral density Tunctions for single records from
digitized data

Sampling interval
h = £t such that h=1/2f  «cecaas (11)
where 1/f, is smallest Yperiod" in record

For accurate correlatlon function measurements: Where
the correlation funstion has frequencies near fc' one should
choose h=1/4f .

If the power spectra measurements are the orime consider-
ation, one should choose h=2/5f.

Number of. correlation lag values m=1/Bg.h w~~—mo- {12)
0 B_=1/MN e e {1.3)

Thus Bg wlll be small for a given h when m iz larsze
The sample size: N is chosen such that sz/egz ----- (14}
The associated minimum record length T.=N,h =w=---- (15)

The number cof degrees of freedom for spectral calculations is:

n = 2B,.Ty = 2N/M e e (16)
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The Normalized Standard Error is given by Ej={[;;§hd——— (17)
& will be small for a given N when m is small

Autocorrelation Functlons

For N data values } x,} from a transformed record =x(t)
which 1s statlonary with ¥=0, the estimated autocorrelation
function at the disnlacement Th 1s defined by

N
R, R Th) = o ) X X, mmeeemmee—————— T {1.8)
( ) N -7 “Z__; x n+I‘ (

The Maximum Lag Number m determines the later

eguivalent freguency band-width resclution for the vower

spectral density functicon in the frequency interval (0,f,).
This equivalent hand width is:

Be = 2f,/m = 1/(mih) = 1/ T pay, —=====——m=—-- (19)

Tt means B_ 1s twlce the range found by dividine the
frequency ?nterval (0,1, ) into m equally spaced parts
(f /m apart}).

(B, divides the theoretical frequency Iinterval ( ~-Tarf
%o m equally spaced parts),. Thus from knowledqe o% f
one can choose m in advance so as to have a desired B

Since the gquantity m represents the maximum number of
correlation lag values, the maximum displacement is:

Tgax, =B —emememeeeeec e (20)

It is desirable to Xeep the maximum lag m less than 1/10
the sample size N, Anéd it is required to smooth the "Raw"
power spectral density function estimates,

The autocorrelation function may take on nezative as well
as positive values.
. A normalized value for the autocorrelation function is
obtained by dividing Hr by Ry where

e

/1:10 = R (0) = z%r };I(xn)2 R T (21)

N
When is normalized, one obtains the quantity RI/R
which t eoretically will be between plus and minus onu

HT/ROS 1 e (22)

< -5
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Power Spectral Tenslty Functlons
For samples data from a transformed regord x{(t) which
is stationary with %=0, 2 "Raw!" estimate Px(f) of a true
power spectral density funetion G (f) is defined for an
arbitrary £ in the'ranpe 0 f= % by
-

fé’x(f‘) 2h [R +2£ Rr.cos(n‘rf‘/f ) o+ Rm.cos(w’mf‘/f ):l--- (23)

The total mean sguare wvalue of the record in the freguency
range 0% f=< f, 1s;

\',f:‘ ~ ~
JlGX(f).df = By = Ryg(0) —rmmemmm e (24)
@

It is recommeded that the values of the function G, (f)
be calculated only at the m+l speclal diserete frequenciles,
Where: f=k.fo/m k=0,1,2,-===,0 =——ommm—mmm———— (25)

This will provide m/2 independent spectral estimates
since svpectrgl estimates at points less than 2f /m apart
willl be correlated. )

At these discrete frequencv polnts:

M

E& = Gx(k,fc/m) 2h [3O+2;E,Rr.cos(1rrk/m)+( -1)%. Ré] -~ (26)

Smoothing is necessary since the periodogram {Raw estimate)
given by equation (18) is an inefficient estimate of the
true spectral density. The varliability of these estimates
does not decrease with increased record length or sample
size.

This leads to the requirement of smoothinq the veriod-~

ogram oY e%uivalently, welighting the correlation function
nonuniform

When the computation of freguency response and the
assaciated coherence functions 1s the mein zoal, certain
variations in the above formulas 1s avpropriate

Pp =1 - 6(x/m)* + 6(x/m)>" 1=0,1,2, =~-== »m/2
= 2(1 - (z/m))> L r=(m/2)H, mmmym Y mem (27)
= 0. T7m

Note that D] = 1 end N =0

The use of thls Parzen Lag ypmalntains the sample
coherence function between its theoretical wvalues of +1,
as opposed to the Hannine window of equation (28) which
allows a sample coherence function to vary over wider
limits depending on the form of the power spectrum,

The final "Smooth" formula of the power svectral density
estimate at harmonle % 1is
~ A N -1
G = Gyelk.f/m) = 2h(R +}_rr.Pr.cos(ﬂ‘r k/m)) - (28)

!
where N is s&lven by equation o
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Cross Correlation Functions

Choose a maximum lag numbher m
which will glve a desired equivalent fregquency rescliution
Ee/= i/mh as well as a desired number of dezrees of freedom
N/m.

The autocorrelation functlions and power svpectral density
functions are calculated for the transformed variables
%z(t) and y(t) in terms of the data values, X, & Yy, Separately’
according to the formulas listed previously.

The following are the formulas to calculate their Joint
cross~correlation functions and cross-spectral functicns
in terms of the trasformed data;

Estimates for the sanmple cross-correlation functions at
lag numbers r=0,1,2,----,m are defined by:

~ 1 N-v ‘

ny(rh) = N -1 “Z;Tixn'yn-}-r --------------------- (29)
. N

“ 1

Byp(rh) = == L ¥nedpyy  mommmmmmmmnssmoemses (30)

(If W iﬁ??rn, it may be more convenient to divide by N
instead of N-r in equations (30),(29) and (18).)

For later determination of the cross-spectral density
function estimate

A
: _ ny(f) between x(t) and y(t), calculate for
r=0,1,2,~-~=-,, the two quantities (even and odd oarts of

the cross-correlation function).

A N ~ /\ =
A = Byy(rh) = 3[R (eh) + Rip(en) ] commmeomees (31)
) A —A A -
B, = Byy(rh) = & [ Ry (rn) - R (32)

Cross Spectral Density Functlons
It 1s a complex~valued guantity defined by:

Gy (T} = Chp(£) = JQpy(f)  mmmomes e (33)

"Raw! estimates from sampled deta for the co-spectral
density function and the quadrature snectral density function
may be found as follows:

The formulas are for one-sided spectra which are nonZero
only for £ 2> 0

At an arbitrary value of f in the range OsT<f,,
“"Raw" estimates for ~
ny(f) & Qxy(f) are
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n\i

N
ny(f) = 2h LA +2‘ZHAr.cos(Jirf/f )+Am.cos(ﬁrhf/f _] S (3
a;y(f) = 2h [f!Ef‘Br.sin(IrTf/f )+B Sin( 7w mf/T _] == (35)

Vhere Ar & B are given by equations (31) & (32),
As before, thesé functions should be calculated only at the
m+1 speclal discrete freguencies of harmonle.

At these discrete frequency points:

~ o~ N ﬂ‘l !f\ -

Cy = ny(kfc/m} = 2h [A +22i Leos{ Trk/m)+(~ 1) ] ——— (36)
~ ~ wi—la :

O._k = Qxy- {Kfc/m) = h Z_, Brn Sin( TI‘k/’m “““““““““““““““ - {37)

y=1
"Smooth estimates for Cy & Qy at harmonlec k nay nowr be
calculated as in equation(%?), by using the Hanning method.

This yield:
Fa) fad i~
C, = 0.5C, + 0.501
Fal ~s o~
QD = O 5:).0 + 0 SQI “““““““““““““““ (38)
A
N

= O.5Cm,1 + O.5Cm
Qm = O' 5Qm_1 + Oo 5Qm

At the m+1 dlscrete frequencles one obtains the smooth?
cross-gpectral density estimates

/\
(kfc/m) - j@k
Frequency Response Functions

H(f) is a complex-valued function
H(f) = I H(f)} 'edjﬁ(f) -------------------- "“""" (39)

. Where -
iﬁ(f)] is the gain factor of the system
g(f) is the phase factor of the system
If a statlonary input x(t) produces an output y(%),
the system galn factor

i
=

A N A
| 1(e)] = (GpU)/G (£ mmemmm e eeee (0]



ORIGINAL PAGE i3
OF POOR QUALITY

Hence, at the discrete frequencies f=kf./m, the gain
factor may be estimated digitally by . 2

N A ~ M
R L I G L —

Por either single input-single output problems where
extraneous noise is present only at the output, or multivle
input-single outout problems where the inputs are ‘
uncorrelated, another more general method for estimating

the system frequency response function (including b
I £ both
and phase factors)is given by;- . gain

P
o
o
Y
S

H(f) = Egy(f)/é;<f; mrmmemmm e (2]
Tt follows thati-
A ~ ' A
[5(£)] = |Ggy(r)] /nx(f>j

And A AT meememme e (43)
B(£) = 8y, (1)
Therefore at the discrete fregquencies f=kfc/m the gain
FTactor and phase facbor may be estimated digitally by:i-
A . A2 f\2 1 A
R - e e e e o o8 0 o i e e e A e o e f_
) = (Cr) /0y (tis)
~ 1 A A
By = tan™t(Q/Cy)  emmmmememmemeem e (%5)

Coherence Functions

The coherence function ‘ﬁiy(f) betwsen two stétionary
records x(t) and y(t) 1s defined by~
2 B 2 . -
206 = ey () 178 00).6y(£)) mmmmmmoee s (46)
The coherence function theoretically should satisfy
5 . .
0 £ X¥y(f) <1 for all f.

In terms of digital calculatlons, at the discrete
freguencies f=kfc/m the coherence function is estimated hy

D2 AR A2 A
Yy (G ¥ Qlc?%“lc,x'ka) ----------------- 47
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The Transfer function is the mathematical description
of the system. It can also be used to measure the relat-

lonshiv between any two signals. It can be defined as:-

Average cross vower spectrum of input &outout

Transfer Functlon =
Average power spectrum of input

This gives more reliakle transfer function.

The coherence function can be used to check the wvalildity
of the transfer function,i.e., it can be usged  to measure
the degree of causality between any two signals. A ngn
value means no coherence between input and output of the
. system., A value of "i" means there 1s a complete coherence

between them indicating that there is only one input and

the aystem is linear.



