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A STUDY OF THE LOAD-SHORTENNG RELATIONSHIP
OF AXIALLY LOADED PIN ENDED STRUTS S
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_ A.simple analysis predicting the Toadgshortening relationship of -

aiial]x 1oadeq.simp1y supported struts is presented. o= :
s Tests Qere congucted to‘study the actual behaviour of struts with
varying sienderness retios'and different crds;—sebtiona1 shapes. The
theoretical behaviour of the struts is found to béwin reasonable -

agreement with the test results for.practical design purpq§e$. .
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. The problems encountered while performing the tests are also examined.«
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" Earlier works are found to be in agreement with the E]qstie'theory. '
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NOTATIONS

The following symbols, which are arranged alphabetically,
have been‘édopted for.use in the analytical work -and are defined
N :

where they appear f1rst

c: - distance from Centre of Gravity to extreme fibre

ds . element length of bowed strut ‘

dx - * element Tength of straight strut

- v \.U
r , radius of gyration L. .
. 4 L
t < thickness of tube -
e A Eross sectional area
- 1 moment of inertia O -
L length * L
g o 2

P “axial load.
Pe | Euler load

S section modulus ) ‘ L
A plastic section modulus ' ‘ -

0.0. outside diameter . ' .

r(' : * .
§ axial shortening of & strut
&b &9 fference between the length of the stra1gﬁ% strut
.and the bowed strut
4 o - .
A lateral deflection - M . >
, p slenderness . ratio, )

e effective é)ﬁa] strain- C .

Oq mean axial st2:ss \\\\ .

qy Euler stress '

0 yield stress

» . \
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CHAPTER 1
INTRODUCTION _
( .
Spaee trusses are used to.‘provide large unobs tructed

covered areas for 'storage buildings, exhibit‘jon:hans, airplane

hangars, and simi]ar structures. Tne economics of the utilization .°

.

of space trusses can be improved by making full use of the strength -

of the truss in the post buckling domain.

&

The behavio%of the space t’russ in the 1nelast1c

.-

range 1s not fully understooa despite the importance of this -

»

struotura] element. Very few researchers (1, 2 3) have conducted \f)
. . '

experiments to study the Joa.d-cq,ﬂapse behakur of the space_truss.
The reserve of str,englth_' between working load and collapse load hasXM -

not been fully established ‘and, ttlwerefore, it cannot‘be safely used

by the'designers. o T A .

-

The u]tm;ate c5pac1ty of the space truss depends upon™ °
"the behavmur and strength ‘of the members after buckling. Y1e1d1ng

of tensﬂe members leads to redistrigution of forces, but compression
rrtémber instability may lead t0.a ’1br1 ttie" type failure (3). '[he . \"‘
buckling of conipression members is most 11kely to govern the gv1timalt‘e‘

design of -the space-truss. The post-yield beh‘a\‘n‘our of such memperso

depends upon thei'r slenderness ratio.

° 2




4

The post;yie1d behaviour of slender struts ‘in
i§oiat%on and the cﬁange of.length involved as the strut bows,
aré,gxperimenta11y examined herein. A simple formula is suggested

"' to predict the load/shortening. relationship of struts.

3
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CHAPTER 2

3

EARLIER WORKS




‘state. The mosf important work on this is being conducted in -

' ¥f¥e the importance in ultimate-design of space-trusses of the

gave the slenderness ratio as 67. He gave an axial load, P, versus

'axial deforhation, 8, sqtzf Fig. 2.).

o

o " CHAPTER-2

EARLIER WORKS

Only very recently have the designers realized the

- -~

'impoftance of the change of length of struts in the post buckling

A
Australia and Germany. ’

- . ) . . s ‘ ) \-",
Sghmidt (1, 3) has probably stressed more than anyones
. ) , -
post buckling behaviour of struts. He conducted some experiments (1)
in isolation on coﬁﬁ;ession members. For his tests he used the
Triodetic System in which the members have flattened ends. The ef- -
- Y '

fective length used was the length between the flattened facesL This

&.

In this paper (1) Schmidt did not give very many details”

of the experiments. Along with the experiﬁéntal eurve in Fig.. 2.1
“

he also gave a theoretical curve. But he did not mention how be=ar-

rived.at this theoretical curve. For each member tested,:he also

-

measured the E value, which was used in §:Edicting the load/shortening

relationship. ' h ' o




3

]

.‘Schmidt's'papet (1) did not give any results for the
'experimentaJ curve Fig. 2.1. Froﬁ the g#ben experimentaf‘curvé fig. 2.1
-«  these valles 5.eg, the axial deformation at a particular valie of axial
. ‘ load, wereqextr;;ted in fab]e 2.1; Knowing the member propeffies, the
-values of axial defo;mationé_were calculated in the elastic range using

the Hooke's- Law 6 = PL , at any particular value gf axial load P. The
: i

~

experimental values of & below the Euler load were then compared with

the theoretical values of §. Table 2.2. - 4

The, experimental values, as obta{ned from Fig. 2.1 and the

calculated values of &, were found to be differént Table, 2.2. We, in
2 [ ) .
our experiments, encountered similar problems - the experimental:

values of & in_the elastic state were different from the proven theor-

etical values of &. ‘ o : T

—
r

@ ‘ "Wolf (2) uses the initial-stress Wethod of iteration to

use the load-shortening relationship, Fig. 2.2, for rectangufar struts.

il

He does not mention how he arrived at the various values used in the;_

< v ]

P “above method, neither does he make any mention of having performed

experiments in isolation on the struts.

. . .
' . . -
I3 . N
. ‘ i -
«
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TABLE 2.1 (1)
'

| . SCHMIDT (1) TESJRESULT. VALUES

./‘\, .
el , ) . ‘

Test resdlts as extracted from Fig. 2.1.
. .

i <
| '
-~

\.

”~ .
P §
kps . in.

@,

AXIAL LOAD AXIAL DEFORMATION MEMBER PROPERTIES

L®
0.3

] Cirqul&f hollow tube
©0.7 0.D. = .5"

1.1 -.06"

L*w{

»
5%
wwf&:z.':

"11.89"

0.086 sq.in.
7221 ksi

- L ke




CTABLE 2.2 (1)

COMPARISON WIJ SCHMIDT (1) TEST

Euler load ‘Pe =~ _ ”1;2 1
L2 =
- 2.92kps
- 7
Euler stréss o - 2.92 .
© € ~086 - ~ .
= 33.95 ksi
»;:5‘ ) p
= o TRV T
- . 40> ) .
AXIAL LOAD AXIAL BEFORMATION 'AXIAL DEFORMARION -
~ Experimental Theoretical
< [
B g PL
b—" 6 S =A—E—
Rps . in. ‘.
0.3 -0l ' 0.0057
0.7 .02 0.0134
1.1 .03 T e.021 |
1.55 .04 *  0.029-
2.0 « -05 .0.038
- -
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A=100
A=150
=200 ~
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- o .
S

. ’( . ) ’
- Fig. 2.2 - lLoad-axial deflection re]at1onsh1p of:
* bar in compression (2)
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~:7 7+ {OAD SHORTENING RELATIONSHIP OF STRUTS
— ” \1 ’.~ ’ . 7
3.1 GENERAL _ | ) v |
L. Y ! - . . '
o - Struts can ba\cal]y be divided into two main
categordes: e ) \ e
" "a) Intermediate (eiastd-plastic); A ‘Q .
- ,
b) S]ender struts (elastic) s ‘
Euler in 1757 pubhshed his famous formula on-the fArm of an
. . / L ]
elastic strip u/pr end 'loadi (4) \ o
: . ] . I8 .
“ P, = 2 . : . -~ .7 -
R e - 7 EI e & 8 & ® ® 6 a o ¢ e @ .c5’34]
. A . “~ 3 .
) L2 . - L . 3
- L 4 A

=~ for the critical axial compressive load Pe-which could be sustained

JE——)

by an 1n1tia11y straight un'iform elast‘Ic bar of length L and Young' s\

modu‘lus E, where I is the re'levant second moment of area of the cross )

' section aboub a centroidal axis For cq\mpressive load below Pe, the/

|, sideways bow of the colum is zero.. This Euler load is u§ed for the Sl ’

‘(‘77
design of compr'ession members in elastic rgf_nge. Another form of the .

Euler's formula is, : - L
&7 " ' A > . 7

S 2
~ °e= “E e e 8 e W e e ¢ e » -.:3'2 ”‘ -

- ‘ (L/r)
Here o, s the cr1t1 cal load divided by the cross-sec‘tional area A . _

& of the column, and r.is the radius of gyration of the cross-section i

defined by I = Ar®. The quantity L/r is called the Slenderness Rat




..o o0 o

»

When the mean axigﬂ stress exceeds the elastic limit, r ‘

_ the Eu]er expression may be ex%ended into the e]asto-p]ast1c range

by rep}acing E by the tangent modu]us Ey .
. 2 ‘l' h
-+ O (TE e i 3.3
(L/r) B

In our case we are mainly concerned with s]ender struts
" as the compress1on members generally used in the space truss belong -

to this category.

3.2 BUCKLING OF -SLENDER STRUTS .

co N\

The behaviour of s]ender struts is very o1fferent from

that of stocky struts S]ender struts buckle ‘initidlly at an axial

load without any face reacl¥ag the yield stress, 0

"
"Considerasn axially loaded Strut as shown in Fig. 3.1.
As the load P is steadily 1ncreaseo, the strut'remains straight until
" it -reaches Pe. The strut begins to bowfatter reaohing the»Eu]er Tead
ﬁe/aﬁﬁ the stress dev1ates from un1form stress Assum1ng this 1dea1
relationship, shown in Fig. 3.2, betWeen axiaL load and the buckled
configuration of the strut, the axial load can he sa1d to be limited

either by buckling

S

2 S
p=TEl
. ‘Lz M
e ' r r}
P e Ue . . . o ¢ e o; e ® 8, 8 @ 3-4 .
» ° ‘ e
R ﬂ I . - . Y
. \ 5 -
\ » . , - r
\,\ . \ N -, torf\
N - . . -
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where ¢ = distance from C.G. to ‘extreme fibre R ‘
) \\ A = lateral deformation at the centre of the strut. . ‘ g
i - . S - ' ‘ - N
! o The relationship between the bow of the strut and the mean axial
stress is also shown in Fig. 3.3. ' ’
L\/ . Equation 3.5 can also be written as: : , L
"o+ PBE -, e e e e e e e e 3.5A :
2 ] ...y . LA « - ? - . ?
A': " . s, . ‘ o . e
T S Pac LN T o
. T ®dy -0 - .
(. a2 Y ¢
\ . A‘ £ = 0%\_ 1 ’ [‘E\' =.G] .
2 . L -3
| . & o, s ~ .
} “ . . - / . . . ‘ 2 . ‘ N [}
) N ' -~ < __A_ -"(_Gl - 'l _E s ¢ e o e e o Te e et 3.6 4
. r ¢ C« . .. ! B
B The effective axial strain can be given as
‘ ' ' ) ’ . ) - ' ; . )
- = strain due to axial.load +‘stra1'n due to the two'ends of - ) -
the strut coming together due to the lateral deflection. ‘
g, 8 [Gb = difference between the length
ETL of the straight strut and the L
. bowed strut] s A : .
[ Consider an element ds of the bowed strut and dx of the straight . T
. ‘ . * ’ . .
strut. F'[g; 3.2 a.
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] | 'ds-—-dx"]..(_g_y_z, . -
s . ) T *
' '='dX['|+((Q&)2:|in '

e

. ' Expandind'énd neg]ect'ing the higher powefg v
v=dx['1gxz"]
N SN ]+??<dx o
B . g X . . ,/ )
& 4 -

ey ()
ds-t- dx - %(g.}%)zdx

»

J.6b = 1 'j (gx 2 dx, i_ntegratiné aver,
: 2 )

-

'Tength L of the strut. The deflected form of the strut can be

T*epresenteduby the first term of the Fourier Series.

N . .
7~ ) - Y = ACOS. X .
. . L
- » 2 ’
v d%y - AT Cos. m x|
dx? 2. L -
Sﬁbstituting in the expression for & b and integrating - -
-, ) ) <y, \.——//’/A ' -
2 .
- § b TN A - T
= 4L .

f
Jex Sgnp il
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“ E 4 r2 E g
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- o te X (030 |
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( Putting the va]uve of A from 3.9, the expression 3.7 can be -. j
r
written as: ‘ _ ) ~ ~ ?
. ' 2 ,§
eE - g + .g.e_ [—_(1'22— + 1 - g__o_l] % ;
4 g o. ; [ . 4
2
' fa eE._ 0 , Se [0 y _ il !'_2 X
- oy ' _"y» 40'y g e CZ cees 3.8 J
\ ), 2 ‘
or (a ) g _4roe oy _ r
0 40‘y g - c2 ev e 3-9
* - Ihis expression can be further simplified by assuming that f‘ is .
S . c
approximately equee] to 1.-_ . ' \
! R -~
. 's/E)=ﬁ°+°e [”-1]2 TOURRE W T N
N \Uy Uy . 40-y 0 \\
¥ - This expression is plotted for various values of _oge in Fig.‘ 3.4,
- . . | oy . N
.
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The fully plastic state, see Fig. 3.2 d, may be expressed
approximafe]y as ) _" ‘ '
) N2 . ( -
F %A—) _F -;._o._-_—x —_ZA_A_= ] lnl.ounnat‘.coo.'ncno 3-1]
vr - . ‘. y Gy ! ) ) ’
| . . : - | L = Plastic )
. et 7 _ r then Section Modulus 4
‘i ) ¢ . J_fz
% ' ¥
- ) 2 ' ) '
‘ 0 ~a A . Co
| ‘ ' ( o ) :" o X ’ .,1 . S ;
5 , A S y . T ) . | - g
, N . - 2 . . ) - i
or A o < g ) ’
- , . Y X —_ - Py
/‘ ) ) .‘ r‘ Oy ] ‘ Uy ’./ N » -
I ’ s r . ;— .
. o
0‘ -~
: — = T = e 32 §
¢ T Y .
Substituting this valie of 4 in expression 3.7
» r-ﬂ-
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. Ay o’ ,o. 2 ’/4— .' .‘
ef — o4 O€ ( y N\ o .
4 o agy/
. - . . 2 ) . )
or e( E)_ o + 4 ce ( oy: - o > se e v oy . 3.]3
. e oy oy roy Y Oy
" and using correct values of Z, A and r ' '
{ s eCE) . % 4, ge ﬁ(gy - _0__)2 x- 2% x r? -
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, The above express}ons are'essgntia11y qualitative in
nature to indicate the behaviour of an axially loaded strut which, o
in practice, will vary with the shape 3?‘the cross section and the

L3

Tength of the strut.

} - ) ¢ °
It can be seen that using expression 3.10, the slope dﬁ: ,
1
- _ . ‘*-,
the curve at 0 = o, is vertical when %e — 0.5. - .
' - g
Ty

-

This is the 1imit usually assumed of the elas1o-p1astic
rdnge/for struts and suggests that-any strut shorter than this

_cannot be expected to provide any useful po§t-buck1ing plateau.

»

! +
¥ : ‘ ‘The effective "plastic" axial strain, £p, at the end
/

of the "plateau” for a limit load Po equal to 90% of the true

M capacitx is approximately given by

POED) L s s e eeren. 318
- L 4 1 Oy . ’Ue A\ . .t

With these load/shortening relationships, the value of '
the ultimate loéd anaiysis for space trusses becomes questionable,
unless the requirements, for a post-buckling capability to shorten

under constant load are minimized.

-
4 . . 1Y

‘[p follows: that an ideal design in which a number of

members are proportioned to fail at thé same time cannot be based on

the ﬂaximum steut capacity. The value adap;ed will have to be a




-
Py

~ . > " N
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function of the probable variation between homina]]y equal member

N

-Joads and the length of thé availabte load/shor}ening plateau.
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. 4.2°  TEST PROGRAMME . . ]

" duct ‘tests on a particular specimen, plot the curves and check the'

) re§u1t} of the tests‘condugted on tﬁ%.circu]ar holldw'tubé sectidns

" CHAPTER 4

- - . s .
- - 7 TESTS - ' 0
& . . ' .
o A}
9,

°

_ The first series of tests wgs started in the'beginning-
. . : ' . ¢ '
of February, 197%. A1l the tests were conducted in the Structures. -

ipbpratﬁ}y at the Sir George Williams Campus. - *

4.1 TEST OBJECTIVES - | \ - :

9

The pr1nc1pa1 object of these tests was fo obtaan the .o

«ésrut shorten1ng or change in length of the strut as 1t was gradual]y '“c
loaded ax{ ‘

ally beyond the elastic -limits and to compare the test °

results withnthe results obtained from the proposed‘theory An

add1t1ona1 objective was to compare the behav1our'of the test specimen,:

i.e. the 16ad shorten1ng re]at1onsh1p£}%he Euler 1oad within the,

e]ast1c range with the existing proven theor1es For this purpose, .

continuous ‘measurements of load,.défTection’apd,axia] shortening * ~

were taken.

v
D LR e U o)

- <

4, A N
LG 2 B e T

The test speciﬁens included a variety of shapes and

LS.

slenderness ratios. In the first series of tests,angle (L) and cir-
- ‘ . , : %
cular hollow tube members were tested. In the final test series \

)

square and circular bars were tested. It was also decided.to con-

resqlfs before‘prdceedinb on to.testing the next set of specimens..The

[y . %
24
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. are not included in this Study as ‘the test conditions deviated from

the assumed stuhy*con itions. Moreoyer, the tube was not made from

high §trength structural é?aoy.
/

! & .
“ Y : “
R N ' )
. . ,' B
i , .
I's [ N * .

Vo TA3 TESTING MACHIU
;./% f: _ o ‘ < The tests were conducted on two separate test1ng mach1nes )
: l ; ‘-. g angle sect1ons (L) were -all tested in the 120,000 1b. Tinius Olsen
# test1n§'mach1ne (Mach1ne .. This m;chine did not have anyrplotter&
- ' \_ - - or direct pisp]q&emenf‘regdigg deviée attached to!it. \
-~ a - ' . Thé‘square bar and: the circular bar ‘were tested in a P ’
ﬁ - . 60, 000 1b. T1n1US Olsen mach1ne (Machine 2). ‘Th1s machine has a ;uf
. . ' : p]dtter attached which automat1ca11y plotted the load vs. plattén .
§ ‘- .4 dwsplaé:#bnt The machtne is capab]e of plottJng the 1oa ortening
‘ Fejatibn;%jp‘én ;1fferen;'scales
; " e T -
4.4 DESCRIPTION OF TESTS-  ~ ° . ..
4.4.1 BEARING TYPE1 .

The.end bearing for the angle section (L) consisted of a

-

Giﬁ. x 6in, x 1}in.§9hick steel bearing plate having a knife edge at
~each end, see Fig. 4.1. Ihe distance from the top of the plate to the

.~ eunderside of the knife edgé was added to the length of the strut.
f rh-‘\ .., = ¢ N . ’ ) . -

B I‘ . . "‘
" .

. The knife edge was formed at an angle of 45° to the hori-

zontal pigte'EJVfa¢a. Each end bea}iné platg had a small centrally Toc-

s,
\

-

‘ \ e

» ated hole in-it. Afsfeel'slatg cut to the shape and size in plan to the ~

2
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ELEVA%ION

-

Bearing -Type 1

Fig. 4.1




inside dimensions of the specimen was screwéd to the plate at the cen-

-tra'ﬂy located hole in the plate. The test specimen was held tight.

& ©against th1s screwed p'l"ate at both top and bottom. Th'IS ensured that
. N
, tﬂﬁt spec1men was loaded axially. This bearmg is caHed Bearing™1o
. - ‘ o
» . \ B ’o
4.4.2 BEARING TYPE 2 and TYPE 3, T e

7

Bearmg Type 2 cqmsted of a 3/161in, th1ck circular plate
of 1iin. d1ameter withza circular opening in the centre ,of the' plate
such that a steeTba‘I]*of 3/§{n dxameter could be, seated in the

( ) opening. This circular plate and ball combmatwn was a’lso used for’
g the top end bearing. A (ydar recess was made at dach end.of the
specimens to ecconrnodate the ball bear}ng. Before testing each speci-

men, the ball bearings, the cirCula&'opeqings in trﬂates and the

~ &

~ grooves at each end were well greased. Fig. W
‘i\/ o ‘ ' a
. o ‘ ) , ‘ ..

Bearing Type 3 consisted of a frustum of a cone din. ¢

diameter at the bottom and 14in. diameter at the top. See Fig. 4.3.

" A circutar (3/4in. diameter) recess 2in. deep in the top of the cone

o accomnodated the specimen. The bottom face of the cone was recessed
to accept the’ ball bearing, . ' ).\ . o Lo

\~
A

- oy S S R
\ .
o 4.5 METHODS OF MEASUREMENT .

-

T -Using Machine 1, the load indicated by the machine at any
particular time in the loading history of the specimen, the length of
gthe specimen and the lateral deflection of the specimen at that time

_was read and recorded sxmultaneously This continuous process of

+
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readings and recordings was carried on till the member collapsed oea
the bearing plate came in contact with the machine pfate thereby

stopping any further rotation. . The change of length was read on a

7 ¥ . )
dial gauge attached to the top of the machine plate. The central

def]ection of the specimen was read on a dial gauge attached to the

mid-length of the spec1men See Fig. 4.4. The length of the speci-

-

men was taken as the d1stance between the two knife edges when the

’

~

load was initiated. J A ; ‘\\\\

N2
~y . ~

.The load weuld be called out and the dial gauge reaeere
would read and recordiihé,]oading et that load. These readings were
re;orded as accurafely as possible. It was not a1weys possible, to
predict the direction of buckling of the Specimen which added to the

problem of locating the dial gauge in relation to the bow...

Iy
‘

\
~ Machine 2 had a plotter which recorded the load- shorten1ng

relationship as the load was app11ed and no additional measurements

|
wéﬁgbrequired . * ; '
»

"4.6  RELATED PROBLEMS

{

-
il

It was not very.,easy to locate the top knife edge bearing
plate centra?ly ‘and accurately above the bottom knife edge plate as
there was no mark on the top plate of the machine locating ‘the axis-
‘of 1oad1ng.i The top knife edge was located as centrally as possible
by approximately locating th centre of the machine plate by measure:.

ments.

. "
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The ioading axis of the member could only be checked

' after putting an initial load on the member when the load was just
initiated. -
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CHAPTER 5 _
TEST RESULTS AND COMPARISON WITH THEORY

v ) . ) . ® 1

{

- 2
, g TABLE 5.1 - .
~ v © " TEST MEMBERS f
: Q - 1 -
MEMBER NO. CROSS SECTION in. | BEARING USED | Y.
1 CViinex Vinox 1/8dn. L | 307 1 40° o
2 Tin.xTin. x1/8in. L | 24 1. * 40"
3 1n. x 1 4n; x 1/84n. L | 18 1] s
4 pin.pia.. O ° 22 2 o 38
5 4 in. Dia. O | 16 2 35
6 Chinoxd i) SR 3 35
7 3 in, x ¥ in.D IJ 3 35

—ty

A1l specimens tested were medium strength ' —
aluminum alloy AA 6061 - T6




TABLE 5.2

"~~_  MEMBER 1, BEARING 1

TEST RESULTS

MEMBER -
PROPERTIES

ANGLE SECTION -
. 1in.x1in.x1/8in’

A ='.24sq.in..
"1 =30+2.5 in.

Oy =140 Ksi

E =10% ksi

L .32.5
r .2

=162.5 -
Pe=0.89 kip

o ‘ 1 CEr2
e=""12 .

~3.74 ksi
© ge=0.09
%y

o 0O 0o oo o©
[ D B D I . D D |




~TABLE 5.2 cont'd.
MEMBER 1, BEARING 1

TEST RESULTS _ ELASTIC THEQRY

£ E E o
(Uy) 5y) " oy +(wy ("y ]) e

[ =3

g
Gy

2
+ oy .
+.023 5 'I)

N

1.24
1.46
.58
1.03
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TABLE 5.3

MEMBER 2, BEARING 1

-

 TEST RESULTS

P A s PROPERTIES 5
kips in. in. v y
_ ANGLE SECTION . )
0.250 0 0.014 Tin.x1in.x1/8in.
0.500 0.015 | 0.021 A= .28sq.in.
0.750 X 0.048 0.027 L= 24+2.5in. .
. 1.000 0.109 0.034 = 26.5 in.
1.100 0.175 |- 0.039 oy = 40 ksi
1.150 0.226 | 0.042 E = 107 ksi
1.200 0.674 0.05 r = 0.2 in. -
1.250 0.66 0.07 © L= 132.5
1.150 0.066 | 0.099 r 0.119 *
1.100 0.1M Pe = 1.34 kps '0.114
0.975 0137 | o, o lEr 0.1
0.850 b.182 L2 0.088
= 5.62 ksi ’
. L = .29 in.
o= 0.14
L =
Gy >




.
2y ,
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TABLE .5.3 cont'd.

MEMBER 2, BEARING 1

.

~

= & X 10.41

x 1.03
¥ 156
1.42
1.89




- .037
.0065

5.69 ksi

{
«
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- Fig. 53. Cri.tic\a'lv Stress Check, for Member 2 -
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4 TABLE 5.4 /7

AN . . »

C - \ 3 _ MEMBER 3, BEARING 1

| TEST RESULTS i

| e 5 MEMBER ' o

3 } kips | in in. . PROPERTIES A

‘ ANGLE. SECTION

"] 0.550 0 0.019 1in.x1in.x1/8inL

4 ~& . | 0.650. 0 0.021 # A= 0.24sq.in.

4 0.750 0 0.023 L = 18+2.5in. ‘

0.850 0 0.026 |~ o, = 40 ksi -

1.000 0 0.028 E = 10% ksi

%5 0 0.03- ro= 0.2in: - |,

. 1.250 0.011 | .0.033 L = 102.5 o /

1.400 0.011 | 0.035 r
A

3\.600 /| o0.02 0.039 | .

: ; A n? grl

: 1 1.750 0.035 | 0.041 P

1 1.950 | 0.072 | o0.086 | L

¥ 2.100 0.049 9.39 ksi 0.21 * .

E - 1.950 | 0:050 IR SR ¥ : .

1 1.880 : 0.052 Lo =023 1 0.19s

\ —1.750 0.058 y .| .82

J 11.550 . 0.065 0.161

g v 1.300 | - 0.083 0.135

A 1.050 0.13 - - 1 om

f \ “ |
. , >

s 0
~

“ *
2 . 74
,.-‘ . ’ (/b
" ‘
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% masLe 5.4 cont'd.

MEMBER 3, BEARING 1

TEST RESULTS

: [L\]=
Iy

ELASTIC THEORY

g

9 4 Se. [lv_-l]z _r;z

Gy 4Gy

C2 ’

= 6 x13.89 _ 9 ,.058 [gx_ilz x .47
- 7L oy ' o K '
— -
* 0.63 0.56
0.69 - 0.623 d
" 0.72 0.65
~ " 0.80 073 \
0.90 0.89 .
15 1.1
1.80 1.80
,\ \ Jl s r
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MEMBERS 1,23

ANGLE 1in. x lin, x lin.
TESE 8

ELASTIC THEORY:— —

MEMBER 3

/

A =102 }
9e=0.23

5.0 !

f L S—

',_\ Fig. 5.2 Comparison of Members 1,2,3
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5.1 DISCUSSION OF TEST.RESULTS
MEMBERS 1,2,3 , o L
, ¢ -
[’ Test results confirmed the post-buckling behaviour of the °
$ ) - - !

members as predicted by the Elastic Theory. The critical stress was

calculated from the test values, by the Southwell methodifor member 2.

This value was the same as the Eulef stress,Fig. 5.2.

"Tests showed that the postzguékling p]ateaq increases with
"the~slenderness ratio. Drop in load, after attaining a maximum, with

{
axial: deformation was sharper for less slender strut (member 3) than

for members 1-and 2. All members buckled before reaching the Euler

, load. Test values of § below the Euler load were different from the - 'Y
//’ N » - .
- values as obtained from § =PL. o S
AE

Test curves were plotted by usihg 6=.%% below the Euler

load. The difference between this value and the test value was

assumed to be due to secondary deformations, and the same difference

+ for a given stress level was subtracted for values beyond the buckling

“

stress. / -

N
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s ‘ TABLE 5.5 |
MEMBER 4, BEARNG 2/ . :
s ;

TEST RESULTS

Pl s MEMBER e
kips ir]. PROPERTIES . ‘o . ’
N CIRCULAR BAR
0.15 « | - " DIA = % in.
0.3 : .~ A=0.197sqin.
0.4 ~ L =22 in."
0.5 | ' oy =35 ksi
0.6 : E = 10% ksi
‘l 0.7 . | e 1=0.003in% .
' 0.75 0.0087 ., r=D-.125ip | o0.108 * ,
07 |- o0.0085 T 1 0.101 '
0.65 0.01 L= 49 0.094
0.62 0.04 ~ 7,476 0.09
‘ 0.6 1 0.1375 Pe = M2ET 0.087 -
0.55 0.19 ' L2 0.079
. . | ' ~ 296 0.06. (
| - . -2 | 0.05 ]
" = 0.62 kips
o _0.62
\ € t.197
, LI =3.14 ksi .
C=D
2 ! : 4
. __£0.25 " ,
I I , s=".788° | ,
- | | -0.012in3 - N
, ' 7=1.7x0.012 |
2 ~ o ~0.02 in° 8

B T BN N
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TABLE 5.5 cont'd
MEMBER 4, BEARING 2

* -
*(
a.

TEST RESULTS

4]

=5x130

ELASTIC THEORY
2

firfesfels |6

PLASTIC THEORY

2
2 2
£ .0¢ (SY. & r
d*f,+40‘1[6‘ 0'1] .@x

32 )
=%+.mq [.%‘X_'l] -25 _.%4.019[%;_% 69 4‘
* 0.114 ’
0.124
0.13
0.52 0.65 1.93
1.78. 0,69 2.'06 \
2.47 0.826 2.4 \> S
- ,/ ‘ ‘Q
£ ,
N .
:v\‘ -
‘ .
< - -




TABLE 5.6 -

B ‘:' .
LR

a

o e
- s SRR

Y
' MEMBER 5, BEARING 2
0 TEST RESULTS
>
~ -
b , N MEMBER o
kips in. ~ PROPERTIES ’ oy
0.15 CIRCULAR BAR
L .
0.30 DIA= % in.
0.4 A= 0.197sqin.
0.6 L= 16 in.
0.75 oy-—- 35 ksi
4 .
1.0 . ~E = 10" ksi.
1.15 I=0.003 in®
t- - 1.3 r=0.125 in
1.5 ) L = 64
| S 1.55 T,
1.60 .0.021 Pe—m EL | g.23
} - 2 -
1.5 0.021 P 0.
1.3 0.025 . 2 0.188
1.1 . 0.0853 oo 1115 £ 0.159
1.0 0.1225 T 0.197 0.145
0.85 0.165 . ~ 5.86 ksi 0.123
- 0.75 '0.1975 C=D 0.108
[ \' ‘
® =MN\25 in
. $=0.832 in°
' 2=1.7x.012,
=0.02 in°




TABLE 5.6 cont'd

- , MEMBER 5, BEARING 2
TEST RESULTS " ELASTIC THEORY PLASTIC THEORY .
. 2 2 2 '
E - 3 o z
&) | -smlld | Elealeld
R . 2
=6X17-8 . =%+.04? [%g-;] .05 =%M4ql}r&r_%:l -69’
‘ 0
" [ o3 - .
| 0.374 < .|
. \ ,
| ' 0.445 - . : ,
| *1.02 . o.zf T L1.07 ‘
l .
. 1.55 " 0.45 . 1.28 '
} . ) B B
B o 2.13 0.51 . 1.46
2.84 L/'/
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5.2 DISCUSSION OF TEST RESULTS

VEMBERS 4,5 . wy

A

Vs The app]fed load attained for both the members was higher

//than the Euler load, for a 'pin ended strut. The ball Qearings, forced

‘///: into the recessess in the ends of the member and in thg‘pearingvplates

_—

by the applied load, did not rotate ffee]y and behaved as‘partiile
fiqu: As thesstrut yielded, the ball bearings rofated and the load
" dropped “to the Eulzr load. These were thg only mqnbers to have
'éeached fully plastic state. Test results were compareﬁ with the
é1astié Theory and the Plastic Theorx. The Plastic Theory Fompared
favourably with the test results. The deviation between.the test )

and theory,to a certain.extent can also be due to tQF disantinuous

‘rotations of end bearings,

s >

. t

The test curves were plotted by using 6=;§Lf values below
. 3 .

Eu]ér load and the resfhbf the values 1i.e. in the post-buckling state

» v j
were adjusted to suit these corrected valuef.

» Y




TABLE 5.7
" MEMBER 6, BEARING 3
TEST ,RESULTS

P . 5 MEMBER g
kips in. PROPERTIES oy
\
SQUARE BAR
0.3° 0028 0.5 x 0.5 in.
0.5 004 A‘= .25sq.in
,0.7 0.0056 L= 20 in 0.08
1.0 0.008 Oy ~ 35 ksi 0.114
1.2 . 0.009% E = 107 ksi 0.137
1.25 0.0225 - 1=0.0052in" 0.142
1.15° 0.047" r=0.145 in, 0.131
1.0 0.06. L=137.9 0.114
"o M 0.082 T 25 0.i03
0.8 0.105 Pemr GL 0.091
0.7 0.155 o 0.08
: - 513.2 -
202 .
o _ 28 kips )
0e~1.28 |
5
. . = 5.13 ksi
C~.5 -
?
= 0.25
- . 3
S= 0.042 in
2= 1.5x.082
= 0.0625ipe

it

X
ki
i




TABLE 5.7 cont'd

MEMBER 6, BEARING-3

s

1

|
TEST RESYLTS

*

= §x 14.28

-

ELASTIC THEORYs

]

-

g (]

oy 4oy | o

Oy

c

B 2
_.Q__+.036 [g_x_-_-_ ]} x 0.33

2
2

$




TABLE 5.8

MEMBER ‘7, BEARING 3
TEST RESULTS

N
P 5 MEMBER o
kips S PROPERTIES Sy
l ‘ . '
l SQUARE BAR J
!, 0.3 0.0018 . 0.5 x 0,5in. _—
6.5 0.003 A=O.%55qin.
0.7 0.0042 L =15in.
1.0 6.006 oy = 32 ksl 0.114
1,5° ,0.009 v BT kS 0an
N7 0.012 . JF0.0052 4n” 0.194
2.0 0.018 r=0.145 in. 0:228
2.3 '0.0225 L~ 103.4 0.251 .
2.0 | 10.026 Pe 12 f] 0.228 '*
1.55 0.034 2 0.177.
1.4 0.042 Coo 0.16
1.2~ 0.053" - 232 0.1375
1.1 0.063 « L 0,125 '-
10 0.075 = 2.28 kips 0.114
0.09 0.1 %e-2:28 1 0.102
0.8 0.1175 992 ket 0.09 ]
0:7 0.16 S 0.002in3
‘L 2~ 1.5x2042
; T0.0625in3 '




50 |

TABLE 5.8 cont'd
MEMBER 7, BEARING 3

TEST RESULTS » ELASTIC THEORY
* 2
(5] 5wk )
= & x19 = %—-+ 065 %é"—— 1] x .33
» 1y .
0.0342 o
0.057 )
0.0798
0.114 ; .
0.171
0.228 'y
0.342 - : s
0.427 s :
S 0.49 - 0.47 *
\‘\\\3;6464 : 0.63 ’
:798 o ' 0.75 .
.00 0.98
1.19 1.16
1.42 ' 1.40 - Y
R W 1.63 .
2.2 . " -t\glgz -
3.04 - L,
i B ¥
&
1] N
- B - ’
- ] -

|
|
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) X 5.3 DISCUSSION OF TEST RESULTS v e
t H %
MEMBERS 6,7 ) ‘ ‘ 3

0

Two specimens werg tested for each case. 'DeEﬁite the -
precautions taken the members behaved as partiafi&“fi#ed Bgfdre buckling,
but each time after buckling the load aropped é]oser éo the Euler
value for_pinned ends. The post-buckiing behaviour w;s similar each
J * time. h '

¢
. Test va]ues of § were different from those obtained by

using s ==EL_ below the  Euler load. This difference in values at
AE : /

,
any given stress level was adjusted for values beyond the buckling
stress and a corrected test curve was plotted Fig. 5.6. This procedure-

was adopted for both members. The values as obtained from this curve

were found to be in closé agreement with the Elastic Théory.




5.4  DISCUSSION OF TEST RESULTS

| = GENERAL
*" A S— .
A1l .the members tested gave valuesfdifferent from the o
-,

Hooke's law in the elastic state. The difference in values in some
cases was more than double. The strain of the méchjne_was tested

and found to be too small to be of any-significance and was therefore.

ignored. Test values_ extracted from Schmidt (1) also deviateq frpm
the Hooke's law. ;No reasonable and sétisfactqry'explana;ion could be
given for the difference in values obtained. This difference was °
~ assqmed to be due to setondary deformationQ. Test results were p{otted ‘
i a§sumiﬁg thae‘tﬁé mem?er obeye&,Hooke'stlaw in the elasti; state. All

. | 4
experiments were conducted with utmost care. Although the mughines

were fully mechanised, the members had to be located straight and

- ceﬁtra11y by eie. The deviqﬁion of the behaviour of the bearings
from a true ﬁin end bearinb and the uncertainty of the location of thes __ '

vertical axis of the member in relation to the loading axis contributed
. ) )

to the disparity between test and 'theory.' . ' SN /
. ‘ ~ ‘ .,
& t . /
P )
Ny ‘ .
» -~ \ -
.\ . i ‘ : .
2 S
v < , ’
4
A " . K2
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TABLE, 5.9
COMPARISON WITH SCHMIDT (1) TEST ‘
* TEST RESULTS FROM SCHMIDT (1)
. ! [
: N -
—— '
p o MEMBER
kips oy . PROPERTIES
1 : K
' CIRCULAR HOLLOW TUBE
0.3 ) A = 0.086 sq.in.
0.7 . L =11. 89 ‘
1.1 _ oy = 40 ksi
1.55 ' - ~ E =7.22 ksi
% 2.0 0.58 G, = 34 ksi
1.80— - - 0.52° ‘ " .
1.63 0.7 .
1.6 . 0-44 « B}
. .
1.24 . 0.36 - - .
iz 0.33 1 . .
1.0 . . 0.29 \ d
0.9 | 0.2 | , '
0.8 : 0.25 . \
,' \. ‘ - - ',,
~ S .




TABLE 5.9 cont‘d

-

TEST RESULTS FROM SCHMIDT (1)

ELASTIC THE;ORY

I
. 2 2
8 e[ El o e |% - ] r
in. 9 J 9 4oy g 2
gy
g 2
3= [g__+.22 % -1 .5]
. ay o N
. 7 :
~ wo0.05 044
. 0.06 .043
© 0.07 . +,043
0.08 - .043
0.1 ’ 049"
’ 0.12 .057
0.14 .066
0.16 .08
0.2 * 087 G‘




>

ELASTIC ‘THEORY

SCHMIDT |




-

“curve below the Euler load and the values as obtaimed from § = PL

¢

5.5 COMPARISON WITH EARLIER WORKS

. . ' . ’
I '

The & values in the postJbuck1ﬁng state, as obtained from

Schmidt (1) curve F}g. 2.1, are different from the 'Theory'. This may

be partially due to the difference in'vq]ues of 8 as extracted from the -

, _ E
These values of § were not corrected but were plot®d in Fig. 5.7 as

-

extracted from Fig. 2.1. The‘two.curves exhibit simi]ar/post-bgckling

o
'

behaviour. ‘ ) .
. . \«i\

-

Elastic Theory curves plotted in Fig. 3.4 show qualitative

-~

;pehaviour similar to the curves by Wolf (2) as shown in Fig..3.4.

\

-

el

-
E°~.<‘,
>

°

-
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e

CHQPTERG T

AN

- CONCLUSIONS. e :

1 . »n

’_ e T sl

. A s1mp]e procedure for study1ng the ]oad shortening
Ll - . re]at1onsh1p of a p1n ended axially loaded strut throughout 1ts loading

history has been suggested.

—~ -
s

. . f o ‘ ' Tests were conducted to study experimentally the be&ur

X ' of the struts and the results were compared wwth the 'theory'.
- . . T %

o "~

P S Y

’ \ ¥ L kA
° 1 A .

i

1 - . The method was also compared with -the -existing work on the - o

E e TN LI

post-buckling behaviour of struts. ‘ . . \

O
kY
TR T B

\\= Test results obtained lie between the Plastic Theory as

the upper bound and Elastic Theory as the lower bound. In the cross;

- sections ﬂ.sted,‘the*behav1our of the most compact shape~(c1rcqlar‘bar)
was c105er to the PTastic Theory than to'the Elastic Theory. Test “

values for member 5 were above the pred1cted Plastic theory vaTues

This was probab]y because of the partia]]y fixed end conditions

. \Qn_pbta1ned 1n.th1s test. It is more T1ke1y that the PTast1c Theory

BT W e Ny O A T

will pgedict the post-buckling beh@v1our of-a compact shape better than ‘
the Elastic Theory, but this cannot Be stated definitely. For design o

- purposes the more conservative value may be chosen. -

I" - )

r

,\ ‘
. ) : methéau1t1mate des1gn of space- trusses the post—buckling .
\ “:{&’ ,,.":“"':8 vE 1“\"\ v /7 )
| . o Fa n‘ ‘-‘Q,‘a - o ' w h
- : ”“*ai | R | .

v .. A <) . - \




. behaviour of‘%he struts must be con51dered The space truss Pay be
des1gned so that t e nore slender members fa11 first because‘of the
’ ‘ o - longer post-buckling plateau, and the last to fail should be the
| Z . strongest members which can then contribute their full-capacijty.
N 3 o S "
- ot o )
R - The 1oad/shorten1ng re]at1onsh1p as predicted by Elastic
. . Theory showed qualitative behaviour, 51m11ar to the resu]ts extracted

from tests by Schmldt (1) Fig. 5.6.

; he !

Members with approx1mate1y same A but d1fferent Cross-

sections exhibit sim11ar qua11tat1ve post- buck11ng behav1our, Fig. 5. 8

e, . a'J
) o

+

" The Elastic Theory cqrves Fig. 3.4 drawn, show similar’

behaviour to the curves drawn by Wolf (2);

« B .
’ .
.
qv: \ ' . > )
; 1 . . . . -
«
LN ! .o, ~
- o S
.

- . -

fhe value of good experiments-must be emphasised, as a-

- small déviation from assumed conditions may introduce errors and more -

o . -

accurate tests should be conducted to study the behaviour of struts.

o .

» ! @ - . >

It follows that. load/“ﬁortening re]at1onsh1p of an ax1a11y

Y
%

loaded pin ended strut may qua11tat1ve1y be represented by the pro- -

[

- 5 cedure presented 1n this study.

o® ! . e . / o - . * v @
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