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ABSTRACT

Empirical formulas for predicting the critical buckling stress
of fiber glass reinforced plastic columns have been obtained. On the
basis of these buckling formulas, structural efficiency of fiber glass
reinforced plastic column members of different cross sections is
compared with other commonly used structural alloys. The efficiency
parameter used for comparison is derived on the minimum weight design
considerations.
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SYMBOLS

Area of cross section, 1n2

Semi-width of cross section, in

Restraint coefficient for columns

Diameter of tube, in

Deflection per inch of test specimens, in/in
Modulus of elasticity (Young's modulus), 1b/1n2
Reduced modulus of elasticity, lblin2

Effective modulus of elasticity, lb/in2
Apparent modulus of elasticity, 1b/1in2
Compressive stress, 1b/1in?

Maximum gtress of a ¥-inch thick laminate under compression
1b/in

Semi-depth of cross section, in
Moment of inertia, 1n4

Nondimensional coefficient in local buckling formula for
flat plate

Nondimensional coefficient in local buckling formula for
circular plate

Factor for shape parameter

Compressive or tensile strength reduction factor
Compressive or tensile modulus reduction factor
Column length, in

Ratio h/b

2

Pounds per in

Applied load, 1b
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Critical load, 1b

Radius, in

Thickness, in

Density, lb/in3

Weight, 1b

Radius of gyration ( ""J—I/_—A— ), in
Slenderness ratio

Structural index, 1b/in?

Column efficiency

Deflection, in

Maximum compressive stress, 1b/in2
Euler buckling stress, 1b/in?
Local buckling stress, 1b/in2
Axial stress, 1b/in2

Reduced modulus ratio ( =E,/E)

Angle between the direction of applied load and the primary
direction of the fabric (the warp and weft)

xi



INTRODUCTION

One of the main considerations for an aircraft designer is saving
as much structural weight as possible, which means an increase in pay-
load, better performance and possibly less running cost. To achieve
this objective, researchers have been working to find better materials
and to develop improved and more efficient methods of design.

Aircraft designers during the past few years have been using fiber
glass reinforced plastics for nonstructural parts of aircraft. Recently,
fiber reinforced materials, especially fiber glass reinforced plastic
laminates, have shown great potential for use as primary structural
components in aeronautical design.

Many research publications (references 2-4, 6, 15, 19, 20-22, and
24) are made available by the U. S. Forest Products Laboratory and other
research organizations which give physical and mechanical properties
for all types of fiber glass reinforced plastic laminates. The prin-
cipal advantage of fiber glass reinforced plastic is its extremely
high strength-to-weight ratio which is superior to that of other
structural materials. In addition, fiber glass reinforced plastics
possess other extellent properties; viz., resistance to chemical
corrosive environments, simple and easy techniques in fabricating
complex structural parts, easy handling, low cost of tooling, high-
impact resistance and nuimerous other properties.

These qualities, along with the recent advances in processing
techniques and the development of high-temperature-resistant laminates,
have caused aircraft designers to become interested in using structures
made from fiber glass reinforced plastic materials. It is possible that
the availability of such materials will revolutionize the design develop-
ments in the aeronautical field.

A large amount of published data on optimum design techniques (ref-
erences 5, 7, 8, and 23) is available for different types of loadings.
Compression of thin-walled closed and open sections and torsion of thin-
walled cells are problems which are of interest to aircraft, marine and
civil engineers.

In 1943 Cox and Smith published a systematic analysis of compression
members. They introduced the concept of a structural loading of coeffi-
cient which is generally the ratio of the compression load P to the
square of the dimension L. They showed that for the same material of
construction the minimum weight depends upon the structural loading
coefficient.

The same approach was used by Shanley (reference 13) and was later
dealt with more comprehensively in a book (reference 14) by the same
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author. The author points out that the structures of maximum structural
efficiency are designed on the basis of simultaneous failure occurring
in all critical modes. When a thin-walled compression member is
subjected to an axial thrust, generally there can be three modes of
failure: (1) primary or Euler buckling, (2) secondary or local buckling,
and (3) material failure. Any combination of these may also take place.

The structural loading coefficient or the structural index (P/La')
can be used as a basis for comparing the structural efficiency of various
materials.

The main purpose of this report is to determine the feasibility
of using reinforced plastic column memhers in aircraft structures by
design studies and the fabrication and testing of the column specimens.
This study is not possible unless column buckling formulas for reinforced
plastics are available.

The work in these investigations has been directed first toward
finding the empirical formulas for predicting the critical buckling
stress of fiber glass reinforced plastic column members and, secondly,
toward investigating whether reinforced plastics provide structures
efficient on & strength-to-weight -basis when compared with other commonly
used structural alloys.

To obtain the column buckling formulas for fiber glass reinforced
plascics, compression tests on 24 column members of circular cross
ssction in 10 different lengths were carried out. Then column members
of different cross sections designed on the basis of simultaneous
failures were analyzed and an efficiency parameter was derived which
provided a basis for comparirg the column efficiency of different
materials.



MATERIALS

Numerous publications giving the compositions of all types of
inorganic fibers - glass, ceramic, refractory, asbestos and metal -
are available. Presenting the metallurgy of all fibers would be a
task beyond the scope of this report, but an extensive list of ref-
erences is given in a research report by R. H. Baskey (reference 1).

Fiber glass filaments are usually 2.0 x 10" to 1.0 x 10”3 inches
in diameter. Fibers made from sodalime "A" glass are readily subject
to moisture attack and therefore have limited storage life and strength.
Requirements of fibers having high resistance to chemical attack and
high strength are met by the commonly used Lime-Alumina-Borosilicate
ME" glass.

Chart of Properties of "E" Glass

Physical Properties .
Specific gravity 2.55
Hardness 6.5 Moh Scale
Mechanical Properties
Tensile strength 400,000 lglin2
Modulus of elasticity (tension) 10.5 x 10 lblin2
Bulk modulus 5.0 x 10® 1b/in?
Poisson's ratio 0.22
Hysteresis None
Creep None
Resilience modulus 7600 in-lb/in3

Thermal Properties
Coefficient of thermal expansion 10-6/F°

2.8 x
Coefficient of thermal conductivity 7.2 BTU in/ftzlhr/F°
Specific heat 0.19

Optical Properties
Refractive index 1.548 (at 550 millimicrons
at 32°C)

In manufacturing fibers from glass by a mechanical drawing process,
small marbles of glass are formealwhich are free from all impurities.
These marbles are heated in an electric furnace until they become
molten. The molten glass flows through orifices in a small bushing at
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the base of the furnace. During the early stage of cooling, the molten
glass is made into filaments by mechanical drawing at a very high speed
in the range of 5000 to 10,000 f.p.m. A surface trating material

called "size'" is applied to the filaments at the gathering device, which
collects the filaments into a bundle known as "strands". The strands
are twisted and wound into different styles of weaves (Figures 1 through
4).

RESINS

The most common resins which are available for use with glass fila-
ments are polyesters, epoxies, phenolics, and silicones. Where high
strength and abrasion-resistance are the main requirements, epoxy resins
are predominant. Generally, the minimum amount of resin should be used
to wet the filament. The sizing on the glass filament should be compat-
ible with the resin to allow a good bond. The chemistry and general
properties of all resins used for fiber glass reinforced plastics can be
found in any standard book on resins.

FIBER GLASS REINFORCED LAMINATES

The physical properties and structural behavior of the laminates
are ptimarily dependent upon sizing, the type and orientation of rein-
forcement, the volume of glass content present and the resin and molding
methods for fabrication. The reinforcing materials offer various kinds
of arrangements: (1) unidirectional warp, (2) random fiber mat, and
(3) a number of woven cloth patterns. From these materials a wide
variety of selections can be made to suit the design requirements.

The high strength of fibrous glass (tensile strength of about
400,000 p.s.i.) places it in the domain of structural materials. It
obeys Hooke's law up to rupture, so this characteristic indicates that
the structural material will either spring back to its original position

or will fracture. This inherent property of fiber glass reinforced plas-

tics can be used to advantage in designs involving shock absorption
where temporary deformation can be tolerated. This characteristic makes
it a most desirable material for landing gear struts for aircraft.

Another significant characteristic is the simplicity in fabricating
the most intricate structural parts. This eliminates the complex load-
carrying joints and thus improves the performance and dependability of
the complete structure.

The low modulus of elasticity of fiber glass reinforced plastics
was one of the main factors which restricted its application to primary
structures for aircraft, but the rigorous requirements of military and
space vehicles have led to the discovery of a high modulus glass which
contains a small amount of Be@Oin the glass composition. The high




modulus glass fiber YM-31A (reference 11) has a 25-50 percent higher
modulus of elasticity than “E'" glass.

VARIATION OF MECHANICAL PROPERTIES WITH LAMINATE THICKNESS

There is a substantial reduction in tensile, compressive and
flexural strength for thin laminates, particularly those less than
about 1/32-inch. The reason for reduction is not clear, but one concept
suggests(reference 12) that a portion of thickness at the surface is
weaker than the interior of the laminate. This weak surface layer may
be assumed to be more or less constant in thickness, regardless of the
total thickness of the laminate. It constitutes a larger portion of
thin laminates, than of thick laminates, and thus the strength
properties may be expected to decrease with decreasing laminate
thickness.

Data giving the fundamental mechanical properties reduced to a
wet condition of 1/8-inch~to-1/4-inch-thick laminates are given in ANC-
17. Semi-empirical relations are developed to calculate the strength
of thin laminates.

The relation between strength and thickness for compression may
be expressed as

(1)

where Fyn = maximum stress of a thick laminate for a thickness of 1/4

inch. This becomes k
FI/4— Fm—-4k.

Therefore, the ratio of the strength at any thickness "t" to that at
1/4 inch is expressed as

-2 L
F}‘* L<EG "'J‘

Fmn (2)

Also, for modulus of elasticity &__L

£ = Ke. = I“Emt

Eif Ec T.?

m

(3)

If the data for a given laminate at two thicknesses are available, the
parameters F and k can be calculated from equation (1). In case data
for more than two thicknesses are available, the values of these
parameters can be evaluated by the least square method.

5
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where F = gtrength «t some thickness "t' and n = number of values of F.

In case of modulus of elasticity, the equations are modified by
replacing the strength term "F" by the modulus of elasticity term "E“.

DESIGN CONSIDERATIONS FOR LAMINATES

To obtain maximum structural efficiency and economic utilization
of glass fabric laminates, particularly for aircraft structures, selec-
tion of the best possible basic materials and thorough knowledge of the
behavior of the material at various angles to the direction of the load-
ing are required. When the empirical strength data are made available,
based upon theoretical analysis, the designer can apply this material
properly for structural uses in aircraft.

In designing glass fabric laminate, a few important assumptions are
made. The first and most fundamental is that the glass and resin are
firmly bonded together as one unit, and for any loading condition they
undergo equal deformation. The second is that the material is considered
to be elastic and obeys Hooke's law up to the point of rupture. The
third is that all the fibers in the laminate are assumed to be straight
and unstressed, or the initial stresses in the individual fibers are
equal. This assumption in practice, however, is not quite true, as is
seen from the tensile tests carried out on the test specimens. Some of
the fibers break earlier and their loads are transferred to the unbroken
fibers with the consequence that the failure of the laminate is caused
by the successive breaking of the fibers rather than by simultaneous
breaking of all of them. With improved fabricating techniques to make
the fibers work together, the designer will be able to utilize higher
stresses.

Another consideration is that most of the fiber glass laminates
are orthotropic because of their layered construction. When the designer
is provided with values of a number of elastic constants in addition to
the strength properties of glass resin and combination, he is in a
position to analyze the structure with suitably modified formulas (ref-
erence 9) based on the design theory of orthotropic materials.
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EXPERIMENTAL INVESTIGATIONS

SPECIMENS

Since the major objective of the investigation was to obtain
empirical buckling formulas of fiber glass reinforced plastic column
members, the primary tests were directed towards the determination of
these quantities. Secondary tests were carried out to check the
quality of the material.

Twenty-four column specimens representing ten different lengths
were tested. Each specimen was identified by "TP", followed by a hyphen
and a number.

The specimens were fabricated in the Wood and Fiberglass Shop of
the Aerophysics Department of Mississippi State University. Six plies
of 181-glass Volan "A" cloth and American Cynamid 4154 Laminac polyester
resin with 0.4 percent MEKP Catalyst were used to fabricate the
required test members. The technique involved in fabricating the column
members was a simple one. All the members were fabricated by hand lay-up
process at room temperature.

The nominal mid-line dimensions of the cross sections were used for
computation purposes. The check of the cross-sectional dimensions for
each column member showed that although the sections were not absolutely
uniform, the variation was small and the nominal dimensions formed the
most satisfactory basis for computation of geometrical section properties.

The quality of the material was determined from the test coupons
taken at random from apparently uninjured portions of test specimens.
The properties of the material as determined from the tension and
compression tests are summarized in Appendix I.

COLUMN TEST APPARATUS

The column tests were carried out in the 100,000-pound Riehle
testing machine in the Civil Engineering Laboratory of Mississippi
State University. The general arrangement for column tests is shown
in Figure 5, which is a photograph of a 20-inch-long column under
axial load. The load was applied to the specimen from the moving
head of the testing machine through the upper end fitting.

The end fittings used to obtain the desired boundary conditions
were specially designed and constructed in the Machine Shop of the
Aerophysics Department at Mississippi State University. The main
requirement was that the resultant load should be applied through the
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centroid of the end cross section. Figure 6 shows the two end fitting
assemblies. The pin-ended conditions were obtained by using two spheri-
cal steel balls of l-inch diameter, each resting in between the two
hardened steel plates at both the ends of the fittings, as shown in
Pigure 7. In order to prevent slipping of the steel balls during load-
ing operation, small co~ical recesses were provided on the lower base
plate of the lower block and on the upper base plate of the upper

block. These base plates on which the two steel balls make contact were
of hardened tool steel and were inserted into the aluminum blocks. This
was done in order to reduce the weight of the end fittings.

Aluminum plugs - 1/2 inch in lenth, tapered down to 1/8 inch for
fit and having a diameter equal to the inner diameter of the column
members - were inserted exactly at the center of each block, which
locates the central position of the struts in conjunction with the central
line of the loading head of the machine. A special arrangement of two
sets of clamps was used to provide for adjustment, whereby the steel
balls could be adjusted along the line parallel to the centroidal axis
of the end cross section of the strut so that the effect of initial
eccentricities could be removed and a very sharply defined buckling of
the strut could be obtained. This was done by lowering the upper end
fitting (attached to the upper head of the machine) to have an exact
alignment with the lower end fitting resting on the stationary platform
of the machine. The two clamps on both the ends were not removed until
an initial load of about 100 to 150 pounds was applied to the column
test specimen, In this way it was ensured that the load acted along the
center-line of both the end cross sections. Figure 8 shows the two
clamps which locate the central position of the steel balls along the
line parallel to the centroidal axis of the end cross section.

The bottom base block, 3/4-inch-thick, rested directly on the
stationary platform of the machine while the heavy upper base block
was fixed exactly at the central position of the movable head of the
machine.

COL TEST PROCEDURE AND RESULTS

After the individual test specimens were fabricated, the ends
were squared and the edges of the cross sections broken with a fine
file and fine sandpaper so that they rested smoothly on the flat
surface of the end fittings. This was very necessary because, in the
preliminary tests on short column members, it was observed that even
@ slight discrepancy in the evenness of the end cross section had
lowered the failure load substantially.

After the specimen had been placed properly in the testing machine
and sufficient load of about 100 to 150 pounds had been applied to take
up all play, the end fittings were checked to make sure that the parts
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were in their proper positions. Usually, some adjustment of the end
position was found necessary, but this adjustment could be easily made
as long as the axial load did not exceed 100 to 150 pounds. At this
stage, the two clamps used to locate the central position of the steel
balls were removed.

Once the specimen was properly located in the testing machine, the
dial gauge, mounted on a stand, was adjusted at the center of the strut
to find the central deflection of the column at each stage of loading.
The initial reading of the dial gauge was recorded. The load was
increased slowly to approximately half of the expected critical load.
The load was then reduced to a convenient 'basic load" for starting the
test. At the same time the end fittings were again checked to make .
sure that the various parts were in proper relative position.

After the basic readings were completed the load was again increased
at a slow rate. At convenient intervals, a set of readings were taken
at the dial gauge to measure the central deflection of the column member.

Normal practice was to test two specimens having the same length.
For short column members of length less than 15 inches, the central
deflection observed was extremely small, but as the length of the
specimen was increased, large deflections were observed.

Data from the four column members - 10, 15, 20, and 25 inches -
seemed unreliable. An inspection showed that the strut had imperfections
such as air bubbles which were not eliminated during the fabrication
process and which caused a considerably lower load. The tests on these
members were repeated, and the original data were essentially duplicated.
Four additional members were fabricated to replace the four defective
members.

In the case of the longer columns, a load was reached after which
a small increase in load produced a large increase in deflection. This
load was accepted as representing the buckling load of the column member.
The details about the specimen tested are given in Table I.

Experimental determination of the elastic buckling stress is gen-
erally made on Southwell's assumption of hyperbolic relation between
load and deflection (reference 16). It is presumed :hat a small amount
of initial imperfection is inherent in the test specimens and this
deviation from straight form goes on increasing with the load. Accord-
ing to theoretical assumptions, the load deflection relationship is
given by two straight lines: the ordinate "OA'" and a horizontal line at
“A" parallel to the abscissa (Figure 9a), where "A" corresponds to the
critical load. In practical cases, however, the expectation of sudden
buckling at the critical load is not likely to be fulfilled. The init.al
deflection due to inaccuracies of fabrication or loading is intensified
by the action of the applied forces. Within the region of small deflec-
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tions, the load deflection curve approximates a rectangular hyperbola
having the axis of zero deflection as an asymptote. Plotting S/P
against Q , vhere ® 1is the deflection and P the applied load, a
straight line relationship is obtained - the inverse slope of which
gives Pcr (shown in Figure 9b). The test results of column member
TP12 plotted in Figures 10a and 10b show close agreement with the
results predicted by theory. Similar results were obtained for other
members, as given in Table II and shown graphically in Figure 1l.

TYPES OF FAILURE

The failure encountered by the longer column r.embers in compression
was evidently Euler buckling. It was observed that after the column
had reached its maximum load, a small increase in load produced a large
increase in deflection. The action of a 40-inch-long column at different
stages of loading, which indicates the Euler buckling, is shown in
Figures 12 through 14.

Specimens less than 15 inches long did not show much deflection
to the naked eye; however, small deflections were recorded from the dial
gauge. The failure of a 10-inch specimen is shown in Figure 15.

The complete data recorded for the buckling of the column members
are given in Table II.

TENSION AND C SSION TESTS OF THE MATERIAL

The quality of the material was determined by carrying out tension
and compression tests on the test coupons which are summarized in
Appendix I. The stress-strain curves for compression and tension tests
are given in Figures 16 through 18. It is interesting to note that,
unlike isotropic materials, the behavior of fiber glass reinforced
plastics in tension is different from compression.

DISCUSSION OF RESULTS

Certain physical laws are common to all columns. Within the elastic
limit of the material, the primary buckling stress for column members of
uniform cross section is given by Euler's formula.

$o g

where P = maximum load on the column, lbs

10




A = cross-sectional area of the column, in2

L = length of the column, in
€. radius of gyration, in
@ = slenderness ratio

C = factor depending upon the end conditions (for pin-ended
conditions C = 1)

From the elastic limit to the point of maximum stress, the curve which
represents the ‘oad a column will support depends upon the character-
istics of the material as well as the slenderness ratio.

The curve which was obtained can be represented by

{-= Fonax-e[2214(A) 1204002 6374.0(VeY s 5524600 (R X 107

L Ly,
P - 0.875 I Eo 0<% < (7o,
& | (L/e) L L
(M) > (Ye),,
where (L/e)0y=4275 /a%%.x

and E;a'zgczﬁagaiz

The curve shown in Figure 11 is similar to the Forest Products
Laboratory parabolic curve for plywood columns (reference 10); however,
in Figure 11 the curve in the intermediate column range is steeper than
the one obtained by the formula given in reference 10. It is quite
likely that this might be due to either initial inherent imperfections
of the column members, errcrs in testing procedures, i.e., eccentric
loading, minor errors in boundary conditions or a8 combination of these
factors. The amount of scattering of the plotted points, especially in
the intermediate column range, justifies these reasons.

The degree of accuracy with Euler columns is believed to be

primarily a matter of refinement used in determining the stiffness of the
test specimens.
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THEORETICAL CONSIDERATIONS FOR EFFICIENCY COMPARISON

The structures of maximum structural efficiency, or structures of
minimum weight, are gnerally designed on the basis of simultaneous
failure occurring in all modes which are critical. Any instability of
a thin-walled compression member subjected to an axial thrust is gen-
erally considered a failure. Hence, there can be, in general, three
types of failures: (1) primary buckling which can occur at stresses
below the elastic limit (Euler buckling) or at stresses above the
elastic limit (reference 18), (2) secondary or local buckling, and (3)
material failure. Thus, the optimum section is derived by equating the
primary buckling stress and local buckling stress to the compression
stress of the material.

It can be shown that for a given load ard allowable stress, con-
sidering primary buckling only, indefinite reduction in weight is
possible by decreasing the thickness and suitably increasing the other
sectional dimensions. However, reduction in thickness below a certain
limit results in local instability failure. Thus, there is an optimum
thickness which will be small enough to make the weight a minimum and
at the same time large enough to prevent local buckling.

Three types of sections - circular cross section (Figure 19a),
rectangular cross section (Figure 19b), and square cross section (Figure
19¢) - have been trested in the analysis.

The relevant formulas for critical stress corresponding to the
above modes of failure are given as

%= CfogR-c T £
-, t\2
(pab73&101?'<‘E;(1;)

(‘Eﬁ:v) = ‘in(%§{>
circular
o
T = A )

where C is the column end fixity and is equal to 1.0 for pin-ended
columns.
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K, = a nondimensional coefficient in local buckling formula for
flat plate.

K2 = a nondimensional coefficieut in local buckling formula for
circular plate.

Ey = reduced modulus.

E = effective modulus.

A. Circular Section 12Ey e_z

UEC-—C_T_,- .7 (1a)

Kz
o—— = cm——
cecr P/t (1b)

=t

G_ =2“Rt . (lc)
Imposing the condition @~ = Gcer =(Occ,
K2E

% fo

P__ 2y R2_
Z1r§'t'CET_‘I z

Solving for D and t from equation (1d),

=2[ KaPLAE % =T—P_1%
D-z[C'n’EY] n Lzl .
From these two relations the value of optimum D/t can be obtained by
substituting .E-"JEEY:

2c .Y
(F)opt = 2 cxiges | °

Equation (le) shows that for all alloys having the same base material
the optimum D/t ratio is a function of the structural index only.
Assuming a value of 0.4 for K, and unity for C, equation (le) has been
plotted in Figure 20 for various materials.

(le)

The primary bucklini given by equation (la) contains a design
variable L. The term €% 1is governed by the shape of the cross section,
but it cannot be used for shape parameter because it is dimensional.
Then we replace Ez by a nondimensional factor that depends upon the

proportion of the cross section.

13



Since €% has the dimensions of an area, it way be divided by the
cross-sectional area of the column to obtain the shape parameter k;:

_f%_D
&'- A T Bnt. (1£)

Equation (la) may thus be written as

- WMRE
Oce = 12 = Ak' (1g)

Substituting the values of k, and A where A is expressed in terms of
load and stress g~ = P/A ; equation (1g) becomes

_TREr P D

The maximum stress that can be developed in circular column mem-
bers can be obtained by substituting the value for (D/t) in
equation (lh):

2_1% \ Se % (Fe)%
o =TR2 K EES (A2) ”

Substitute 'C'E\’/E, since for a given material,T is a known
function of @~ , which is plotted in Figures 21 through 25 for
different materials.

Thus equation (11) reduces to

\
Jge= 11'(9 K %E%(B@’)/a (14)

WoPT = (area)op'r X(de ns"TY)

_R _PHL%
“n7s KREWTR Xw,

where w = density of the material.

Efficiency YL Criterion

From equation (1j) and (1k), W/P- i O/o“c/w B

dCc /w thus provides a convenient efficiency criterion for computing

the potentialities of different materials.

From equation (1lk),

14
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7 %%, p\%
W= n% Kf Feltd Al

a

where E% I%

= material parameter and

7
(P/Lz) 3 . loading parameter.
Equation (1£) is plotted (Figure 26) as curves of fL against JP/Lz

for different materials.

B. Rectangular Cross Section

0ec=C T2Ey bzmz (3+m)

L 3(+wm) (2a)
— L \R

Gecer =K, E (%) (2b)
IR

7" = 26t(1+wm) 22)

where W= &/b

Imposing the condition J¢ = GOger = dcc)

P _u=,st\2_n~ TREv b2m2(3+wm)
4th|+m)"KnE<75) C &= 30+m)

(2d)

and solving for b and t from equation (2d),

i 1+wm) e szL‘ o
b= ZF ] X [ =]

_ 3 Yo P4Lz X
t= .4ﬂzmz(l+m79c(3+m)] ! X[CK.!-EIEY] :

From the above twc relations, the value of optimum (b/t) can be
obtained by substituting E= EEy:

15



| |
) 'r=[ a0 +m)* _1ho_KkEY
oft = [en4md GrmP] (Fa)s - s
(2¢)
Equation (2e) also shows that for all alloys having the same base material
the optimum (b/t) ratio is a function of the structural index only.
Assuming a value of 3.6 for K; and unity for C, equation (2e) has been
plotted in Figures 27a through 27d for various ratios of h/b.

The shape parameter in this case is given by

_e2 m2(B+wm) (b
‘kl-A- |z(.+:)z(t).

(2f)
The primary buckling equation (2a) may thus be written as
2E
o’;c f— I[___I A_k
L2 ' (28)

substituting the values of k; and A, where A is expressed in terms of
load and stress ¢~=P/A . Thus 2quation (2g) becomes

_TI2Er P w2(@B+m) (b
oo =TEr = MowE - et

(2h)

The maximum stress that can be developed in a rectangular cross section
can be obtained by substituting the values for optimum (b/t) ratio in
(2h):

45 o34 ) 75
¢*=04912 Ev KBE%(72) & m(lf%%s .
(21)

7= EY/E is substituted, since for a given material, & is a known
function of ¢ , which has been plotted in Figures 21 through 25 for
different materials. The equation (2i) reduces to

75
e—=0.7008 K,":‘I:}‘E'sS (%?)% '%%cgn%“/%_ (29)
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(W)op-r = (Area)op-r Xw

4/5 s 4/6
_ l+wm pL ‘
= 14270 Sam 3 s KVEEVST 2 Xw (2k)

Efficiency ‘YL Criterion

w_ 10
From equations (2j) and (2k), T— d’%

Thus §¢¢/w provides a convenient efficiency criterion for comparing the
potentialities of different materials.

From equation (2k),

4, %% % % 2,
M=%8= 07008 "E‘,’fﬁ;}}?s K.%"E-f—tz (A2,

QL)
ez
w

where = material parameter and

2
(P/Lz) /5 = loading parameter.

Equation (24) is plotted in Figure 28 for h/b = m = 0.8 as curves of
against ,[Fb/sz For any desired ratio of h/b, such curves
can be plotted.

C. Square Section

A square section is a special case of a rectangular cross section
when m = 1. By substituting the value m = 1 in the analysis made for the
rectangular cross section, we get

% Vg
¥3 E

(3a)

which is plotted in Figure 29.

1 % 2% pcay 7t
Kooy = £ = 07008k BEGE(72) P

(3b)

which is plotted in Figure 30.
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COMMENTS

After having obtained the empirical column buckling formulas for
fiber glass reinforced plastic materials, the column efficiency is com-
pared with conventional structural alloys.

Efficiency equations (lL), (2%), and (3b) for circular, rectangular,
and square cross-sectional members of different materials have been plotted
against the loading parameter ,}p/z.,z in Figures 26, 28, and 30, respec-
tively. To contract the scale, the square root of the structural index
has been used for plotting.

A comparative study of Figure 30 for column members of square cross
section shows that for lightly loaded structures, P/I?<|4.0 p.s.i., 143-
glass fabric is the optimum material, while for heavily loaded structures,
P/l—’ 714.0 p.s.i., the lightest column would be from 7075 aluminum
alloy. When 143-glass fabric is compared with 2024 aluminum alloy and
fully hardened steel, it is shown to be much superior to these alloys
in all the loading ranges. At P/L‘- 400 p.s.i., 143-glass fabric is
47 percent superior to 2024 aluminum alloy and 32 percent superior to
fully hardened steel.

181 Volan "A" cloth is shown to be 36 percent inferior to 7075
aluminum alloy for P/L:"< 50.0 p.s.i. loading range and 12 percent
inferior to 2024 aluminum alloy at the low loading range of P/L,z<q.0
p.s.i. But 18l-glass fabric is superior to fully hardened steel for
lightly loaded structures for the loading range P/L®<25.0 p.s.i.

Figure 30 is thus primarily of value only as indicating the general
range of loading for which a material may have efficient applications.

A similar comparative study of column efficiency for circular and
rectangular cross sections can ‘also be made from Figure 26 and Figure 28.

18
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CONCLUSION

The analysis made in this report is primarily directed towards study-
ing the efficiency of column members of Volan "A" 18l- and 143-glass
fabrics, with 4154 polyester resin, in comparison with other metallic
structural alloys.

Even though Young's modulus of 143-glass reinforced plastic (4.91
X 106 p.s.1.) is considerably low, the material shows great potential
for column members. Particularly for the low loading range ( P/l.,“
< 14,0 p.s.1.), square column members of this material show optimum
structural range; in other words, the efficiency is greater than any other
comparable material.

Column members of Volan "A" 18l-glass reinforced plastic do not show
appreciab1e6improvement in efficiency. This 1s because Young's modulus
(2.916 x 10” p.s.i.) is very low.

When the special high modulus glass fabrics currently under develop-
ment are fully developed, and better resins and improved molding tech-
niques are known, it is reasonable to believe that glass reinforced plas-
tics will become a highly feasible and competitive material for use as
column members in aircraft structures.

Manufacturing considerations, rather than loading considerations,
may also be a deciding factor for determining the most suitable material
for a particular application.

Structures from reinforced plastics can be easily fabricated to the
required optimum size by molding processes, thereby eliminating the con-
siderable machining which is involved in many of the metallic alloy
structures.
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DIMENSIONS AND PROPERTIES OF COLUMNS

TABLE I

L/€

Test t I1.D. A, €-/1/a L
Sample (in) (in) (in) (in) (in)

TP-01 0.0770 1.3250 | 0.3206 0.4684 8.550 18.25
TP-02 0.0770 1.3250 { 0.3206 0.4684 8.550 18.25
TP-03 0.0720 1.3270 | 0.3001 0.4691 10.150 21.64
TP-04 0.0725 1.3460 | 0.3066 0.4758 10.000 21.15
TP-05 0.0750 1.3450 | 0.3169 0.4755 10.000 21.03
TP-06 0.0700 1.3460 { 0.2960 0.4758 12.000 25.35
TP-07 0.0750 1.3420 | 0.3162 0.4744 12.000 25.43
TP-08 0.0725 1.3460 | 0.3066 0.4744 14.875 31.36
TP-09 0.0700 1.3475 | 0.2963 0.4763 15.000 31.50
TP-10 0.0800 1.3255 ] 0.3331 0.4686 15.000 32.00
TP-11 0.0700 1.3300 | 0.2925 0.4702 20.100 42.75
TP-12 0.0725 1.3535 | 0.3083 0.4785 20.000 41.80
TP-13 0.0730 1.3455 | 0.3086 0.4756 20.000 42.17
TP-14 0.0750 1.3430 | 0.3164 0.4748 25.000 52.70
TP-15 0.0750 1.3430 | 0.3164 0.4748 25.000 52.70
TP-16 0.0725 1.3535 | 0.3061 0.4785 24.625 51.45
TP-17 0.0700 1.?650 0.2958 0.4755 25.000 52.57
TP-18 0.0750 1.3430 | 0.3164 0.4748 30.000 63.19
TP-19 0.0750 1.3450 | 0.3165 0.4755 30.000 63.19
TP-20 0.0800 1.3450 | 0.3380 0.4755 35.000 73.93
TP-21 0.0800 1.3450 | 0.3380 0.4755 35.000 73.93
TP-22 0.0720 1.3430 | 0.3038 0.4748 40.000 84.47
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TABLE I - (Contd.)

Test t I1.D. A, €=/1/A L L/€
Sample (in) (in) (in) (in) (in)

TP-23 0.0750 1.3410 | 0.3164 0.4740 45.000 94.94

TP-24 0.0750 1.3410 | 0.3164 0.4740 45.000 94.94
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TABLE II
TEST RESULTS ON COLUMNS

Test t 1.D. A 2 L/€ ult max
Sample (in) (in) (in) (1b) (1b/1n?)

TP-01 0.0770 1.3250 0.3206 18.25 10,150 31,660
TP-02 0.0770 1.3250 0.3206 18.25 10,200 31,850
TP-03 0.0720 1.3270 0.3001 21.64 7,000 23,325%
TP-04 0.0725 1.3460 0.3066 21.15 9,190 29,975
TP-05 0.0750 1.3450 0.3169 21.03 9.550 30,145
TP-06 0.0700 1.3460 0.2960 25.35 7,750 36,182
TP-07 0.0750 1.3420 0.3162 25.43 8,000 25,300
TP-08 0.0723 1.3460 0.3066 31.36 5,850 19,080
TP-09 0.0700 1.3475 0.2963 31.50 6,000 20,250
TP-10 0.0800 1.3255 0.3331 32.00 6,200 18,615*
TP-11 0.0700 1.3300 0.2925 42.75 3,500 11,966%
TP-12 0.0725 | 1.3535 0.3083 41.80 4,230 13,720
TP-13 0.0730 1.3455 0.3086 42.17 4,050 13,125
TP-14 0.0750 1.3430 0.3164 532.70 2,250 7,110%
TP-15 0.0750 1.3430 0.3164 32.70 2,750 8,700
TE-16 0.0725 1.3533 0.3061 51.45 2,900 9,475
TP-17 0.0700 1.3450 0.2958 352.57 2,725 9,210
TP-18 0.0750 1.3430 0.3164 63.19 2,000 6,325
TP-19 0.0750 1.3450 0.3165 63.19 2,050 6,473
TP-20 0.0800 1.3450 0.3380 73.93 1,500 4,438
TP-21 0.0800 1.3450 0.3380 73.93 1,510 4,470
TP-22 0.0720 1.3430 0.3038 84.47 1,050 3,456
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Test

TABLE II - (Contd.)

I.D.

L/€

dult

w@

o

t A 2 max
Sample (in) (in) (in) (b)) | (ab/1n?)
TP-23 | 0.0750 | 1.3410 | 0.3164 | 94.94 910 2,875
TP-26 | 0.0750 | 1.3410 | 0.3164 | 94.94 900 2,844

* The column members were defective,
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Woven Rovings.

Figure 3.

25

Reinforcing Mats.

Pigure 4.



Figure 5. General Arrangement for Column Test.

Figure 6. End Fitting Assemblies.

26



“sTIeg (993§ IY3I jJO UOFITsOg
T82303) Y3 338207 03 pasn sdme)

‘g 2and813

‘uawjdads 1831 103 UCTITPUO) pIpug-ulg

*L andyg

27



s S P

T b. § vs 8/P

__.,8

Figure 9. Theoretical Curves of Deflection Versus Applied Load and
Ratio of Deflection to Applied Load, Based on Southwell's
Assumption.
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Figure 10a. Load Versus Deflection for 20.15-inch Specimen.
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Figure 10b. Deflection Versus Ratio of Deflection to Applied Load for
20.15-inch Specimen.
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Stress-Strain Curve in Compression.
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Figure 17. Stress-Straia Curve in Tension for an Angle Between Applied
Load and Primary Direction of Fabric Equal to Zero Degrees.
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Figure 18. Stress-Strain Curve in Tension for an Angle Between Applied
Load and Primary Direction of Fabric Equal to Ninety Degrees.



Figure 19a. Circular Section.
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Figure 20. Ratio of Applied Load to Column Length Squared Versus Ratio
of Tube Diameter to Thickness for Circular Column Members.
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Figure 27a. Optimum Ratio of Applied Load to Column Length Squared Versus
Ratio of Semi-Width of Cross Section to Thickness for
Rectangular Cross Section Having a Ratio of Semi-Depth of
Cross Section to Semi-Width of Cross Section Equal to 0.5.
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Figure 27b. Optimum Ratio of Applied Load to Column T-7gth Squared Versus
Retio of Semi-Width of Cross Section to Thickness for

Rectangular Cross Section Having a Ratio of Semi-Depth of
Cross Section to Semi-Width of Cross Section Equal to 0.6.
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Figure 27c. Optimum Ratio of Applied Load to Column Length Squared Versus
Ratio of Semi-Width of Cross Section to Thickness for

Rectangular Cross Section Having a Ratio of Semi-Depth of
Cross Section to Semi-Width of Cross Section Equal to 0.7.
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Figure 27d. Optimum Ratio of Applied Load to Column Length Squared Versus
Ratio of Semi-Width of Cross Section to Thickness for
Rectangular Cross Section Having a Ratio of Semi-Depth of
Cross Section to Semi-Width of Cross Section Equal to 0.8,
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The properties of the material used, as determined from tension and
compression tests, are summarized in the following tables:

TENSILE PROPERTIES OF 181-GLASS FABRIC WITH 4154 POLYESTER RESIN

m
Laminate | Angle of Loading | Modulus of Elasticity | Ultimate Strength

181 0° 2.56 x 10° p.s.1. 38000 p.s.1.
Fabric 6

90° 2.38 x 10° p.s.4. 35200 p.s.1i.

45° 1.46 x 10° p.s.1. 16985 p.s.i.

COMPRESSIVE PROPERTIES OF 181-GLASS FABRIC WITH 4154 POLYESTER RESIN

Property | Angle of Loading | Modulus of Elasticity |Ultimate Strength
Average 0° 3.17 x 108 p.s.i. 33320 p.s.i.
Maximum 0° 3.24 x 108 p.s.1. 35640 p.s.i.
Minimum 0° 3.10 x 108 p.s.i. 31000 p.s.i.
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It is assumed that the pin-ended column strength of 2024 tubes is
given by the straight line equation

Oce = 58000-527 "/C, (4)

for values of slenderness ratio Lk between 9.5 and 73. Below "/t- 9.5,
it is assumed that the critical stress is 53,000 p.s.i. Above bfg = 73,
the stress is assumed to be given by the Euler formula

¢). (3)

The calculations for reduced modulus are made as follows, the results of
which are given in Table III.

1. Assume a series of l'/e

2. Compute Jgg from

0co= 58,000 - 527 L/@ for 9.5 <.|?0- < 13
Go - —E
oc " W for%— > n

3. Using the computed values of (oc , compute Ey from
2
£. = Sc(be)
M wh
4. Compute T from t-Er/E
In the case of the other materials, reduced modulus (Ey) has been

evaluated in the same manner by using appropriate column formulas. The
values for each case are given in Tables IV through VIII.
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TABLE III
2024-T6 ALUMINUM ALLOY
i——-ﬂ———-—-n-—r———-————#
fen2 | Jen2
L/¢ Gce E, E J=E_/E Square Circular
Section Section
9.49 53,000 483,600 A ]o.0459 33.68 29.46
13.28" 51,000 911,300 0.0865 21.59 17.29
17.08 49,000 | 1,453,000 0.1379 15.35 11.48
20.87 47,000 | 2,074,000 0.1968 11.67 8.26
24,67 45,000 | 2,775,000 0.2633 9.21 6.22
28.46 43,000 | 3,529,000 0.3349 7.49 4.85
32.26 41,000 | 4,323,000 0.4103 6.21 3.88
36.05 39,000 | 5,135,000 S | o0.4874 5.24 3.16
39.85 37,000 | 5,953,000 § 0.5650 4.48 2.62
43.64 35,000 | 6,754,000 8 0.6409 3.86 2.19
47.44 33,000 | 7,525,000 0.7141 3.35 1.85
51.23 31,000 | 8,244,000 0.7823 2.93 1.57
55.03 29,000 | 8,898,000 0.8444 2.57 1.34
58.82 27,000 | 9,465,000 0.8982 2.26 1.15
60.72 26,000 | 9,713,000 0.9215 2.12 1.07
62.62 25,000 | 9,933,000 0.9426 1.99 0.99
66.41 23,000 | 10,278,000 0.9754 1.76 0.85
70.21 21,000 | 10,489,000 0.9954 1.55 0.73
73.00 19,500 | 10,537,000 1.0000 1.41 0.65
75.00 18,490 | 10,537,000 1.0000 1.32 0.62
80.00 16,250 | 10,537,000 1.0000 1.12 0.50
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TABLE III - (Contd.)
/1»/1.2 jr/x.2
/€ 0ce E E | 7=, /E Square Circular
Section Section
85.00 14,390 | 10,537,000 1.0000 0.96 0.41
90.00 12,840 | 10,537,000 1.0000 0.83 0.35
95.00 11,520 | 10,537,000 1.0000 0.73 0.30
100.00 10,400 | 10,537,000 | V 1.0000 0.64 0.25
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TABLE IV

7075-T6 ALUMINUM ALLOY
b===========================================;=========1==========T

e | fen?

L/€ qcc E, E U=E./E | Square Circular

Section Section

10 | 78,023 790,540 | A | o0.0750 | 40.17 36.41
15 76,115 1,735,220 0.1650 23.83 19.42
20 73,444 2,976,560 0.2820 16.26 12.32
25 70,008 4,433,350 0.4210 11.94 8.49
30 65,810 6,001,120 0.5700 9.15 6.16
35 60,850 7,552,480 0.7170 7.18 4.61
40 55,125 8,936,380 0.8480 5.72 3.51
45 48,635 9,978,900 E 0.9470 4.56 2.68
50 41,385 10,482,800 = 0.9950 3.62 2.02
55 34,380 10,537,000 § 1.0000 2.86 1.53
60 28,887 10,537,000 1.0000 2.30 1.18
65 24,614 10,537,000 1.0000 1.88 0.92
70 21,224 10,537,000 1.0000 1.56 0.74
75 18,490 10,537,000 1.0000 1.32 0.60
80 16,250 10,537,000 1.0000 1.12 0.50
85 14,390 10,537,000 1.0000 0.96 0.41
90 12,840 10,537,000 1.0000 0.83 0.35
95 11,520 10,537,000 1.0000 0.73 0.30
100 10,400 10,537,000 | 1.0000 0.64 0.25
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TABLE V
FULLY HARDENED STEEL ALLOY (MIL-T-6732)

==F====r=r—f—-='f==
Jen? | Jen?

L/e dgcc Er E U=E./E| Square | Circular
Section| Section

8 | 177,210 1,149,140 4k 0.0400| 78.12 | 72.56
12 | 174,975 2,552,940 0.0880 | 46.69 | 39.40
16 | 171,845 4,457,360 0.1540 | 32.22 | 25.21
20 | 167,820 6,801,500 0.2350 | 26.02 | 17.72
2 | 162,900 9,507,070 0.3280| 18.77 | 13.20
28 | 157,090 | 12,478,370 0.4300] 15.13 | 10.20
32 | 150,380 | 15,602,300 0.5380 | 12.46 8.08
36 | 142,775 | 18,748,370 ~ | 0.6460| 10.41 6.51
40 | 134,280 | 21,768,690 i 0.7511 8.79 5.31
4 | 124,890 | 24,497,950 2. 0.8450 7.45 4.36
48 | 114,600 | 26,753,470 0.9230| 6.34 3.58
52 | 103,420 | 28,335,150 0.9770 5.38 2.94
56 91,350 [ 29,000,000 1.0000 | 4.53 2.40
60 79,505 | 29,000,000 1.0000 3.81 1.95
65 67,745 | 29,000,000 1.0000 3.12 1.53
70 58,410 | 29,000,000 1.0000| 2.59 1.23
75 50,885 | 29,000,000 1.0000| 2.18 0.9987
80 | 44,720 | 29,000,000 1.0000 1.86 0.82
85 39,615 | 29,000,000 1.0000 1.60 0.69
90 35,335 | 29,000,000 1.0000 1.38 0.58
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TABLE V - (Contd.)

Jon2 | Jen?

L/€ dcc E, E | (=E./E | Square Circular
Section Section

95 31,715 29,000,000 l 1.0000 1.21 0.49

100 38,620 29,000,000 1.0000 1.06 0.42
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TABLE VI
MAGNESIUM FS-IH ALLOY

fen2 | Jen?
L/€ dcc E, E | T=E./E | Square |[Circular

Section |Section
8.00 | 25.04 162,380 T 0.0250 | 27.70 | 24.46
12.00 | 24.84 362,470 0.0558 | 16.61 | 13.24
16.06 | 24.57 637,210 0.0980 | 11.52 8.54
20.00 | 24.21 981,2(:0 0.1510 | 8.63 6.04
246.00 | 23.77 | 1,387,500 0.2135 | 6.79 4.53
28.00 | 23.26 | 1,847,660 0.2843 | 5.53 3.54
32,00 | 22.67 | 2,351,650 0.3618 | 4.61 2.84
36.00 | 21.99 | 2,887,920 o | 0.3l 3.90 2.33
40.00 | 21.24 | 3,443,370 :‘ 0.5297 | 3.34 1.94
44,00 | 20.41 | 4,003,370 s | o0.6159 | 2.90 1.63
48.00 | 19.50 | 4,551,740 0.7003 | 2.52 1.38
s2.00 | 18.51 | 5,070,770 0.7801 | 2.20 1.18
$6.00 | 17.44 | 5,561,200 0.8525 | 1.94 1.01
60.00 | 16.29 | 5,942,230 0.9142 | 1.71 0.86
64.00 | 15.06 | 6,251,530 0.9618 | 1.50 0.74
68.00 | 13.76 | 6,445,200 0.9916 | 1.31 0.63
72.00 | 12.37 | 6,497,850 0.9997 | 1.14 0.53
74.00 | 11.72 | 6.5 x 106 1.0000 1.07 0.49
76.00 | 11.11 | 6.5 x 106 1.0000 1.00 0.45
80.00 | 10.02 | 6.5 x 10° 1.0000 | 0.88 0.39
84.00 9.09 | 6.5 x 10° 1.0000 | 0.78 0.3
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TABLE VI - (Contd.)

F ee——— —
i | 2
L/€ (cc E, T=E./E | Square | Circular
Section| Section
88.00 | 8.28 6.5 x 106 1.0000| 0.69 0.29
92.00 | 7.58 6.5 x 10° 1.0000] 0.62 ]| o0.26
96.00 | 6.96 6.5 x 106 1.0000] 0.56 0.23
100.00 | 6.42 6.5 x 106 1.0000| 0.50
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181-GLASS FABRIC WITH 4154 POLYESTER RESIN

TABLE VII

=

Jp/L2 Jp/12

L/€| dcc E, E | T=E./E | Square | Circular
Section | Section
10 | 33,210 337,090 A | o.1156| 27.625 | 26.409
12 | 33,050 483,180 0.1657 | 21.929 | 20.017
14 | 32,775 652,310 0.2237 | 17.991 | 15.785
16 | 32,390 841,850 0.2887 | 15.114 | 12.806
18 | 31,730 | 1,043,635 0.3579 | 12.877 | 10.568
20 | 30,890 | 1,254,460 0.4302 | 11.001 8.843
22 | 29,600 | 1,454,500 0.4988 |  9.595 7.424
26 | 27,550 | 1,611,090 0.5525 | 8.229 6.174
26 | 25,350 | 1,740,000 | o.s967| 7.068 | 5.144
28 | 23,180 | 1,845,000 f 0.6327 | 6.092 | 4.304
30 | 21,200 | 1,937,100 o | o.6643]| 5.285 3.630
32 | 19,925 | 2,071,525 P | o0.7104 ] 4.690 | 3.145
% | 18,420 | 2,161,630 Sl 01613 4.160 | 2.707
36 | 17,000 | 2,236,900 0.7671 |  3.666 2.340
38 | 15,660 | 2,295,775 0.7873 |  3.255 2.029
40 | 14,460 | 2,349,130 0.8056 | 2.903 1.769
45 | 11,860 |2.916 x 106 1.000 1.980 1.118
50 | 9,950 |2.916 x 10° 1.000 1.590 | 0.859
55 8,320 |2.916 x 105 1.000 1.271 0.657
60 7,000 |2.916 x 10° 1.000 1.025 0.507
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TABLE VII - (Contd.)

en? | Fn?
L/ dcc E, [-Br/E Square Circular
Section Section
65 | 5,920 2.916 x 10° 1.0000 | 0.831 | 0.39%4
70 | 5,000 2.916 x 108 1.0000 | 0.673 | 0.305
75 | 4,290 2.916 x 108 1.0000 | 0.555 | 0.243
80 |3,75 | 2.916 x 10° 1.0000 | 0.470 | 0.199
85 | 3,425 2.916 x 106 1.0000 | 0.419 0.173
90 | 3,100 2.916 x 106 1.0000 | 0.317 | 0.149
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TABLE VIII
143-GLASS FABRIC WITH 4154 POLYESTER RESIN
_“

Jeni2 | Jeni
L/@ Jcc E, E U=E./E | Square Circular

Section Section
9 | 44,920 368,660 | AN | o0.0751 | 35.707 | 34.108
12 | 44,742 652,810 0.1329 | 24.861 | 22.088
15 | 44,295 1,009,800 0.2056 | 18.691 | 15.683
18 | 43,348 1,423,050 0.2898 | 14.683 | 11.741
21 | 41,685 1,862,590 0.3793 | 11.817 9.048
26 | 39,245 2,290,400 0.4664 9.630 7.078
27 | 36,252 2,677,710 0.5454 7.909 5.589
30 | 33,15 3,023,290 ; 0.6157 6.557 4.463
33 | 30,400 3,354,410 | " | o0.6832 5.514 3.625
36 | 28,200 3,702,990 :"‘ 0.7542 4.719 3.007
39 | 26,398 4,068,150 : 0.8285 4.097 2.538
42 | 24,490 4,377,060 | | 0.8915 3.563 2.147
45 | 21,595 4,430,875 0.9024 3.022 1.761
so | 16,960 | 4.91 x 10° 1.0000 2.095 1.135
55 14,017 4.91 x 106 - 1.0000 1.651 0.853
60 | 11,778 | 4.91 x 106 1.0000 1.328 0.657
65 | 10,036 | 4.91 x 10° 1.0000 1.087 0.517
70 8,65 | 4.91 x 108 1.0000 0.903 0.414
75 7,538 | 4.91 x 10° 1.0000 0.760 0.336
80 6,625 | 4.91 x 108 1.0000 0.647 0.277
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TABLE VIII - (Contd.)

Jeri2 | et
L€ gce E E | Z=E_/E Square | Circular
g i Section Section

85 5,868 4.91 x 10° \L 1.0000 0.556 0.231
90 5,235 4.91 x 10° 1.0000 0.482 0.195
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