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CHAPTER I

INTRODUCTION

In the area of structural analysis and structural
design, numerous efforts have been made and more are yet
to be made toward solving statically indeterminate problems
easily and with a high degree of accuracy. Fortunately,
the great majority of such problems can be solved by one
or more of the many mathematical methods that are normally
used. However, the mathematical solutions become exceed-
ingly difficult if and when it is desired to use irregularly
shaped structural members.

Simplifying assumptions are used extensively in
structural analysis to transform complicated three-dimen-
sional problems into less complicated two-dimensional
problems. While most of these assumptions are based on
experience and are usually of such a nature as to ensure
the safety of the structure, the effect that a structural
member in the third dimension may have upon a coplanar
frame is not always easily interpreted by the analyst.
Consequently, this condition can and often does establish

an unsafe link in an otherwise completely well designed
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structure. On the other hand, in areas of analytic uncer-
tainties, the designer often uses more material than is
needed to offset possible failures.

Many structures that are to be designed and used in
the present air and space age will not tolerate the use of
such simplifying assumptions and excessive quantities of
materials to ensure structural safety. In order to meet
present demands, many design organizations rely on trial
and errxor solutions based first on a rough mathematical
design for a proto type then secondly on the results
obtained from testing the proto type for both over design
and under design. For many structures, this type of
design is economically feasible and, in general, produces
efficient usage of materials. Certain other structures
are such that trial and error solutions of the kind just
mentioned are not applicable. For most custom built
structures such as bridges, buildings, dams, and towers;
proto types are too expensive, and for many of these,
rigorous mathematical solutions for design are practically

impossible., To augment this dilemma, several mechanical
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3
methods have been devised to assist in the solutionﬁ of
structural problems[i' 2, 3, and ij: but unfortunately,
most of the available methods are only applicable to
solutions of coplanar problems. In some cases, the third
dimension can possibly be included; but, as of yet little
effort has been put forth in this direction. Consequently,
practically no information in this field is available to
the design engineer.

The Beggs method [5, 6, and 7| ;. . nethoa devised
for determining experimentally, bending moments, shears,
and axial forces in structural members. Of the many
methods available, the Beggs method is probably the most
widely used and has possibilities of being extended to
include solutions of three-~dimensional problems. 8
For this reason and the fact that the necessary equipment
was available, the author chose the Beggs method to |
investigate some three-dimensional problems for purposes

of making recommendations for possible design changes to

Superscript numerals correspond to bibliographical
entries.
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the present apparatus found desirable in measuring and

inducing deflections.

The Beggs deformeter apparatus was designed to be used
in the solution of coplanar problems only; however, it is
conceivable that the design could be altered to include
solutions to problems involving the third dimension. In
order to determine what changes were necessary, or at least
desirable, two three~-dimensional problems were selected
for solution in this thesis. Both problems selected are
very common to the structural designer; however, the design

of such structures is usually based on crude, overly simplie-

fied mathematical analysis.

Detailed discussions of each problem are presented in
later chapters which point out the necessary improvisions
required in the solutions of three-dimensional problems
with the present apparatus. Several "pitfalls" are pointed
out along with ways of avoiding them. A short discussion
concerning theoretical principles used in conjunction with

the experimental procedures is presented early in this

report to familiarize the reader with the ideas being pursued.
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Proposals for redesign of the present egquipment found
desirable during the investigations of the example problems
are presented along with appropriate drawings. For obvious
reasons, no attempt was made to present rigorous mathematical

solutions to the example problems. Only simplified mathe=-

matical checks are presented for comparison purposes.







CHAPTER II

THEORETICAL PRINCIPLES

The Beggs deformeter apparatus was originally designed
to aid in the determination of influence lines for coplanar
structures. For this, Muller-Breslau's principle for obtain=- |
ing influence lines is used. This principle may be stated
as follows:

The ordinates of the influence line for any
stress element (such as axial stress, shear,

moment, or reaction) of any structure are propor-

tional to those of the deflection curve which is

obtained by removing the restraint corresponding

to that element from the structure and introduc-

ing in its place a deformation into the primary

structure which remains. [9]

An adaptation of this principle per se to include a
third dimension would necessitate the determination of an
influence surface in place of an influence line. S8ince
non-coplanar surfaces are difficult to illustrate, the
above principle was used only to determine certain desired
stress elements caused by unit loads being applied at pre-
selected load points. The stress elements determined in

the solutions of the example problems presented in this

thesis consists only of reactions located at fixed supports;
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however, one should not lose sight of the possibility of

determining stress elements located elsewhere in the

structure.
After solving for reactions caused by the above
mentioned unit loads, the principle of super position was

used to transform these reactions into magnitudes corres-

ponding to actual loading conditions. The combination of

the principle of super position with m'iner-nrnhu_‘s
principle as heretofore doa_c:ib.d results in the fulfill-
ment of Betti's law which may be stated as follows:
In any structure the material of which

is elastic and follows Hooke's law and in

which the supports are unyielding and the

temperature constant, the external virtual

work done by system of forces P, during the

distortion caused by a system of forces P,

is equal to the external virtual work done

by the P, system during the distortion caused

by the P, system. ¢

An illustration of the two force systems is shown in
Figure 1. EBach force system is shown on a separate view of
the structure for clarity only. It must be realized, of
course, that the two systems necessarily act simultaneously

on the same structure to satisfy Betti's law. This law may |

be stated in equation form as
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Pa Amn"n Amn (1)
where g is the deflection of the point of application
of one of the forces P, (in the direction and sense of
this force) caused by the application of the P, force
system and l&nn is the deflection of the point of applic-
ation of one of the forces P, caused by the application
of the P, force system,

For further explanation and verification of the
principles and laws described in this chapter, reference

is made to any of several good texts on statically inde-

terminate structures.
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CHAPTER III

APPARATUS USED

A brief discussion is presented in this chapter dhich
should give the reader enough information concerning various
components used in setting vup and solving problems by the
Beggs method to permit the understanding of the chapters to
follow. There is no attempt here or any where else in this
thesis to explain in detail the functioning and calibration
of the equipment to an oxtonf necessary for the solution of
problems., Reference is made to entries eleven and twelve
of the bibliography for excellent detailed discussions on
this subject.

Items of equipment that make up the Beggs deformeter
apparatus are shown in Figure 2, Essential parts of this
equipment includes two filar micrometer microscopes used to
measure deflections at load points, six precision made gage
clamps uged to simulate reactions, and various sets of close
tolerance distortion plugs used to induce angular and trans-
lation deflections at the reactions and at floating gage

points.







FIGURE 2
PHOTOGRAPH OF BEGGS DEFORMETER EQUIPMENT
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The filar micrometer microscopes are guite sensitive
in as much as readings as small as 39,37 micro inches can
be read directly and readings can be estimated as small as
3.937 micro inches. This degree of refinement refers prime-
arily to the micrometer rather than the setting of the
cross~hairs on the target. It is difficult to position the
cross-hairs on the same target twice with a variation of
micrometer readings less than one division which represents
39,37 micro inches. Focusing and orienting of the micro-
scope are done manually and cannot be done without the
possibility of disturbing its position; therefore, making
it essential that deflections toward and away from the
microscope remain small, Refer to Figures 3 and 4 for a
better understanding of the microscope and its operation.

The gage clamps shown in FPigures 5 and 6 are composed
of two accurately machined metal bars held together with
cap screws and compression springs. One bar is accommodated
with holes which permits its rigid attachment to a drawing
board or other base while the second bar is movable which
is used to support the model and to permit the inducement of

known deflections by means of inserting different sets of
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distortion plugs.

The distortion plugs are machined to a tolerance of .
plus or minus two one~hundred-thousandths inches and are
used in conjunction with the gage clamps to produce known
deflections at the position of the clamp as shown in Figure
5. Five sets of distortion plugs are used in all. One set
of "normal plugs” is used for each clamp remaining in
position at all times when no distortions are being pro-
duced at that particular clamp. The "moment plugs" are of
two different diameters and their positions are interchanged
to produce rotation of the support without introducing any
translation at the same time.

"Thrust plugs” are provided to introduce translation
of the member attached to the gage clamp in a direction
paralliel to the axis of the member when the member is
attached at right angles to the bars of the clamp. Two
sets of plugs are used for this purpose, one set having
diameters larger than the normal plugs and the other set
having diameters smaller than the normal plugs. It should
be pointed out that the clamp should be arranged as a pin

ended support when the thrust plugs and shear plugs are
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used to prevent the introduction of moment at the support
by means of chord rotation when only translation of the
support is desired. Some experimentalists have overlooked
this point in the past and, consequently, their solutions
did not agree with the principle of superposition which
is necessary for valid solutions.

"Shear plugs' are used to produce translation of the
member at the gage clamp parallel to the bars of the clamp.
These plugs are basically round with two flat surfaces on
diametrically opposite sides. The translation is produced
by rearranging the positions of the flat surfaces in the
gage clamps.

Auxiliary equipment furnished with the apparatus
includes spare parts for the gage assemblies, tools for
mounting the clamps to a base such as a drafting board and
for mounting models on the clamps. Also, lead weights,
ball bearings, and pieces of plate glass are issued with
the apparatus for stabilizing the models and for the making
of various types of supports.

Different types of cutting tools were essential for

model construction. Various hand saws were tried for cutting
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the different model elements; however, it was found that
electric powered band saws and sanding belts were ideal in
preparation of the straight plastic model elements. Scales,
callipers, scribes, and straight edges were of great help
in sizing the members. Several types of cements were tried
before a suitable kind was selected for joint comstruction.
Cenents are discussed further in connection with experimental
procedures.

Wood blocking was secured to a drafting board for
mountings of the various arrangmtoroi the gage clamps.
The drafting boaxd was then supported on concrete blocks
with bricks and additional concrete blocks placed on top of
the board to weight it down sufficiently to prevent its
inadvertent shifting. The microscope and model were
supported on separate bases; hence, any inadvertent movement
of either base could have resulted in erroneous readings.
However, repeated readings were taken untili consistency

was observed,
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CHAPTER IV
EXPERIMENTS AND RESULTS

I. GENERAL

Several sequential steps were followed in obtaining
experimental solutions to the problems chosen for this
thesis. These steps consist of (1) calibrating the filar
micrometer microscopes, (2) selecting model materials,

(3) determining model scales, (4) constructing and installe
ing models, (5) collecting and processing experimental data,
(6) computing results, and (7) arranging the results for the
report., Bach of these items is discussed in considerable
detail in this chapter.

Calibration

Two methods are commonly employed to calibrate the
filar micrometer microscopes. First, when it is desirable
to know the relationship between micrometer units and cer-
tain other units of length, such as inches, one has only to
place a scale with the desirable units in the field of
focus of the microscope and move the cross~hairs a distance

of one unit on said scale while observing the change in

micrometer units. Then, the deflections introduced by means
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of the gage clamps and distortion plugs are determined by
observing the difference in diameters of the various dis=-
tortion plugs.

Since a ratio of deflections is all that is necessary
to satisfy the theoretical principles used with the Beggs
method, tﬁere was no need for determining the relationship
between micrometer units and inches. However, it was
desirable to determine the amount of displacement produced
at the gage clamps in terms of micrometer units for each
manipulation of the three types of distortion plugs. This
was done by placing a target on one of the clamps mounted
on a drawing board then observing the amount of deflection
produced by interchanging the various sets of distortion
plugs.

In order to show the relationship of this deflection
in the form of a calibration factor, reference is made to
ﬁallar-aroslau'o principle as ntaf-d in Chapter II. This
principle may be expressed in equation form as

R Dg = (1) A (2)

where the right side of equation represents a unit load

applied at any desirable load point with 1 being the
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deflection of the structure at the load point caused by the
unit load and being measured in the same direction as the
line (or axis) of action of the unit load., On the left
side of the egquation, R represents the stress element
caused at a different point on the structure by the unit
load just described and O is the deflection that would
occur at the position of R along the same line (or axis) of
action of R if R were released. Equation (2) may be solved

for R to yield

RS CENE ey a1
A2

In the experimental solutions of the example problems

in this chapter, /\ 3 is the deflection induced at the gage
clamps which is a constant for each set of distortion plugs.
This permits a calibration factor equal to the unit load
divided by 4\ ,. Equation (3) now becomes

R = CF(A,) (4)
where CF is the calibration factor and zﬁkl is the measured
deflection at the load point. It is obvious from equation
(3) that the units used in measuring the deflections is

immaterial provided A1 and Az are expressed in like

units.




2 gt




22
Calibration factors for the two microscopes used are

shown in Table 1 below.

TABLE 1

CALIBRATION FACTORS

Distortion Plug Microscope #221 = Microscope #223
Moment 1 i

256 256
Shear 1 1

1287 1295
Thrust Al A (5

1285 1289

Calibration factors are slightly different for diftcro
ent microscopes. Also, some variations may exist between
calibrations performed by different persons; therefore,
each observer should determine a particular set of calibra-
tion factors.

Selection of Model Materials

Factors governing the selection of model materials
included (1) ease in fabrication, (2) mechanical properties,
and (3) availability. Several plastic materials were con-

sidered that had similar mechanical properties in regards
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structural requirements. Also, the ease of fabrication of
the different plastic materials was not greatly different.
Steel splines were given close consideration because of
their similarity with the materials commonly used in full
sized structures. Also, rigid joints are ouny obtained
at the intersections of steel members by welding. However,
it was decided that the forces necessary at the gage clamps
to produce the desired deflections in steel models would be
sufficiently large to endanger the rigidity of tlic clamps.
Consequently, Kodapak®, a transparent plastic material which
was readily available at loii cost was chosen for the struc-
tural elements of the models. One undesirable property of
Kodapak is its low elastic modulus which would tend to
magnify an instability condition. Problems of instability
are discussed later in this chapter.

Different kinds of Mt were experimented with to
determine which was most favorable for usge in joint connec-
tions., Both acetone and a mixed solution of acetone and
ethylene dichloride were ugsed in an effort to fuse weld the

joints together with very little success. The fusion action

Sproperties of Kodapak are listed in the appendices.
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wag quite easily produced, but the resulting joints were of
a semi-plastic condition thereby giving hardly any similarity
to rigid connections which were desired. Duco Household
Cement #6241, Carter's Power Model Cement #470, and Bastman's
#910 Cement were also tried without success. The fir:t two
of these spalled off after drying and bond could not be
obtained with the latter. However, the recommended shelf
life for the Eastment cement had expired by approximately
eighteen months; therefore, it was not used because another
supply was not readily available.

Carter's Vinyl Cement #469 proved to be adequate by
permitting approximately forty-eight hours for curing. In
addition to the long curing time reguired, it WII‘RDCOOIQIY
to take readings as soon as possible after inducing deflec-
tions to avoid appreciable error because of joint creep.
This time interval was not long enough to permit the reading
of both microscopes for any one particular distortion.
Furthermore, it was often necessary to insert the wedges
ugsed to open the clamps for periodes of time ranging from

one to two minutes several times just prior to the reading
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of the micrometer. This entailed (1) making an approximate
setting of the cross~hairs on the target, (2) inserting the
wedges into the clamp for ome to two minutes, (3) removing
the wedges from the clamp while observing the movement of
the target. If the target was not .mur aligned with
the cross-hairs at the instant the ﬂgca were removed, the

cross-hairs were readjusted and another trial was made.

II. THE SIGN PROBLEM

Problem Introduction
The first problem selected for experimental solution

consisted of a sign stanchion built as a rigid frame bent
with an overhanging l!l to mrt a sign. In an effort
to determine the ot:ﬁt that mubnuy may have, if any,
upon solutions by the Beggs method, members for the columns
as shown in Figures 7, 8 and 9 were first selected with a
slenderness ration of 672 which is 5.6 times that permitted
in main steel columns of buildings. |:13:l

S8ince no loads were actually applied at the load point,

indicated on the model as E, one may think that column in-

stability would not enter into the experimental solutions.
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However, this is not the case since loads of certain

magnitudes were applied at the gage clamps to produce the
deflections.
According to Euler's theory on pin-ended columns, the

critical load of a column is given by

-2 ‘
ot e (5)

where P, represents the load required to buckle the
column; E is the elastic modulus of the material; L is the
column length; r is the least radius of gyration of the
column cross-section; k is an effective length factor de-
pending on the fixity of the supports which is taken as
unity for pin-ended columns. The load necessary to induce
the deflections at the gage clamp was difficult to compute
thereby making it difficult, if not impossible, to deter-

mine the maximum length that could be used for the columns.

The horizontal member at the top of the structure was
designed to be #ery rigid in comparison to the columns to

provide an effective length of column equal to the actual

length.
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Procedure

A model scale of %" =» 1'-0" was chosen; then drawings
of the model were made before any cutting of the material
was started. Approximately one~half inch of material was
provided as extensions to the columns for purposes of
attaching the gage clamps while still permitting the entire
column length to be measured above the gage clamp., The
model pieces were then cut out and trimmed to size. This
was accomplished by cutting the pieces slightly oversized
with an electric powered band saw then sanding them to size
with an electric sander. Small pieces of model material
were cut to size and cemented to inside cornexs of the
model joints in an effort to make the joints as rigid as
possible thereby reducing cement creep at the joints. A'
photograph of the completed model is shown in Figure 7 and
drawings showing model dimensions are shown in Figure 9.
Structural dimensions and loading conditions lxﬁ illustrated
in Figure 8.

With the model having been built and arranged as

described above, the supports at points A and B were then
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rotated about their respective x-axes by inserting the
moment distortion plugs into the gage clamps and then

reversing their first arrangements. To do this, the gage

clamps were arranged similarly to that shown in Figure 10

for the stabilized sign stanchion.

Microscope #221 was arranged in a horizontal position,
as shown also in FPigure 10, to view an ink dot on a piece
of white paper located at the load point E. This permitted
measuring of deflections along lines of action of both the
horizontal and vertical loads with a single microscope and
without changing its orientation. After completing
measurements related to the mondntl just described, the
supports were then changed to represent pimd connections
while vertical and horizontal displacements were produced
by manipulating the thrust plugs and shear plugs respec-
tively. Only one support being subjected to the various
distortions was arranged as a pinned connection until
measurements were complete for that support, then the
support was re-fixed while translations were produced at
the second support.

In order to provide a means of supporting the model
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in such a manner as to allow the inducement of rotation of
the supports about their vertical axes, the excess material
was cut from the column bases and replaced with "horizontal
shoes" being cemented to the bases as shown in Detail I of
Figure 14 for the stabilized model, The gage clamps were
then arranged as shown in Figure 11 of the stabilized model.
Here again the supports were fixed while rotation was being
produced and then pinned for translations in the x-directions.

This problem was statically indeterminate to the sixth
degree; hence, with four of the reaction components being
determined from the above information, it was evident that
the moments in the x-y plane could be determined by the
methods of statics.

Difficulty was experienced in reading deflections when
the load point deflected in a direction parallel to the
axis of the microscope tube. The field of focus of the
microscopes was small thereby giving slightly blurred
images as the target neared the extremes of the focal range.
Since it was impossible to change the focal range on the

microscope without moving the entire instrument, possible
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errors due to observation of blurred images had to be
tolerated.

The procedure described above for the unstable frame
was again followed for the more stable frame shown in

Figures 10, 11, 12, 13 and 14.

Analysis and Results
Computations required to transform experimental data
into results were guite simple. The reactions caused by
the unit loads were readily obtained by multiplying the
right side of equation (4) by the scale factor. The scale
factor for moment components amounted to the reciprocal of
the model scale for each of the models used in this thesis,
while the scale factor for force components is alweys unity
reactions and multiplying them by their respective load
factors, tho‘ péhwtplo of mpoz‘pbuuou was used to deter-
mine the reactions caused by the combined total loading
conditions., A comparison of upori.mui results with
those obtained from simplified mathematical analysis often

used for a basis of design of such structures is shown in







FIGURE 10

PHOTOGRAPH OF STABLE SIGN MODEL ARRANGED
FOR ROTATION OF SUPPORTS IN Y-Z PLANE

FiGunE 11

PHOTOGRAPH OF STABLE SIGN MODEL ARRANGED
FOR ROTATION OF SUPPORTS IN X-Z PLANE
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Tables II and IIIX.

TABLE IX

COMPARISON OF EXPERIMENTAL RESULTS FOR UNSTABLE
SIGN STANCHION WITH SIMPLIFIED MATHEMATICAL RESULTS

kip=-£ft. -11.100 —————

Rip=-£ft. -122,030

kips -0.009

kips 2,262

kips 0.2992

kip-£ft. -7.904

kip=£ft. 57.846

kips -0.012 -

kips «0.756 =-0.750

kips -0.334 : =-1.000

The sign convention used throughout this thesis for

reaction components is illustrated in Figure 15. No alge=-
braic signs were applied to the various micrometer readings.
The directions of the various deflections waro'noted as the
experiments progressed thereby making possible the determin-

ation of reaction directions which were also recorded on the
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data sheets.
TABLE III

COMPARISON OF EXPERIMENTAL RESULTS FOR STABLE SICGN
STANCHION WITH SIMPLIFIED MATHEMATICAL RESULTS

Component Units Experimental Mathematical
Mpxe kip-£t. - 3.776 Ak
Mave kip-ft. -49.324 =60.000
Rax kips 0.021 —————
Ray kips 2.248 2.250
Rpo kips 2.537 3.000
Mpxz kip-£t. - 3.122 ——————
Mpy sy kip=ft. 9.080 20.000
Rpx kips - 0.010 PRSI
Rpy kips - 0.751 = 0.750
Rpgz kips - 0.542 ‘ - 1.000

The first letter of each component designates the type
of stress element. M is used for moment components and R
for force components. The capitalized lnblctipt designates
the location of the component. The lmr case subscripts
identify the plane or line of action of the component.

Table II illustrates the effects of instability on the






39
experimental solution when compared further with solutions
of equilibrium equations of statics for the entire structure.
The mathematical solution agrees with conditions of static
egquilibrium because it was based on the validity of the
equilibriun equations. xionver. the pmblcn of instability

was completely ignored in the mathematical solution.

<y
b

Mxy
Myz
_\1 . ;

FIGURE 15
S8IGN CONVENTION
(VECTORS SHOWN INDICATE POSITIVE DIRECTIONS)
The experimental results shown in Table III are in
close agreement with the egquilibrium conditions for the

entire frame drawn as a free body diagram. Comparison of
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these results with the conditions of static equilibrium
are shown in Table IV. The largest imbalance indicated
by comparisons in Table IV is less than one-percent which
indicates a very accurate experimental solution.

The mathematical results shown in Table III illustrates

the crudeness of the mathematical analyltn'cnployﬁd'nnd

points to inefficient designs based on such an analysis.

TABLE IV
COMPARISON OF EXPERIMENTAL RESULTS OF STABLE SIGN
STANCHION WITH CONDITIONS OF STATIC EQUILIBRIUM

Experimental External
Component Units  Reactions = Loads  Imbalance % Diff.

Kips 0.026 0 0.026  =meee

III. THE TOWER PROBLEM

Problem Introduction
The second problem chosen for experimental 1nveatiqut1qa
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was a two wire transmission tower as shown in Figure 16.
Normally, three or more transmission lines are carried by
such towers; however, only two were simulated in the
problem discussed here because only two microscopes were
available for measuring deflections. The problem is not
unusual; however, the design of such towers is usually
based on greatly simplified mathematical analysis.

An effort was made to simulate fixed supports and
fixed joints for representation of welded construction.
In order to illustrate the complexity of a rigorous mathe-
matical solution, it is pointed out here that one~hundred-
fifty stress elements must be determined; hence, the
problem is statically indeterminate to the one~hundred-
forty-fourth degree, The use of any presently known
mathematical method for a solution would require a great
deal of work, even with the aid of an electronic computer.
Also, it is pointed out that an experimental investigation
necessary for the determination of every stress element in
the structure would prove to be something more than a small

task in itself even with the aid of properly designed equip-







FIGURE 16

LOADING CONDITIONS AND DIMENSIONS OF TOWER STRUCTURE
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ment. Since the available eguipment was inadequate for
such a solution, only the stress elements at the supports
were investigated and illustrated in this thesis.

The loading conditions shown in Figure 16 represent
wind forces transverse to the wires, ice on the wires,
weight of wires, and an eccentric force caused by the

collapse of one wire.

Procedure
The procedure for constructing the model shown in

Figure 17 was similar to that described for the sign
problem. The same types of model materials were used in
both models. Special arrangements of the -ﬁppoxtl were
made to accommodate the gage clamps in producing the desired
deflections. 1In addition to the horizontal shoes described
in the sign problem, vertical shoes were provided to
accommodate rotations of the supports about their weak

axis of bending. Such an arrangement is shown in Detail I
of Figure 17.

Since deflections were measured in three different

directions at each load point, it was necessary to rearrange
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the microscopes for each arrangement of the gage clamps.
This would not have been entirely necessary provided the
model had not needed to have been revised for different

orientations of the gage clamps.

Advantage was taken of the vertical axis of symmetry
of the tower to an extent that deflections were induced
only at one support. This was made possible by measuring
deflections parallel to the transmission line at load
point F; even though, no loads were indicated along that
line of action. The support at A was used for inducement
of the various deflections; however, all four supports
were rotated about their vertical axes while the corres-
ponding deflections were measured and compared to check
the symmetry of the model. Various orientations of the

gage clamps are shevn in Figures 18, 19, and 20,

Results
In analysing experimental data for this problem, the

unit load reactions were determined for the support at

point A in a manner similar to that used in connection

with the sign problem. In addition to the determination of
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FIGURE 18

PHOTOGRAPE OF TOWER MODEL ARRANGED
FOR DISTORTIONS IN Y~Z PLANE

FIGURE 19

PHOTOGRAPH OF TOWER MODEL ARRANGED
FOR DISTORTIONS IN X-Z PLANE
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unit load reactions : @&t point A caused by unit loads in the
directions of the acctual loads, reactions were determined
for unit loads direccted in reverse to the actual loads.
Also, reactions were? determined at point A for unit loads
applied parallel to i the transmission line at lotdpoint | &
All this was necessairy to fully use the symmetric conditicns
of the structure.

With all the aboove unit load reactions having been
determined at point 2A, determination of unit load reactions
at the other three svupports was an easy task by close observe
ation, Appropriate 1unit load reactions were then multiplied
by their respective 1load factors and combined in accordance
with the principle oiff lnP.tPOUition té obtain the final
results as shown in Table V below,

TABLE V

RESULI'S OF TOWER PROBLEM

Component Units Hoint A Point B Point C  Point D

Myy kip=-£ft. 5.338 40.999 - 0.767 39.920
My kip-ft. 0.971 0.909 - 2,596 - 2,094
My, kip-ft. 24.201 3.572 23.880 ~ 2,363
Ry kips 1.597 1.581 - 0.363 1.577
Ry kips 4.596 - 7.504 - 0,726 6.404

kips - 0.989 « 1.413 - 0.463 0.387
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In order to give some justification to the answers
rpresented in Table V, a check was made by comparing the
ir@sults with the conditions of static equilibrium for the
centire frame treated as a free-body diagram, Such a

ccomparison is presented in Table VI.

TABLE VI

COMPARISON OF EXPERIMENTAL RESULTS FOR THE TRANS~
MISSION TOWER WITH CONDITIONS OF STATIC EQUILIERIUM

Experimental External

Giomponent Units _Reactions Loads  Imbalance % Diif.
My kip-ft.  282.149 -282,.800 ~ 0,651 0.33
Mixz kip-ft. « 55,976 50.000 =~ 5,976  11.95
Miyz kip-ft. 124.543 =141.400 ~16.857 11,90
Rex kips 4.392 - 4,600 -« 0,208 4,52
Ry kips 2.770 = 3.000 =« 0,230 7.€7
R.z kips - 2,478 2.475 - 0.003 0.12

It is readily seen from Table VI that the results for
the tower problem do not agree as closely with the conditions
of static equilibrium as does the sign problem, There is
1ittle doubt that instability was the major contributor to

these discrepencies since the variations do not form a
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particular pattern.

The maximum slenderness ratios for the columns of the
tower problem were very near the same as those for the
stabilized s