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ABSTRACT

~ An experimental study of inelastic buckling of single

t

| .
The angles tested were fabricated as regular production work, and

and double angle struts was made to obtain information for design.
their end conditions (hinged and fixed) were chosen to simulate
the conditions as they are found in practice.The range of b/t
ratios of angles considered in this investigation was between 10.67
and 18.67 inclusive. This range was chosen to establisi'x the bifur-
cation between'inelastic Euler buckling and locai buckling, since
for a specified slenderness ratio, the ﬁode of failure waé known
to be: .

inelastic Euler buckling when b/t<£10.67, and

ineiastié local buckling when b/t 218,67,
All angles were 4 feet long anq_pad equal legs. For the purpose of
obtaining a statistical average of the buckling stress; three spe~
cimens were tested for any oné particular b/t ratio and end condi-
tion. Such specimens were obtained from one length of‘angle, to-~
gether with a stub column from which a stress~strain curve for the
material was obtained. |

The tests revealed that single angles.with b/t€16
failed according to Euler buckling theory; the value of the tangent

modulus, E_, at the experimental buckling stress was obtained from

t

the stress-strain curve of the corresponding stub column. The

iii
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iv
theoretical buckling stress was then calculated using the Euler

buckling formula:

i

2

o = M _Ee
i e = 2
| (kt/+)
! i .

A linear relationship between the slenderness ratio, 1/¥, and the
d ratio of the experimental critical stress to yield stress, %éi.,
]

was found.

For single angles with 16<b/t$ 18.67, failure was due
to local buckling. The theoretical buckling load was calculated
using the secant modulus, Eé, in the following platé buckling

formula:

(%) k

-

‘A comparison between the theoretical and experimental results

% = 12( v‘)

for both Euler and local buckling showed good agreement.

The éouble angles were made by bolting togééher two
single angles, placed back to back, at their mid-length. A gap of
1/4in. was left between the angles in order to'facilitate their
connection to the gusset plates at the ends. The double angles
with b/t210.67 failed due to local buckling; the values of Bs
were found, as before, from the stub column results.- These values
together with the experimental bucklingstress were then substituted
in the theoretical plate buckling formula to obtain the values of

the plaﬁe buckling coefficient k for different b/t ratios. A linear
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v
relationship between b/t and k was found fiom'a regression analysis.
The double angle with b/t = 10,67 whi&h appears to buckle due to
Euler guckling , also satisfies this relationship for the hinged
end conéition. However, ;or‘the fixed end case, this relationship
holds only for angles with b/t >10,67.

/ : In order to study the effect of connécting bolts on
their strength, double angles with no connecting bolts along their
‘length and with three connecting bolts~~one at mid-length and one
#t éach_quarter point, wereltested.

For the hinged.end conditions, the maximum buckling
load occurred when no connectin§ bolts were employed and the load
decreased for an increasing number of connecting bolts. The mini-
mum load found was approximately ll%‘lesé than the maximum. For
the fixed end case, the buckling strength increased with increasing

number of connecting bolts, the minimum load being about 10% less

than the maximum.
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CHAPTER 1

INTRODUCTION

1.1, Description and the object of the investigation.

A study of’the inelastic buckling of_single and double
angle struts is made to obtain information for design purposes,
Thé range of b/t ratios ofvangles considered in this investigation
is between 10.67 and 18.67 inclusive. The type of failure obtained
for this range of b/t ratioé’includes both Euler buckling and local
buckling.‘One of the aims of this study is to_estéplish the bifurca-

' *
tion between the inelastic Euler buckling and the local buckling:

since for the same slenderness ratios used herein the mode of failure
is known to be:inelastic Euler buckling for angles with b/t<€10.67

and inelastic local buckling for b/£)18.67} The éngles tes;éd and
their end conditions (hinged énd fixed) are chosen to simuléte such
structural elements as they are found in practice. Buckling of struts
in the inelastic range is analvsed using the theories of Ilypshin

2,3 . ‘ . . .
and Stowell,’” These theories provide constants which when substituted

* Buler and local huckling of struts is clearly separated and no tran-
sition exists between the two mcdes of buckling. See Ref:l
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in place of Young's modulus in the elastic buckling equations, give
formul;e that are valid for inelastic buckling,

The Euler and local buckling theory applicable to single
angles, in the elastic range, is geneéally knowp?'s A theoretical

i analysis of double angles for local buckling, however, is not possible

since the restraining effect of the bolted legs on the free legs or
on each other cannot be defined. Hence it beconmes deéiraﬁle to carry
out experiments in o?der'to obtain empirical formulae for design. In
the case of single angles a comparison iéfmade betwaen the experi-
rental and t@eoretic&llresults.

1.2. Scope of future Research.

Double angles witﬁ b/t ratios different from those invest-
igated here may be tested to obtain buckling formulae for tﬁem. Studies
can also made on dbuble angles which are formed by joining together
single angles in ways diffexent from those used in this investigation,
This work'can be further extended to angles of unequal legs. The eff-
ect of lateral loads or torsional moménts,'in addition to axial load,

may also be studied for both single and double angles.
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CHAPTER 2
THEORETICAL BACKGROUND

2.1 1Inelastic buckling analysis.

Stowell2 analysed inelastic buckling by -basing it on
Shanley's conceptl".on.6 that in a compression member loaded in the
plastic range, buckling proceeds simultaneously.wi.t}'x increasing
axial load, so that no strain reversal occurs. Stowell takes Poisson's
ratio,Y as 0.5, but the effect of any error of ‘\/""is largely elimi~-
‘nated by the foll<'>wing compl;tational device: thé buckling stfess
‘for elastic buc::kling mus£ be m'ultiplied by 7 * to give the critical
stress for the plastic case. The. values".'. of '9 are, there_fore ,Obtained
by dividing the critical buckling stress in the plastic range by
the qritical stress found for elastic buckliné, but with Y*=0 .5.
Hence the ratio 17 is only slightly af‘fected by the error inyF.
-Experiments on ﬁletals7 'have shown that initial yieldiné
and subsequent plastic flow are not affected by a moderate hydrostatic

compression or tension either applied alone or superimposed on a

x -
Values of 1'} , calculated by Stowell's theory for certain type of

plates, are given in Ref.5 on page 353.
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state of combined stresses. The ‘plas‘tic yi.eld' conditions are,
therefore, defined by the hypothesis of Huber, Mises, and Hencicy,
which J':mplies isotrbpy of the material in the plastic range. This
theory assumes that the energy of shear distortion at failure .due
to combined stresses equals the value of the energy of shear dis-
tortion for simple tension. Applying this hypoi:hésis , the equivalent
tensile stress o]/ producing the same effective strainej-as the
combined stresses G, S, ,’I’%3 in a two dimensioﬁal streés systen is‘
f'our.xd to be: |

. — — P 2 '
O‘{:/G;:+0§t—6;63+3q’33 - (1)

Assuming isotropy of the material in the inelastic
range, and for the loading condition,
s} =~-v(ei2- ; vhere v is the plasticity function.
It follows that cz/e.=l’~) and 46’ /de, = E_, wh‘ere E and E, are the
] L1 s ¢ 1 i t R s t
secant and tangent modulus respectively. '

For the isotropic material, the foliowing relations are

valid:
Gru & _o _ V(&) Sy-v8 _ o _ v(e (22)
€ | S ei &y e et

where Gx and €5 are the strains in x and y directions respectively

and ¥ is the Poisson's ratio for the material.

Also,. ' MTxg = 2:‘. = V___..(e".') : (2b)
' ei el o
Usin =1/2 and putting S = 0.~ Gy ;S = oy~ S ;
g ')" / L g ” ot 3/2 v Y _i_

gives e"=sx/Es : €5= Sy/ Eg 7 _X= 3q>‘<Y/ E o (3)
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and -0-';= 4/3 (Sx+’.5;/2) ; 3;= 4/3 (sy +5./2) ;"Txy = Es¥/3. (4)
Assuming small deflections, the increments in strains in
any direction are proportional to their respective increments in
curvature. :
—_zSQ‘ ,563-—Z§€z; Sb’:zzé’qs ()

Therefore, éé =

Differentiating the equation s _ = éxEs’ glves:

ei . de‘b

55 = s Se.— & (.__'_. We* @

The work done by the internal forces when the strut buckles is:

O'{é'e; = 3",5 é’é, + 5\.5 3€‘3 + ng §Y
s Ses :.-—%(3'-; SQ\ + B-E‘;'Qz + 2-7958 5%3)

Substituting in (6) and simplifying,

5 Sy ="'ES z Sﬂ\ + O%Z‘i (ES -Ef) z C‘::-_S{'-F 6:3 Sfa.+2 7555{3) (7)

Similarly, 535 .and Sq"‘ﬂ may be .calculated.

How,

/z'. |
=J55‘xz dz .
L

6.?.

s M == DIE\ jko‘x)‘f( +/(‘—3 K"Z-‘_as_f“s_)cfﬁ,- ..._E:.JQ (8)

‘
where D' = Est3/9 and K = 1-E‘t/ES R . . ' ('9)

Similarly,

My = = D1~ A 0’@ - 'Y;.
3 -2 m_g_)ng L(1-2 2K = 62 84\ ¢, 3n sé”g o)
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and

=-D|(1-x 3ENS ..gk("é_'r:vé' Tz’."ﬁfl (11)
$Myy=-B)\(1-% 37 8%, -2 = R ta)|
b

l Taking w as the deflection of the plate perpendicular

to the plane of the plate,

g .
2o - = oW
5Q..aw ) &, =3w 5‘23—?..3 : a2
o o’ 9= 2Y
d ’ . For the condition 03,=Tcy=©® and hence o= . , we obtain

from the general plate buckling equation:
(n zk> w+zaw _,.aw +t o o D _ e ' (13)
o2 0y* aid az
The solution to this equation for various boundaiy conditions gives
a valug for the fact.or')) which-, when substituted in the eiastic
buckling equation, makes the relation suitaln;g for inelastic failure.
..‘Thg general equation for local buckling, therefore, is:

. - : _ ,“,2 E 2 k ’ .
| %% P _!] =) (%‘) (14)

For elastic buckling, f)-.- 1.
For columns failing in the inelastic range.due to Euler buckling,
1) = E,/E.
For inelas:ic_local buckling of a long flange, one unloaded end
simply supported, 'f) = ES/E.

The abbve tvo cases of 'rz cover the struts.tested in this

investigation.
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2,2 Calculation of plate coefficient k.

A suitable method for dete;:mining the value of lbcal
bucklir;g constant k is given in Reference 5. A coefficient of
restraint,§ , is introdugedin this method. This is a dimensionless
number which is a function éf the dimensions of the buckled and
restraininé plates. |

At the edge where the restraining and buckled plates
meet , the f'ollowing.boundary conditions apply (see figb1l) :

g=9

Assuming that MY (moment per unit length) is proportional to )

£ 13 =—— 7 - )
Therefore, xly 'g?!, where ‘C constant.‘

A relation obtained from plate theory gives4'8:

z .
M, =-D28 + v 3o L (15)
2 2
a g - (%%, e
ot Chy
Since ¥ = #, therefore i(-"‘ —_ - My
35 3:5/ =
Hence, . 2 t
" 2 2 ‘
‘Q“ 3v <+ V-—-——-aw g i) =0
S ey
Puttlngt-,; ~‘§- , gives : : (17)
2 2
l@.t.%((l‘?.—&-lfé;@) =0 - as)
S 2 2 .
Y Yy o 3=L/2

From plate theory, we know that w can be assumed to be

a function, of Sin("_‘lra.".i‘) . Using the ahove boundary condition obtained
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by equating Z and ¥, and also applying the other Eoundary conditions
known, the equation for w is solved..&he solution provides the
generai equation 14, fo; local buckling which includes the constant .
k. The value of %, for various sections,is given in Ref. 5.

Each.leg of an equal-legged angle is treated as a.plate
and is considered to be free on oﬁe unloaded edée and hinged os the
common edge of the two legs. Tﬁe value of k for tﬁis condition is

0.425,

2.3 Calculation of coefficient of Restraint.

To calculate the coefficient of restraint,¥ , the deflection
w of the restraining plate is obtained in terms of My, from the
gengral plate theory. This is differentiated to obtain the value of
E, as follows:
3= a“") “=aA (M)
aﬂgsb/ Y. -
The value of A depends on the dimensions of a specimen, the buckle

wave-length, and 7 .

Substluuthg = —Gg D 4 gives,
PO\ r)‘{”
;a——A( )75
Therefore,
=-A 2D (19)
S b

This value of ¥ is only due to the moment:produced at
theedge of the restraining and buckled plates. The effect of ‘long- -

itudinal stress is taken into account by multiplying these values
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9
of ‘; by a factor:' T. This factor is dgtermined in a way such that it
becomes infinite 1f.tbe buckled plate and the restraining plate,
con51d;red as sxmély—supported plates at their non-free ends, buckle

at the same stress.

i
i

As an example, consider a éhannel se;tion with its
flange as the restraining plate, as shown in figurebl. Considering
the web to be hinged at both ends and using the appropriate value
of k for this case, the buckling stress for the web is calculated.
This stress is equated to the ﬁuckling stress of the flange which
is considered as hinged on one 9nd and free on the other. Hencé,it
gives: |

4(t/b) 2= 0.425(t /c)2

R .:Therefore, 9. 4t2c2/b2tg =1
‘Hende, T = 1/(1 -9.at%c?/m2el) (20)
and ¥ = -2ADT/b - T (21

The angles that buckle as columns can be analysed using

the Euler buckling formula:

2

O‘é = _'El% (22)
(Kl/f)

where 17 = Ep

E
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CHAPTER 3

EXPERIMENTAYL APPARATUS AND PROCEDURE

3.1 '~ General Description.

The setting-up of the experiment invélved:
(a)l The design of test séeéimens. |

Single and double angle struts with b/t ratios between
10,67 and 18.67 were designed té have slenderness ratios such that
theybwould buckle in the inelastic range of stress,
{b) The design of a Test rig.

The testing apparatus was designed'to suit the dimensions

of the angles. Hinged and fixed end conditions for the épecimens

were also designed.

3.2 Test Specimens.

_All.anglesbwere 4 feet long and had equal legs ( nine
single angles tested with hiﬁged ends were 4ft.3-1/2in. long ).
Although smaller lengths of angles could have been tested mofe
convehiently in a stgndard loading machine, this was avoided since

local effects due to end conditions are more marked on smaller

10
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11
lengths of specimens? All angleé'witﬁ leg Qidth??Bin. were of
G 40.12 steel while smaller angles wé;e of A 36 steel. The Elastic
modulii and the yield stresses for the two steels are similar.

To ensure ine;astiC'buckling; éhe slenderness ratios: of
the angies were kept within the rangerf Intermediate columns, This

i - range'was found by using the following relatiohghip%o
CoL K1/ £ Cp . _ (23)
The values of C, and Cp used here were 20 and 96.respective1y.

For the purpose éf obtaining a statistical average of
the buckling stress, three specimens we?e tested for any one parti-
cular b/t ratio and end conditién. Such specimens were obtained
from one length of angle, together with a stub column. Th; spec-

imens and the stub columns were milled at the ends; Suitable holes

"end

were punched at the ends to enable bolting of‘the éngles to
cénnections", as showﬂ in figs:.} and 2.

The double angle struts were made by bdlting together
two single angles, placed back to back, at their.mid-length by
means of a 5/8 in. diameter bolt. A gap of 1/4 in. was kept bet-
ween the aqglgs in order to facilitate_their connection to the
gusset plates at the ends.A set of three double angle struts each
connected together along its length by means of three bolts—‘one
at mid-length‘and one at each quarter péint, and a set of three

double angles with no connecting bolts along its length, were

made.
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The details of all the angle specimens are given in figs.

3 a,b,c,d.

3.3 Aggaratus.

A de£ailed drawing of the apparatus used for the tests
o on the angles is shown in fig.4.It comprises of.two 9ft.7-1/2in,

long channels,,placed back to back - 1lft. 2in.'apart - and bolted
on to a 8ft.4in. X 20in. X 1/4in. plate at the»thtom.as shown in
the drawing of Main Frame-Al in fig. 4. The connections at the
ends are a system of channel and angle sections and these are
shown in éections AA and BB of fig. 4.

The test frame was placed on stools, in a horizontal
position and it was made level. The compression tests were carried
out inside the frame. A hydraulic jack, with a capacity of 120

kips., was used to load the struts. The load readings were obtained

-

by using a 100 kips. capacity Universal Flat load cell which was
connected. to a Budd DatranlDigital Strain ﬁecorder. At any par-
ticular load the strain in the load cell was measured by the Datran
Recorder.Tpis strain was converted into its co;responding load |

by using the calibration curve (graph of the load versus strain

reading ) of the load cell.

3.4 End fixtures for Single Angles.

3.4.1 Fixed Ends.

An arrangement used for testing single angles for fixed
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- ’ end conditions is shown in fig. 1l(a). Slider A was placed adjascent
to the hydraulic jack. Details of th;‘slider are given by "Guide B1"
inifig: 4. A slider was comprised of two 1-1/2 in. thick plates of

high strength steel, which were welded to the two ends of a 9 in.

|
1]

'loné I-section. A conical hole on one of ﬁhe faces of the slider
I was used to>obtain a hinge joint as explained iﬁ section 3.4.2. later.
For the fixed end case, one of the "end conneétioﬁs for single angles"
was bolted on to the front face of slider A. Detai}s of this"end
connection” are given in fig. 4, It coﬁsists of a l-l/2>in. thick
plate of high strength steel to which two 5in. X 3-1/2in. X 3/8in.
angles were bolted.~ these anglés facilitated tﬁe connection of
"single angle specimens to the "end connection".

The slider arrangement was adjustgd SO ﬁhat its centre
dine coincided:with the centre line of tﬁe test framel Any gap
between the slider edges and thg frame walls was shimmed precisely,
without causing a tight fit, so ;hat no rocking of the'élider could
occur, and at the same time frictional resistance was small. Fric-
tion Qas furthp; minimised by lubricating the contact surfaces of
the slider and frame walls. The gap between the top of the sliéer‘“
and the channels of the frame was shimmed precisely and lubricated.
A channel-section batten plate was bolted on top.of the slider to -

guidebits motion.

Slider B, with "end connections for single angles" bolted

cn it, was placed in the same way as slider A, at the far end of
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the frame, as shown in fig. l(a). Any gap§ were sgimmed as before,
with a channel-section batten plate gblted on top.

The calibrated lqad cell was piaced cehtrally at the far
ehd of the frame, beyonq slidér B. Load was.tranmitted to the load
cell through a 1-1/2in. di;meter steel ball which ;ested in a semi-

i circular hole in the lqad cell.

Thé single angle, tested for fixed end conditions, was
placed betwgen the "end connections" on slidérst'and B. Between
éacﬁ leg of the test specimén and a protruding leg of the angles on
the "end connections" a suitable thickness of shims was placed in-
order to bring thevcentroid of the specimen in line with tﬁe point
of application of load, thus énsuting toncentric loading of the
strut, The test angles were bolted onto the protruding legs of
angles on the "end connection" by means of - 5/8in. diameter bolts.

Details of shims used in the experiments are shown in

~

fig. 4. N

3.4.2 Hinged ends.
The arrangement used to test single angle struts for hinged |

end'conditions is ﬁhown in fig. 1(b). The slider A remains the same

as for the fixed end case. The "end connection for single anéles“

was ﬁnbolted'from the slider and a spherical ball of chrome steel,

2 in. in diameter, was placed in the conical holes between the slider

and the "end connection". "enlarged view .C" on fig. 4 gives details
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of the holes on the slider and the "epd connections"”.

On the far end, slider B wa; moved to the end of the frame,
with th; load cell being shifted forward to form the hinged end for a-
test spgcimed. A_2in. diameter chrome steel ball.wa§vglaced between
the load cell and the "end connection”. The two angles of each "end

/ copnection"were bolted on, and the test specimen was placed betweeq
these in the same manner as that for the fixed end case. Suitable
shims were provided to ascgrtain concentric loading.

The chanhel section batten plate was located on the top
of the load cell and suitable packing was inserted inorder to ensure
that the load cell was fixed in place when the batten plate was bolf
ted on to the test frame. Packing was also fitted tightly between
the load cell and the vertical walls of the channels, to avoid any
sideway rocking of the load cell.

o

3.5 End fixtures for Double Angles.

3.5.1 Fixed Ends. ' -

_The set-up for fixed ends of double angles is shown in
fig.2(a). It is the same as that used for single angles except for
the "end connections". The details of an "end connéction", used in
this case, are shown in fig.4. It comprises of a 1-1/2in. thick,
high étrength steel plate with a conical hole at the centre of one
face. A 1/4in. thick gusset plate was welded to tﬁe other face,along
its vertical centre axis. The gusset plafe had three 11/16in. dia-

meter holes which facilitated the connection of the test:specimen to
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the.gussetiplﬁge&

The "end connections for dé;ble angles" were then bolted
onté sliders A and'B as shown in fig.2(a). The double angle spécimen
was then bolted onto the gusset plate with one a§gle on either side
éf tﬁe plate, using 5/8in. diameter.bolts. The stfuts with a bolt at

H their mid—léngth, were bolted together using a 5)8in; diameter bolt
with a 1/4in. thick washer inserted between the angles., A similar
procedure was used for struts with holes at the centre and quarter

points of the length.

3.5.2 "Hinged Ends.

The set-up for double angles with hinged ends is shown in

'fig.2(b). SlidetB was moved to the far end of the frame and the load
qeil'was shiftgﬁ forward to form the hinged end condition, fixed in

position as explained in 3.4.2. A 2in. diameter chrome steel ball was

~~
-

provided between the load cell and the "end connection for double
angles" in order to simulate a "pin" joingl A second hinge. was obtained
by placing a steel ball in the conical holes, between the slideta

and an "end connection", A test specimen was then placed in position

as explained in 3.5.1,

3.6 Test Procedure.

For both single and double angle tests, a specimen was
placed between the "end connections"™ and by lcading the hydraulic

jack, slider A was moved forward until the test angle was slightly
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compressed.'ThéAjack was, then, released. Tﬁe"énd connections", in
the case of hinged ends, were made leQ;l bj means of a spirit level,
Wedges Qére fitted between the base of the test frame and the bottom
of the "end connection® in order to avoid any rotation until the
test was started. This, however, was unnecessary for the fixed end ’
condition since the "end conneptiong"were fixed'in position. The
specimen was, thgn, adjusted until it assumed'its correct position,
by tapping it'lightly with a hammer. Having attained the correct
poéifion of the specimen, it'was bolted tightly to the "end connection”,
For the hinged end case, the wedges placed under the "end connect-
ioné" were removed before testing,

Dial gages, accurate to the nearest 0,00lin, were used to
obtain the deflections. For single angles, deflections were generally
measured at four pbints - two on each leg. These points were chosén
cl&ser to the centre of span whgfe deflections ;ended to be larger,
Foi double angles, five and sometimes six dial gages were used,
distributing tﬁem on the t}?ree legs of the ’strut.‘After a few tests,
it was possible to predict the behaviour of the struts with éhe dial
gages placeq at suitable points. The bases of the dial gages weré
fixed on the test frame; and,-therefore,the deflections obtained for
a specimen were relative to the frame displacements. In a few ﬁases,
the diéplacement of the test frame wefe measured relative to stationary

objects and these were found to be negligible.

The load cell was connected to the Datran Digital Strain
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Reader ‘and its zero load reading was gstablished before any load
application--this was done before a te;t specimen was placed in
positiog, since afté: fitting an angle, a slight compression was
always detected.

Before starting the experimént, the dial gages were

! adjusted to.zero. The specimen was then loaded bi means of the
hYdraulic jack. At suitable increments of load, the deﬁlections
were read on the dial gages and the load cell reading was hoted.

A graphiﬁf load versus deflection was plotted for every
strut, and its buckling load was found from this graph by using
top-of-the~knee ﬁethod%l'lz The ;ritical load; according to this
method, is the load correspcnding to the top of the knee of a curve

of load . versusg deflection of a strut. Examples of application of

this procedure are shown in figs. 5,6,7,8.

3.7 Stub Column Tests,

-~ The Stub quumn Tésts were carried out to obtain the
stress-strain relationship for the steel angles tested. For angles
with b = 3ip!_pr more, the length of the stub column used was 1lft.
For angles with smaller leg dimensions, 6in. long étuﬁ columns were
tested. The stub columns were designed in accordance with Ref.Al3.
The eﬁds of the columns were milied to ensure axial loading.

To obtain the strains in a stub column, four uni-axial

electrical resistance strain gages were mounted on each stub column
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- two on each ley. The gages on one leg were placed centrally on

each face, opposite to each other. In this manner, any bending stre-
: o

.

sse§ in a leg were'nullified when a mean ofbthe two gage readings
was taken. The stub column test was performed in a Tinius-Olsen
ﬁydraulic testing machine in accordance wiﬁh the procedure in 'ref.
i 13. The Datran Digital Strain Reader was used to'obtain the strain.
For two stub column tests, one of the strain gages used

was bi-axial. This was done to obtain the axial and lateral strains

at a point inorder to calculate the Poisson's ratio of the material.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4
ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

4.1 General Procedure.

Grapns were plotted showing the relationship between
deflection and load for various locations on a tést angle. The load
readings were given by the load cell. Typical such plots are shown
in figs. 5,6,7,8. The buckling load of a specimen was found from
its load-deflection curves by using the Top-of-the~knee method as
mentioned before and explained more fully in Refs. 11,12, Slnce
for each specimen,a number of load-ceflectlon curveg were obtained,

he buckling load of the specimen, was found by using the mean value
of the loéds read from each curve. For the purpose of obtaining a
statistical average of tse.puckling stress; three specimens wefe
tested for any one particular b/t ratio and end condition.

From the stress-strain graph of the material (obtained
from a stud column test); the secant modulus and tangent modulus
were found at the experimental buckling stress, for specimens with
a particular b/t ratio. A typical Stress-strain graph obtained
from a stub column test is shown in fig. 9.

The average value of Poisson's ratio was found to be 0.261.

20
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4.2 Single Angles.

4,2.1 Hinged ends.

. The experimental results were analysed to provide design
curves for the struts and to enable the comparison of experimental
and theoretical resilts. The theoretical values of the buckling

i loads were calculated using the theory discussed in Chapter 2,

Having obtained the values of experimental puckling load
(PCr), sgcant modulus.(Es) and tangent modulus (Et) bj using the
pxocedure of sectioﬁ.4.l., these values of Ey and E; were then sub-
stituted in the theoretical expressioﬁs for Euler and local buckling,
respectively, inorder to calculate the theoretical buckling loads.
Poisson's ratio in the inelastic range was assumed to be the same
as in the elastic_range?

The yield stress 6; (at offs¢t=0.01 per cent) was obtained
for specimens of each B/t ratio, from the stress-strain cufye of
the stub column test., A gfapb of the ratio of experimental buckling
stress to yield stress é%r/0§, versus the strut slenderness ratio
1/xr, was pf.Lotted_as shown in fig.i 10, f;r angles with b/t{16; a .
best-fit straight line was drawn through these points by applying the
Least Square Method of curve fittingl? The Validity of the linear
regression was confirmed by calculating the correlation coefficient
of thelstraight line. Angles with b/t7 16 failed due to local buckling
and hence did not follow the deduced relationship;

cr;r47§ = 1,660 -0:00911(1/r)~

of Euler buckling for angles with b/t €16, The results of calculati-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22
ons made for single angles with hiﬁged_ends;are given_in Table 1.

. Angles with b/t €16, which buckled aécording to Eulef
thegry, failed by bending about their weakest axis 2z, as shown in '
figq 11. It‘éan be observed that the apex of the angle bent down-
ward; while both the legs bent inwards towards each othe?.

Por the angles that buckled locally, one éf the legs
bulged outwards while the other bulged inwards,.with the angle

between the two legs remaining sensibly.constaﬁt. The apex remained

stréight along the length of the angle.

4.2.2 Fixed ends.
~The theoretical buckling load of specimens which failed

'éccording to Eu;er theory was calculated in terms of the constant

K by‘using Euler buckling formula (22). This load was then equated.to
the corresponding experimental buckiing load of the strut in order’
to calculate the constant K. The values of K so obtained for angles
with different b/t ratios are shown in Table 2. To estimate the eff-
ectiveness of the fixed end conditions used in the present experi-
ments, a comparison was made (see Tablé 2) betﬁeen the experimental
values of.K for angles with different b/t ratios to the K vaiues

of ideally fixed and hiﬁged end conditions (K=1/2 and X=1 respectively
- for perfectly fixed and hinged ends).The comparison shows that the

experimental fixed end conditions are actually closer to those for

a hinge than for an ideal fixed end conditiom, especially for larger
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angles with b 2 in. For angles with bg 2in.,the mean value of K is
0.714 - which suggests that the end gshdition is in between a hinge
and a pérfect fixed end.
For the angles' with b/t £16, which failed according to
Euler chkling, a linear relationship Qas found between their slen-
j derness ratios and the non-dimensional ratio of~ their experimen-
tal ‘buckling stressd?u, to the corresponding secant modulus Es{

This graph is shown in fig. 1ll. The ratio Eg/E (where E is the

e
LT

Young 's modulus of the material) was also calculated for these an-

gles, as‘shown in Table 2, It was seen ﬁhd£ these ratios were rea-

.§onab1y constant for all cases, and hence their mean value (ES/E=O.94)
may be used for design purposes. ;
The angles with b/t? 16 failed due to local buckling.

The appearance of the buckled specimens, for local ‘as well as Euler

failures, was similar to that explained in section 4.2.1.

4.3 Double Angles.
4,3,1 Hinged ends.

The values of experimental buckling stress O¢,, secant

modulus Eg, and tangent modulus Ey were found for angles with each
b/t ratio by using the procedure of section 4,1. Substituting-for

Eg in the plate buckling formula (14), the critical buckling stress

was calculated in texrms of the Efate cocfficient k. This stress was

then equated to the experimentalubuckling.stress and hence the
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values of k were obtained for do&ﬁie ;pgles with different b/t
ratios.A graph was plotted between the values of k and the corres-
ponding b/t ratios; and'a best f£it linear relationship was obtained
as shown in fig.,lz.

The Euler buckling loadlaf £he double angles was also
calculaééd, by.substituting‘for E¢ in the Euler formula (22), as
shown in Table 3. These theoretical values tend to be higher than
the experimental bupkiing stresses, thus'sugéesting tﬂat Euler
buckling is not the mode of failure for these angles.

The buckled forms of thé angles with b/t = 10,67 showed
that the angles failed by bending about’thé XX axis as shown in
fig.bl3. No wrinkles appeared on the legs of the double angles,

All angles with b/t > 10.67 ténded to bend about the xx
axis and with simultaneous appearance of local buckling waves on
the bolted legg especially near the cenﬁre of span where the bolt

was situated.

4.3.2 Fixed ends.

The experimental ;esults for double angles with fixed
ends Were.analysed in thé same manner as exélained.in segtion'4.3.1.
The results are presented in Tablé 4; it can be seen from Tables
3 and 4 that for double angles with b/t 710.67, the bﬁckling loads

for fixed and hinged end conditions could be related as follows:
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(). =1.14 (¢’

cr’ fixed ends cr)hinged ends
é . Compa;ed to'éngles vith higher b/t ratios, the effect

of?fixed end conditions ‘on angles with b/t £10.67 is much more -
'cégideiable; thus suggesting that Euler buckling occurs for the
am_:;les with b/télo.67. |

The appearance of the buckled forms showéd that double
éngles with b/t=10.67 f;iled by bending about the xx axis (see
fig.b135. The double angles with b/t » 10.67 failed due to local
buckling and wrinkles were observed on all 1egé- especially near
the centre of span and at the central bolt-conngctibn. As before,
a linear relationship between k and b/t was established fof this
case as shown in fig.13, - .

In order to study the effec£ of connecﬁing bolts on
'their strength, double #ngles with no connecting bolts along their
length and with three connecting bolts- one at mid-length and one
at each quarter point, were tested. These tests were made for bhoth
fixed and hinged end conditions - one set of three double angles’
with b/t=16 being tested for each end condition. The.results obta—
ined from these tests aré given in Table 5. .

It is known that plate elements usually posses post-
buck}ing strengtﬁ?'ls.and a plate after buckling may, in some cases,”
carry without failure a load many times larger than the critical
loaa at which buckling begins. It is, therefore, desirable to have

a knowledge of the post-buckling strength of the members for the

Do
Q2
e
NG
€

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26
purposes of design, For the expeiimepts condﬁqted on single and
double angles, in this study, it Qas Seen that the collapse of the
struts ;ccﬁrred soon after the.critical buckling stress was reach-
ed, thus,suggesting that the angles do not posses any pbstébuckling

stréngth. Thus, a safe design of suchhangles would be based on their

critical buckling stress.
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CHAPTER 5
CONCLUSIONS AND DESIGN RECOMMENDATIONS

5.1 Conclusions.

W_ithin tﬁe range of the experiments carried out and
reported herein, the followi‘ng conclusions can ‘be made:
(1) Single angles with b/t £16, for both hinged a;nd fixed end
conditions, fail due to Euler buckling. For angles with 16<{b/t $18;6‘7,

local buckling occurs.

-~
~

The end fixity provd'.ded for single angles is not very
effective;: the angles with leg width b 2in.‘ 'rr.la;y be taken as pin-
ended, with the factor K=1, whi_l‘e angles with b£2in, can be treated
as partially fixed ended sti:uts with K=0.714. .
(2) Double angles for hinged vand ﬁixed end conditions, with
10.67&b/t£18.67, fail due to local buckling. The plate coefficient
k varies linearly with b/t ratios of angles.

(3) | The strength of fixed-ended double angles with 10;67< b/t$18.§7
is greater than that for double angles. with hinged end condit;.ions )
by approximately 14%. |

The end fixity has a more marked effect on am;les with
l?/t=10.67, t::hich sgggests fhat these angles fail due to Euler
buckling.. .- ‘ '

27
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'(4) The number of connecting bdits psed along the length has no
serious effect on the buckling streng£h of double angles. For the
Hiﬁged'end conditions, the maximum buckling load occurs when no
connecting bolts are used and the load decreases with increase in
number of bolts. The minimum loaé is épproximately 11% less than
the maximum. For the fixed end case, the buckling strength increases
with increase in number of connecting bolts, the minimum load being

about 10% less th.an the maximum,

5.2 Design Recommendations.

(1) It would be conservative té neglect the end fixity of single
and double angle struts and té design them as pin-ended members.
(2) single angle struts with hinged ends, with b/t €16 and
20€ K1/xr £96, can be designed using‘the_- deduced relationship given
in fig. 10, | .
Single angle struts with b/t >16 may be designed using
the theoretical plate buckling equation (14).The value qf Es in |
this equation may be taken as:

E_=0.94E (See table 1)
This relationship is obtained in the same manner as explained in
section 4.2.2.

Fixed ended single angles with b/t £16 can be designed
using the relationship as found in fig.ll. For tﬁe type of fixed

end connections used in this investigation, Euler constant K is 1
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for angles with leg width b>-2in:} for angles with smaller legs,
K'=‘0.714.

(3) i Double angle, hinged end‘ struts with 10.674 b/t £18.67 may
be d?signed using the relationship as founq in fig.l2. The cons-
tant}k can be obtained for a corresponaing b/t rgtio(from the
! graph of fig.l2, Substituting this value of k in the flate buckling
equation (14) the critical load for a double angle strut can ﬁe
found.
(4) "The buckling stress of fixed ended double angle struts with
10.67< b/t<18.67 is approximately 1.14 times that of the corres-
ponding hinged end double angles. The graph of fig.l1l3 may élso
be used to obtain.values of k for known b/t ratios of double angles;
P .gubstituting these values of k in the plate buckling equation (14},
the critical buékling 1oaé of a double anhgle strut can be found.
For both fixed and hinged ended double angles with
10.67{ b/t £18.67, a suitable relationship ‘bet:ween E_ an.d E vas
found,.using the procedure explained in section 4,2.2., to be:
Es_= 0.?6?.5 (See tables 3 and 4)
Tbe:§éi§é§ of Es required in the piate buckling équation..

v
A

(14) can, thereféféf'be obtained using the above relationship.
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. : ' _ —— RESTRAINING PLATE

V42

t BUCKLED PLATE

Fig.Dl.b. Details of a Channel section.
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/‘LOAD CELL . V END CONNECTION~\ VHYDRAUUC JA

—::1 -J== \ -
o _[Ile e ) § I
A ?—4 ;—i

A,B — SLIDERS

Pt h N

(a) SINGLE ANGLES TESTED FOR FIXED END CONDITION

/—-LOAD CELL END CONNECTION-\ : ‘-STEEL BALL RHYDRAULIC JAC

(b) SINGLE ANGLES TESTED FOR HINGED END CONDITION

Fig.l. Experimental Set-up for Single Angles.
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(o) DOUBLE ANGLE STRUTS TESTED FOR FIXED END CONDITION

/—LOAD CELL END CONNECTION—\_ l-STEEL BALL XHYDRAULIC JACK

; |
==z ==E=s e (| =1 S t-—=—H .

(b) DOUBLE ANGLE STRUTS TESTED FOR HINGED END CONDITION

Fig.2, Experiméntal Set-up for Double Angle Struts.

tJ
L

34

»

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



_?_ o 0O -~ . ) . B . C o © JEE ST
|
N : ||
) » 1" i L] ”, .
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! . : o '
? . Stub Column
Diameter of holes 11/16in, :
i
Section Dimension Section Dimension
* G . G
{Inches) (Inches) (Inches) - (Inches)

- | 3x3x3/16 |1-5/16in. | 3% x 3% x 1/4 | 1-15/32in.
3x3x1/4 1-11/32in. | 3% x 3% x 5/16 | 1-1/2in.

3% x 3% x 3/16 | 1-7/16in, 4 x 4 % 5/16 1-5/8in.

Fig. 3(a). Single Angle Specimens for the Hinged End Conditions.
' { Continued overleaf )

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Quan~ | Descr- Shape Length Remarks
tity iption ‘
' {Inches)
3 Strut 3% x 3% x 5/16 | 3ft.8%in. | Cut from same piece
1 Stub 3% x 3% x 5/16 1ft. of angle.
3 | strut 3x3x1/4 aft. Cut from same pieée
1 Stub 3x3x1/4 1ft. of angle.
3 Strut 4 x 4 x 5/16 3ft.8%in. | Cut from same piece
1l Stub 4 x 4 x 5/16 1ft. of angle.
3 Strut 3% x 3% x 1/4 3ft.8%in. | Cut from same piece
1 Stub 3% x 3% x 1/4 1ft. of angle.
3 Strut 3x 3 x 3/16 3ft.8%in. [ Cut from same piece
1 | stub 3x 3 x 3/16 1ft.” | of angle.
3 Strut 3% x 3% x 3/16 - 4ft. Cut from same piece
"1 Stub 3% x 34 x 3/16 1ft, of angle.

Fig. 3(a). Single Angle-Specimens for the Hinged End Condition.
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T | ]
lgls] Rl N

| _ . Stub Column
Diameter of holes 11/16in. . '

Section Dimension Section Dimension
G : G
. (Inches) - (Inches) (Inches) (Inches)
1% x 1%x 1/8 lin. 2% x 2% x 3/16 | 1-3/16in.
2x 2x1/8 1-1/16in. 3x 3x 1/4 1-11/32in.
2x 2x 3/16 | 1-1/16in. 3% x 3% x 3/16 | 1-7/16in.

Fig. 3(b). Single Angle Specimens for thé Fixed End Condition.

( Continued overleaf )
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Quan- } Descr- Shape Length Remarks
tity iption b
(Inches)
3 Strut 2x 2 x 3/16° 4ft, Cut from same piece
1 Stub 2x 2x 3/16 6in. of angle.
I
Strut 3% x 3% x 5/16 | 3ft.8%in. | cut from same piece
1 Stub 3% x 3% x 5/16 . 1ft. of angle.
3 ~ Strut 2% x 25 x 3/16 4ft. Cut from same piece
1 Stub 2% x 2% x 3/1¢6 6in. of angle.
3 Strut 3% x 3% x 1/4 3ft.8%in. | Cut from same piece
1 Stub 3% x 3% x 174 1ft. " of angle,
'3 Strut IZ}x 13/4x 1/8 4ft. Cut from same piece
1 Stub I% x 1%x 1/8 6in. of angle.
3. Strut 3x3x 3/16 3ft.8%in. | Cut from same piece
1 Stub 3 x 3x 3/16 1ft. of angle.
" single Angle Specimens for the Fixed End Condition.

Fig. 3(b).
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Quan- | Descr- Shape ‘ Length Remarks -
tity iption :
(Inches)
3 Strut 2x 2x1/8 4aft, Cut from same piece
1 Stub 2x 2x1/8 6in. of angle.
3 Strut 3% x 3% x 3/16 | 3ft.8%in. | Cut from same piece
1 Stub 3% x 3% x 3/16 1ft, ‘of angle.

Fig. 3(b). Single Angle Specimens for the Fixed End Condition.
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| 6-0-0—— - ey = —©—0~O [

IR ]

,. LEE RN

. ' _ Stub Column
Diameter of holes‘ 11/16in,

Section Dimension Section Dimension

G G
(Ihches) (Inches) (Inches) (Inches)
% x 1%x 1/8 lin. . | 2% x 2% x 3/16 | 1-3/16in.

2x 2x1/8 1-1/16in. 3x 3x1/4 1-11/32in.
2x 2x 3/16 | 1-1/16in. | 3% x 3% x 3/16 | 1-7/16in.

Fig. -3(c') . Double Angle Speciméns for the{Hingeg:l End Condition.

( Continued overleaf )

=
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Quan-~ | Descr- Shape Length Remarks

tity iption
; (Inches)
|

3' Strut 3x3x1/4 3ft.8%in. | Cut from same piece
i : o
1 Stub 3x3x1/4 1ft. of angle.:

.
3 Strut - 2x 2x 3/16 3ft.8%in. | Cut from same piece
1 Stub 2x 2x 3/16 6in. of ‘angle. .
3 Strut 2% x 2% x 3/16 | 3ft.8%in. | Cut from same plece
1 Stub 2% x 2% x 3/16 6in. of angle.
i 3 Strut 1"'4}( 1’.’4 x 1/8 3ft.8%in. | Cut from same piece

1 Stub 13;’1 X l%x 1/8 6in. of angle,
3 Strut 2x2x1/8 3ft,.8%in. | Cut from same piece
1 Stub 2x2x1/8 6in.. . | of 'angle.
3 Strut 3% x 3% x 3/16 | 3ft.84%in. | Cut from same piece|
1. Stub L x 3% x 3/16 1ft, of angle.

Fig. 3(z). Double Angle Specimens for the Hinged End Condition.
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Quan- | Descr- Shape 1 Length ' Remarks

tity iption )

: {(Inches)

"3 Strut 2x 2x 3/16° 4ft, | Cut from same piece
1 Stub 2x 2x 3/16 6in. | of angle. -

1 . _ .
3 Strut 3x3x1/4 4ft. 1 Cut from same piece
1l Stub 1 3x3x11/4 1ft. of angle.
%' 3 Strut 2% x 2% x 3/16 4ft, Cut from same piece

1l Stub 2% x 2% x 3/16. 6in, of angle.
3 Strut 114'x .lzx 1/8 , 4ft. Cut from same piece|
.l Stub - 1 x1 x1/8 6in. of angle,
3 . Strut 2x2x 1/8 4ft. Cut from same piece
1 Stub 2x 2x1/8 6in. | of angle.
3 Strut | 3% x 3% x 3/16 4ft, Cut from same piece
1 Stub 3% x 3% x 3/16 1ft, of angle.

Fig. 3(d). Double Angle Speciméns for the Fixed End Condition.
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NOTE TO USERS

Oversize maps and charts are microfilmed in sections in the
following manner:

LEET TO RIGHT, TOP TO BOTTOM, WITH SMALL
OVERLAPS

This reproduction is the best copy available.
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Fig. 5. Buckling load obtained by top-of-the-knee method, for
a Single Angle Strut with Hinged ends.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

o | ;//%;/’/// =
b

" [V

70

€0

=% BUCKLING LOAD

S0

LOAD (kips)

40

30

20 o o 20 30 40 50

DEFLECTION (INCH x1073)

Fig.6. Buckling load obtained by top-of=-the~-knee method, for
a Single Angle Strut with Fixed Ends.
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Fig.8. Buckling load obtained by top-of-the-knee method, for a

Double Angle with Fixed ends.
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Fig.9. Typical Stress-Strain curve of a Stub Column Test.
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DOTTED LINE REPRESENTS THE BUCKLED ANGLE

Fig.Dll. Euler Buckling of a Single Angle Strut.

DOTTED LINE REPRESENTS BUCKLED DOUBLE ANGLE

Fig.élB. Euler Buckling of a Double.Angle strut.
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b/t Dimensions (o k 6; E/E

(Inches) (Ksi) (Ksi)

J10.67 | 2x 2x3/16 | 25.00 | .1160 | 44.10 | .988
12.00 { 3 x 3 x 1/4 31.15 | .1820 | 97.80 | .953
113.30 | 2% x 2% x 3/16 | 32.27 | .2260 | 70.00 | .982
14,00 | 1% x 1%4x 1/8 | 31.73 | .2575 | 30.90 | .950
16.00 | 2 x 2 x 1/8 35.00 | .3440 | 46.50 | .9G3

118.67 3% x 3% x 3/16 34.27 .4325 130.0 .953

For angles with 10.674$ b/t £18.67, the relationship

ES = 0.965E may be used.

Table 3. Results of Tests made on Double Angles with
Hingad Ends.
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Di i < E /E
b/t imensions oér k o; S/

(Inches) (Ksi) (Ksi)

10.67 | 2x 2 x 3/16 | 40.67 | .2400 | 14.00
12.00 | 3 x 3 x 1/4 35.40 | .2060 | 104.0 | .950
13.30 | 2% x 2% x 3/16 | 40.27 | .2990 | 62,00 | .950
14.00 | 1% % 1%=% 1/8 | 37.53 | .2900 | 35.80 | .987
16.00 | 2x 2 x 1/8 39.47 | .4150 | 45.00 | .958

18.67 3% x 3% x 3/16 35.83 .4940 [ 142.0 .980

O; was calculated using constant K = 1, in Ruler formula (22)
For angles with 10.67& h/t £18.67, the relationship

Es = 0.965E may be used.

Table 4. Results of Tests made on Double Angles with
Fixed Ends.
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Item Quan- Shape Dimensions Length
ity (Inches)

110 | 2 Channel | 12 @ 20.7 oft. 7yin.

111 | 2 | channel | 12 @ 20.7 6-3/4in.

11t 2 Channel | 12 @ 20.7 6-3/4in.
| 112 4 Angle 6x4x3/4 1ft. 8in.

113 3 Plate 9x3/8 1ft. 8in.

114 2 Plate 13-3/4x3/4 1ft. 8in.

115 1 + Plate 20x1/4 8ft. 4in.

116 1 W.Flange | 6 @ 15 9in.

117 1 Plate 11-15/16x1-1/2 | 1ft. 1-15/16in.

118 1 Plate 11-15/16x1-1/2 | 1ft. 1-15/16in.

119 1 Plate 11x141/2 1ft.

120 1 Plate 6-3/4x1/4 . 9-1/2in.

121} 1 Angle 5x3-1/2x3/8 " 4-3/4in.

1237 1 Angle 5x3-1/2x3/8 4-3/4in.

E 1 4 pPlate 2-1/2x1/32 - 4-3/4in.

F 1 4 plate | 2-1/2x1/16 4-3/4in.

G 1 4 Plate 2-1/2x1/8 4-3/4in.

H 1 4 ] plate 2-1/2x1/4 4-3/4in.

K1 4 Plate 2-1/2%1/2 4-3/4in.

Table 6. Details of Members shown in fig. 4.
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Photo 1{a). Lay-out of Test Apparatus.

T
AL

¢

=B

prasiom :

Ea Iy s

Photo 1(b). Datran Strain Reader.
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Photo 2. Two Views of the Loading Arrangement.
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Photo 3(a). View of'Load Cell end' with Batten plate removed.

Photo 3(b). View of"Load Cell End" with Batten plate in position.
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Photo 4., View of Load Cell.
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Photo 5. Two Views of the Hinged End Arrangement at the
'T,oad Cell End'..
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Photo 6. Views of the two Hinged Ends.
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Photo 7. "End Connections for Single Angles.
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Photo 8(a). Set-up before commencing a Test.

Photo 8(b). View after the Experiment.

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Photo 9. Stub Columns .
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Buckled forms of Single Angles due to Local Buckling.

Photo 11.
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Buckled forms of Double-Angles (with no connecting bolts) - Local Buckling.

Photo 12.
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N

Buckled forms of Double Angles (with one connecting bolt) - Local Buckling,

Photo 13,
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