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ABSTRACT

The purpose of the investigation was to extend the existing

knowledge of thermal stresses in ship structures by the study of

both physical and mathematicalmodels. Thep

was a 10-It welded box beam simulating the

ﬂ}sical floating model

main hull girder of a

transversely framed cargo ship. Itwas subjectedto varioustemper-

ature environments above water, and thermal

stresses were meas-

ured with foil strain gages. The results of thé:-jse tests showed ex-

cellent agreement at sections remote fromthe ¢
a strength-of-materials approach modified to
transverse temperature distribution. Attempts
of longitudinal temperature gradients were uns
the difficulty of temperature control and the ne

temperature and strain mapping thanthat which

A finite—difference solution tb the go
thermo-elasticity was developed for two-din
extended to a folded-plate type of box girde
conducted on the IBM 704 and 7090 computer

nds of the modelwith
J',";nclude any arbitrary
t&) measure the effect
uccessful because of
eii,i for more extensive

could be undertaken.

verning equations of
nénsional plates and
r. The solution was

rs, and the computer

program with slight modification is considered suitable for use in

ship-designoffices. Solutionswere obtained for a varietyof thermal

conditions with temperatures varying vertical
longitudinally. Accurate comparisons were m

perimental and the strength-~of-materials resu

ly, transversely, and

ag*le with both the ex-
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INTRODUCTION

The project described in this report was a
direct outgrowth of studies conducted on the
88 Boulder Victory' in 1958. These studies,
in turn, were prompted by measurements made
on the Eggo Ashville in 1955 and reported by
N. H. Jasper® which indicated the presence
of deck stress increments of as much as
10,900 psi attributed to the diurnal transit
of the sun. The S8 Boulder Victory tests were
sponsored jointly by the Society of Naval
Architects and Marine Engineers and the
United States Maritime Administration. The
main objective of this program was to provide
a limited but reliable number of temperature and
corresponding stress distributions over a com-
plete transverse section of a ship under meas-
urable and partially controlled conditions. To
this end, the United States Maritime Adminis~
tration made available the S8 Boulder Victory
from the reserve fleet. The §8 Boulder Victory
wag moved to the United States Maritime Ad-
ministration shipyard at Richmond, California,
where a complete transverse section was in-
strumented for strain and temperature measure-
ments. The results of several series of tests
showed very good agreement between the
measured stresses and the stresses computed
from temperature measurements by the method
used by Jasper®. These results were the first
complete set of full-scale measurements which
could be used for comparison with theory.
However, these tests were designed to meas-
ure mainly the stresses around one complete
transverse section of the ship, and were thus
limited in scope. The 88 Boulder Viciory tests
showed surprisingly good agreement between
measured values of stress and values calcu-
lated by modified beam theory for the one
section studied. Guided by these results it
was felt that a more complete stress-
temperature picture of the hull girder was de-
sirable in order to provide information needed
for a more rational approach to ship design to
account for thermal stresses. Consequently
the study reported herein was undertaken
through the sponsorship of the 8hip Structure
Committee.

The purpose of the project was to extend
the existing knowledge of thermal sitresses in
ships by means of experimental measurements
on a structural model simulating the hull girder
of a transversely framed cargo vessel and by
means of theoretical calculations which would
extend the beam-theory approach to a more

accurate treatment of hull geometry and tem-
perature distribution. To carry out this pur-
pose a model facility was developed for in-
ducing thermal gradients on a 10-ft floating
structural model and for measuring the corre-
sponding thermal stresses. Concurrently, a
theoretical approach based on elasticity theory
was developed and applied to a box girder
having length, width, and depth ratios compar-
able to those of the structural model. Solution
of the resulting field equations was accom=
plished by the development of a computer pro-
gram.

EXPERIMENTAL

General. The main purpose of the experi-
mental phase of this work was to obtainreliable
information on the distribution of thermal
stresses in a ship~type structure against
which analytical predictions may be compared.
A second purpose of the experimental phase
wasg to provide recommendations which may aid
in future experimental investigations of thermal
siresses in ship-type structures.

To carry out the above objectives, an
experimental facility was built which consists
of an instrumented model, a water tank for
support, a heating system for producing thermal
gradients, and the necessary instrumentation.
The water tank serves two functions. Pirst, it
provides realistic support for the ship model,
and second, it provides an adequate heat sink
which is necesgsary in order to maintain the
required thermal gradients in the model. The
heating system consists of a closed circuit
forced-air convection system, with the heat
input supplied by steam coils and auxiliary
eleciric heating elements. The air flow was
ducted to a hood over the model, then distrib-
uted by baffles within the hood over the model,
and thence back to the fan and heaters. The
water was maintained at a constant tempera-
ture by permitting a steady inflow of cold water
while maintaining a constant water level with
the aid of a weir. The tank and elements of
the air heating system are shown in Figures
1 and 2. One half of the hood may be seen in
the background of Figure 2.

Model Design. The correct similitude re—
lationships between model and prototype, con-

. sidered as beams, are first established. The

steady-state thermal stresses in a beam may be
represented as a function of the following form:
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where the symbols have been defined

under nomenclature. IfE, 1+, and T are
selected as a basic set of units, the functional
relationship may be written using the Bucking-
ham Pi Theorem as

o - G A I =x y =z
-_ T’ ') T TG Ty o, &7 ]
E fLO’ (TR o AL ) | @

It is clear from this result that if a model is
built of the same material, and with the same
geometry as the prototype, that the thermal
stresses will be equal if the temperature dis-
tributions are equal.

In two-dimensional structures it can easily
be shown that the thickness of the structure
need not be scaled in proportion to the other
dimensions. To show this, consider the well
known two-dimensional elastic stress-strain
law

E = _ EaT
0_1=1Tv2[91 +Vea]-ITU (3)

where 0 = the stress in the 1-direction

&, = the total strain in the 1-direction
&, = the total strain in the 2-direction
v = Poisson's ratio

and the remainder of the symbhols have been
previously defined. If the components €; and
e; of strain due only to the induced stresses
are measured then:

g, e, taTand & =ex +taT (4)

Upon substituion, the stress-strain law now
becomes

E
(V8 =T_—vgrel +U82] (5)

If the subscripts m and p are used to designate
the model and prototype respectively, then

[Ep/(l_lf)] [elp +Vpe.?p:|
b [EM/(]._Vﬁ)] [elM +VM92M]

0,, =0 {6)

If the model and the prototype are of the same
material, then

[ ep T UeEP]

0,, = 0,
1p W e, T Vean

(7)

The strain distributions in the model and the
prototype are similar if the temperature distri-
butions are similar. Under these conditions,
then, the stress distributions will be similar.
This result is independent of thickness, and if
the same temperature excitation is applied

to the prototype and the model, the stresses
will be equal.

An experimental model may be used either to
predict prototype behavior through accurate
scaling, to verify a theory through the check
with experimental results, or to aid in the
development of analytical and experimental
methods. The present model was designed with
all three of these purposes in mind, and there-
fore incorporated a number of compromises.
Clearly, exact scaling was out of the gquestion.
Nevertheless, it was felt that the basic
characteristics of the primary structure of the
model could be simulated with a relatively
simple structural model. It was intended that
structural similarity with the prototype would
be maintained close enough so that any valid
comparison between proposed design theory
and model results would also carry over to the
prototype structure to an acceptable degree.

The model used in this investigation was
designed to the following requirements:

1. The basic geometry of the midship section
should be as simple as possible, consistent
with the requirements of the model laws and
fabrication techniques.

2. The model should be large enough to permit
access to the interior to provide instrumenta—
tion, inspection and repair or modification as
required.

3. The model cost must be kept to within
reasonable budget limitations.

4. Provisiong should be made in the design
to permit future modifications without having
to build a new model.

It was decided to omit certain geometrical
features such as 'tween-decks, hatch openings,
double bottoms, variations in plate thickness,
turn-of-the-bilge, and tapered end sections.
While it can be argued that all these features
are in the actual ship, and hence required for
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FIG. 5. MODEL BEFORE WELDING.

geometrical similarity, these are not features
whose presence will make important contri-
butions to the experimental resulis desired.
Their presence would, on the other hand,
create difficult and expensive fabrication
problems.

The midship section of the model iz shown
in Fig., 3. The model has a beam of 30 in. and
a depth of 20 in. and a length of 10 ft, Fig. 4.
The beam-depth ratio of 1.5 iz somewhat below
the current typical values of 1.8 to 2.1. This
was done to permit a 20 inch depth, - the
minimum considered usable from an access

FIG, 6.

MQODEL AFTER WELDING.

standpoint, - to be obtained from a single
sheet of steel 6 ft in width. To minimize the
amount of welding that had to be done, the
bottom and both sides were formed from a
single sheet of 10-gauge steel. The AISI C1015
hot-rolled sheet, which was pickled and
oiled prior to fabrication, was carefully se-
lected to be free of any mechanical defects.
The only welding was that required for the
attachment of the frames and the end flanges.
The frames were fabricated from 12-gauge
steel, and then welded to the hull and deck
plating. The model is shown in Fig. 5 before
the frames were welded in place. Figure 6



FiG. 7, CROSS SECTION OF THERMOCOUPLE
INSTALLATION.

FIG. 8.
INSTALLATION.

SURFACE VIEW OF THERMQCQUPLE

shows the model after the frames had been
welded in place. Following completion of all
welding, the model was stress relieved at
1150 F for one hour, and then sand blasted to
a bright metal condition.

Instrumentation. To carry out the objec—
tives of this study, it was necessary to make
both temperature and strain measurements on
the model. Since the temperature measure-
ments were also involved in the measurement
of strain, they will be discussed first.

Temperature Measurements

The temperatures at the various locations
were measured by use of copper-constantan
thermocouples with specially selected "hi-
accuracy" thermocouple wire. The thermo-
couples themselves were made by twisting the
two wires together, to form a junction, and
then soldering the junction. As shown in Fig.
7, the holes into which the thermocouples

TG TEWPERATURE
IHGICATOR

9-9

TO GAGE LOCATION

SWITCHES SHOWN IN POSITION
TO READ THERMOCQUPLE 9-9-B8

FIG. 9. SCHEMATIC DIAGRAM OF THERMO-
COUPLE SWITCHING NETWORK,

STRAIN GAGE BALANCING
= " pnn s %

T n
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I

o ———STRAIN IN IC{A

FIG. 10.

INSTRUMENTATION CONTROL PANEL,

were peened wers drilled at an angle of 45° to
the plane of the »lating. This technique was
used to permit accurate depth control, and
also to simplify the peening operation. In
every case the thermocouples were installed
from the inside of the model. This was done
to prevent difficulties which would be en-
countered if the thermocouples were located in
the presence of water.

The thermocouple wires were led from the
model to a switching network, and thence to
the indicators and recorders. The temperature
measuring instruments themselves consgisted of
a temperature indicator with digital readout,
and a 16-channe’ temperature recorder. The
digital output was connected directly to the
linear slide wire on the temperature indicator.
Since the copper-constantan thermal E.M.F.
curve is a nonlinear function of temperature,
the digital output is in & nonlinear form. The
overall accuracy of the temperature measure-
ments was within + 1/2 F.




FiG. 11, TYPICAL STRAIN GAGE INSTALLATION.
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FIG, 13. SCHEMATIC DIAGRAM OF STRAIN
GAGE SWITCHING AND BALANCING NETW ORK.

A picture of a sample thermocouple instal-
lation is shown in Figs. 7, 8. The schematic
wiring diagram for the thermocouple switching
network is given in Fig. 9, and the tempera-
tfure measuring instrumenis are shown in Fig.
10.

Strain Measurements

In the presence of temperature gradients,
the accurate measurement of strain in small
gtructures becomes quite difficult since elec-
tric strain gages are, in general, highly sensi-
tive to temperature changes. Only by very
careful design and installation can aceeptable
strain measurements be made in the presence
of changing temperature. In large structures,
where the typical dimensions of the structure
are many orders of magnitude larger than the
typical dimension of the strain gage, the ther-
mal compensation of the strain gage may be
carried out by use of "dummy" compensating
gages. These gages are subjected to the
same temperature environment as the "active"
gages, but are not subjected to mechanical
strain. By properly connecting these gages
in the bridge circuit, it is possible to obtain
thermal compensation with relative ease. This
is the method used by Meriam?® in the measure-
ments on the S8 Boulder Victory. However,
in the case of small structures, the use of the
"dummy" compensating gage is, in general,
not feasible, since it is difficult to insure
that the "dummy" compensating gage will be
subjected to the same thermal environment as
the active gage. when the use of the "dummy"
compensating gages is not feasible, the al-
ternative approach is to obtain the strain—gage
characteristics as a function of temperature,
and apply a suitable correction to the sirain-
gage readings. Thig, of course, implies that
the temperature must be measured at each
strain—gage location when the sirain gage is
read. Since the temperature distribution must
be obtained anyway, thig is not a serious
obstacle. The calibration of the strain gages
with respect t¢ the temperature strain, or "ap-
parent strain" as it is usually called, and the
gage-factor calibration are discussed in Ap-
pendix C.

A closeup view of a typical gage installa-
tion ig shown in Fig. 11. Inspection of this
photograph c¢learly shows the construction
of the foil gage and also the wiring connected
thereto. Each half of the gage has three wires
attached to it which compensates for the tem-
perature sensitivity of the copper lead wire.
This technique of compensation is known as
the "three-wire” compensation circuit. It
consists of arranging lead wire so that equal
amounis of wire exposed to temperature vari-
ations appear in adjacent arms of the meas-
uring bridge. Tigures 12 and 13 together show
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the schematic wiring diagram for the strain

gages.

To computé the longitudinal stress in the
model, it is ¢lear from Eq. 5 that both longi-
tudinal and transverse sirains must be meas-
ured. Further, it is abgolutely necessary to
make the strain measurements so that the ef-
fect of local plate bending is eliminated from
the strain measurements. By making measure-
ments on both sides of the plate, the effects
of local bending can be eliminated either by
computation or directly by the elecirical cir-
cuitry. On this model, the cancellation was
carried out by elzctrical means.

A common "dummy" gage in the bridge cir-
cuit wasg maintained at a constant temperature
by means of a conirolled bath. The switching
network which was used was converted from
exigting equipment used in a prior investiga-
tion.? In addition, a balance network was
designed and ingtalled to permit rapid and easy
balancing of all sirain-gage circuits. The
strain readings were made with an automatic
servo-balanced VWheatsone bridge. This instru
ment was also provided with a digital read-out
device.

The location of the strain gages on the main
transverse test section is shown in Fig. 14,
and a photograph of the test section may be
seen in Fig. 15,

Data Acquisition

Both the temperature and the sirain readings
were recorded in digital form by use of a semi~
automatic recorder. The data were printed on
a paper tape on command of the operator of the
switching panel. The data printer may be seen
in Fig. 10. A blcck diagram of the entire in-
strumentation system is shown in Fig. 16.

Experimental Procedure. To obtain a set of
experimental data from the model for given
thermal loading conditions, the following
steps were execuied:

a. After the model and water had reached
thermal equilibrium, all strain-gage circuits
were balanced, and initial readings of strain
and temperature were taken.

b. The heating system was activated and a
steady-state temperature distribution was pro-
duced.

¢. Afinal set of temperature and strain read-
ings were then taken.
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This entire sequence took from three to five
hours depending on room temperature, avail-
able steam supply, and the desired tempera-
ture distribution.

Data Reduction. The first step in the data
reduction was to process the digital data on
the output tape. The temperature readings
were converted to actual temperatures via the
calibration curve shown in Appendix C, Next
the strain readings were corrected according
to

(8)

2 = 8y — €,

where e = actual strain

e, = strain reading
e, = apparent strain

The apparent strain was determined from the
apparent strain curve for the gage in question
and the temperature just obtained. This pro-
cedure was carried out for initial readings at
ambient temperature and also for the final
readings taken at some elevated temperature.
The difference between final and initial
corrected readings vields the temperature
change and the change in strain gaused by the
induced stress. The changes in strain are
substituted into the appropriate stress sirain

law, Eg. 5.
0, = — [ey +ve,]
x = 1,7 L& \

(5)
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FIG. 18, LONGITUDINAL STRESS ACROSS
TRANSVERSE MIDSHIP SECTION ASYMMETRICAL
TEMPERATURE DISTRIBUTION.

to obtain the longitudinal and iransverse ther-
mal stresses respectively.

Next the resultant forces and moments act-
ing on the section caused by the induced
stregses were computed as an overall check
on the experimental results. Ideally, the re-
sultant force and moment should, of course, be
zero. Practically, they should be negligible,
compared with the absolute sum of forces and
moments acting on the section.

The actual data reduction calculations were
carried out on the IBM 704 digital computer at
the University of California Computer Center.
The computer program wasg coded by P. T.
Lyman with the aid of the IBM 704 Fortran Pro-
gramming System.® To carry out the data re-
duction described above {for one test required
two man-days of calculation and plotting when
done by hand methods. When the computer is
employed to do the required calculations, less
than three man-hours are required to reduce one
set of data. This includes all key-punching
and plotting of regults. The computer did its
share of the work in just under one minute per
test run.

Resulis. Two sets of experimental results
are reported here to show the comparison be-
tween the siresses as calculated by the
strength-of-materials method (described later)
and as determined from the experimenial model.
One set of data is typical of a symmetrical
temperature distribution, Fig. 17, and the
second set is typical of an asymmetrical tem-
perature distribution, Fig. 18. The complete
set of experimental data, the calibration data,
the section properties, and tabular resulis for
these two tests are given in Appendix B.
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Tests were conducted to produce and meas -
ure the effects of longitudinal temperature
gradients and transverse restraint on the model.
The results were not conclusive and are not
included for the reasons presented under the
section on Discussion, Conclusions, and
Recommendations.

THEORETICAL

General., One of the major purposes of the
project was to investigate and develop, if
possible, a theoretical solution to the thermal
siresses in a hull girder, which could be used
or adapted for use in a design office. Further
it was desired to demonstrate the conditions
under which the rather simple beam-theory or
strength~of-materials solution provided an
adequate prediction for design purposes.

Strength—of-Materials Solution. The longi-
tudinal thermal stresses in a freely-supported
elagtic beam of infinite length subjected to an
arbitrary transverse temperature distribution
invariant with the length has been shown to be
given by (9)

- 1 A
O = -EoT + [Eoraa + szyEcﬂ‘dA+

Iiy [ zEoTaA (9)

when applied to the beam with x as the longi-
tudinal axis, y as the vertical axis, and =z as
the horizontal transverse axis. Figures 19 and
20 show the coordinates used to describe both
a two-dimensional beam (of finite length) and
the three-dimensional beam of infinite length.
Practically the beam does not need to be very

long before the end effect for a finite-length
beam becomes negligible at sections removad
from the ends. Tor arbitrary temperature dis—
tributions not easily expressable as a simple
function of the transverse coordinates, Eq.

(9) may be rewritten in finite difference form as

TEaTAA TyE T AA
= - +
O = -Bol + =573 S LA
TzEoT AA (10)
2T AA

which is the form used by Jasper® and in the
88 Boulder Victory tests.” As mentioned in the
previous section on experimental results, the
stresses calculated from Eq. (10) for the meas-
ured temperature distributions of Figs. 17 and
18 are shown by the full line in each of these
figures. Except for one small region in the
deck to the left of the center line, Fig. 17, the
agreement between beam theory and experiment

is guite good.

Theory-of-Elasticity Solution to Two-
Dimengional Problem. As a first siep toward
the development of a more complete solution
io the three-dimensional problem, several two-
dimensional problems were investigated to
examine the end effect for a thermally loaded
plate of finite dimensions and to develop a
-solution technique which would be applicable
to the three-dimensional problem. According-
ly the configuration of Fig. 19 was used for
these purposes.

It is well known that the field equation
governing the solution of a two-dimensional
thermo-elastic problem is

7t = - EaV3T (1)
32 y®
4 2 2 _
where 7% = V372, 7 é?‘i'?a R

and @ is the airy stress function related to the
stresses by

3%
T
aE
o, = -a—}z‘@ (12)
%p
Txy =~ XY

If £ and n represent coordinates tangent to
and normal to a boundary, then the boundary
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will be free of normal stress provideg that
3o
= — = 0)
o

where a and k are constants. The boundary
will be free of shear stress provided that

© = a + kt along the boundary ( 01'_1

)

S 0 since the shear would be given by
Fo N .

T No loss of generality in the solution

results by taking a = k = 0, so that the bound-
ary conditions for the rectangular plate of Fig.
19 free of boundary stress are

X=i’a:¢’=0,g—w=0)
< (13)
3P
=4+b,o=0, —=0
Yy=12 P J

A number of mathematical approaches tothe so-
lutionof Eq. (13) with the above boundary condi-
tions were investigated? Except forthe simplest
form of temperature distribution no method was

found which provided an approach without ex-
cessive and cumbersome calculations, general-
ly unsuitable for adaptation to design proce~
dures. Consequently, attention was directed
toward a digital computer solution of Eq. (11)
written in finite difference form. The IBM 704
and later the 7090 large scale digital computers
were available to the project and were used for
this purpose.

The finite difference equivalents of Egs.
(11) through (13) for the case of a gquare
finite difference mesh may be obtained from
"Bickley's Formulas", found in almost any

Figure 21}

shows the relative node numbering system for
all of the following finite difference equations.
The finite dilfference equivalent to Eq. (11) is

200, ~ 87¢; +2 g +0py + Ea[LT, - 4T, ]
(14)
where

Zp=¢; o + Gatoy
Zos =@s Ts +¢ + 05
Tpg =Ps T@010 TP11 TPz

The stresses are determined from the following
set of difference relations

F
O'x=é?m—mqog T, - 2@, (15a)
F
O_\r:a’ﬁ""‘:(ﬁl T@x = 2¢g {15h)
1, =—32—(P~w(tp + 05 - 05 — @)/ {15¢)
*Y 3x 3y ® 8 ¥s

In the foregoing equations the mesh gize has
been normalized to one, s0 that no explicit
reference to the mesh size appears.

From a gstandpoint of computational efficien-
¢y, it is desirable to have the equivalent of
the above equations for a rectangular finite
difference mesh. The derivation of the finite
difference equations for the rectangular mesh
shown in Fig. 22 may be carried out using
either the interpeolating parabola technique,
or the Taylor series expansion technique. Both
of these methods are well documented in the
literature® = The finite difference expression
for Eq. (11} using a rectangular mesh with
length to height ratio of pis given by
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6(1 +p% 0y +80%0, - 4lp, T05) -
4p* (@2 T @a) 05 TO) TP (P TO12) +
2p% Tops - 4p°T0, +p Ea[(T, +Ts) +
P2 (Te +Ty) - 2(1 +p3) Tl =0 (16)

The stresses are determined with the aid of the
following corresponding equations.

2

3
o, =ay‘§ (s T@4 — 20) (17a)
BE
a, = ﬁ(zp“"ﬁ‘f(@l T@a - 200)/p% {17b)
2
Tyy = - axgpy%(fpe +0g - @5 — Oy )/4p (17c)

The appropriate field equations must be solved,
subject to the proper boundary conditions,
which for the case of a freely supported heam
are given by Egs. (13). Inspection of Fig. 21
indicates that when the finite difference equa-
tion for & node adjacent to a boundary is

being written, there ig apparently an unknown
value of the stress function outside the physi-
cal boundary. This unknown value lying out-
side the boundary is commonly called an image
point, and may be determined from the re-
maining boundary condition. To insure a gero
normal derivative at the boundary, the image
point mugt take on the same value as the node
point for which the equation is being written.
Hence, the image point may be eliminaied
explicitly from the nodal eguation.

To demonstrate the effect of the mesh size
on the convergence of the finite difference
solution, a plate with a side ratio of two, as
shown in Fig. 23 was used. The plate was
subjected to the piecewise linear temperature
distribution, shown in Fig. 23, which has no
variation in the x-direction. For this problem,
a square finite difference mesh was employed,
and hence, Eqg. (14) is the appropriate dif-
ference equation. Three mesh sizes were
considered--"mesh 1" required the solution
of 21 equations, "mesh 2" required the solu-
tion of 105 equations, and "mesh 3" required
in general the solution of 465 equations. In
this particular case, there is a line of sym-
metry and a line of asymmetry, so that the
number of independent equations are 8, 32,
and 112 respectively. (It should be pointed
out that from a computational standpoint, it is
very important to take advantage of symmetry

or asymmeiry whenever it exists, since, at
best, the work required to solve a system of
equations is proportional to the cube of the
number of unknowns.) A tabular comparison of
the solutions for the longitudinal siresses
(x~-stregses) is shown in Table 1. As a fur-
ther comparison, the results of an Aiken type
extrapolation® "*¢ are algo shown in the table,
and the errors shown are in reference to these
exirapolated values., Figures 24, 25, and 26
show the plotted results of this comparison for
"mesh 2" and "mesh 3." "Mesh 1" is not
shown since it differs from a satisfactory
golution by too large a margin.

To determine the extent of the "end effect”
in the beam, a similar problem was solved in
which the length of the beam was varied.
Figure 27 shows the beam and the temperature
distribution used. The length of the beam,
2pa, was taken as 2a, 4a, and 6a, where a is
the depth of the beam. The change of length
was made by changing from a square finite
difference mesh (p = 1) to a rectangular mesgh
of p =2 and p = 3. The appropriate difference
equation is (16).

The mesh size used corresponds to "mesh
2" of the previous example. The resulig of
these calculations are shown in Figs. 28, 29,
and 30. In Fig. 30 the apparent effect of
change of length on the shear stresses at the
end of the beam is not a real effect. It ap-
pears from the plot that the stresses tend to
decrease with increasing length; however,
this apparent effect is due to the fact that the
peak stresses actually occur between the last
two mesh points in the longer beams thus pre-
venting a determination of the peak values.
The curves shown are plotted with peak cal-
culated values. It would be possible to show
this by adjusting the mesh size at the ends of
the beam. However, there does not seem to
be any justification for doing so in terms of
the object of this study.

One additional two-dimensional thermal
stress solution was studied, and that is a
comparison of the finite difference solution
with the solution due to Heldenfels and
Roberts.'* The problem is defined by Fig. 31.
The finite difference solution required the
solution of only 54 equations, since use was
made of the existing symmetry and asymmetry.
The comparisons of the two solutions are shown
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in Figs. 32 through 35.%

The foregoing analyses and comparisons of
the finite-difference computational approach
to the ilat-plate thermal stress problem were
made and presented to help establish the va-
lidity of the method used, before extending
the method to the three-dimensional folded-
plate model simulating a ship. The following
general conclusions may be drawn from the
preceding studies:

1. The study of the effect of mesh size clear-
ly indicates the relative mesh size required
for design accuracy. "Mesh 2" agreed to
within about three percent of the final extrap-
olated answer in all cases.

2. PFor plates with a side ratio of two or
greater, the longitudinal normal stress at the
center section of the plate agreed to within
one percent of the infinite beam solution.

This conclusion agrees with the conclusions of
Horvay.'?

3. The end effect in the plate is confined to
a square region at each end on the plate ir—
respective of the length of the plate. This
conclusion, together with the previous one,
indicates that the strength-of-materials
solution may be used with confidence, in the
region where there is absence of longitudinal
temperature gradients and/or transverse re-
straints.

* This problem was set up and solved with the
aid of the IBM 7090 in approximately four
hours (actual computing time was about 50
seconds.)
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4. The most important result arising from the
solutions presented is the demonsiration of
the ease and speed with which a complete
stress distribution may be obtained for quite
arbitrary temperature distributions.

Theory-of-Elasticity Solution to Three—
Dimensional Problem. To effect a three-

dimensional solution for the simulated ship
structure, using the same technique as in the
two-dimensgional strip, consider the box beam
shown in Fig. 36. This beam consists of four
plane-stress elements joined by appropriate
boundary conditions. In usging this beam for
analysis of thermal stresses in ships, an
implicit assumption is that local bending
effects, due to general temperature distribu-
tions, are small. In other words, it is as-
sumed that the girth siresses at the corners of
the beam are negligibly small. The local bend-
ing which can arise from temperature gradients
through the plating and stiffeners may be
treated with existing techniques, and incor-
porated into a general solution by means of the
superposition principle, A further assumption
which needs examination is the use of a
prismatic beam to represent a ship for the pur—
pose of thermal siress analysis. It is clear
that the majority of all ships have a hull form
which may be approximated for a considerable
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length by a prismatic section. Hence, if it
can be shown that the end effects in the beam
are small, the prigmatic beam solution for the
ship will vield valid results in the region of
maximum interest, i.e., the midship half-
length.

The boundary conditions which must be
satisfied at the corners of the beam are shown
in Fig. 36. From equilibrium considerations,
it is clear that the in-plane shear stresses on
any adjacent elements must be equal in mag-
nitude. From the assumption that the local
bending effects are negligible, it follows that
the girth stress (y-stress) vanishes on the
boundaries. To assure compatibility of the
elements, it is necessary that the longitudinal
displacements (x-displacements) be equal a-
long the common boundaries. The boundary
conditions on the ends of the beam are that the
longitudinal stresses and the in~plane shear
stresses vanish.

The boundary conditiong along two typical
elements labeled (1) and (2) may be written as

(Txy)r = (Txv)e (18)
(0v) = (0_\')2 =0 (19)
() = (u): (20)

It follows directly from the strain—-displacement
eqguation

du
€x = 5% (21)
that compatibility condition (Eq. 20) is equiv-
alent to

(ex); = (ex)2 (22)

Further, it follows from the stress-strain
eguation

O, 0y

3 B (23)

e;( =

and Eqg. (19) that the compatibility equation is
also equivalent to

(Ux)1 = (0y): (24)

It has been shown now, that all three
stress components (0y, Oy, Txy) are con~
tinuous functions at the boundaries of any two
adjacent elements. Since the three compo-
nents of stress are derivable from the Airy

stress function, Eq. (12) via the three-second
partial derivations, it follows that the Airy
stress function and its first two partial deri-
vations are continuous functions across the
common boundaries.

An integration of Eq. (19) in terms of the
Airy function

3%
[[ o, dyd =_J"_J"&gdx dx = 0

along the common boundary yields

p=xi], +g(y)]y=0 (25)
Qr
o =xC; +Cz (26)

It is thus seen that the most general form for
the stress function along a common boundary
is a linear function in the longitudinal co-
ordinate. The two arbitrary constants may be
determined from the values of the stress func-
tion on the free ends of the beam. Since the
addition of a general linear function to the
stress function will have no effect on the de-
rived stresses, it is useful from a computa-
tional standpoint to take the stress function
on the free boundaries at the ends of the beam
as zero, and hence, also along the common
boundaries.

To summarize, the boundary conditions
which must be satisfied in solving for the
stress function for the box girder are:

1., The stress function is taken as zero on all
free and common boundaries.

2. The normal derivatives of the siress
function on the free boundaries shall be zero.

3. The stress function and its first two
derivatives shall be continuous across the
common boundaries.

As in the two-dimensional cage, the field
equation is Eq. (11). In fact, from a mathe-
matical point of view, the solution of the beam
by the above technique has bsen reduced to a
two-dimensional plane stress problem, even
though the beam itself is a three-dimensional
structure.

Por solutions of the three-dimensional box
girder, the mathematical model shown in Fig.
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36 was uged. This model, which represents
just one-half of the total girder, is suitable
for any temperature distribution which is sym-
metric about the midship section. (This re~
striction is one of convenience, not neces-
sity). This model is represented by 440 mesh
points, 80 of which represent boundary points;
hence, there are only 360 unknown values of”
the stress function to be determined. The
mesh size used is the same as shown in Fig.
28 with p = 3. For the two-dimensional prob-
lems studied, this mesh size vielded results
which were within about three percent of
extrapolated values,

To determine the stresses in the model due
to a particular temperature distribution, it was
necessary to solve the 360 finite difference
equations for each desired temperature dis—
tribution. In principle, all that is necessary is
to find the inverse of the coefficient matrix
for the equation. However, the determination
of the inverse of a general matrix of this size
is a rather time~consuming task, even on
modern digital computers. In solving the two-
dimensional problems, most of which involved
about 105 equations, the time on the IBM 704
for inversion was about ten minutes. Since
the work to invert a gystem of equations is at
best proportional to the cube of the number of
equations, the direct inversion of 360 equa-
tions by the same technigque would involve
about six and one-half hours of IBM 704 time.
Fortunately, the coefficient matriz for the
model has certain properties which permit a
substantial saving in computational time.
Figure 37 shows a schematic representation of

the finite difference equations used for the
chogen model. The small shaded squares
represent nonnull sub-matrices. The unshaded
areas represent null sub-matrices. It should
be noted that although there are some very
fast routines for solving equations which have
a structure similar to that shown in Fig. 37,
the two nonnull elements in the corners of the
diagonal render them useless. The technique
used to solve these equations was to replace
the given set of 360 equations by ten equa-
tions whose coefficients are the 36 x 36 sub-
matrices. These ten equations are then solved
by a Crout-type elimination procedure.’® This
method makes full use of the null submatrices
and requires only the inversion of ten 36 x 36
maftrices. On the IBM 704 this method required
18 minutes for the reduction up to the point
where the first temperature distribution was
required. An additional 3.6 minutes was re~
quired io complete the reduction and to com-~
pute the stresses for each desired tempera-
ture distribution. The computer program
vielded not only the three coordinate stresses,
but also the principal stresses and directions.
The IBM 704 time to obtain the complete solu-
tions for m different temperature distributions
for the described model was

T =18 + 3.6 minutes

The reduction-inversion method used for this
model is almost 2300 percent faster than the
direct inversion of a general matrix of thisg
size.

The model described previously in Fig. 36
was used to study a wide range of temperature
distributions. Included in a systematic vari-
ation were the effects of four different trans-
verse temperature distributions superimposed
on five different waterlines and two different
longitudinal temperature distributions. One
complete set of results for one of the cases
studied is presented in Appendix A as an
example of the results which may be obtained
from this type of analysis. This casge repre-
sents a half-depth waterline, a symmetrical
transverse temperature distribution with no
longitudinal temperature variation. The tabu-
lar data presented for this case are direct
copies of the output pages from the IBM 704.
A graphical representation of these results is
given in Figs. 38 through 43. Figure 38 shows
the longitudinal stress plotted at various
transverse stations along the length of the
model. Also plotted at the midship section is
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the strength-of-materials solution for a beam
with the same cross section but of infinite
length., These two solutions agree almost
exactly over the entire cross section, the
difference at the point of maximum longitudinal
stress being about 0.20 percent.

Two striking features of these data are seen
on further ingpe~<tion of the six figures. First
is the comparison of the amount of information
supplied by the elastic solution as contrasted
with the strength-of-materials solution. The
second feature, noted previously in the two-
dimensional problem, is that the end effect is
very localized. This fact is best seen by in-
spection of the plot of transverse stresses and
the plot of coordinate shear stresses, Figs.
39 and 40. Tigures 41, 42, and 43 show the
distribution of the magnitudes of maximum
shear and minimum and magimum principal
normal stresses, respectively.

An example of the studies made on the effect
of change of waterline, with no longitudinal
variation in temperature, Fig. 44, shows the
midship longitudinal stress distribution. As
in the previous case presenied, the strength-
of-materials solution differs from the elastic
solution by less than one percent.

Figure 45 is a plot of the longitudinal
sitresses plotted at various transverse sections
of the beam, for an asymmetrical transverse
temperature distribution with ne longitudinal
temperature variation, The most important
feature of this plot is that the strength-of-
materials solution does not agree with the
elastic solution as well as in the previous
cases, even though the agreement in regions of
pPeak stress seems to be good. In fact the re-
sults of all cases of asymmetrical temperature
distribution show this disagreement, while all
cases of symmetrical transverse temperature
distribution show a striking agreement.

To demonstrate that the disagreement of the
longitudinal stresses in the case of asym-
metrical transverse temperature distributions
is a real effect and not a defect in the solu-
tion of the problem, a special case was
solved. This case consisted of an asym—
metrical transverse temperature distribution
which when reflected upon itself and super-
imposed, yvielded a symmetrical transverse
temperature distribution. The reflection and
superposition of the asymmetrical case yielded
the results of the symmeirical case exactly,

and hence the departure from the sirength-of-
materials solution must be correct.

Figure 46 shows the effect of waterline
depth on the longitudinal stresses at the mid-
ship section for an asymmetrical temperature
distribution. Figure 47 is a plot of the stresus
trajectories for the asymmetrical temperature
distribution used in Figs. 45 and 46,

Figure 48 gshows a limited amount of infor—
mation on the effect of longitudinal tempera-
ture variations. With the exception of the
longitudinal variation in temperature between
sections 6 and 7, the temperature distribution
from sections 7 to 10 is the same as shown in
Figs. 38 through 43. Curves B and C represent
the behavior of the stresses along longitudinal
sections of maximum stress corresponding to
the case of no longitudinal temperature varia-
tion. The stresses along section B rise
slightly as the temperature gradient is reached
and then rapidly vanish as the temperature
gradient vanishes. The stresses along sec-
tion C behave in a similar manner except that
they never show the slight rise before the
abrupt drop is reached in the region of the
temperature gradient. On the other hand, the
longitudinal stresses along section A, which
are normally in a region of low stresses, show
abrupt peaks at the beginning and end of the
longitudinal temperature gradient.

EFFECT OF TRANSVERSE RESTRAINT

The elastic~beam model previously con-
sidered does not account for the presence of
discrete trangverse stiffening which is caused
by transverse bulkheads and deep web frames.
An insight into the nature of the effects of this
restraint may be had by examining the case of
complete transverse restraint. It is true, of
course, that total transverse restraint can
never be achieved in any real structure, but
the case of total transverse restraint represents
an upper bound to the problem.

Consider a two-dimensional beam with the
x-axis as the longitudinal axis and the y-axis
as the transverse axis. Along one end of the
beam at x = const. let

u=0 27

v=20

where u = the longitudinal displacement
v = the transverse displacement
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The strain-displacement equation

9
e, = 5-1: 0 (28)
Y

states the condition that the transverse strain
is zero everywhere along the fixed end at x =
const. Application of the stress-strain law in
terms of the Airy stress function yields

1 3% 1 3%p
== —v=SF 1T =0
NFERE YEagp H (29)
or
% Fo
S - vSE tEAT=0
. = (30)

Equation 30 represents one of the two neces-
sary conditions which must be satisfied along
the fixed end, x = const. The second condi-
tion to be satisfied may be found by considera-
tion of the following strain-displacement
equation

au ov
Yiy = 3y + 5% (31)
Since the longitudinal displacement is assumed
zero everywhere along x = const., it follows
that the derivative of the longitudinal dis-
placement with respect to the transverse co-
ordinate v must be equal to zero, therefore

_ov

'va-a_};'

(32)
If the derivative of this last eXpression isg
taken with respect to the transverse coordinate
v it is possible to write this expression in
terms of the Airy stress function as follows

dyxy _ D (av)

oy ax oy
or
103 [ R%p ) 3 (1 3%
G ay 3xody] 3x {|E %

v 3%

— +

E é—yg aT
which finally reduces to

3% 3% oT

— + —==0 3

(z +v) 537 +ax3 Eaax _ (33)

Now Egs. 30 and 33 represent the displacement

conditions to be satisfied along the fixed edge
X = const. in terms of the Airy stress function.

Equations 30 and 33 were expressed in
finite~difference form and incorporated into the
computer program previously discussed. The
resulting stresses in the flat-plate model with
rigidly constrained ends appeared generally
to represent a distribution which one might
anticipate. However, beginning at the extreme
ends of the line of constraint {(x = const.)
there appeared a perturbation in the computed
stresses which damped out toward the center
of the plate. Numerous checks have been
made on the correctness of the formulation,
but no improvement in the accuracy of the
solution could be established. Further ques-
tion on the adequacy of the solution was
raised by failure to check the overall equilib-
rium of the plate by a factor of the order of 10
per cent.

Although the guestions which these at-
tempted solutions have raised are still un-
answered, it does appear that the problem
resides with the added difficulty of express-
ing the boundary conditions in a region of
rapid change in stresses through finite-
difference relations where third rather than
first derivationsof the stress functions are
involved. This situation arises by virtue of
the mixed boundary conditions (same stress
and others displacement). It would appear,
then, that a much finer mesh and/or a dif-
ferent formulation of the basic computer pro-
gram are necessary. It may be, however, that
the results obtained are ¢loser to the actual
values than supposed, but verification must
await guaranteed refinement of the solution.

This problem of a restraining line in a flat
plate should be solved satisfactorily at some
future time before any attempts are made to
handle the folded-plate girder.

EXTENSION TO CROSS STIFFENED PLATING

To modify the elastic beam solution to ac-
count for the presence of stiffened plate con-
struction, it is only necessary to introduce a
new set of stress—strain laws. The othogonal
properties of this type of construction will
require the use and determination of four
elastic constants.

oy 0,
- —Y +oT 34
Ex  Exv (34)

ey =



o, 0,

a, = - +oaT
Y Ey Exv

Yo = Txv/G.

The elastic constants introduced in the above
equations are defined by the use in these
equations, The Airy stress function is defined
in the usual manner, and substituted into the
stress-strain equations. These stress—strain
equations are now substituted into the com-
patibility equation to get

- + 2 =% +
axt 2G  Eyy 3%%0 E, 3y

Yo (B _E)_Fo K JFo
Y

Exa 7°T (35)
It is seen that the above equation reduces to
Eq. {11) when the material constants for an
isotropic material are used, The finite-
difference expression for Eq. (35) is given as
follows
(207 (38:0° + 4B2) 1t 61y — 4 [1 + 4 B2p7]
@0, +0s) - 4% 0° +82) (= +0,) +
2 B2 0° (s +s + 0y Tg) T e Toya) T

B10* (®10 +¢,g) TOEal (T, +Ts) +

p5(Ts +Ty) - 2(0° + 1) Tl = 0 (36)
where
Ex
B, = =
1 E,
= B B
Be = 2G  Eyy

The use of the above equations will not
give the stress distribution for discrete stif-
fening but will give usable results for aver—
aged stiffening. The major difficulty with
application of these equations is the deter-
mination of the four elastic constants, as is
the case in any nonisotropic elastic problem.
It is most probable that model tests would be
necessary to determine appropriate elastic
constants for any given structural configura-
tion before numerical studies could be con-
ducted. 1
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EXTENSION TO PLATING OF VARIABLE
THICKNESS

To modify the elastic beam solution to ac-
count forthe presence of variable plating thick-
ness, a dimensionlegsreciprocal thickness H is
introduced into the equations of equilibrium.

30/H) , AT /H _
ox oy

(37)

N Tw/H)  3(0/H) _
oxX dy

To satisfy these equations a stress function is
introduced as

az
o, =HWQ'D
82
CTY=H§(§ (38)
B o
Ty = Haxay

Introduction of this stress function into the
isotropic stress-strain law and application of
the compatibility equation vield the following
equation

2

_ 3% 3% 3
v — +
P+E 3 TEe 3 £s 3

2

©
+
X OY

E}% 727 (39)

[3E-0 308
(, [0 n 2L

The finite difference expression for Eq. (39)
using a rectangular mesh with length to height
ratio of p is given by
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[6(1 +0*) +80° - 2p°(£, +0°&2)] 00 -
(4 - .02 £1) @, T ) ‘94(4 - &2) 2 toy) +

P Ea
4

(os 07 — s - 0s) + Qs T11) +
P (@10 +rz) +20°5p, - 4Pa o, +
; B 2

o) ?[(Tl +Ta) +05(Ts +T4) -

2(1 +p°) Te] =0 (40)

where

& -]

£s =[(HE +H, - 2H) - v

H, +Hs - 2H,
02

-y (H + H, —zHo)]—}lfo

H, + H, - 2H, J 1
P H

£ =[z(1 ) e 5

Hy + B, - He - HB) ] 1

Although Eq. (40) seems quite formidable at
first sight, it must be remembered that E, 4 v,
o and H are all known at the outset of the prob-
lem, and hence enter only as parameters in the
set of equations to be solved. The setting up
ot these equations is, of course, best handled
by a computer program.

DISCUSSION, CONCLUSIONS, AND
RECOMMENDATIONS

Experimental. The experimental resulis
justify the following statements:

(1) The generally good agreement between
measured and computed longitudinal thermal
stresses in the model and the reproducibility
of results indicates that the facilities and
instrumentation developed for this study were
adequate for the measurement of stress and
temperature.

(2) This good agreement indicates clearly that
the center section of the model behaves as a
beam within the strength-of-materials limita-
tions. Therefore, the strength-of-materials
solution, Eg. (9) and (10), is a valid design
prediction in the absence of transverse re-
straint and without longitudinal temperature
gradients. This conclusion verifies the simu-
lar conclusion tentatively drawn from the

SS Boulder Victory tests.?

(3) The environmental control for the model
and the thermocouple installation proved to be
insufficient to permit the control and measure—
ment of longitudinal temperature gradients
needed to obtain corresponding stresses.
Experience showed that a very extensive
thermocouple mapping of essentially the entire
half model or more would have to be provided
in order to determine enough information on the
longitudinal temperature gradients to permit
significant interpretation of stress measure-
ments. Such extensive mapping was not feasi-
ble in the present test program. TFurthermore,
a much more elaborate means of local tempera~
ture excitation and conirol would have to be
provided in order to permit significant meas-
urements of longitudinal effects. One in-
consistency between calculated and experi-
mental results for a section of the deck was
due, it was felt, to a slight nonuniformity in
longitudinal temperature which persisted by
virtue of a nonuniformity in heat flow.

(4) Accumulated experience with the model
test results plus strong indication from the
theoretical calculations of the localized nature
of the end effects justified the decision not to
attach end sections to the model.

(5) The reliable measurement of transverse
restraint effects proved to be difficult, due in
part 10 the uncertainty of localized tempera-
ture gradients disturbed by heat transfer to
the restraining bulkhead. Also it was difficult
to interpret strains in the neighborhood of the
abrupt change in geometry introduced by the
bulkhead. It appears that these changes are
more localized than were anticipated.

(6) Precise temperature compensation for the
strain gage circuits requires an accurate cali-
bration of apparent strain versus temperature
which should be measured under the condition
of the test insofar as possible rather than ob-
tained from manufacturer's published calibra~-
tion.

Theoretical, The theoretical calculations
justify the following statements:

(1) The use of the finite-difference method of
solution in conjunction with the availability
of a high-speed digital computer has been
demonstrated as a highly adegquate method of
solving the thermal stress problem in strips
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and beams.

(2) It has been shown that the determination of
the accuracy of the solution may be easily
established by a variation in the finite-
difference mesh size.

(3) For all of the temperature distributions
studied, the end effect in the two-dimensional
strip is confined to a region at the end of the
strip whose length is approximately equal to
the width of the strip.

(4) In the absgsence of longitudinal temperature
gradients the strength-of-materials solution
agrees, for all practical purposes, exactly
with the elastic solution for the two-
dimensional strip except in the end-effect
region.

(5) The solution to the general thermal stress
problem in the box beam represented as a
combination of plane-stress elements, has
been demonstrated.

(6) For the elastic box beam, as in the case
of the strip, the end effect is confined to a
region which extends a distance into the end of
the beam approximately equal to the maximum
width of the beam.

(7) When the elastic box beam is subjected to
symmetrical transverse temperature distribu-
tions, the agreement between the elastic solu-
tion and the strength-of-materials solution is
for all practical purposes exact, except at the
ends of the beam.

(8) When the elastic box beam is subjected to
asymmetrical transverse temperature distribu-
tions, the elastic solution does not agree with
the strength-of-materials solution. This dis-
agreement, while never very large, appears to
be due to warpage of the cross section. This
type of distortion is permitted in the elastic
box beam hut not in the strength-of-materials
solution. In spite of these differences, the
elastic solution and the strength-of-materials
solution agree quite well in the regions of peak
siress.

(9) It is strongly recommended that the ship
designer be clearly aware of the regions of
critical thermal stresses. These regions of
critical thermal stresses will always occur at
those points at which temperature distributions
become nonlinear. The more abrupt the de-
parture from lineariity, the more critical the

thermal stress. Critical areas for thermal
stresses in ships normally occur at places
such as the waterline, at shadow boundaries
on the deck and sides, and at boundaries be-
tween various tanks or compariments. In most
cases the designer has no control over the en-
vironment which gives rise to the nonlinear
temperature distributions, and for that matter
the operator seldom has much control over the
environment either. So it appears that the de-
signer is mainly concerned with the ability to
live with whatever thermal stresses may be
present in the structure. In some cases the
critical thermal stresses occur in areas where
the nominal stress level is quite low. For
instance the stress level in the vicinity of the
waterline due to bending loads iz guite small,
However peak thermal stresses which can
arise in the deck may superimpose with bend-
ing stresses to create dangerous situations.
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NOMENCLATURE

X, vV, 2 Cartesean Coordinates
n Normal Coordinates

u, v Elastic Displacements
e Elastic Strain



e Total Strain

v Shear Strain

6 Elongation

L, 1 Length

A Cross Section Area

I Second Moment of Area

E Elastic Modulus

G Shear Modulus

v Poiggon's Ratio

o Longitudinal Coefficient of
Expansion

T Temperature Change

© Airy Stress Function

f, g General Functions

X Y General Functions

72 Laplacian Operator

74 Biharmonic Opsrator

G, Gy Csa Constants of Integration

X, Vs Z Directional Subscripts

1, 2 Directional Subscripts

1, 2 Element Subscripts

m, P Subscript Denoting Model or
Prototype
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APPENDIX A - TABULAR RESULTS CORRESPONDING TQ GRAPHICAL RESULTS PRESENTED IN FICGS.
38 THROUGH 43 AND FIG, 47.

DECK STRESS 360 ELEMENT MODEL TEMPERATURE DISTRIBUTION AIuO
ROW COL XX-5TRESS YY-STRESS X¥-=STRESS MAX-5TRESS MIN-S5TRESS SHEAR STRESS DIRECTION
P51 P51 P51 P51 P51 P5I DEG

1 1 0. [ Ua 0. Q. 0. I50fROPIC POINT

2 1 0. —449.90 0- =0. —44%.90 224.95 0.

3 1 0. ~708.90 0. =0. =-708.90 354,45 0.

4 1 0. ~854.16 0. =0. —854.16 427.08 0.

5 1 0. -932.88 Q. —Gu ~932.88 466.4% 0.

& 1 0. —973.41 0. ~0. ~973.41 486.T71 0.

1 1 0. =992.16 0. —0. =-992.16 496.08 0.

8 1 0. —997.54% 0. —0. =997 .54 498.77 0.

9 1 0. —-992.16 0. =0. —-992.16 496.08 0.
10 1 Q. =973.41 0. ~Qa —973.41 486.T1 0.
11 1 0. ~932.88 0. —Q. -932.88 466.4% 0.
12 1 0. —854.16 0. =0.00 —854.16 427.08 Q.
13 1 0. =708.90 0. ~0. ~708.90 354.45 0.
14 1 0. =44%.90 [/ ~0. —44%.90 224.95 0.
15 1 [+ 0w 0. 0. 0. 0. ISOTROPIC POINT

1 2 1421.16 Q. 689.87 1700.96 —-279.79 990.38 22.08

2 2 859.04 62.45 497-90 1098.35 -176.856 637.61 25.67

3 2 511.83 45.03 352.04 00.81 =143.95 422.38 28.23

4 Z 299.46 =2.67 242.63 434.21 =137.42 285.81 29.05

5 2 171.80 ~54.50 160,38 254.93 -137.63 196.28 27.40

& 2 98.07 =-97.26 97T.09 138.12 -137.30 137.71 22.42

T 2 60.12 ~124.66 45.69 T0.80 —135.34 103.07 13.16

8 2 4B 4D =134.04 0.00 48.45 =134.04 91.25 0-00

9 2 60.12 =124.66 ~45.68 T0.RBQ ~135.34 103.07 =13.16
10 2 98-07 =-97.26 —97.09 138.12 —137.30 137.71 —~22.41
11 2 171.80 —54.50 =160.38 254-93 =137.63 196.28 =27.40
12 2 299. 46 —2.67 242,63 434,21 ~137.42 285.81 —29-05
13 z 511.83 45.03 =5352.04 t00.81 —143.95 422.38 —28.23
1% 2 B59.04 62.45 —497.90 1098.315 ~176.86 637.61 =25.67
15 2 1421.16 0. —689.87 1700.96 —279.79 990.38 -22_08

1 3 1304.38 0. 337.02 1386-31 -81.93 134,12 13.66

2 3 999.24 78.18 366.17 1127.08 —49,65 58B.36 19.24

3 3 751.14 130.60 338.97 900.40 -18.656 459.53 23.77

& 3 561.72 160.71 283.83 T08.72 13.71 347.50 27.38

5 3 425.25 175.20 216.44% 550.18 50.27 249.95 29.99

& 3 334.31 180.56 144.79 421.37 93.50 163.93 31.02

7 3 Z282.51 181.76 T2.33 320.27 144.00 BB.14 2T.57

-] 3 265.7) 181.83 ~0.00 265.71 181.83 41.94 =0.00

9 3 282.51 181.76 =7T2.33 320.27 144-00 BB.14 —E27.57
10 3 334.31 180.56 =144.79 421.37 93.50 163.93 —31.02
11 3 425.25 175.20 —216.44 550.18 50.28 249.95 =29.99
12 3 561.72 160.71 —283.83 708,72 13.71 347.50 =27.38
13 3 751-14 130.60 —338.97 900.40 ~18.66 459.53 =23.77
14 3 399.25 78.18 —366417 1127.08 —49.65 588.36 ~19.24
15 3 1304-38 0. —337.02 1386.31 -81.93 T34-12 =13.66

1 4 1022.77 0. 149.21 1044.10 —21.32 532.71 B.13

2 4 907.58 44 .40 201.10 252.13 -0.15 476.14 12.49

3 4 789.68 B9.50 213.80 B49.81 29.38 410.22 15.71

& & 683.38 128.77 197.90 T46.T5 65.39 340.568 17.%6

5 & 596.55 159.47 162.39 650.28 105.74 272.27 18.31

& 4 533.10 1B0.98 114.28 566.93 147.15 209.89 16.49

7 4 494.67 193.59 58.82 505.75 182.51 16l.562 10.67

8 & 481.82 197.73 —0Q.00 4B1.B2 197.73 142.04 -0.00

? & 494 . 67 193.569 ~58.82 505.75 182.51 16.62° —-10.467
10 ‘o 533.10 180.98 =-114.28 h66-93 47.15% . 209_689 —16.49
11 & 596.54 159.47 ~162.39 a50-27 105.74 212.26 —15.31
12 & 683,38 128.77 =197.90 T46.75 65.39 140,68 =17.76
13 & T89.69 89,50 —213.80 849.381 29.38 410,22 -15.71
14 & 07.58 H4 .40 =201.10 952.13 =0.15 476414 ~12.49
15 & 1022.78 0. -149.21 1044.10 —21.32 532.71 =8.13

1 4 858.01 0. 6635 863.90 —5.10 434.50 4.39

Fd 5 822.18 22.37 97.18 833,82 10.73 411.5% 6.83

3 5 T75.77 49.07 L10.60 792.23 32.61 3T9.81 B.4b

4 5 T27.96 75.61 108.12 T45.41 58.15 343.63 9.17

5 5 685.12 98.79 92.53 699.38 84.53 307.42 B.T6

6 ) 651.72 116.53 67.09 660.00 108.25 2T75.88 T-04

T 5 &630.62 127.59 35.15 633.07 125.15 253.96 3.98

a 5 623.42 131.34 0.00 , 623.42 131.34 246.04 0.00Q

9 5 630.62 127,59 —35.15 633.07 125.15 253.96 —3.98
10 5 651.72 116.53 —67.09 660.00 108-25 275.88 -7.04
11 5 685-12 98. 79 —92.53 699.38 84.53 307.42 —-8-T6
12 5 T27.96 75.61 =108.12 T45.42 58.15 343.63 —9.17
13 5 T75.77 49.06 =110.60 792.23 32.61 379.81 ~Ba4b
14 5 822.19 22.37 =-97.18 B33.g2 10.73 411.55 ~-6.83
15 5 B58.81 Q. —66.35 863.91 -5-10 434.50 =4.39
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DECK 5TRESS 360 ELEMENT MODEL TEMPERATURE DISTRIBUTION AIQD
ROW COL XX=STRESS YY-STRESS XY=STRESS MAX—5TRESS MIN-STRESS SHEAR STRESS DIRECTION
P51 PSI P51 PSI P51 PSI DEG

1 & TB4.565 0. 2B.24 185.67 -1.02 393.34 2.06

2 6 T75.76 10.54 4240 778.10 8.19 384.95 3.186

3 6 760.43 23.97 49.948 763.81 20.5% 371.61 3,86

& & T42-34% 38-13 50.45 T745.93 34.54 355.70 4.08

5 & T24.72 51.15 44.31 T27-63 4B.24 339.69 3.75

6 & 710.23 61.50 32.74 711.88 59.85 326.01 2.88

T & T00.78 68.14 17.35 701.25 aT7.66 315.80 1.57

8 & &697.50 TO42 0.00 697.50 T042 313.54 0.00

9 & T00.78 &68.14 —-17.35 T01.25 b6T .66 316.80 —-1.57
10 6 710-24 61.50 -32.74 711,88 59.85 326.01 -2.88
TS 124472 51.15 ~44.31 727.62 4B.24 339.69 -3.75
12 & T42.34 38.13 —50.45 745.93 34.54 355.70 4,048
13 [ T60. 454 23.97 ~49.98 763.81 20.59 371.61 —~3.86
14 & T75.76 10.54% =42.40 778.10 8.19 384.95 =3.14
15 & 184.65 0. —28.24 785,67 -1.02 393.34 -2.06

1 T T55. T4 Oa 10.99 T55.90 —-0-14 378.03 Q.44

2 7 755.34 4,55 16454 755.71 4.19 375.76 1.26

3 7 75175 10.53 19.92 T52-29 F.99 371.15 1.54

4 7 146,33 17.03 20.57 T46.91 16.45 365.23 L.6&1

5 7 740.42 23.18 18.42 740.89 22.71 359.09 1.41

6 7 T35.24 28.18 13.80 735.51 27.91 353.80 1.12

1 T T31.75 31.4% 7.38 T731.83 31.36 350.23 0.60

] T T30.52 32.57 =0.00 730.52 32.57 348.97 =-0.00

9 7 731.75 .4k -7.38 731.83 31.36 350.23 -0.60
10 T 735.25 28.19 —-13.840 T35.52 27-.92 353.80 -1.12
11 7 T40. 42 23.14 =18.42 740.89 22.71 359,09 -1l.47
127 746.33 17.03 -20.57 746-91 16.45 365-23 -l.61
13 T 751.76 10.53 =19.92 752-29 9.99 371-15 =1.54
14 1 T56. 34 4.55 ~16.54 755.7T1 4.19 aArs.76 -1l.20
15 7 T55-T4 Oa -10.99 755.90 -0-1& 37TB.03 —-0.83

1 8 Tata18 Qe 3.75 T46.20 —-0.02 373.11 0.29

2 8 747.70 1.74 5.58 747.74 1.70 373.02 0.43

3 8 T47.87 407 6.86 T47-94 4.01 371.96 0.53

L} a T47.09 6.67 T.25 T47.16 6.60 370.28 0.56

5 8 T45.82 9.18 bubl 74%.88 9.13 368.38 0.51

b B T44.52 11.26 5.02 T44.55 11.23 366.66 0.3%9

T A T43.58 12.63 2.71 T743.59 12-62 365.48 0.21

[ 8 T43.24 13.11 =0.00 T43.24 13.11 365.06 —0.00

9 8 743,58 12.63 —2.71 T43.59 12.62 365.48 ~0.21
10 & T44.52 11.26 -5.02 744,55 11.23 366.66 -0-39
11 8 T45.82 9.18 ~6.61 T45.88 9.13 368.38 -0.51
12 ) T47-09 6.67 =7.25 T47-16 6460 370.28 =0.56
13 8 T47-.87 4.07 =-6.86 747-94 4.01 371.96 =0.53
14 8 T4T.70 1.74 -5.58 T47.75 1.70 373.02 —-0.43
15 a8 T46.18 0. =3.75 T4&.20 -0.02 373.11 —0.29

1 9 T43.T1 O« 1.03 743.71 =0.00 371.86 Q.08

2 9 T45-32 D.58 1.51 T45.33 0.57 372-38 0.12

3 9 Th&-42 1.37 1.89 T46-43 1.36 372.53 0.15

&4 g T47.06 2.28 2.05 T41.06 2.27 372.40 [{1° ¥-)

5 9 T47-33 3.18 1.91 T47.34 3.18 372.08 0.15

& 9 T47.40 3.95% 1.47 T4T.40 3.95 371.73 O.l1

7 9 T47.38 4.46 0.80 T47-38 4.46 371.46 Q.06

B 9 T47.36 4. bh 0.00 T47.36 464 3T1.36 0.00

9 9 T47.38 bbb —-0.80 T47.38 LY 371.46 =0.086
10 9 T4T.40 3.95 —1.47 T4T.40 3.95 371.73 -0.11
11 9 T4T7.33 3.18 -1.91 Tal.34 3.18 372.08 -0.15
12 9 T4T.05 2427 -Z2.0% T47.06 2.27 372.39 =-0.16
13 9 T46.42 1.36 —1.89 ThE.43 1.36 372.53 -0.15%
14 9 T45.33 0.58 -1.50 T45.33 a.57 372.38 =0.12
15 9 T43.71 O. -1.03 T43.71 —0.00 371.86 —0.08

1 10 T43.32 Oa [V 143.32 [¢19 371.466 [

2 10 Té44.84 0.27 0. T44.84% 0.27 372.29 0.

3 10 T46.07 Q.64 0. T46.07 0.64 372.72 0.

& 10 T46.99 1.09 0. T46.99 1.09 372.95 0.

5 10 T4aT.61 1.56 Q. T41.61 1-56 373.02 0.

& 10 T47.99 1.97 D. T41.99 1.97 373.01 0.

7 10 Tag.18 2.24 [ 8 T48.18 2-24 372.97 Q.

8 10 T4B.24 2.34 0. T4d.24% 2.34 372.95 Q.

9 10 T48.19 2.24 Q. T4B8.19 2.4 372.97 0.
10 10 T47.99 1-97 O« T747T.99 1.97 373.01 0.
11 10 T47T.60 1.56 0. 747.60 1.56 373.02 0.
12 10 T46.99 1.09 [ T46.99 1.09 372.95 Ox
13 10 T46.07 0.64 Q. 746.07 0.64 372.72 0.
1% 10 Tak- B4 0.2t 0. 744.84 0.27 472429 0.

15 10 T43.33 Q. 0. 743.33 0. 371-66 0.
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340 ELEMENT MODEL

XX—-STRESS

P51

0.

Q.

0.

Q-

0.

0.

Q-

0.

0.
1421.16
—692.55
~2939.61
-5825.98
-0.00
5825.97
2939.61
692,55
~1421.16
1304.38
~1352.95
-40T6.19
-6954.37
-0.00
6954.36
4076.19
1352.95
~1304.38
1022.78
—1680.93
~4418.47
—7194.82
-0-060
7194.81
441846
1680.93
-1022.78
858.81
~1833.60
-4543.57
=726T.67
-0.00
T126T.67
4543.56
1833.60
-858.81
784.65
-1901.18
=4595.51]
-7296.08
—-0.00
7296.08
4595,51
1901.18
-TB4.65
765.74
-1928.68
~4616.81
~-7307.68
~0.00
7307.68
4616481
1928.68
~755.74
746.18
~-1938.59
~4624.8)
-71312.11
~-0.00
T312.11
4624-81
1938.59
~T46.18
743.71
=1941.60
—4627 .40
-7313.60
-0.00
7313.59
4627 .40
1941.60
~743.71
743-33
~1942-20
-4627-96
-7313.93
-0.00
7313.92
4627.96
1942.21
~T43.32

YY-STRESS

P51

0.
765.71
1377.53
1336.10
0.00
=1336.09
~1377.52
~765.7T1

0.

0.
—233.34
-463.10
—492.53
=0.00
492.53
463.10
233. 34

a.

0.
~96.50
=156.05
=127.36
=0.00
127-36
156.0%
96.49

0.

0.
—31.33
~43.18
=-30.90
d.00
30.90
43.18
31.33

Q-

0.
—-12.39
-15.32
-10.13
~0.00
10-13
15.32
12.39

2.85

XY-STRESS

Psl

0.
-689.87
—685.82
-233.39

685.82
1265.35
685.82
~233.39
—685.82
—-689.87
-337.02
—221.46
=15.685
221.46
335.53
221.46
—-15.85
=221.46
-337.02
=149.21
—72.03
6.97
72.03
98.14
12.03
6.97
=T2.03
-149.21
~66.35
~28.15

4.96

28.15
36.59
28-15
4a9b
—28.15
=66.35
=28.24
~11.73

2.29

11.73
15.07
11.73

2.29

-11.73
-28.25
~10.99

—4.67

0.89

4.6T

6,00

46T

0.89

—4.67
=10.99
~3.75
-1.67

.29

L.67

2.16

1.67

0.29

~1.67
—-3.75
-1.02
—0.49

0.07

0.49

0.64

0.49

0.08

—0.49
~1.03

D.

0.

0.

0.

0.

0.

0.

0.

Q.

-27-

MAX-STRESS

P51

0.
7T65.71
1377.53
1336.10
0.00

=0.

—405.75
1265.35
5912.75
2961.41
1186.18
27%9.79
1386-31
-58.60
-155.99
-12¢0.18
335.52
6961.53
4076.25
1390.84
81.93
1044.10
—-28.19
—43.17
-30.18
98.14
7195.54
4418.46
1684.07
21-32
863.91
-11.95%
~15.32
~-10.02
36.59
1267.78
4543.57
1834.03
5.10
785.67
=-5.44
—6.56
—4.20
15.07
7296.10
4595.51
1901.26
1.02
75%.90
~2.39
-2.85
—-1.82
6.00
7307.68
4616.81
1928.69
0.16
746.20
-0.96
-1.15
—Q.74
2.16
7312.11
4624481
1938.60
G.02
T43.71
—0.35
-0.42
-0.28
0.64
7313.59
4627.40
1941.60
0.00
743.33
~0.18
-0.23
-0.15
~0.00
7313.92
4627.96
1942.21
=-0.

TEMPERATURE DISTRIBUTIGN AIOO

MIN-S5TRESS

P51

O.

1%

0.

0.

Q-
=1336.09
=1377.52
-765.71

0.
-279.79
=-1186.18
—2961.41
-5912-75
~1265.35
#05.75
44130
~260.29
=1700.956
-81.93
-1390.84
—4076.25
—6961 .54
—335.53
120.18
155.99
58.60
=1386.31
=21.32
~1684.07
—4418.48
=T7195.54
=98.14
30.18
43,17
28.19
-1044.10
-5.10
-1834.03
=4543.57
=T7267.78
=36.59
10-02
15.32
11.95
=B63.91
-1.02
=1901.26
=4595.51
-7296-10
-15-07
4.20
6.56
LT
—T85.67
-0-16
—1928.69
=-4616.81
—-7307.69
=-6.01
1.82
2.85
Z2.39
—755.90
-0.02
—-1938.59
—4524.81
-T312.11
-2-16
0.74
1.15
0.96
—T4&6.20
=0.00
—1941-60
—4&627-40
=-1313.60
=0.6%
0.28
Oa.42
0.35
—743.71

0.
—1942.20
—4627.96
~7313.93
=0.00
0.15
0.23
0.18
=T43.32

SHEAR STRESS DIRECTION
PSI DEG
0. ISOTROPIC POINT
382.86 90.00
688476 90.00
668.05 90.00
0-00 90.00
668.05 0.
688.76 0.
382.86 Q.
9. LS50TROPIC POINT
990.38 -22.08
723.24 -54.25
1260.06 ~B4.656
2753.50 82.79
1265.35 45.00
2753.50 7.21
1260.06 -5.34
723.23 -35.74%
990.37 -67.92
734.12 =13.66
666,12 ~80.29
1960.13 —89.77
3420.68 g8.l14
335.53 45.00
3420.68 1.86
1960.13 -0.23
666.12 -9.71
T34.12 —76.34
532.71 -8.13
827.94 -87.50
2187.65 39.91
3582.68 89.42
9B.14 45.00
3582.68 0.58
21B7.45 0.09
B27.94 -2.54
532.71 -81.87
434.50 ~4.39
911.04 —89.11
2264.13 89.94
3628.88 89.78
36.59 45.00
3628.88 0.22
2264413 0.06
911-04 -0-89
434.50 -85.61
393.34 -2.06
947.91 —89.65
2294.47 89.97
3445.95 89.91
15.07 45.00
3645.95 0-0%
2294.47 0.03
947.91 =-0.35
39334 —87.94
378.03 -0.83
963,15 —89.86
2306.98 89.99
3652.93 89.96
6.00 45.01
3652.93 0-04
2306.98 0-0l
963,15 —0.14
378.03 —89.17
373.11 -0.29
968.82 -89.95
2311.83 90.00
3655.69 29.99
2.16 45.02
3655.69 0.01
2311.83 0-00
968.82 -0-05
373.11 -89.71
371.86 ~0.08
970.63 -89.99
2313.49 20.00
365666 90.00
0.64 45.09
3656.66 0.00
2313.49 0.00
970.63 =-0.01
371.85 —B9.92
371.66 [P
971.01 90.00
2313.87 20.00
3656.89 90-00
0.00 90-00
3656.88 0-
2313.87 0-
971.01 G-
371.66 90.00



BOTT STRESS
ROW COL

C-R-- I - RV I VLU )
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360 ELEMENT MODEL

XX—-STRESS
P51

0.
0.
0.

0.

=1421.16
—-B859.04
-511.83
—299.46
—-171.80G
=-98.07
=60.12
~48.45
-60.12
-98.07
=171.80
—299. 46
-511.83
~859.04
-1421-14
—1304.38
—99%.24
=751.14
=561.72
-426.25
—334.31
-282.51
-265.71
-282.51
~334,.31
-425.25
-561-72
-751-14
-999.25
~1304.38
=-1022.78
-907.58
-789.68
-683.37
—596.55
-533.09
=494 .67
-481.82
-494.67
-533.09
-596.55
=-683.37
-789.69
=-907.58
=-1022.78
-858.81
-822.18
—T75.77
~T27-96
-685.12
-651.72
~630.62
=623.43
-630.62
—651-72
~-685.12
=T27.96
-T15.77
-822.19
-658.81

YY-STRESS
P51

0.
449,90
708.90
B54.16
932.88
973. 451
992.16
997.54
992416
973.41
932.88
854.16
T08.90
449.90

[+1%

Oa
-62.45
—45.03

Z.67

54.50
9T.26
124.66
1364.04
124.66
97.26
54.50
2.67
-45.03
=62.45
0.
0.
-78.18
=130.60
=-164.71
-175.20
—180.56
-181.77
-181.83
=-181.77
—180.56
—175%.20
-160.71
—130.460

~-78.18

0.

0.
=44 .40
=-89.50

~-128.77
~159.47
-180.98
—193.59
-197.73
-193.59
=-180.98
=159.47
-128.77
~89.50
—44 . 40

0.

[/ 1%
-22.37
~49. 06
—T5.60
—-9H. 19

-116.53
-127.59
—131.34
-127.59
=116.53
—-98.79
-75.60
—49.06
-22.37
0.

XY—-STRESS

P51

0.

Q.

0.

0.

0.

0-

0.

'

0.

0.

0.

0.

0.

G.

0.
—689.87
—497.90
~352.03
~242.63
-160.38
=-97.09
~45_69
-0.00
45.69
97.09
160.38
242.63
352.03
497.90
689,87
—-337.02
~366.17
=-338.97
-283.83
—2l6. 44
—144.79
-72.33
0.00
72.33
144.79
2lé.44
283.43
338.97
366,17
337.02
=149.21
-201.10
—-213.80
-197.90
=-162.39
=114.28
-58.82
=0.00
58.82
114.28
162.239
197.90
213.80
201.10
149.21
—-66.35
-97.18
=110.60
-108.12
=92.53
=67.09
-35.15
=0.00
35.15
67.09
92.53
108.12
110.60
97.18
66-35

-28-

MAX-STRESS
P51

[
449.90
708.90
B854.16
93z.88
973,41
992.16
997.54
992.16
973.41
932.88
B854.16
708.90
449.90

0.
279.79
176.86
143.95
137.42
137.563
137.30
135.34
134,04
135.34
137.30
137.63
137.42
143.94
176.86
279.79

81.93
49.65
18.66
=13.71
-50.27
-93.51
-144.00
—181.83
=144.00
=93.51
~-50.27
-13.71
18.66
49.65
81.93
21.32

0.15
=29.38
=-55.39

-105.74
-147.1%
-182.51
-197.73
=182.51
=147.15
=105.T4
—65.39
-29.38
¢.15
21.32

5.10
-10.73
—32.60
—58.15
—84.53

-108.25
-125.15
—131.34
-125.15
=108.25
—84.53
-58.15
-32.60
—10.73
5.10

TEMPERATURE DISTRIBUTION AlCQ

MIN-5TRESS

PsI

—-1700.96
—-1098.35
=700.81
~434.21
=-254.93
-l3g.12
-70.80
—4B .45
~70.80
~138.12
~254.93
—434,21
—-700.81
=1098.35
-1700.96
—1386.31
-1127.07
=900.40
~T708.72
—-550-18
—421.37
-320.27
=-265.71
=320.27
=421 .37
-550.18
-708.72
—900.40
-1127.08
—1386.31
-1044.10
-952.13
—849.81
~T46.75
-650.28
—566.93
—506.75
—481.82
—-505-75
-566.93
=650.27
~746.75
-849.81
=952.13
=1044%4.11
-863.91
=-833.82
=792.22
=T45.41
-699.38
—660.00
~-633.06
—623.43
=-633.07
=660.00
-699.38
~T45.41
=792.23
—833.82
=-863.91

SHEAR STRESS

P51

0.
226.95
354.45
427.08
466 .44
486.T1
496.08
498.77
496.08
486,71
46644
427.08
354,45
224.95

0.
990.37
637.61
422.38
285.81
196.28
137.71
103.07

91.25
103.07
137.71
196.28
285.81
422.38
637.61%
990.38
T34.12
588.36
459.53
347.50
249.95
163.93

88.14

41.9%4

88.14
163.93
249.95
347.50
459.53
588.36
T34.12
532.71
41814
410.21
340.68
272.27
209.89
161.462
142.04
161.62
209.89
2T72.27
340.68
410.22
4T76.1%
532.71
434,50
411.55
379.81
343.63
307.42
275.88
253.96
246.04
253.96
275.88
307.42
343.63
379.81
411.55
434.50

DIRECTION

DEG

ISOTROPIC POINT
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90. 00
90-00
90.00
90.00

ISOTROPIC POINT

~67.92
-64.33
—61.7/
-60.95
—62.60
—-67.58
~76.84
-90.00
76.84
67.54
6260
60.95
61,77
64-33
67.92
-76.34
-70.74
—66.23
-62.62
~60.01
-58.98
-62.43
90.00
62.43
58.98
£0.01
62,62
66.23
70.74
76.34
-81.87
-77.51
~74.29
-72.24
-71-69
-73.51
-79.33
-90.00
79.33
73.51
71869
72.24
T4.29
77.51
81.87
-85.61
-83.,17
—B1.54
-60.83
-81.24
-82.96
-86.02
-90.0u
86.02
82.94
8l.24
80.83
81.54
83.17
_ 85.61_



_29_

BOTT STRESS 360 ELEMENT MODEL TEMPERATURE DISTRIBUTION AIOD
ROW COL XX-5TRESS YV-5TRESS XY-STRESS MAX-STRESS MIN-STRESS SHEAR STRESS DIRECT ION
PSI PSI PsI P51 PSI PSI1 DEG
1 & —184.65 0. -28.25 1.02 -785.67 393,34 —BT.94
2 6 -775.76 -10.54 -42.41 -B.19 -T78.10 384.95 —-86.84
3 6 —T760.43 -23.96 -49.98 -20.59 -763.81 371.61 -B6.14
% 6 -742.33 -38.13 -50.45 -34.54 -745.93 355.70 ~85.92
5 & —-T24.72 -51.14 -44.31 -48.24 -727.62 339.69 ~B6.25
6 6 -710.23 =-61.50 -32.74 —5%.85 -711.88 326.01 —-87.12
7 6 -700.78 -68.14 ~17.35 —67.66 -701.25 316.80 —88.43
8 6 -697.50 -T70.42 ~0.00 —-70.42 —697.50 313,54 -90.00
9 6 ~T00.78 -68.14 17.35 -67.66 -101.25 316.80 88.43
10 & -710.23 -61.50 32.74 -59.85 -711.88 326.01 B7.12
11 6 -T24.72 -51.14 44.31 ~48.24 -7127.63 339.69 86.25
12 6 —~T42.34 -38.13 50.45 -34.54 -745.93 355,70 85.92
13 6 —-T760.43 -23.96 49.98 -20.59 -763.81 371.61 86.14
L4 6 -175.76 -10.54 42,41 -8.19 -778.10 3B4.95 86.8%
15 6 -7B%.65 0. 28.25 1.02 -785.67 393.34 87.94
1 7 -755.T4 0. -10.93 0.16 ~755.90 378.03 -89.17
2 H -755.34 —-4.55 -16.54 4,19 -755.70 375.76 -88.74
3 7 -751.75 -10.53 ~19.92 -9.99 -752.29 371.15 —B8.46
4 7 -T746.32 -17.03 ~20.57 -16.45 -746.90 365,22 -88.39
s 7 ~T40.42 -23.18 ~1B.42 -22.71 ~740.89 359.09 -88.53
6 7 —-735.25 -28.19 -13.80 -27.92 -735.51 353.80 —88.88
7 7 -731.75 —31-44 ~7.38 -31.36 ~731.83 350.23 —89.40
8 7 -730.52 -32.57 0-00 -32.57 -730.52 348,97 90.00
9 7 -731.75 -31.4% 7.38 -31.36 -731.83 350.23 89.40
10 7 -735.25 ~28.19 13.80 -27.92 -735.52 353.80 88.88
11 7 -740.42 -23-18 18.42 -22.71 -740.90 359.09 88.53
12 7 -746.33 -17.03 20-57 ~16.45 -746.91 365.23 88.39
13 7 -751.76 -10.53 19-92 -9.99 -752.29 371.15 88-46
14 7 ~755.34 -4.55 16.54 —4.19 -755.71 375.76 88.74
15 7 -755.74 0. 10.99 g.16 ~755.90 376.03 89.17
i 8 ~T46.18 0. -3.75 g-02 —746.20 373.11 -89.71
2 8 —747.70 -1.75 -5.58 ~1.70 ~T47-T4 373.02 -89.57
3 8 -T47.87 —4.08 6486 -4.01 ~T4T.9% 371.96 ~89.47
4 8 -747.09 —6.,68 -7.25 -6.60 -747.16 370.28 8944
5 8 ~745.82 -9.19 -6.61 -9.13 -745.88 368.38 —85.49
6 8 -744.52 -11.27 -5.02 -11.23 =T44.55 366.66 ~89.61
7 8 743,58 -12.63 -2.71 -12.62 ~743.59 365.48 -89.79
8 8 ~743.23 -13.11 0.00 -13.11 -743.23 365.06 90.00
9 8 -T43.58 -12.64 . 2.71 -12.63 ~743.59 365.48 89.7%
10 8 —-T44,52 ~11.27 5.02 -11.23 —T44_%56 366.66 89.61
11 8 —745.82 -9.19 b.61 -9.13 -745.88 368.38 89.49
12 8 -747.09 -6.68 7.25 —6.60 -747.16 370.28 89.44
13 8 -747.87 4,08 6.86 —-4.01 ~747.94 371.96 89.47
14 8 ~-T47.70 -1.75 5.58 -1.70 —T47-74 373.02 89.57
15 ] -746.18 0. 3.75 0.02 ~746.20 373.11 89.71
1 9 -763.71 0. -1.03 0.00 -743.71 371.85 -89.92
2 ] -745.32 -0.58 -1.50 —0.57 ~745.33 372.38 -B9.85
3 9 -T46.42 -1.36 -1.89 -1.36 -Th6.42 372.53 —-B9.85
4 9 —747.08 -2.28 -2.05 -2.27 -T47.06 372.39 -B9.84
5 9 ~T47.33 -3.18 -1-91 -3.18 -T74T.34 372.08 -B9.85
6 9 ~T4Tw40 -3.95 —1.41 -3.95 =T47.40 371.73 -89.89
7 ] -747.38 —hn b -0.80 kol -747.38 3TL.46 -B9.94
8 9 -747.36 by bl 0.00 4,64 -747.36 371.36 90.00
9 ] -747.38 —4,46 0.80 —4.46 -747.38 371.46 99.94
10 9 =T747.40 -3.95 L.41 -3.95 -747.40 371.73 49.89
11 9 -T747.33 -3.18 1.91 -3.17 —T4T.34 372.08 89.85
12 9 —747.05 -2.27 2.05 -2.27 -747.06 372.40 89.84
13 9 ~T46.42 -1.36 1.89 -1-36 —~Th6.43 372.53 89.85
14 9 ~T745.32 ~-0.58 1.50 -0-5T7 ~745.33 372.38 89.88
15 3 ~T43.71 a. 1.03 0.00 —T43.71 371-86 89.92
1 10 -743.32 0. 0. -0. -743.32 371.66 90.00
2 10 ~T44.84 ~0.27 0. -0.27 —Th%.8% 372.29 90.00
310 -746.07 -0.6% a- —-0.64 -746.07 372.71 90.00
4 10 -766.99 +~1.09 0. -1.09 -746.99 372.95 90.00
5 10 ~747.61 -1.56 0. -1.56 ~747.61 373.02 90.00
6 10 ~T47-98 -1.97 0. -1.97 —747.98 373.01 90.00
7 10 —T48.1% -2.24 0. -2.24 ~T48.19 372.97 90.00
8 10 ~T48.24 -2.34 0. -2.34% ~T48.24 372.95 90.0U
9 10 ~748.19 ~2.24 0. -2.24 —-74B.19 372.97 90.00
10 10 -747.98 ~1.97 0. -1.97 -747.98 373.01 90,00
11 10 ~747.61 -1.56 0. -1.56 ~T4T.61 373.02 90.00
12 10 ~746.99 -1.09 0. -1-09 ~T46.99 372.95 90.00
13 10 —746-07 -0.64 0. -0.64 ~746.07 372.72 90.00
14 10 —T44.84 -0.27 0. —0.27 —T44.84 372.29 90.00

15 10 —T43.32 0. 0. —0. —-T43.32 371.66 S0.00
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0.
0.
0.
0.
0.
0.
0.
0.

(1%
—1421.14
692,55
2939.61
5625.98
0.00
-5825.97
—-2939.561
=692.55
1421.16
—1304-38
1352.95
4076.19
6954.37
0.00
~6954.36
—4076-19
-1352.95
1304.38
=1022.78
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4418.47
7194 .82
0-00
~7194.81
~4418.47
~1680.93
1022.77
-B858.81
1833.59
4543.57
T267.67
0.00
~T267.46T
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~1833.60
858.81
—TB4.65
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4595.51
T296.08
0.00
=-T7296.08
-4595.51
-1901.18
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—-755.74
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4616481
T7307.68
0.00
—-7307.68
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—-1928.68
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~T46.18
1938.59
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7312.11
0-00
=7312.11
—-4624.81
=-1938.59
T46.18
=T43.71
1941.60
4627 40
7313.60
0. 00
~7313.59
~462T.40
—1941.61
743.71
-743.32
1942.20
46527.96
T313.92
0.00
—¥313.92
=-4627.96
=1942.21
743.32

YY=-STRESS

P51

0.
~765.71
~1377.53
-1336.10
-0.00
1336.09
1377.53
765.71

0.

0.
233.34
463.10
492.53
0.00
-492.53
—463.10
-233.34
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0.
96.49
156405
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-0.00
-127. 36
-156.05
~96.4 49
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0.
31.33
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30.90
0.00
-30.50
-43.18
—31.33

0.

[+
12.39
15.32
10.13
—0.00
-10.13
-15.32
+12.39

0.

0.
5.51
6.57
4,22
-0.00
—4,22
-6.5T
~5.51

0.

0.
2.40
2.85
1.83
0.00
-1.82
-2.85
~2.40

0.

0.
0.96
1.15
0.74
0.00
-0.74
-1.15
-0.96

0.

0.
0.35
Q.42
0.28
0.00
~0.28
~0.42
=-0.35

0.

0.
0.18
0.23
0.15
-0.00
=-0.15
-0.23
—0.18

0.

XY—-STRESS

P51

0.
0.
o.
0.
0a
0.
Q.
Q.
0.
689.87
685.82
233.39
~685.82
~-1265.3%
-685.82
233.39
H85.82
689.87
337.02
221.44
15.85
—221.46
=335.53
=221.46
15.85
221.46
337.02
149.21
72.03
~6.97
~72.03
-968.14
-72.03
=6.97
72.03
149.21
66-35
28.15
—-4.96
=-28.15
~36.59
-28.15
—4.96
28.15
66.35
28.25
11.73
~2.29
-11.73
-15.07
=11.73
~2.29
11.73
28.24
10.99
4eBT
~0.89
=-4.67
~6.00
—4.61
—0.89
4.67
10.99
3.75
1.67
—0.29
-1-a87
-2.16
=l.67
=0.29
1.67
3.75
1.03
0.49
~0.08
—0.49
—0.64
—0.49
-0.07
0.49
1.03
0.
0.
0.
0.
0.
0.
0.
D.
0.
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MAX~STRESS

P51

0-
=0.
=0a
=-0a
=Ca

1334.09
1377.53
T165.71
a-
279-79
1186.18
2961.4%1
5912.75
1265.35
—405.75
~441.30
260.29
1700-96
81.93
1390.84%4
4076425
6961.54
335.53
=-120.18
~155.99
~58.561
1386.31
21.32
1684.07
44)8.48
7195.54
98.14
-30.18
—43.17
-28.19
1044.10
5.10
1834.03
4543.57
7267.78
36.59
~10.02
-15.32
-11.95
863.90
1.02
1901.25
4595.51
7296.10
15.07
—4.20
—6.57
~5.44
785.67
G.16
1928.69
4616.81
T307.69

6.01
=1.82
=-2.85
—2.39

755.90
0.02
1938.59
4624.81
7312.11

2.16
—0-74
-1-15
-0-96

T46.20
0.00
1941.60
4627.40
7313.60

0.64
-0.28
~0.42
=035

T43.71
=0.
1942.20
4627.96
7313.92

0.00
=0.15
-0.23
-0-18

743.32

TEMPERATURE DISTRIBUTION ALQQ

MIN-5TRESS

P51

[+1%
~T765.71
-1377.53
~1336.10
-0.00

0.

1%

Oa

0.
—-1700.9&
—260.29
44130
405,75
=1265.35
=-5912.75
—2961.-41
=1186.18
—-27T9.79
—1386.31
58.-60
155.99
120.18
—335.53
—6961.54
~4Q76.25
—1390.0%4
=81.93
=1044.11
28.19
43.17
30.18
—-98.14
—7T195.54
—4418.48
-1684.07
—21.32
=-863.91
11.95
15-32
10.02
—36.59
=-7267.78
—4543.57
—1834.03
=5.10
-785.67
544
656
4. 20
~-15.07
—7296.10
=4595.51
~1901.26
=1.02
=755.90
2.39
Z.85
1.82
—6.00
=7307.568
=-4616.81
=-1928.69
—-0.16
~T46.20
0.9
1.15
0.74
=2.16
-7312.11
—4624.81
—-1938.60
-0-02
—T43.71
0.35
0.42
0.28
~Da.64%
-7313.59
—4627-40
—1941.61
=0.00
~743.32
0.18
0.23
0-135
—0.00
=-7313.92
=4627.96
~1942.21

0.
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PS]

0.
382.86
688-76
668,05

06.00
668.05
688.76
382.86

0.
990.38
T23.24

1260G.06
2753.50
1265.35
2T53.50
1260.06
723.23
950.38
73412
666,12
1960.13
3420.68
335.5%
3420.68
1960.13
666.12
T34.12
532.71
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2187.465
35B2.68
98.14
3582.68
2187.465
827.94
532.71
434,50
911.04
2264413
3620.88
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3628.88
226%.13
911.04
434,50
393.34
947.91
2294.47
3645,95
15.07
3645.95
229447
947.91
393.34
378.03
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2306.98
3652.93
é.00
3652.93
2306.98
963.15
378.03
373.11
96B.82
2311.83
3655.69
2.16
3655.69
2311.83
968.82
373.11
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970.63
2313.49
3656466
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3656.66
2313.49
970.63
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371.66
271.01
2313.87
3656.89
G.00
3656-88
2313.97
971.01
37T1.66

DEG

ISOTROPIC POINT
0.
0.
0.
0.

90.00
90.00
90.00

ISOTROPIC POINT

67492
35.75
5.34
~7.21
—45.00
—-82.79
B4.b6
54.26
22.04
76434
9.71
0-23
-1.86
=45.00
-88.14
89.71
80.29
13.66
Bl.87
2.50
~0.09
-0.58
~45.00
-B9.42
=-89.91
87.50
B.13
85.61
0.89
~-0.06
=-0.22
-45.00
-89.78
-89.94
89.11
4.39
87.94
0.35
=-0.03
=-0.09
-45.00
-89.91
-89.97
B9.6%
2-06
B9.17
0-14
-0.01
-0.04
-45.00
-89.96
-89.99
B9.86
0.83
89.71
0.05
=-0.00
-0.01
—44.99
-89-99
-90.00
89.95
0.29
89.92
0.01
=-0.00
=0.00
~44.93
~90.00
~90.00
89.99
0.08
90.00
0.
0.
0.
0.
50.00
90.00
90,00
0.
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APPENDIX B - TABLULAR EXPERIMENTAT DATA AND RESULTS PRESENTED GRAPHICALLY IN FIGS. 14,

17, AND 18.

TABLE B~1. MODEL MIDSHIP SECTION GEOMETRY DATA FOR FIG. 14.

ELEMENT ELEMENT AREA X CO-ORDINATE Y CO=ORDINATE
NQ. S5Qe~IN. FTe FTe
1 03343 +1.2040 +0e7958
2 Oe3343 =1.2040 +0e 7958
3 044069 +0:9991 +0+ 7800
4 044069 =-0.9991 +0.7800
5 04110 +0+7500 +0.7800
6 De4110 =0.7500 +0+7800
7 0+4110 +0«5000 +0s7800
8 0s4110 =045000 +0s7800
9 0.4110 +042500 +047800
10 0e4110 =-02500 +04+ 7800
11 04110 +0. 0000 +047800
12 De3535 +142640 +0+ 7542
13 03535 =1e2440 +0.7542
14 064343 +1e2440 +045150
15 044343 =les2440 +045150
16 044110 +1a 2440 +0e2575
17 0+4110 =1+2440 +042%75
18 0.4631 +1e2440 =-0.0083
19 Oe4631 =1.2440 ~040083
20 0.1192 +1le2440 -0.1858
21 0.1192 =1+2440 -0e1858
22 040685 +142440 =0e2425
23 0.0685 ~1le2440 -0e2425
24 0.0685 +1 42440 -0e2842
25 0.0685 =1+2440 022842
26 0.1192 +1.2440 =0e3417
27 01192 ~1la2440 -0e3417
28 0.3261 +1e2440 «0e4767
29 0s3261 =1a2440 =0e4767
30 0.2809 +le2440 -~0e6617
31 0.2809 —=142440 -046617
32 0.1836 +1e2440 -0e8025
33 0.1836 =1+2440 -0s+8025
34 03357 +141250 -0+8408
35 0e3257 =11250 =-0s8408
36 D.7562 +0e7925 -0+8408
37 0.7562 ~0a7925 -0e8408
38 D.6165 +0.3750 ~0e 8408
39 D«6165 =03750 -0+8408

40 0eb6165 +0.0000 =0s8408
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TABLE B-3 ~APPARENT STRAIN CALIERATION
TABLE - STRAIN GAGE LOT A5-1-1.

TABLE B-2 - TEMPERATURE CONVERSION TABLE.

TEMPERATURE APPARENT STRAIN
-6

DEG~F INZIN X 10
5040 -5340
TEMPERATURE READING TEMPERATURE 525 -4Ta5
UNITS DEG-F 5540 — 4240
5745 ~3743
109 300 600 -3245
139 39.0 6245 ~28e3
170 4745 6540 - 2440
204 570 67 5 -21e0
229 6440 7040 -17.3
261 730 T72a% =140
286 800 7540 -11e5
315 8840 TTe5 ~9e0
331 9240 80.0 -70
350 9740 B245 -540
371 10340 8540 —345
392 1085 B7 5 -2e3
410 113.0 900 ~1e5
433 1190 9245 -1.0
448 12340 9540 ~0e5
467 12840 9T «5 —0e5
490 13440 10040 -140
514 14040 1025 ~1e5
530 14440 10545 —245
549 149.0 107 «5 ~3 45
571 15445 11040 —445
593 16040 11245 —640
612 16540 115.0 —745
633 1700 1175 ~0Qe5
653 17540 1200 -11.3
673 18040 12245 ~13e5
693 18540 12540 1640
T14 1900 12745 ~ 1845
775 20540 1300 -2140
797 21040 1325 - 24,0
135.0 -27e0
13745 ~3040
14060 —33.5
14245 -3740
14540 ~40a5
14745 - 44 o5
15040 - 4845
15245 - 5245
15540 -~ 5740
157 «5 5140
16040 - 6545
16245 - 7040
16540 - T4 45
1675 - 79.5

17040 - 8440
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TABLE B-4 - DATA FOR FIGURE 17.

COMPUTED STRESS P31

ELEMENT TEMPERATURE STRAIN READINGS TEMZS?QEgRE FROM STRAIN FROM TEMPERATURE
READINGS LONGITUDINAL TRANSVERSE READINGS CHANGE

NO.  INITIAL  FINAL INITIAL  FINAL INITIAL  FINAL DEG—F LONGITUDIMAL  TRANSVERSE  LONGITUDINAL
1 196 871 508 530 503 479 9947 1060 -15 770
2 196 535 508 538 510 525 0.6 1050 700 1090
3 196 57% 507 498 506 482 1017 190 -160 &7
4 195 5A5% 503 a0 502 450 9640 -280 -250 -65
5 19% 586 507 476 506 473 1038 =510 =560 ~530
6 195 568 504 4é6 503 505 993 -800 180 =570
7 195 590 503 454 510 490 10448 =900 =220 =390
8 195 574 507 450 505 471 10048 -1570 -1030 =720
9 195 LT 506 481 507 474 10448 -890 -610 =-1050
10 195 578 504 444 502 473 1018 -1560 =630 =760
11 195 586 509 456 507 468 10348 -1280 -950 -1000
12 196 562 501 527 504 486 97«5 1080 50 T30
13 196 516 502 564 502 515 BSa7 1790 640 1530
14 196 533 506 500 503 530 9040 -46 730 =720
15 196 469 503 544 508 619 T8 1390 3030 280
16 196 450 500 461 504 521 79a2 -1810 -500 -1720
17 197 421 498 536 503 534 60a8 110 -50 410
18 197 421 504 500 507 536 6048 =-1270 —-500 -1300
19 197 357 501 553 503 528 LY ) 210 =430 510
20 197 300 502 625 503 506 2848 2460 =350 2940
21 198 293 502 578 501 611 2646 1070 —480 1820
22 198 274 501 661 504 522 21e3 4060 730 3750
23 198 277 500 602 504 527 2242 2180 330 2000
24 198 256 509 670 510 495 163 4010 =110 4240
25 198 260 497 602 503 5312 176 2350 100 2460
26 198 244 502 661 508 486 12.9 4080 -160 4220
27 198 248 505 612 506 507 1440 2530 45 2430
28 198 219 504 631 509 4864 549 3450 -110 3960
25 198 220 500 582 501 492 Ga2 2110 =20 2330
30 198 212 503 573 495 483 349 1860 ~&0 2080
31 199 212 502 532 509 509 3ab 690 -15 570
3z 199 210 510 524 499 503 341 250 15 500
33 199 210 505 483 507 524 3al -300 110 -1060
34 199 210 503 497 506 513 3.1 =370 -70 =45
35 199 210 508 471 505 519 3.1 -13z0 =125 —1460
36 199 211 500 486 503 511 Jud =650 ~130 =310
37 198 211 508 477 716 730 346 -1170 ~115 =-1350
38 199 211 506 487 5068 518 3k =775 =50 =580
39 199 211 502 476 502 519 3ed ~960 50 =1050
40 199 211 503 492 499 530 3ad =340 &40 -3lo

TABLE B-5 - DATA FOR FIGURE 18.
TEMPERATURE STRATM READINGS TEMPERATURE COMPUTED STRESS PSl

CHANGE ROM STRAI 3 E

ELEMENT READINGS LONGITUDINAL TRANSVERSE F REAgIEGSN FROM zgz:ggATuR

NO» INITIAL  FINAL INITIAL  FINAL  INITIAL  FINAL DEG-F LONGITUDINAL  TRANSVERSE LONGITUDINAL
1 263 501 498 476 464 450 63e2 ~170 17 -87
263 407 390 445 385 389 3847 1520 340 1530
3 265 499 465 443 477 459 6241 ~210 =115 -260
& 266 452 467 448 478 474 497 -530 =180 =510
5 267 498 476 449 469 450 6le3 =370 -180 ~440
& 268 477 509 ab4 556 S561 5546 -13z20 86 -1360
7 269 495 439 409 470 456 6040 -440 =40 =520
8 269 486 450 389 470 456 577 -1560 ~460 -1430
9 270 494 4471 410 477 457 5945 =520 ~270 =760
10 270 489 448 395 504 &87 58aZ ~1280 ~430 =1190
11 270 491 462 423 475 ab4 58.7 —830 =410 =950
12 260 501 471 e 486 &8 6440 ~340 34 =480
13 260 377 498 600 496 495 31.9 2830 420 2550
14 253 481 481 433 485 507 6049 =1080 560 -1490
15 254 332 470 575 465 4R7 21le2 3000 1050 3060
16 244 443 471 417 470 487 534 =1500 =240 ~1750
17 245 303 459 538 473 472 1642 1900 28 2300
18 232 373 4732 476 527 551 3847 =580 =115 ~620
19 234 274 440 504 442 442 11e2 1220 -&8 1490
20 221 271 541 657 528 515 1440 2B70 -150 3130
21 222 243 845 538 525 522 549 1010 -70 1340
22 221 254 567 699 534 534 943 37307 640 3690
23 221 238 525 571 508 513 4a8 1240 275 1170
24 217 243 490 £26 628 621 73 3900 550 3800
25 217 231 510 553 48B4 483 3.9 1110 g1 1060
26 217 237 555 588 474 455 Se& 3780 220 3750
27 217 227 525 563 470 471 ZeB 1050 180 890
28 212 223 606 714 494 475 Bel 3120 140 3330
29 211 219 530 538 455 463 2u2 165 165 a7
30 209 218 510 589 518 506 2.5 2270 140 2180
31 209 215 527 503 560 575 1.7 -780 135 —108p
3z 208 215 503 550 503 499 2a0 1340 140 1320
a3 208 214 469 415 492 517 147 =-1660 190 =2040
34 208 214 454 492 473 472 17 1090 180 950
35 208 214 471 416 479 503 1.7 ~1710 145 -2140
36 208 214 512 527 474 476 1.7 7o 67 430
37 207 24 609 563 B78 895 2a0 =1500 -23 ~1750
38 207 214 457 460 527 435 2.0 14 130 =140
39 207 214 467 440 469 489 240 -850 250 -1170

40 208 214 676 668 720 745 1.7 =170 600 =595
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APPENDIX C

Calibration and Instrumentation

Strain Gage Calibrations

Two basic calibration tests were performed
on the electrical resistance strain gages. The
first test made was that of determining the
effective gage factor and gage factor tempera~
ture correction, the second test was that of
determining the apparent strain curve for the
strain gages.

The installation of the strain gage into an
electrical network always causes a degensi-
tization of the gage, and hence the need for a
careful determination of the effective gage
factor arises. This determination was carried
out by placing gages on a calibrated bar in a
tensile testing machine, and observing the
strain gage output versus the known applied
strains. The effective gage factor thus found
was 2.00. The strain gages used in this in-
vestigation had a manufacturer's gage factor
of 2.01. It was further determined that with-
in the temperature range of 45 F to 180 F that
no measurable change in the effective gage
factor occurred.

When an electrical straingage is mounted on
a stress free specimen and subjectedtotemper—
ature excursions it is observedthat in general
the strain reading is a nonlinear function of
the temperature. This effect makes necesgsary
a careful temperature calibration of the strain
gages, To make this test, gages chosen at
random from those received from the manu-
facturer were mounted on test coupons cut
from the steel sheet from which the model was
fabricated. These small test coupons were
then placed in a small test oven to permit
accurately controlled temperature excursions.
Simultaneous temperature and strain gage
measurements were then made to obtain the
apparent strain curve. The reproducibility of
this curve from different gages was within the
least count of the measuring instrument, which
was + 1 micro-inch/inch. For computational
work this experimental curve was reduced to a
table which is given in Appendix B.

Material Tests
Routine tensile tests were carried out on

steel specimens cut from the steel gheet from
which the model was fabricated. The elastic

modulus was determined to be 30.0 x 10°psi,
and the Poisson's ratio was found io be 0.28.

Specimens cut from the length and width
directions of the steel sheet were tested to
determine if any measurable anisotropic ef-
fects were present. To within the accuracy of
the measuring insirumentis, the specimens from
the two perpendicular directions vielded the
same elastic constants.

Bolt Slip Test

During the early design phase of this in-
vestigation it was necessary to experimentally
check the behavior of the propogsed bolted
joint connection between the sides of the
model and the deck. A test jig was fabricated
which permitted the testing of bolted connec-
tion in a universal testing machine. Tests
made with this jig indicated the joint had
adequate strength and that it showed no in-
dication of slipping until loads well in excess
of design loads were applied.
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