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I INTRODUCTION

The objectives of this investigstion are to study the
effect of end connsctions on the behavior of single-angle
compression and tenslon members in an aluminum spece-freme
tower and, on the baasis of the results of this study, to
develop practicel deslgn methods which sre more rationsl
than those now used 1in structural design.

Many of the present day methods of designing structural
elements are necessarily arbitrary because of insufficient
experimental evidence and data concerning the behavior of
these elements in the actual structure. As this knowledge
becomes available more nearly retional methods of design
will be developed and used by the profession. The design
of single~angle truss members both in compression and in
tension, which this study covers, is one of the areas in
which this lack of knowledge 1g very acute and the design
methods specified in the standard structurasl design specifl-
cations are, therefore, necessarily arbitrary., Three gener-

8lly used design specifications are those prepared bys



1., American Assoclatlion of State Highway Officilals,
AABHO (1).

2. American Institute of Steel Construction, AISC (2).

3o American Rellway Engineering Associlstion, ARRA (3).

To develop more rational methods of design than those
presented in the foregoing specifications 1t 1s necessary to
correlate the test dats of members as integral parts of sctusl
structures with laboratory test date of corresponding indivi-
duel members and with previously or newly developsd theory.

Three single-angle members of the tower were selected.
Eoech of these three members wes tested In tenslon and come
pression., Observations were first mede on the members while
they were in their noymel positions in the tower; then ssch
member was removed and observations were mede in the testing
machine under controlled conditions. In all of these tests
~detailed strain measurements were made, The strein messure~
mente of the members in the tower wers compared wlth those of
the corresponding members tested individually in the machine.
Thils comvarison provided a reliable indicetion of the behavior
of the members in the tower on the basis of the controlled
conditlions in the testing machins., Then, after the behevior
of the members had been established, a proposed theory wss
developed. In order to provide the designer wlth a readily

appliceble deslgn proecedure, the proposed theory was modified.



Owing to the limited time and funds aveilable one type
of single~-angle member in g trussed space~frame tower struce
ture was used. Therefore, the results are strictly apnlicable
to this type of member and structure only, A genersl applica-
tlon of the proposed design methods should not be undertaken
without additional experimental work on other types of members
and trussed structures,

o evidence was found in sny of the available litersture
of studies which were correlated similarly to the studies
undertaken in this investigation. Meny examnles of tests of
individual members in testing machines under controlled con=
ditions are avallable. Most of these tests have been ultimate
teats with 1ittle detelled strain deste recorded. Also, the
mgjority of these tests have been compression tests of large
rolled or bullt-up sections such as are used in bridge trusses
and bullding frames, There have been a considerable number of
projects where straln measurements were talten on actual struc~
tures, but most of these structures have been bridges or
buildings. There 1s also avalleble a great deal of theory on
the analysis and design of trussed structures snd their ele-
mentse |

In many cases theoretical investigetions hsve been carried
out in conjunction with either tests of individual elements
or tests of a structure, but not with both for the same

structure.



A few references are cited here which heve a direct beer=-
ing on this problem. Betho {4) conducted tests on single-and
double=-angle tension members to determine the effect of end
connections on stress distribution. The maln objective of
his study wes to determine the effect of lock or lug angles
at the ends of t he members. Equal leg sngles were riveted
to two end gusset plates whicn were attached flwmly in the
testing machine., Longitudinal strain meassursments were teken
with mirror extensometers at sectlions nsar the center and
enc¢s of the members, OStrein distributlon curves for esach
of these sections are gilven, (4, v. 145), both with and with-
out lug sngles. For the center ssctions of the slngle-angle
members without lug angles the strain ascross the attached
leg is nearly constant. The maximum difference in strasin
between the bwo edges of this leg ls not more than five ver
cent. Two of his conclusions sre: (4, p. 172)

o) That the assumption of a planar distribution

of stress is justified in such members ss sre con-

sidered here, except perhaps close to the end

connections, and that ordinary theory may there-

fore be applled to an snalysls of the distribution

of stress ln these members.

b) That in single~and double-angle members connect-

ed at their ends by mesns of rivets to wide and

rigldly held gusset plates the stiffness of the

gusset plate in its own plane has a consldsrable

effect on the distribution of stress In the member,

there velng in every case a particular stiffness

which wlll give the lesst maximum stress in the
member for a gilven losd,



Templing, Hartmenn and Eill {5) conducted tests on a pair
of 28«foot aluminum elloy trusses which were spaced 42 inches
center to center and fastened together by lateral bracing in
the planes of the chords snd by trensverse cross braclng be-
tween the posts. The truss members were all equal leg double-
angle members, but arrsnged so that all of the web members in
one truss could be changed to single-angles by removing the
outside angles.

Detalled strelns, deflections and changes in lengths of
members were measured. The observed dats were utlillized for
several purposes. Observed primary stresses {axial loads
only), secondsry stresses {all other stresses) and deflec-
tions were compared wlth computed values, Good agreement
was found sexcept for the seconcdary stresses where the agree-
ment was only falr,

In the sectlion of the report devoted to the behavlor of
single~angle members, the following statement 1s made: (5, p.19)

There are too many unknown factors affecting the

behavior of the single-angle members of the truss

to permit a complete snd accurate enalysis of thelr

gctions The dlrect force in a member is known from

the average of the measured stresses, but the man-

ner in which this dlrect force is spplied and the

magnitude and directlon of the bending and resist~

ing moments acting at the ends of the member are

very indefinite., The direct loed is spplied to the

member in g serlies of unknown lncrements through

the rivets of the joint. Unknown bending moments

at the ends of the member are introduced by the

sccentrlcities of the comnectlions, the rigidity of
the joint and the deflection of other members



meeting at the joint., The effective length of the
member is also Indefinite because of the varisble
moment of Inertis of the portions of the member
included in the jointas.

The loglcel method to employ in calculating the
maximum stress in a single angle compression mem=
ber would be to consider bending of the member
about each of the principasl axes sepsrately and
then to combins the results. The difficulty

lies in the fact that the bending moments st the
ends of the member cennot be evaluateds It is

not slweys safe to consider the member as an
eccentrically loeded, pln-ended column heving e
length equal to the distance between panel points,
which deflects only in a direction normal to the
plane of the gusset plate. In the case of member
UyLy the stress so computed, using a load equsl

to the gverage measured stress times the ares,

was only about half as great as the maximum stress
measured when the cross-frames were unbolted. In
this computation the secant formula was used and
the eccentricliy was assumed equel to the distance
from the beck of the engle to the centroid of the

section.

The member Ugly clited is a post member directly over
the point of loading end 1ts incresse in maximum unit stress
whan the cross-fremes were removed was more than 100 per
cents The meximum unit stress in the edjecent disgonal mem=-
ber, however, was incressed only ten per cent. The state=-
ment is made: (5, p.19) "These increases are consistant with
what would be expected because the cross-frames, when con=
nected, give considsrable support to the posts but very 1little
support to the dlsgonsls.,?

Diagrams are plobted (5, p 37) for each of the single-

angle web members showing *he longitudinal stress distribue



tions on five cross-sectlions of each member. For esch mem-
ber the stress on the attasched leg of the angle is constant
at some sectlon near the center of the member. The stress
is 2 maximum et the free edge of thls leg at one end of the
member and on the supported edge at the other end of the

member.



IT FEXPERIMENTAL PROCETURE
A. TDescription of Tower

For thls investligation an avallable aluminum trussed
space~frame tower, which had been desligned and constructed
by C. W. Cunninghaml for snother project, was used, A phobo=
graph end a line drawing of this tower are shown in Figures
1 and 2 respectively.

A1l of the members in thils tower are single-angle mem=
bers. Fach of the four corner pnosts is a continuous member
throughout its length while each of the disgonal and ring
menmbers is an individual pliece connected to the posts by |
gusset pletes and bolts as shown In Figures 3, 4 and 5,

The post members are 1 3/4 x 1 3/4 x 3/16 inch engles, the
ring members are 1 3/4 x 1 3/4 x 1/8 inch engles and the
disgonal members are 1 1/2 x 3/4 x 1/8 inch angles. The
post members are connected by both legs to the gusset plstes
while the ring sznd dlegonsl members are connected by one leg
only. For the dlagonelc the longer legs are sttached. The
legs of the post and ring members are spread so that each

leg of each angle lies in one of the planes of the tower.

1Professor Charles W. Cunninghem, Tepartment of Civil
Enginesring, The College of the Clty of New York,
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Figure 1. Photogrsph of Tower
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The connections in the tower sre mede with 1/8-inch 24-8T
aluminum alloy gusset plates and Sfavinch steel bolts, e x=-
cent that 5/16-1nch gussets asre used at the four top joints.

The three disgonsl members D4, IS gnd T'7 wers chosen
for this Investlgetion s typical of one type of single-
sngle truss member and duplicate members were fabricated
for testing purposes. The locations of these three members
in the tower are shown in Figure 23 the detalls of each mem=
ber and its connections sre shown in Figures 3, 4, 5 and 8,
All of the original members are of 17-3T aluminum alloy and
the new dlagonal t est members are of 14-8% alumimm elloy,
the elastic properties of which are considered tobe equive
alent by the manufacturer.

The original locading system, which consigts of a losd=~
ing freme and several loadlng mechenisms, was used with
slight modifications. Thls system 1s designed so that the
tower 18 allowed to assume any natural displecement without
affecting the magnituds and directlon of the applied loads.
The loading frems is constructed of structural steel angles
end channels. The loading mechanlsm, & line drawing of which
is shown in Figure 7, consists of a load platform and a 20
to 1 ratio lever system. Two of these mechanisms were placed
on the loading frame soas to apply the horlzontal torgue
loads P or P', a@s shown in Figure 2. F¥each of these pairs

of loads applies a torque in the top planse of the tower.
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Bs Tescriptlon of End Fixtures

A pair of end fixbtures was designed and constructed for
the testing of the thrse dilsgonal test members both in ten-
sion ané in compression in a 20,000 1b, hand operated uni=-
versal Tinlus Olsen testing machine. A drawing showlng
detells and assemblies of these fixtures appears in Figure
B 1, Appendix B, Three end conditions can be obtained by
different combinatlons of the elementa of the flxtures.
These are:

le Rigidly fixed, Figure 8c.

2. Hinged in any one direction, Figure B8b.

3. Hinged in two directions normal to each other,

Figure Ba.
The hinges in these fixtures are produced by ball beerings.

in reces as shown in Figurs Bl, in Appendix B,
C. Tescription of Strein Measuring Equlpment

The straeins in the members were measured with SR-4 bond~
ed electric resistence strain gages Type A=-12 as manufectured
by the Baldwin-Lima-Hamilton Corporation.l Since these gages
are now well known and very widely used no detailed descrip-

tlon of the gages snd thelr theory of operation will be

1Former1y Baldwin Locomotive Works.
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presented here, References (6), (7), {8) and (9) are a few
of the avallable sources of informstion on the SR=4 strain
gages. The gages were bonded to the test members with SR-4
Cement in the manner prescribed by the manufascturer end are
located on the members as shown in Flgure 6.

The strains at the locations of the gages were measured
snd recorded on circular charts with a 48«chennel Switching
Unit and an SR=-4 Strain Recorder. Both of these units are
801d by the Bel@win-Lima~Hamilton Corporation and when used
together are referred to gs SR-4 Scanning and Recording
Equipment. A description of this equipment and its opera-
tion may be found in (10). The following statement (10, v».4)
is made concerning the overall accurecy of this egquipments

When used with &R-4 Type A-1 gages properly applied

to the test structure by & technique whlch is out=

lined with each package of these gages, the overall

accurscy of the SR-4 Scanning Recording Equipment

may confidently be expected to be within one per

cent of full scale renge in either of the three

normal renges.

Expressed in sbsolute values (insteed of percent-

ages) general experience indicates a better ac-

curscy at low streln values then would be indicat~

ed by percentege velues. To express these vslues

quantitatively, howsver, becomes practically im-

possible because of varisbles not under our

control.

The Scanning and Recording equipment haes three normal renges
of 0 to 2000, O to 5000 and O to 10,000 micro-inches per
inchs In this investigation the G to 2000 range was used

for all tests.



20

Nedderman (11, p. 137) compared the SR-4 Scanning Re=
corder with the SR~4 Type L Strain Indicetor and the
Huggenberger Tensometer, Hls results incicate that for
strain readinss of 120 micro-inches ver inch snd sbove the
range of variation among the three instruments does not
exceed plus or minus three percsnt and for readings of 250
micro~inches per inch and above the varistion is less than
plus or minus two percent. However, for lower values such
as B0 or B0 micro-inches per inch the percentage of varia-

tion was plus or minus seventeen percent.
L. Tests of Members in Tower,

The three Glagonal test members were placed in thelr
normal positions in the tower and the loads P were applied
to the tower by the loading mechanisms, The torque, due to
the loads P in the top horizontal plane of the towsr, pro-
duced tenslon loads in each of the diagonal members. By
shifting the positions of the loading mechanisms the loads
Pt were applled to the top plane of the tower., The reverse
torgque produced by these loads anplied compression loads
in each of the dlagonal members. Thus, each of the three
test members wes tested in both tension end compression.
S8ince the Scanning Recorder could sccomodate only 48 gages,

and since esch of the test members had from 32 to
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48 gages 1t wss necessary to test one member at a time. For
each member both in tension snd compression the loads were
applisd to the tower by placing equel weights simultensously
on the two loading platforms in increments of 10 lb. to a
maximum of 100 1b. These weights, because of the 20 to 1
retio lever system, applied P or P! loads to the tower in
increments of 200 1b. to & maximum of 2000 1b, The levers
were kept in their proper positlons by meesns of attached
level bubbles and adjustment of the turnbuckles so that the
20 to 1 retio would remain constent, The meximum loads
applied to the tower were limited by the yleld strength end
the difficulty of adjusting the turnbuckles. Each of the
three members was loaded three times as outlined above and
for each increment of load strain resdings were recordsd
for each strain gege with the Scanning Recordsr. An exam=-
ination of the circuler cherts, on which the strains were
recorded, showed a regular spacing of lines indicating smooth
data. Because of this regularity of specing only a few of
the values were used to plot ths necessary curves,.

The load on & test member in the tower produced by &
load spplied to the tower was determined as follows: It
was assumed that the strain distribution on each cross-
gection of the membeyr was planar and since all of the record=-

ed strainsg indicete unit stresses helow the elagtic limit
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for the material this is & reasonshle sssumpbtion. On the
basis of thisg sssumption the strain readings for the four
geges numbered 23, 24, 25 and 25 st the center cross-section
of the member were projected over the area of the member and
integrated to detemmine the strain volume. The load on the
member was then determined by using the modulus of elasticity,
Ey for the material in the members as determined in Appendix
Ce The seme procedure was followed using the strain readings
for each of the two cross-sectlons adjacent to the center of
the member, The results of these threes calculetions were
then aversged &s the load on the member in the tower, The
loads thus obtained for members in the tower are comparable
to the loads applied to the seme members in the testing
machine,

F. Tests of Members in Testing Mechine.

Esch of the three tower test members was tested in the
testing machine both in tension and compression with four
different controlled end conditions lmposed by the end fix=-
tures., Typicel tension and compression set-uns in the
Tinius Olsen 20,000 1lb. hand operated universal testing
machine are shown in Figure 9 and typlcal end fixture ar=-
rangements are shown in Figure 8., The four controlled end

conditions used were:
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1, Rigidly fized,

2. Hinged parallel to the gusset plates.

3, Hinged normel to the gusset platess

4, Hinged both parallel and normal to the gusset plates.

For each of the four end conditions, a complete series
of tests for each of the three test members was run using two
1/8-ineh 24-8T eluminum alloy gusset plstes es shown in
Figure Bl, Appendix B, For membsr D4 only, two additional
series of tests were run using two 1/3-inch end two 1/4 inch
steel gusset pletes which are the seme shape ss the aluminum
gussets, The deslignetion for each of the test runs is glven
In Table l.

In all of these tenslon tests the loads were applied in
increments of 200 1lbe. to & meximum of 2200 1b. In the com=
pression tests the load increments and the maximum loads
varied wlth the individual members, the end conditions and
the types of gusset plates. The magnitude of each of these
maximum loads was dependant on elther the criticel load or
the megnitude of the strains recorded. For each member,
end condltion and gusset plate type, both in tension and
compression a test run was made with the outstanding leg of
the sngle at each of the four cardinal directions of the
testing mechine. In the esrly tests the members were also

reversed end-for-end for a totel of elght tests per end
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condition, bub an examination of the results indlcated that
this was not necessary, and on subsequent tests the members
were not turned end-for-end. For each test strain readings
were recorded at each Increment of load for each straln gage
with the Scanning Recorder. The four strain resdings for
gach gage were averaged and these ars the values which are
used. Agaln, because of the regularity of spaclng of lines
on the circular charts, only a few of the velues were used
to plot the necessary curves for the tension tests,

For the compression members, however, 1t was necessary

to use gll of the values to plot the necesssry curves.
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ITI PRESERTATION AND DISCUSSION OF RESULTS

In all of the experimental work in this investigation
all of the strains or stresses in the test members were
wlthin the elastlc range of the material used, Thug, the
results obtained are squally applicable to any other struc-
tural material wlthin 1ts elestic range.

The slgn convention for stresses and strains is plus

for tension and minus for compression.

&, Behavior of Members in Tower.

The specific behavior of a member, which 1s an element
of a complete structure, 1s usually influenced by so many
factors that the interpretation of the exect action does
not lend itself to a rigorous mathematicel asnalysls., How-
ever, as the Influence of these fectors becomes clarified,
theory based on sounder assumptions can be developed for
the design of such a member,

For the single-angle members in thls trussed structure
three of the more important basle factors considered are
secondary bending, end conditions and elastlc curvature,
All three of these factors are dlrectly affected by the
type and efficlency of the end-connections, and the gensral
framing of the structure., Irregularities rssulting from
rolling and febricating these members are not considered

because they appeared to be negliglble.
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1. Primsry strains.

In the tower the longitudinal loads which are avnplied
to each end of a test member through the gusset nlates are

eccentric to the axis of the engle, The eccentriclties st
the ends »f a member would be practically egual both in
nagnitude and direction. The differences would be csused
by the verious shspes snd connections of the cusset platss.
at the two ends of the member as shown in Figures 3, 4 and
8., FEech of these eccentric loeds cen he resolved into an
axisl load et the ecentroid, and a bending moment shout an
oxlis through the centrold of the sngle., The bending mom=-
ments at the two ends would be approximeitely equal, but
opposite in direction,

The longltudinel strains, for a particular gage line
along the length of a member, produceé by the axial loads
would be consbent from end to end of the member, Those
resulting from the end moments would be vrecticelly con-
stant from end to end. In additlon there would be strains
resulting from the elestic curvature of the exls of the
member caused by the sccentricities. These strsins would
vary from zero at each end to a mazimum near the center of
the member. The combination of thege three strein com=-
ponents will be referred to as primary strains. 4 curve

representing these primery longitudinal strains for e
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particuler gage line would be approximately symmetricel about

the center~line of the member, as lllustrated in Figure 10a.
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2+ OSecondary strains.

When the tower distorts as loads are applied the re-
sistance to rotetion of the Jolnte will vroduce edditionsl
bending in a member as & result of the relative displacement
and rotation of 1ts ends. The resulting bending moments at
the twd ends may be either ln the same direction or in
opposite directions., This bending and the resulting streins
wlll be referred to as secondary bending and secondasry
streins.

Typical longitudinal secondary strain curves for one
gage line for each of the two possible conditions are shown
in Figure 10b and 10c. When the secondsry end moments are
in the ssme direction the combined strein curve for primsry
and secondary streins is as shown in Figure 10d. The effect
of this type of secondary bending 1s to rotate the primary
strain curve as shown in Figure 10d. Vhen the secondary end
moments are in the opposite direction the combined strain
curve for primery and secondery straing is as shown in Figure
10e«. The effect of this type of secondery bending is to
trenslate the primary curve as shown in Figure 10s.

Thus, it ls poseible to identify the type of secondary
bending in a tower member by the orlentetion of its strain

curves for various gage lines along the member.



The longitudinal strain curves for gage lines I, II, III
and IV for the tower test wmember N4 in compression sre shown
in ¥4gures 11 and 18, The curves for gsge I appear to be
symmetrical but if the plotted points at each end are ignored
the remeinder of each of these curves 1s rotated slightly.
Gage line I 1s on the ouber edge of the projecting leg of
the engle and et the end of the member the strain readings
would be very unrelisble beceuse of the transfer of load
from the gusset plate to the angle. The curves for gage II
are slightly rotated, while those for III end IV ere rotated
considerably. The rotation of all four of these curves in-
Gicetes the presence in the tower data for member T4 in
compression of secondary bending produced by end moments in
the same direction. Similar curves for D4 in tension, and
15 end D7 in compression and tension sppear in Figures Al
t0 A10 inclusive in Appendix A, All of these curves are
rotated similar to those for D4 in compression., Therefore,
these are secondary streing cof the type produced by end
moments in the same directlion in all of the tower test data,
These secondary strains are zero near the center of the mem-
ber and maximum at the ends., Consideration of these secon-
dary strains must be given whenever the strain data for the
tower tests are used,

Templin, Hertmenn and Hill (5, p.37) had the same type
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of stress or strain distribution in sll of their single-angls
web members as occurred in the tower indicating the presencs
of the seme type of secondary bending in thelr trusses as in
the tower,

In the design of truss members the additional stressss
produced by the secondary bending ave usuelly not consldered
unless they increase the critlcal primary stresses a stipu-
lated amount., The AASHO specification (1, p,167) includes
the following stetement concerning secondary stresses:

The design and detalls shall be such that secondary

stresses will be as small as practicable. Secon=-

dary stresses due to truss distortion or floor=-

beam deflection usuelly need not be considered in

any member the width of which,measured parallel to

the plane of distortion, 18 less than one-tenth of

its length. If this secondary stress exceeds 4000

pounds per square inch for tension members and

5000 pounds for compression members the excess

shall be treated ss & primary stress.

In the AASLO gpecification the permissible unlt stresses
for structural carbon steel (1, p.145) to employ in the de=

slgn of tension, compression and flexural members are govern=

ed by a base unit stress of 18,000 psi,



3e BEpnd conditions.

The ends of each test member in the tower are firmly
connected to gusset plates which are also firmly connected
to the other members framing into each of the joints. The
effectiveness of these joints to reslst rotatlon of the ends
of the gusset plates is influenced by s&¢ many factors that
the determinatlon of the exact resistance does not lend 1t=-
self to0 a rigorous mathematlcel snalysis,

& rellsble indicetion of this resistence, which will
be referred to as the end condition, can be determined by a
comparison of the strain data for a member In the tower with
the corresponding strain data for the same member in the
testing mechine, The machiine tests, in which verious con-
trolled end conditions were used, will serve as sbandards.

Since secondary bencing exists only in the tower, and
not in the machine, the tower data used for thils comparison
should not include eny secondary strains. Since these
secondary strains sre & minlmum near the center of the mem=
ber straln data will be used for the four geges loczted on
the center cross~section of the member., For each of the
members these geges are numbered 23, 24, 20 and 26 ss shown
in Figure 6.

The first member for which the results are to be com=

pared 1s D4 in compression, snd Figures 13, 14, 15 and 16
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are the load~straln curves for this member. The curves marked
CT sre those for the tower test while all of the other curves
are for the machine tests., Teble 1 indicates the end condi=-
tlons represented by the markings on these curves.

In all four of thesg figures it 1s apparent that the
ené conditions C2, GRA, C2B, C4, C4A and C4B cannot represent
the end condition in the tower, The last point on esch of
these curves indicates the msximum increment of load the meme
ber would support in the machine. These maximum loads ars
far below those applied to the member in the tower as Indicetw
ed by the CT curves., These tower loads ceused no anparent
distress in the member.

For gages 23 and 25 the curves for Cl and C3 sre very
close together, also ClA and C3A are close. In each cass
the CT curve liss between the two pairs Cl, C5 and Cla, C3A,
Therefore, the strain data for gages 23 and 25 indicstes that
the end conditions in the tower are between the palrs of
conditione Cl, C3 snd ClA, C34 in the machine, buf no differ-
entiation can be made between them. For gseges 24 asnd 26,
howsver, the Cl, Cla, C3 and C3A curves sre distinctly
different, and serve to identify further the end conditions
in the tower., For gege 24 the CT curve lles between ClA and
C34, but closer to ClA. For gage 26 the CT curve lles between

the C1 and ClA curvss and gquite removed from both €2 and C34.
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Table 1

Designation of End Condlitions of Members in Testing Machilne

Mark Gusset Plates End Condition

Compression Members

¢l 1/8" Aluminum
C1l4 1/8% Steel Rigid Fixed
ClB 1/4" Steel

g2 1/8" Aluminum
co4 1/8" Steel Hinge parallel to gussets
C2B 1/4" Steel

c3  1/8" Aluminum
C34 1/8" Steel Hinge normel to gussets
03B 1/8" Steel

c4 1/8" Aluminum
C4a 1/8" Steel Hinges parallel and normal to gussets
C4B  1/4" Steel

Tengion Members

T 1/8% Aluminum
14 1/8" Steel Rigid Pixed
T1B 1/4" Steel

72 1/8" Aluminum
7oA 1/8" Steel Hinge perallel to gussets
T2B 1/4" Steel

T3 1/8" Aluminum
T34 1/8" Steel Hinge nomal to gussets
T3B 1/4" Steel

T44 1/8" Steel

T4 1/8" Aluminum
}. Hinges perallel and normal to gussets
T4R  1/4" Steel
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It wouid eppear that the end conditlion for this member in
the tower might be either C1l, ClA, C3 or C3A, but for the
geges where C5 end C3A are not close to €1 or ClA the CT
curve lles closer to the curves C1 end ClA than to the curves
C3 and C3A. Therefore, the enc¢ condition in the tower for
the member T4 in compression is between Cl end ClA. Both of
these conditionsg are vrigid fixed. The only difference
between them 1s the gueset plates used,

For the same member P4 in tension the curves for the
game four gages sppear in Flgures 17, 18, 19 and 20, The
curves mnsrked TT are those for the tower test, while gll of
the other curves sre for the machine tests. Teble 1 in-
dicates the end condltlons revresented by the markings on
these curves,

The tension end conditions T2, T24, T2B, T4, T44 and
T4B are the game as the corresponding compression end con-
ditions (2, €24, C2B, C4, C4A and C4B, Since the compression
results incicete that such end conditions do not occur in the
tower, 1t 1s reasonable to arrive af the same conclusion for
the corresponding tension end condition. On the basls of
this conclusion the curves representling these conditlons
have been omitted in Figures 17, 18, 19 and 20,

For gage 25 the TT curve is closer to T1 than to any

of the other curves, but T3 ls n®% very far from 1%, For
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gage 24 the TT curve is between Tl end T3, but closer to T3,
For gage 25 the TT curve 1s close to both Tl and T3, which
are nearly the ssme. For gage 26 the TT curve is closest to
Tl, but T3 18 not very farf rom it. Therefore, the end con-
dition in the tower for member N4 in tenslon anproasches both
end conditions T1 and T3 in the mechine., Condition T1 is
2igld fixed, while T3 1s hinged on en axis normal to the
plane of the gusset plates and rigid fixed normel to the
hinge.

Similar curves for members I'5 end D7 in compression and
tension avpesr in Fi ure All to A28 inclusive, For both of
these members only the conditions Cl, C2, C3, C4, T1, T2,

TS and T4 were tested. These curves indlcate that the end
condition in the tower for D5 in compresslon approsches both
Cl end G3, end for T'6 in tenslon the end condition sapproaches
Tl and T3, For the member I7 in compression the end condition
approaches Cl, and for I'7 in tension the end condition
approaches Tl and T3.

For all three of the members both In tension and com-
pression the end condltions in the tower approasch one of the
éonditions Cl, Cla, or T1 &1l of which are rigld fixed. In
addition, the end conditions of all of the tension members snd
one of the coumpression members also approach the conditions
CS or T3, which are hinged normal to the plane of the gusset

plates. In every case where the tower curves CT gnd TT are
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close to both C1l and ¢3 or T1 and T3 these pairs of machine
curves were closs together. On the other hand, whenever the
Cl and C3 or the Tl end T3 curves were not close together
the towser curves were close to the Cl or Tl curvss only.
Therefore, it may be concluded that the ends of the
gusset plates attached to the structure approsch the rigld

fixed conditilon.
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4o Klestlc curveture.

The test members in the tower are loaded at each end
with an axiel load and a bending moment a8 previously dise
cussed. Hach bending moment mey be reselved into two com~
ponent bending moments, one about the x-axis end the other
sbout the y-axis of the sngle section, shown in Figure 21,

The member would bend sbout both the x-exlis and the
y-exis producing an elastic curve whose deflection st any
point would have both x and y components. The magnitudes
of these deflection components are influenced by the re-
straint offered by the gusset plates to which the ends of
the member are joined.

The longitudinal strain curves for gege lines III and
IV for the tower test member 4 in compression snd tension
appear in Figures 12 and A2, Ineachc¢ ase straln curves
for t hree different loads are given. [or each loadihg the
two curves cross each other near the center of the member
and diverge toward esch end., For the tension member these
points of intersection are either at or very close to the
center of t he member, but for the compression member they
are definitely toward one end of the member. The divergence
of sach pair of curves has been sttributed to the gsecondary

bending present in the member.
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For the tensicn member, if there was no secondary bend=
ing the primary curves for gage lines III and IV would be
practically the same. However, for the compression member,
if there was no secondery bending the primary curves for the
two gz age lineswould be of entirely different shapes, The
primary curve for gaege line IV would approach a straight
line while the curve for gage line III would have a very
definite curvaturs., Thls lack of curvature for gzge line IV
might be explailned as follows. Gege line IV 1s near the un-~
supported edge of the long leg of the angle and is in com=-
vressions This unsupported edge is waving or tuckling slight~
ly and relieving itself of some of the loads If the strein
curves for each of the gage lines IV were ideslly curved
similer to those for gage line III the polnts of Iintersection
of these pairs of curves would be closer to the center of
the member than they are now.

Similar longitudinal strsin curves for gsege lines III
and IV for the tower test members D5 and D7 in compresssion
end tension appear in Figures A4, A8, A8 and A10, in Appendix
A. These curves are all similar to the corresponding curves
for the member D4,

It 1s Indicasted by the above observations that the
primary bsnding of the angle member sbout 1lts x~axis 1s
negligible. If there was no bending a bout the x-axls of

the angle then the primary stralns slong gege llnes III and
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and IV would be equal at every cross-section. However, when
the seconcery strains are sdded tn these nrimery strains
there would be only one cross-section near the center of the
menber when the two combined strains would be equal, Since
the curves for all of the tower tests indicate such a con-
dltion it cen be assumed that all of the bending of the
angle member is ebout 1lts y-axls.

Betho's (4, p. 145) strein curves for the center cross=
section of the single-engle tension members in the testing
machine incdlcate practlcally s constent strsin scross the
atbtached leg. Templin, Hartmann and Hill's unit stress dis-
tribution curves (B, pe. 37) for the single=angle members in
a truss indleste a noint nesr the center of each member
where the unit stress would be constant across the attached
legs Poth of these results would indicate in s way similar
to that of this study that presetiecally no primery bending exlsts
about an axis normal to the plane of the gusset plates. In
both of these cases the angles used were equal leg angles
indicating thet the type of 5ending observed in thils study does

not d epend on a particular type of angle.
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B. Compression Members in Tower.

Having esteblished some of the basic fsctors affecting
the behavior of the commr ession membsrs in the tower it is
pogslble to develop s vractlcal method of design for such

members,

1. Tievelopment of theory.

On the besis of oreviously observed dats defining the
‘behavior of the test members in the tower a theoreticel
enalysis will be made for the type of comnression members
tested In thls Investigation, This anelysis will be based
on two assumptions resulting f rom these observations. The
first is that the ends of the gusset plates jolned to the
structure are rigid flxed, end the second is thet no bending
of the member occurs about the axls of the member normal to
the plane of the gusset plates,

in sddltion 1t 1s sssumed that the member is symmebtrical
sbout its center-lins and that the bolted connections of t he
pusset plates to the member are rigld and located at the
controid of the bolt pattern. Also included ere all of the
usual assumptions made In the development of the basic theory
used. Ilgure 22 shows the assumed member as a free~body dla=

grem and 1lts elsstic curve with the necessary notetion.,
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For small deflections the differential
equation for the bearm is :

-~

EI =M (1)

The general expressions for bending monient are:
M= Me-Pyi, for x=0 to 4, (7)
Me =Mec~P(yz+e), for x=4 tolz (%)

Substituting (2) into equation (I) yields +the
differential eguation:

2
dy + )< Y = %// : (4)

where Kj =f% and @ = ‘EA—?"
The gereral solution of eguation () is:
Me
D

Vi =CrcosKiX +Cezsm Kix + (5

Substituting (3) into eguation (1) yields the

difterential eguatior :

dZ
dy2+/<z)/2~%z -khe ©)
P _ M
Whef"ﬁ' kz = EIZ C?/?d %’2 —EIZ
The general solution of equatiorn (&) Is .

M

Y2 = Cs cos Kex +Ca Sin kzX+P

~e (7)
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The boundary corditiors for the micinber are .
(T)yi=0 when x =0

(lf)-g%‘:O whiern X =0

(II1) Yi =Yz Wken X=4£

(.ZV}%= g}h when x=4

(Y)%‘-‘O Wher X =4,

Apelying boundary conditiors(I)and (I} to
equatior (&) yields:
NMe . /
=5 (/- cos kix) (8)

Applyira bourdary conditior: {0, and (i)
ro equation (7) ylelds:

Vo= Acos Ko X + 55/;7/<2X+DC*@ 9)

whers
s P KiMesin kil

: | . S/ Kz 1/
kg P tan /‘\zfz(aif) Kedy= T
) " tan ka4

N

and
_ ./<.I /\«75 5/‘/’? k,jl

SN /<2'J£/\

Kz P(CQJ &2/,/ - ?C_;/:?v/éz:@zn



57

. \ 3 . /
Equating eguations (8) and (q) results in 7L/”/6J
- 3 7 3 )“ " "7"-,"
following equation For the berndirg momier
gt the center-line of the memiber:

‘ Pe
/ _’
vies Ki 5/:"7 k/f[ cos ka [/ - Con'rt

on
o . Sinkads \. hext
Tari kedelCos Ke LT tar Kol h/ line.

{10)

Sin Kikisin Kelo ], kil
+_____w<.- u.'/r Ko 4, cos |

cos kel - Y ko ds
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. For g particular member the bending moment at any
section cen be comnuted by substituting equstion (10) in
equetion (2) or (3). The deflectlon of the member can bs
computed at eny polnt by substituting equation (10) in

equation (8) or (9).
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2. Comparison of derlived theory with results observed in

testing mechine.

To verify equation (10) experimentally the results of
the machine t ests Cl for the membsers will be used. HMachine
tests are used in preference to tower tests for three reasons:

1. Secondery bending does not develop and this

bending was not considersd In the development
of equation (10).
2. The members and thelr end connections are
symmetrical while in the tower the gusset
plates at each end of a member are not identical,
3, The effective lengths and moments of inertia of
the gusset plates are defined while 1ln the tower
they are prectically indeterminate.
The machine condition C1l is used because its controlled con~
ditions closely satlsfy the assumptlons on which equation
(10) is besed, and data are avallable for all three of the
test members.

To compare the computed results from equation (10) with
the obgerved data from condition Cl for esch of the members,
longitudinal strein curves for the four gege lines I, II, III
and IV are used, and these curves appear in Figures 23, 24 and
25, The data for the curves representing equation (10) were

computed on the basis of the modulus of elasticity of the
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materiel in the test members es determined in Appsndix C.
An examinetlion of the curves plotted for the derived
equstion (10) show very close sgreement with those plotted
from the data obtained on tests with single-angle members
in the testing machine. Therefore, the derlved equation
(10) is verified for the controlled conditions of this por-

tion of the investigation,



3. Effective lsngth of members.

The compression member used in this investigation has
two inflection points ss indlcated by the genersl shape of
ite elastic curve, shown in Figure 22. The length of the
member between these inflection points is called the effec-
tive length, If this effective length can be establlished
then the enelysis of the compression membsr cen be simplified,
The member can be considersd as e hinged end compression

member of & length equal to this effective length.
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At an intizction point #ie bending miorneit
15 22ro and trerctore from equation (1), ar
siar point

V4
g{f 0 (11)

If the inflection point is betweer C and B in
Figure 2Z then x /s between zerc and £,
and equatiorn (8) camn ke used. The egua-
tion ( //) becornes

d/z (2)
Ditfererntiating equation (8) twice arnd sub-
stituting in eqw*/“,,, (12) gives :

0/2}// M.

dxt* P
Since Me and ki can be zero only whern P
5 zaro, thein :

cos ki X = O {i4)

Kicos kixX = O | /3

E@:/df/d/; (14 [ be satisfrzad whe

1
Kix==z— (/5)

where n=1,%,5+ Then from esuation {I5)

X= (16)

. €L’ M ! P ’
and sutstituting for ki, its vaiue \/——;7_ gives:
. o [

, ﬂﬂw/é‘&
Xe = 7 P (/7)



where Xe is one-kalf of the effective lenati, of

the mermter. Then frorm equarion (171

nPTEEL
4xE

where n=/,% 5"+,

P= (// 5)
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Equation (18) is identical in form to the Euler equation
for the critical losd on g concentrically losded strut with
hinged ends where X, 1s one-half the length of the strut. The
load P 18'1nversely oroportional to X, end, therefore, the
smallest load producing general buckling of the member from
A to B (Figure 22) as a unit results when n 3 1 and X ® 13,
1f the load P is less then this critlcal load then X, is
greeter than ll‘ Therefore, the inflectlon polnt cannot be
between B and C unless the load on the member BC ils grester
than its critical load of the leest magnitude,

In Figure 22 the section of the member from A to B is
identical in form to the section from B to €, snd similarly
the inflection point cannot be at any point between A and B
unless the load on the member AB is grsater than its critical
load of the least megnitude,

Then, 1f neither the sngle membsr RC nor the gusset
plate AB le loasded beyond i1ts respective criticel loads
the inflection point must lie In the sccentric connection
et B betwsen the centrold of the angle and the center of
the gusset plate, Therefore, the effective length of the
compression member is the dlstance between the centroids
of the bolted connections between the gusset plates and the
engle member, providing neither the engle member nor the
gusset pletes are loaded beyond their critical loads of the

lesst magnitude,
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4, Development of practicel method of desien.

Equetion (10), which was develoned for compression
members of the type tested in this investigation, is of value
for thecrstical investigations, d ebtermination of limits and
development of prsctical methods of design. Hawever, it is
of very little direct velue to the practicel designer.

The equation 1s so involved snd its soplicsbtion so time
consunming that the vractical designer would not bother to
use 1t., In addition, 1t is necessary to know, or assume, the
eff'ective length and the moment of inertis of the gusset
plate at each end of the member, These factors are indetsr-
minate and even difficult to sssume for gueset plabtes such
as those on the test members in the tower (Figures 3, 4 and 5),
Also, the effective stiffness of such & gusset plate changes
as the load is epplied to the structurs. A4 gusset plate atb
the end of a compression member also has othsr members connecte
ed to ite Tension members will increase, while other compres=
" 8lon members will decresse the effective stiffness of the
gusset plate as the load on each of these members ls incressed.

Therefore, it is highly desirsble t 0 develop a method of
design which can be readily applied by the designer to his
ﬁractical problems. Such a method will be develoved on the

basis of adcitionsl simplifying assumptions based on the
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theoretical and experimental results of this investigation,

The design of compresslon members suvjected to direct
and bending loads necessitates the use of e trial and error
procedure where g member 1s selected end then checked to
see whether it can safely susport the design load. The
meximum theoreticel load for such a member is limited either
by the criticel load, btased on generel buckling of the mem~
ber a8 a unit, or by a controlling unit stress at some point.
This controlling unit stress may be based on any of the
following: &) the yleld strength of the material; b) the
lateral buckling of the member; and, ¢) the localized fallure
where s relatively small element of a member fslls due to
compression or buekling. The mexlmum theoretical load is
reduced to determine the safe working load for the member.
To gccomplish this reduction a factor of safety is applised
on the basis of prevelling conditions to be satisfied by
the compression member,

To determine the critical load the sngle member can be
asgumed to be a concentrically loaded hinged end strut of a
length equal to its effective length. The effective length
has been estaeblished in this study as the dlstence betwesn
the centroids of t he two connectlons of the angle end the
gusset plates. On the basis of thls asssumption the critical
load can bedetermined with Euler's well known formula for

such a member,
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As previously determined herein, the two inflection polnts
for this member are located in the connectlons between the
centroid of the sngle and the centers of the gusset plates.
Therefore, 1f these points could be definitely located the
sngle member could be considersd as an eccentrlicelly losded
hinged end compression member. The length of the member
would be the effective length snd t he eccentricities would be
the disbtance from the centroid of the sngle to the points of
Inflection,

The position of these points cen be determined with
equations (8) end (10). An examinetion of these equations,
however, shows that the location is a funetion of the
I, B and E., Therefore,

I 2
the inflection point is not fixed in position even for a

following: P, e, 1y, 1o, I

particular member, but moves across the connection gs the
loed varies. When the load on the member equels the criticel
load of elther the angle or the gusset plate the point of
infle ction willbe at the end of the connection joined te the
eriticsl element. Therefors, for a member which is not
losded beyond the critical load of elther of its elements,
the limits on the position of the inflsction polnt are the
centroid of the mngle and the center of the gusset plates.
In the design of such a member a factor of safety would be

applied so that the design load on the member would not even
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approach the critical load. Then, for a member subjected

to design loads, the meximum distance the point of infk ction
can be from the centrold of the sngle 1s less than the dis=-
tance to the center of the gusset plates,.

On the basls of the foregoing discussion, it canbe
conservatively assumed that the infk ctlon points ere et
the centef of the gusset plates, and the scecentriclity at
each end of the member is equal to the distance from the
cenber of the gusset plate to the centroid of the angle,
For this essumed member the stresses cen be computed by
the use of several aveilable formulas for eccentrically
loadsed compression members, the best known of which is
the secent formuls.

A comparlson of the computed strains, based on the
foregoing sssumptions end the secant formula, with the
nbserved sfrains for the member 4 in compression in the
testing machine, condltion Cl, and in the tower are shown
in Figures 26 and 27. Similer curves for the members DS
and D7 appear in Pigures AR7 to 430 inclusive in Appendix
A. In all cases the results of the secant formule are
congervative in comparison with the observed results. This
reserve strength becomes avellable to compensate for the
uncertainties in detemmining the magnlitude of the loads end

the effects of rolling and fabricating the members.



L

.+

P A
VT SO SO

‘“iSecahf;{bkﬁwg/

a.i.n

nral, Gl

L.

i1re

— Edper

‘Sgcant

‘f

01110

i

. ‘
In

s per.
ompariso

! L
f‘
g
G

(ABGLLBUL JO B

© e e —b——

o

4 in Compression, Cor

i
H

train, Kicro-Inch

Membex!

6o

igure

e

ﬁ

o

i

9
CS-
Q0
L
R
O
o
—
[
ol
= {
>
ot
S
=
Ho N
=1
i@

0O -



73

. = Secant Fbr)'m/a""i"f\m ordl

o —-‘_f+~-~EXpe/’/me’ma/ T gl

SR T . m
g e oo ... . Gagelines

—~

M
or rrermber R
— EE

Distance; Lnches

b | —500.'; 400 . jo‘ - a40p ! 800

57me /V//cro Inf/zc 5 per Inch

RN >“ 'i Figure 27. Member D4 in Comnression, Comparleoﬁ o
©of Secant Formula w1th Candition CT for Losd of "

731 1b_.__§ |



74

o Tension Members in Tower.

Having establlshed some of the basic factors affecting
the behavior of the tenslion members in the tower 1t is nossible

to develop & practical method of design for such members.

1. Development of theory.

On the basis of the observed deta defining the behavior
of the :test members in the tower s thsoreticsl anamlysis will
be made for the tyve of tension member tested in thils investi-
getions This snelysis will be based on the same & ssumptions
a8 those previously made for the analysis of the compression
members. Flgure 28 shows the assumed member and its elastic

curve w 1th the necessary notation.
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For small deflections the differeritial egqua-
tior, for the bearr /s :

- dt |
ELZt= M (19)
The general expressions 7or bending rmoment are:
Ny = Me + /Dy/ , For x=0 to ¥, (20)
T2 =Me+Fle-y,), for x=£) +o &, (zl)

Substituting (20) inte equation (1) yields +he
diffei ential equatior:

dé‘/l /
d ~/</ >// g// (ZZ/\

where K= anid = e
= S - - e
EI/ %l E Ay

The gercral solution of eguation (22) is :

Me
=

Substituting (21) into equatfon (19) y/e/(/u the
differential equatior :

v, =Crcosh Kix +Cz sinh KixX- (23)

d* '
Ky =gemkie (24)
; - Me
th_,/a K5 EL, and #:=Fr,
The ceneral solution of eguation (Z) |s:
Me

te (25

Vi=C3cosh kzx +Ca sinh /\zx-p
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The bourcary conditions for the rrermicers are:
1) yi=O when x=0

flf} d)// -0 when x=0

(HI) y/ =V. whien k=i

o A ) SN

('Bz)a,x o When X=4,
X :fz

@) = e =0 wher
aX

Appl )zm'/ bour,dary Coriiitions L, and (01 +o

ﬂggufﬂf oy (7.7\ yielids :

M N
\/:=~~;;-(Cosh kix-1)
Aoplying boundary condition: (I, (T0), ard (1)

(5, yrelds o

(S

to ST T/
) - Me \
Yo = Ccosh kax + D sinh kex = —5+e (27,

where .
Ki Me sinh kKiZ,

ko Ptanh ks, ( 5””~-’>f«—f~’-—cm M}
J// Ko X

“
\

ard : \
e KiMesinh &4
a,/‘7/7 kz,m; .
k2 F ~costi K2/
2P Fainh ke osht Kol

7
o=




Equativg equaticrz (2¢ ana (Z7; rezdltz in the

e llows, /“ 7 e;a/(?//c yiTrer thie ;'T?'L—’fﬁd/)';*--y Frickrert
al the cenfer-line or the rivemiberse
/</ S/f’h /( Z/S/f?hw/ﬁ_/_zg/ . Cor)f or
/ (
k;| sinh mZ/ ) rnext in

[ Fan kek

(28

/wnh_/(eﬁ/ o
7’67/7/7 /“2&\7‘0//7/7 k@é]z cosh Kz[j

5//7/5 &4, coshkz 2, el 051 K0
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For a particular member the bending moment et any section
cen be computed by substitubting equation(28)in equation (20)
or (21). The deflection of the member cen be computed st
any point elong the length of the member by substitubing

equation (28) ineguation (28) or (27).
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2o Comparison of derived theory with results observed in

testing machine.

To verify equation (28) exm rimentally the results of
the machine tests Tl for the wmembers willis used. Machine
tests are again used for the same ressons similsr tests were
used for the comoression members. The mschine condition T1
is used because its controlled conditions closely setisfy
the sssumptions on which equation (28) is besed, end date
are availlagble for all three of the test members,

To compere the computed results from equaﬁioﬁ (28) with
the observed date from condition T1 for each of the members,
longitudinal strein curves for the four gage lines I, II,
ITI and IV are used, and these curves appesr in Filgures 29,
30 end 31. The data for the curves representing equation
(28) were computed on the basis of the modulus of elasticity
of the materlal in the test members as determined in

Appendix C,
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3. Effective length of members.

The %ension member used in this investigation has two
inflection polnts as indicsted by the genersl shaps of its
elastic curve, shown in Yigure 28. The length of the mem=-
ber between these inflectlon points is called the effective
length. If this effective length cen be estaeblished then
the enalysls of the tension member can be simplified., The
member cen be considered as s hinged end tension member of

a length egqual %o this effective length,
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At an inflectior point +he bending moment
Is zero and therefore frem eguation (19), af
that point:
2
ay . O 29
e (29)
If the inflection poirt 1s betweasn Cand & in
Floure 28 ther; x is tetween zero and £,
and eguation (29) becomes:
dty
=0 30)
dx® (
Differentiating eguation (26) twice arnd sub-
Cstituting in equation 20) gives
2 ”,
d*y; Mie 2
=—=—Kk; cosh Kix =0 3/

Since Mo and ki can be zero only when Fis
zero, qrd since cosh KX caprnol be less frian
one , this cordition carnrnot exist. Therefore,
the inflection poinl carnnot be betweer? B
gna C of {he mmerribe.
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In Figure 28 the section of the member from & to B is
1dentical in form to the section from R to G, and similarly
the inflectlon point cannot be at any polnt between & snd
Bs Then, the inflection point must lie in the eccentric
connection et B between the centroid of the angle snd the
center of the gusset plate. Therefore, the effective
length of the tension member is the distance between the
centroids of the bolted connectlons between the gusset

plates end the angle member,
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4, Develovment of practical method of dssign.

vKuation (28), which was developed for tension members
of the type tested in thls investigation, ls of value for
theoretical Investigations, determination of limits and
development of prectical methods of design. Ilowever, it 1is
of very little direct value to the practical designer. Its
usge involves the same difficulties discussed for equation
(10) for the compression member.

Therefore, it 1ls highly desirable t o develop & method
of design vhich can be readily applied by the designer to
his practical problems. Such s method will bse developed on
the basis of sdditional simplifying sssumptions bhased on
the theoretlical and experimentsl results of this investige-
tion.

| The design of tension members subjected to direct and
bending loads necessitates the use of a trial and errvor
procedure where a member 1s selectsd ané then checked to sese
whether it cen safely support the design load. The mazimum
theorstical load for such a member ls limited by a controlling
“unit stress. This controlling unit stress may be based on
one of the following: a) the yisld strength of t he meterisl;
and, b) the localized fallure where a relatively smgll ele-

ment of a member fells due to compression or huckling. The
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meximum theoretical load is reduced to determine the safe
working loadé for the membser. To accomplish this reduction
a factor of safety is applied on the basis of preveiling
conditions to be satisfled by the tension member.

bs previously determined herein, the two inflection
points for this member are locsated in the connections
between the centroid of the sngle and the centers of the
gusset plates regardless of the masgnitude of the load.
Therefore, if these points could be definitely located
the.angle member could be considered as an eccentrically
loaded hinged end tension member. The length of the
member would be the effective length and the eccentricilty
would be the distance from the centrold of the angle to
volnts of Inflection.

The position of these points can be determined with
equations (28) and (26). An exemination of these equations,
however, shows thst the location is a function of the
following: P, e, 17, 1, 1, Iys By and E, Therefore,
the Inflsction point i1s not fixed in position even for g
particular member, but moves across the connection as the
load varies.

On the basls of the foregoing discussion the maximum
distance the inflection point cen be from the centroid of

the sngle is the distance to the center of the gusset plates,
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Then, it cen be conservatively assumed that the inflection
points are at the centers of the gusset plates, and the
eccentricity at each end of the msmber 1s equal to the dis-
tence from the center of the gusset plate to the centrold
of the angle,

For the tension member the maxlmum primery stresses
will occur near the end of the member becasuse the bending
moment will be a maximum there., The bending moment will
decrease toward s minimum at the center of the member be-
cauge of the curvaturs of the member., Thus, the maximum
stresses can bs conservetively computed by the use of the
femilier relationship P/A £ Me/I, where M = Pe and e is the
distance from the centroid of the engle to the center of
the gusset pletes.

A comparison of the computed strains, bassed on the
foregoing essumptlons, with the observed strains for the
member D4 in tension in the mechine, condition T1l, and in
the tower are shown in Figures 32 and 33. Simlilar curves
for the members D5 and I appesr in Figures A31 to A34
inclusive in Appendiz A. In all cases the results of
p/8 f Mo/I are conservative in comparison with the observed
results. Thls reserve strength becomes available to com-
pensate for the uncertainties in determining the magnitude
of the loads and the effects of rolling and fabricating

the members,
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Do Evaluation of Results.

The value of the results of this investigation lies
in the informetion concerning the ocbserved behavior of one
type of single-angle compression and tenslon members in an
aluminum space-frame tower. The three most importent factors
of behavior of these members to the designer are the effec~-
tive length, the dlrection of bending snd the limits within
which the eccentricity varies. The observed results for
each of these factors and thelir applications in the design
of compression and tenslon members have been previously
discussed and compared with observed results. TFor com-
pression members thls discussion is in III-B=4 and for
tension members in I1I-C-4 of this dissertation.

A1l of the results of this study were determined for
an aluminum structure, but since all of the stresses were
within the elastic renge of the material the results can be
applied to eany structural material within its elastlc range.

The results of this investigation are based on the
observations of the behavior of unequal leg angle members
attached by the longer leg in a spsce~freme tower, There=
fore, these results are aspplicable only to this type of
member in this type of structure and adcitlional Investiga-
tions of other types of members and trussed skructures are

necessary before any generel spplication of such results

can bg made,
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le Compression members.

A comnonly sccepted method of deslgning a single-angle
compression member for s trussed structure is to conslider the
menber as a concenbricelly loaded column. In this mebthod
the unsupported length of the member is mssumed to be the
distance between the working voints (intersections of gage
_lines) of the member assuming no end restraint. In some
cases this length is reduced by an arbitrery emount to come
pensate for the end restralnt. The member is assumed to bend
about the axls having the least raedius of gyration and the
eccentricities of the loads are ignored. The nermlissible
load for the member 1s determined on the basls of a ver-
missible average unit stress computed with s column formula
for concentrically loaded members. ©Such a method is obvious-
1y qulte arbitrary and based on several questionasble assump=-
tions a8 evidenced by the results of this study.

Nearly sll design specifications provide for the use
of some ratlonal method for the snalysls of eccentrically
loaded compression members, The applicatlon of any of t hese
methods to a single-angle mewber in an actusl structure re-
qulres the designer to assume for the member the effective
length, direction of bending and the magnitudes of the
sccentricities, The effective length and the direction of

bending are usually assumed as In the previous method, while
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the eccentriclities might be assumed as any one of seversl
distences., These distasnces might be from the centroid of
the sngle to the center of the gusset plate or the bsck of
the angle, or any other distance the designer decldes to usse.
It 1s evident that in order to use one of these rationsl
methods the designer is required to make several decislons
end thers s 1ittle avalleble information on which he can
base these decisions. Therefore, he usuelly makes very
obviously conservative assumptions or he uses an arbitrary
method such a8 the one discussed previnusly in this section,

The results of this Investigstion furnish the informa-
tion necessary for the designer to make reesonable assump-
tlons of the effective length, directlon of bending and
megnitude of eccentricities for single-angle compression
members In a spsce-frame tower., With these ressonable
essumptlons he can then use any one of the exlsting rationasl
methods of analyzing and designing these members such as the
secant formula a8 previously discussed in III-B«4,

For long flexible compresslion members as ave commonly
used in tower type structures the members must also be
checked for genersl buckling of the memberss a unit. Euler's
weli known formuls for critical load ls used and again the
effective length and the direction of bending must be assumed,

The assumpblons usually maede for these factors are the same
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a8 in the two previous methods of design. Agein the results
of this investlgation will sssist the deslgner in making more
reallstic assumptlons of these factors as discussed previouge

ly in III-B-4,

2. Tension members.

The usual method of designing a single=angle tenslon
member for a trussed structure is to determine the permige
s8lble load for the member. Thls permissible load is based
on the effective area of the angle and e specified permis-
8ible average unit stress,s The effective area is determined
differently according to various speciflcations. The AASHO
spacities the effective area as followss (1, p. 169)

The effective srea of a single angle tension

member, or of each angle of & double tension

member in which the angles are connected back to

back on the seme side of a gusset plate, shall

be assumed as. the net ares of the connected leg

plus one-half of the area of the unconnected leg.

The net area of the connected leg is the gross arsea minus
the area of any bolt or rivet holes., The additional re-
duction in area of one-half of the unconnected leg is in-
tended to compensate for the eccentricity of the loads on
the member.

When designing under the AISC spscification (2) the

effective area of sn angle is the gross area of the angle

minus the ares of eny bolt or rivet holes in the attached



lege 1o provision is made to compensate for the eccentrici=-
tles of the loads.

This method of designing single-sngle t ension members
In a trussed structure is very arbitrary. The results of
this investigation provide the information necessary for
the d esigner to meke reasonsble assumptions in regard to
effective length, direction of bending and eccentricity,
and to use a more retional method in thedesign of slngle-
angle tension members In a space=-freme tower. Thls type
of design method and the necessary essumptions, based on
the results of t his study, have been previously discussed

in ITI~C=4,
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Eo, Suggestions for Fubture Study.

As a result of this Investigation the following sug-
gestions ere made for fubure projects In this general area
of trussed structures:

1. An extension of this project to include equal leg
angleg, unequal leg angles attached by the short leg end
double-angles having various combinations of equal and un~
equal leg angles in varlous types of trussed structures.

2¢ An Investigation of angle members continuous through
ranel polnts of varlous types of trussed structures.

3s An investigatlon similar to that recommended in items

1 sand 2 but for other rolled sections.

4s  An Investigetion similar to that recommended in iltems

1 end 2 but for bullt-up sections,

5, An experlmental investigetion of the elastic and in=
elastic buckling of members in trussed structures.

Bs A detailled study of the straln dlestribution at the ends
of members whers they are connected to the cusset plates in
a trussed structure.

7« A study of the behavior of members in trussed structures
beyond the elastlc range es related to limit design.

8. A study of the behavior of varlous shaves and arrange-

ments of gusset plstes in trussed structures,
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Iv. GCONCLUSIONS

The following concluslons for primary elestic action
result from the theoretical and experimental Investigations
presented hereln and are considered applicable to the tyve
of single-angle members tested and the trussed space=frame
tower tyne of structure used in this investigetion. £&11 of
thege conclusiong are based on loads which do not produce
stresses beyond the elastic limit of the material. In
addition, Tor compression members the loads o not exceed
thecritical loads for the angles or the gusselt platese.

1, Yor the &Lype of gusset plate used in thls investigation
the end of the oplate attached to the structure closely ap-
proaches the vrigld-fixed condition for bending aboubt the axes
in the plans of and perpendiculay to the vlane of the gusset
plate.

2s Practically all of the bending of a tension or com-
vresslon angle member throughout its length develops aboub
the axls parallel to the plane of the gusset plates.

3: The points of Inflectlon at the two ends of a compression
or tension member, for bending about an axis narallel to the
plane of the gusset plabes, are located:

go Laterally, between the limits of the axzes of bend-

ing of the angle and the gusseb plates.

b. Longitudinally, at the centroids of the bolt patterns

at each end of the angle member,
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4, The effective length of a compression or tension member
18 the distence between the points of inflection at the two
ends of the member as hereln determined,

5,  When the effective length is established as stated in
these conclusions, the ragtlonal formulas in present use for
analyzing eccentrically loaded compression members yleld
results closely approximsting those ohserved in thils study,
B, Vhen the effective length is established as stated in
these concluslons, Euler's well known formula can be used

to compute the eritlcal load for the sngle member.

7. VWhen the limit of eccentricity, e, of the primery load
is establlished as stated In these conclusions a tension
member cen be analyzed as an eccentrically loaded hinged-end

member by using the expression P/A L ¥c/I whers ¥ = Pe,
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B. Appendix B: Detail and Assembly Drawing of Bnd Fiztures,



Figure Bl. Tetall and Assembly

Trawing of End Flxtures.
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C. Appendix C., Tetermination of Modulus of Elssticity of
Meterisl in Test Members.

A tension COupon weg cut from the ssme plece of 14-SW
aluminum alloy angle from which all thres of the test mem-
bers were fabricated. Two SR-4 geges, type A-12; were
attached on opposite fsces of the tension coupon. The
coupon was loaded in tension in the testing machine by
Increments of 200 1lb., to g maximum load of 2800 1b. which
corresponced to e unit stress of 42,700 psl. Straln readings
were.taken at each increment of load with the Scanning Re-
corder and the readings for the two gages were averared at
each increment. The coupon was unloaded and the test was
repeated in the same menner. The results of the two tests
were then aversged as the finsl results. A stress-strain
curve was plotted and apneers in Figure Cl,

The modulus of elasticity of the material was determined

asg

g - 52,200 x 106
3000

10,700,000 psi.
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