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o ' Abstract

Nl SHEAR STRENGTH OF PANELS

Fumitoshi Ishikawa

§

‘y

A plate girder consists of flanges (f:op, bottom), a plate
’ {or'the web with stiffeners (vertical and/or longitudinal).
The mechanical properties Of the parts are not necessarily the ’
same. The caéacity of such ~aqir‘der, sutggjected to sﬁear force
and mément, ’may‘Bé limited by the buckling'?,,of the web; The
complexity of the behaviour of the web after buckling makes the
prediétion of the ultihéte strenqth quite difficult. Wagner's
. theoretical model [9], compoé’"d of a ‘web in dlaqonal tension
with strong flanges was the first anp&’led for Post-—buckled
_webs. A numher of researchers have proposed valqr:lous stress
models [1] for predicting t':he ul}:\i\mate st;y:e‘nqtfx. Most of the
mociels have been sert\i--emvm:h:ically~ d fined, but none of them
takes care of the stresses at't\hve bou darieé. Thus each )st;;:ess
model -ﬁredicts the ultimate strength for girders of propo'rtions
w/ith'in specific ranges for the size and'g:;roperties of the
component. \é,,——\#{ o | \ ‘

In the present s:,tudy, a single squa‘re panel, stiffened
with unifogm flanges along alf the edges, is considered as one
special case for plate girders. }z.yx—-taking a siﬁnqle'pa.mel,
rai:her than a whole plate girder, "and applyina shear force only

along the edges, the parameters considered fo‘r the plate qir-

ders Qf’e comnderably reduced without loss of qenerality and a .
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clearer picture Lup to the ultimate capacity of the piate gi;dér
! can be shown by the experiment. Actual stress distribubmn and

ultimate strenqth ‘'of the panels ‘depend on how the panels are .

arra‘nge'd, but the funda/n'\ental stress distribution in the web
remains the same for any type of panel. o ~ SR

v

The analysis of the expéﬁiments examines mainly how, the LK

stress distribu,tion chanq\e.s at\ each loa}drm\d how it differs
¢ L4

from t:he theory. ¢
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NOTATION - w
a,b - panel dimensions . ﬁ —
Aw = aréa‘ of wels . » ” -
by = .= breadth of flange | , |
c = diséance from corner to plastic hinge in fiange
e =g-c ' '
e’ =b-cv"“‘ : .
. C =a factor * ﬁ . s
g = length, of normal tgnéion zone on flange
M = bending moment - . —
- M, = plastic moment of resiptancc; of flange ‘ E o
s = length of yield zone in shear at boundary of web.
g = length which would replace length s, influenced by
flaqge strength
t, tf = thicknesses of web and fla{xge
\' = shear force supported ‘by web
Ver ~ = initial buckiing shedr force
\'A = shear force's'upported by flange
Vﬁ = ultimate shear force
X, Yy = co-ordinates 2 .
Xp = distance along a boundary oy
o =g/

& e e s e

%o

I

)
N
Q
-

. ¥ e’
B = b .
u =M /bzt T '
o Y - o -

O, = maximum bending stress
Oy = critical bending stress

c > 1\ .
o o, = tensile and compressive normal stresses

t’' "¢

0




NOTATION

yield stress of webs ) ———

yield stress of flanées |

shear stress

yie1d~stfesa %n shear, -
yield‘stress in shégr ofiﬁeb - ) . .
shear stress #for initial bdckling
minimum shear 'stress at coilapse

mean shegi;stresg\éontribufeq*by*w;b ,1 ‘

P

mean shear stress contributed by flange

~

b Y
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Chapter 1

-

‘ ‘ INTRODUCTION * w
P .
In the past five decades, work on shear post-buckling N

‘behaviour of stiffened webs of plate girders ﬂas been carried
: Pl s

' , , ‘1]
out experimentally and analytically by a number of researchers.

,

: . 1. . .
These studies have been directed towards the desiggfof girders

used in Civil structures and Aircraft.

.. <

A survey of stress models used in the analysis of

\ , a
diagonal tension webs is given in [1] . Each of the models,

1
however, fails in some way to satisfy the essential require-

~—

meﬁts of the stress system, either normal to the boundaries
where the tension stresé is not balanced, or in the distri-
bution:oﬁ stress along the boundaries. Those models satiséf
only overall equilibrium of the girder.
In Chapter 2, the stress field defined by Marsh,
,bagld on an‘eﬁtirely different assumption from any othér
previous models, ‘is introduced. That stres;\field satisfies
the efuilibrium conditions without normal'strq;s acting at
’ the boundaries, exceptfas a limiting state. A rational
picture of the limiting structural béhavipﬁr is present%dv
, .

by dividing the shear capacity of the girder into that con-

. t{ibuted by the web and that contributed by the flange.

’ ' - ‘
1 . ‘




. wing spar. A collapse mode of a plate girde

- H e e e e ———

Iﬁ:?ig. 1-1, three stages of the collapse modes of
girders are shown. As the flange strength increases, other
dimensiihs remaining constant, the collapse modes change
from that in (a) to .that i; (c), which represents’thg extreme
case. &hese collapse modes are also referred to in the
ea;lier models éf.diagonal tension field. .

In’ 1929), Wagner [ 9] established'the.theory of complete
tension field." Qs éhownin'Fig. 1-2, he assumed that a pure
shear stress system exists beforé buckling of a web and it
cﬁanges to a uniaxial stress system in tension after bddkling
of the web. 'He showed\Fhat the tensile stress runs.at an
inclination of 45°. His theory can be applied only for plate
girders having a skin-like web with rigid'flanges. Such a i
type of plate girder can be found igfaircrafi;%uch as in a

described
above, whose flange strength enables it to carry the load -
due to fuil normal stresses occurring along the bdqndaries,
o

is shown in Fig. 1-1 (c).
- , ~

~w

In 1963, Basler ¢2) assumed an imcom-
plete tension field, shown in Fig. 1-3. For a post-buckled

web, this stress system would apply to the plate girder

" flanges having a low strength. o

There are two differences in, this assumption @

I

i3 s Aty M S b g Sty S -

Al

—




b

[ T ——

-»

: 4
compared to Wagner's theory. One is that compressive stress

orthogonal to the tension field remains even after the buckling

of th?‘&eb. The other, which is in the major difference, is
that the tension. field is not reacfed by the flanges. The
asgumption about the stress systeﬁ afﬁer buckling can be
congidered as a superposition of the two “types of sfres’(jthe
buckling str;ss ( Tr) and the tension stress (%), as shown
in Fig. 1= 3. The plate girder with flanges so flexible where
no normal jjress could exist along the boundaries would yield
a collapse mode, shown in Fig..1-1(a).

Although both theories dgicribed ébgvé may give good
approximations in. ultimate skin strength for thevgirders
having ext?eme flange strength, they aré not applicable to
plate girders dsed in Civil Engineering which possess flange
stféngths lying between the extremes and &ield a Eollapse
mode, as shown ig Fig. l—l[(sb]) . 2 ; :

' Rockey and Skaloud presented the tension field whose
angie is equal to tﬁe inclination of the gedmetrical diagonal
with a ;ension tield . symmetric witﬁ respect to this
diagbnél, shown in Fig. 1-4 (a). The width of the diagonal
tension ﬁieid is assumed to be such that a£ its junction with

the flange its edges coincide with the posiﬁion of the

plastic hinges in the flanges. The position of the plastic

v
iy

) . : b RN
Y 4 ) N b ,
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hinges in the “flanges is assumed to be related to the flange
(Y
stiffness parameter, If/b3t. They showed that the plastic

hinge approaches, but does .not p'qss ‘the haif the fléange
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CHAPTER 2 C g
THEORY
3 :
!"D
2.1 The Development of the Tﬁeory N

> , I\ I'4 ‘

The shear panel conéidered in the present theory is

4

°

square with uniform stiffening flang7s along the edges.

The flanges are integrally attached to the web of the

\

panel but are)initially assumed to possess, no independent
flexural rigidity in the plane of the web.

If this panel is subjected to. & shear force, it is

evident that there can be no normal stress at right angles
. L

»

to the boundaries, thus a state of shear stress with,

pdssibly, normal stress parallel to the boundaries, must

3

exist immediately adjacent to the boundatf stiffeners.

L]
/

After initial ‘buckling at avuniform‘she;a stress, as
the load increases the shorter diagonals can accept higher

stresses, and the final condition approaches a series of

“
\
[}

e . —

-




diagonal strips buckling in compression.

e ———————— A T R Ly e

/

The shear stress, which can be resolired into X:e‘nsion
and ac%mpressmn components as in Fig. 2~ 1 is assumed to vary
in a manner dictated by the compression- component. This com-
i:onent is limited to an elastic buc}tling st‘resg which is

taken to be inversely proportional to the square of the

\

length of the line AB, and is expressed as:
v . 2 ' -
b 7
(LY o, = 1_(3)
c . 0o'Xy
in.which 'dc = compression stress, Xg = distance“from the

corner to the point B, T4y = initial buckling atr:ass.
At the boundary: .

in which Txy= shear stress.

If the stress along vany line running at 45° is assumed
<

to remain copstant, then at any point in the web the stresses .

‘are given by: \
. ~ b 2 <1 ‘
(3) TC - To (m)z — y .
- b 9
(4) % = TO(X'Y) < TY L

for values of (x + y) < b, b = length of one side.

At any point in the region (x + y) < b the vertical

v

shear stress is then:
T b i
1 1
(5) Ty S5— 1 + 51
(xty) 2 (X-Y)

Thls stress has a maximum value of Ty which in turn

o

SO

bo rm—— ——— U e 4 e
‘
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-

the web in shear.

»limits 0, and oy to Ty .- where Ty, is the yield stress of

v

. »
The ‘'extent of the yield zone in “the corner (Fig. ,2-2)

.

-

is given by: . L .
(6) ¢ "=t (22 ] b2 _
. % (x+y) TY , %t To(x—y) Ty
leading to: :
“ '[‘o %.
(6.a) compression :(xty) = b(=—) =S
. ) 1_'0 !iy
 (6.b) tension : (x-y) =b(—) = s
54 y

It is to be observed that the limiting stress is the

shear yield adjacent to the corner of the panel; the diagonal
- »

tension stress remote from the cornersremains elastic, repre-

senting a condition ;prior to the observed limit (Rockey, 1968).

RN

Equilibrium requires that the shear force, V, be

balanced “across all orthogonal.sections by the sum of the
. , .

shear fluxes:.

N\ N b
(7) v = tfo T dx

Xy
Along the edge, at y = o, this becomes:’
2
= +(S b b
_{ . - V—tfo Ty dx+tf0 To(x) dx

Using equation (6), leads to: .
= S
(8) v = bt[2('ro'ry ) ] ]

It can be shown that this value is constant for all-

sections. ' \

4
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In exp¥gssion (8), althoﬁgh To 1is én elastic shear?fl
guckling stress as stated before, it will be¢ influenced by
the‘propor;ion of théABanels. by the preéence of compressi;e
stresses due to overall bending] and by the torsional stiff-
ness of the.flange.

After initial buckling, there is no reason to assume
that the compression stress along the main diagonal will
rgmain constant as post-buckling deformation develops, or
that T, is neéessarily related to the initial buckliﬁg streép.

"However, for the present study, in order to satisfy
continuity of thg desi&h expressions, %0 is taken to be
initial critical étress.

Expression (8) can then be wriﬁten in thé formsr

(9) Te/Ty, = V/btr = 2(r /1) -1/
where -15 = the equivalent shear stress = V/bt

-

The initial critical stress is given by:
2, 2 2

(10) t_ = 5.75(1 + 0.75(2)3)—""E " (£,
o 12(1-y2) b

in which a = panel length, b = panel width."
1 \

To take account of the inflyence of the benaing

stress in the plane of the web, the critical shear stress

) o] 2 %
. . b \
is multiplied by: (1 - (6——04) ’ e
be .
9y = maximum axial stress in the flange
Gbc = critical for in-plane bending stresses in

the web.
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An optimum plate girder section has a flange area of
about half the web area, thus, if the end panel is ,square,
the bending stress is about double the shear stress.°

Expressiona(lo) for a square panel becomes approximately:

t 2

2.2 Influence of 1_:j1e Flange Strength | «

The flange*modifies the shear capacity by:

(a) iFs influence on the edgia fixity; J

(b) its influence on the ratio of the bending stress
Vo to the shear stress; _

(c) itﬁ bending strength.

. T 1) ,
OGndly the last influence is of interest. , 2

At first glance it would appear that the flange

cannot act as a be/a‘xm independently of the web t‘o which it is
attached and that any bending resistance it poséesses must
inyolv; at least part of the web. However; the web ié not
capable of carrying any jncrease in shear stress that wouid

- be den;anded by the comb:}ngd action of the web and flange in
bending. It follows that an inc:.;ease in th\e diagonal tenz;ion
component can only be'reacted°by shear foz:cé across the

A , #
flange area itself, causing the flange to bend without
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assistance from the éollapsed web. The additional tension
is carried as a coméonent normal to the flange. The stress
changes from that represented by the Mohr's circle in
Fig. 2-3(1) to that of Fig. 2-3(2). The second system
represents diagonal ‘tension.

For simplicity the Tresca yield condition is used,

o

- 1
i.e. 0 = 27T -

of the‘Flange : The additional shear, V', is i;{:

ferred from the web to the ‘flanée by tension stress wilth
a maximum value of Gy/2 in the corner, and is asslumed to re-
duce linearly to zero at a distance, g, from the co

"

(Fig. 2-4(a)). " .

A plastic moment, Mo, occurs gt a distance, ¢, from

~4

the corner. As the moment must be a max“imum at C, the shegaf

~-

force there is zero. Using a'triangular\distribution'of

¢ . N )
normal stress, the following relationships can be established:l M

let ¢ = g/b , B = (g-c)/b — (see Fig. 2-4(a))'

For a < 1.
The location of the plastic hinge is found by

moment equilibrium at the hinge.

T SR
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T .t " 2
R. = L. &_
1 2 g
Tt
2 2
R T I
. A
\
T..t T..t T t
“e)3 4 Y Q3. Y o2
—%5(9 &) + tz e’ =L e"(b-g+e)
2T ¢ T ¢ '
,i +ﬁ%§(g—e)3+—§§e(g-e)2 _
'4‘ g3”=3bez—
e.2 1,93
(5) —5(—5) .
. (12) B=a(%‘)!’ * CL .

. 9! , %
The contribution to the shear capacity is:

) v — -'¢
v —R2 Rl

a(l -2a/3)/2

+ it

. (}3) ’ ‘{‘é/'l'y

vl
L] —
where Te i~ '

]

The relationship between plastic - moment, Mo,

in the flénge and the length of the nc_:rmal'“tensibn zo?xe, As

»
“

L
. o K
. (14) w = a_62_ [1 - a(l - 20/3/3)]

in which p = ZMo/bth
Y
\
For a > 1 (see Fig. 2-4(b)). ’ 1 .

B is obtained from the equation

(15) #%/20 + B(1 - L/a) - (1/2 - 1/3a) =0
where f = & = &= {9B) - (1 q) /b

<

The contribution to the shear capacity is then:

(16). ré/'ry = 1/60

r~ = /}\{ o ’ >




' - 15 -

' The relationship between y , o, and g is:
(17) ¥ = [(1 - 2/30)8 - €2(1 - 1/0) - d°/3a]/4
It is to be observed‘that when | (
u = 1/16 , 'té/’l.’y =0

This represents the Wagner‘stresé sysﬁem in which the
flange behaves as rigid and the web is at the 1limit gf its
E:apacity. |

With ; furEher iAcrease in ‘the sErenqth of the flanges
the behaviour changes to that of a tension web inside a frame.

1Y

If the corner connections between the_fianges in the squaré ’

L] .

panel are pihned, the web strength limits the capacity. If

1
J
_ !
the connections are ;igid, or the flanges are continuous, such w
that the plastic moment can be developed at the cornérs, the ;
flanges and stiffeners form a frame capable of caf}ying '
additional shear. . \
As the flange stfength increases, the distance C to

the plastic‘hinge‘increases and the additional shear force
contributed by'éhe flanges ig given by:

For 1/16 < U < 1/4, i.e. ¢ <b

(18) Té/Ty = 411!5 -1

For W > 1/4 i.e. c =D

(19) Te/Ty = 4u
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The fi'nal.conditi‘on for ‘the square panel rwith a rigid
frame is shown in Fig. 5, in which the shear capacity is the
sum of that which causes the yielding of the web in j:ens:iorl
and that wh;.ch causes the p,‘.'l..‘ats.f:.ic° y:ielding éf the frame,

acting as a Vierendeel truss.

Fig. 2-8 gives the relationship between

: Mo
'/t and u = -
S £ b t'ry

for the comglete'kange of behaviour as Mo increases from zero.

. A

The value of o is determined by u , but it is not
\readi»ly extracted from equationg (14) and (17), so this rela-
tionship is also plotted in Fig-. 2-7.

. If the flange is not continuous, .and only a single
hinge is formed, Mo is replaced by Mc;/z. This will only be
valid -up'to M = 1/1\6, beyond which there will he ﬁ&: frame
Ja‘,ction to carry a higher shear force. ﬁ i

b) The influence of the Fla

Shear Capacity of the Web: The flange cantributes to

the total( shear capacity of the panel by

virtue of its bending strength. In addition, the tension

normal to the flange increases the shear stress in the web

‘

for values of g » S , i.e. if the tension zone is longer

[4

-

than the zone of shear yielding at the web/flange interface.

This occurs when & > (To/Ty);i , where @ ='3g/h

2 mm s v

—




The stress normal to the boundary is assumed to be

Ty(l - ¥X/q9), (Fig. 2-4).
Assuming that the compression component remains con-—

stant, the shear stress at the boundary becomes: ' ,

v

2 .
20 = -
(20) Ty T, (b/x) < + ry(l x/g) % Ty

The length which yields in shear is thereby

increased to: < 3
' =
(21) 8 b(mo/ry)

-

g Along the bou?ry the total shear force is then: .

. b 2 ~
VSt 4 SOt T (b/0fax + 03e T, (1-x/g) dx

For (To/ry)!s <a< 1 _, (Fig. 4(a)), this gives:

2/3 T i
3 Q a o H
(22) T /T, = 5zlo=) + 35 - —
> Y ¢ Yy ‘
For .o > 1, (Fig. 4(b)), this expression becomes: ;
. T 2/3 T |
=3 (02 -l _ .
(23) T/T, =gl tl-%m - '
and when o > Ty/To: * o . :
. : . ‘Te/'ty =1 ‘ o

A

which is the Wagner stress system for the veb.
The shear capacitx of the web, V, igs thus deterthined
by TO/TY and @ , which is determined by u = Mo/bzt'ry

o . .
P

'Fig. 2-7 ‘gives the relationship between T,e/Ty and W

. for various values of T _/T_.
o'y "

\ Fig. 2-6 illustrates the two components of the stress
~

system in the web, at the limit, for values of u < 1/16. -

©

S

N
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Total ‘ Capacity

L3

The shear contributions due to.the web and the flange,

// 1
// which depend on the values of 're/'ry and u = -—%’2——, are shown in
‘ b™tT
' 3 Y .
'Fig. 2-7 and is alsd gi i Table 2.1 shoying ,
| ) -
: the equations d *

To compute the shear ca c;1ty of a panel the pro-

3

‘cedure is:

‘

-
Y e e

k\ﬁ Calculate To/‘ry an =‘M0/b2t'ty

In Fig. 2-7, where the value of W intersects the

-’ curve for T/, gives the value of Te/Ty on the ordinate;
Where the walue of/ﬂ intersects' the curve for
' s . .
Te/Ty  gives the value of T¢/T, on jfhe ordinate: (L
, The total shear capacity is then: |
“ ) ] (24) V +Aﬂl' = (re/ry + Té/ry)l—)tfy -~

o )

S
[
-
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" FIG. 2-2 SHEAR AND TENSION
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- (b))

;o FIG. 2-4 DISTRIBUTION OF NORMAL TENSION STRESS AND LOCATION OF PLASTIC HINGES IN THE _u_,>zm.Hm
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FIG. 2-5  LIMIT CONDITION OF YIELDED WEB AND FLANGE' FOR rVIMI

LIMIT CONDITION OF STIFFENED SHEAR WEB
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CHAPTER 3
Explk;menfs on Panels with Flanges Subjected to Shear Force
« ‘ \

The gauge locations, and some notations wpigh are used in
Chapters 3 and 4, are\shown in Fia. 3.1.

A number of experiments to determine the ultimate strength
oflsheaflpanels, with or wi;houtllonqitudinal stiﬁfners, have -
been carried out in the past as shown in (i). Usually, plate
girder type specimens, in which shear force and moment are com-
bined, have been tested. This has complicated the analysis and

lthe comparison with the theory.

The aim of the experiments/in this study was that the
panels be subjected to shear force only. Tests were éonducted
on two single-panel specimens to see ‘the corrglation between
the experiment and the theoretical valﬂes, such as stress dis-

A
tribution in ;he web, and the initial bucklinq and ultimate

’

strengths of the panels.

f

3.1 Description of Test Panels

For the ?kperiments of Qhe'pfeseht study the folldwfnq
. test panel specimens were prepared. They were square and stif-
‘fened by uniform fléhges all around the edggs (as shown in
Fig. 3.2 and Fig. 3.3 (a) and (b)). Rﬁtio of breadth (b) and
thickness (t) of the webs, denoted as b/t, was taken high
enough so as to let the web buckle at’ a low shear stress com-
pared with sheé; yielding. The panels were instrumented)to"

measure stress distribution along the edge before and after the

- ' *
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web buckles.

In Table 3.1 the -dimension of the panels and the!yield
strengths of the steels used for the webs and the flanges are
shown. It is to be mentioned that the steel used for the web
of the panel No. 2 had quite a low yield sfrenqth, 32 ksi, but
this was.not a factor in the testing or in the analysis of the
resﬁlts.~,lgg\f}anges and the w?bs were welded toqethe; along )
all the edges of<the weBs; as can be seen in Fig. 3. There
yefé six holes in each flange for the bolts to épply the load
in Test 1. The loading system is described more fully in sec-
tion 3.3. -

3.2 Measurements in Testing Panels™

3.2.1 Membrane Strain

It is important to know how the stresses in the panels are
distributed, and how they change in the pre- and post-buckling
of the panels. :

To obtain the stress distribution, rossette’ gauges (3-ele-
ment 45° rectangqular rossette) Wwere used on both.ﬁéces of the

web in order to get membrane strain. This meant that each pair

of rossette gauges, on opposite faces, had to be placed exactly

at the same place in the same direction as shown in Fig. 3.1.

3.2.2 Out-of-Plane Deformation of the Panels

Out-of-plane deformation'of\Fhe panels was measured at

each loadiﬁg using a device with a dial gqauge (1/1,000 inches)

-

—




- 28 ~

m

shown in Fig. 3.7. The data obtained from readings gave éﬁé
initial deformation and the change of‘deformatioﬁ modes of the
panelg with the increase of the load. The effect of the initi~-
5 al deformation on the initial buckling was examined from these
‘measurements.
White wash was also used on one face of the web so that

initial yielding and progrgsé of the buckling.up to the ulti-

mate capacity of the panel could be clearly observed.

3.3 Methods of Loading

" Two different methods of loading were used. For the panel
" spec;men No. 1, two steel loading bradkets, shown in Fig. 3.4,

were connacted to the flanges by the bolts in an attempt to

. transfer the loading to the web by shear force alonq/the edge.
The bolts passed through the holes in the bracket and the
' , flanges, but were -not tightened, so that the bracket could

slide in the direction normal to the edge to avoid force across
the edge. The bolts uéed in this experimeﬁt were high
strength, heavy structural bolts, A490. ~

For the specimen No. 2, a éompression wés directly applied
to the corners of the sgecimen as shown in Fiq. 3.6(b). This
method of the loading was u§ed since the method of the 1oad{nq

for the specimen No. 1 showned that there were forces acting

" ndrmal to the edges.




\

__1_..;7;7

FIG. 3-1 NOTATIONS USED IN CHAPTERS 3 AND 4 -_—

" Note: 1) V = applied shear force at the edges

2) The numbers in the circles along the edge are “gauue ‘
number" , :

3) AM stresses acting on the elements have positive sense"“‘

¢
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FIG. 3.2 Experimental Shear Panel

specimen‘ .

numbper| - 1 9

b (in) 15.23 15,05

ty (n) - 0.081 0.125

by (in) 3.91 3.946

ty (n) ¢ | 025 . 0,327

5, (flangd | 68.23 48.94
(ksi)] web) 51,93 31.94 |

TABLE 3.1 SIZE AND YIELD STRENGTHS OF PANEL SPECIMENS g
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a) Panel Number 1
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A\

b,
b) Panel Number 2 ~
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" F16. 3.6 LOADING SYSTEM

FIR. 3.7
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THE DEVICE TO MEASURE OUT-OF-PLANE
DEFORMATION OF THE WEBS
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CHAPTER 4 J

Experiment Results and Discussion -
‘ ‘ &

oo - ) S

In the experlments on the two panels,-~strain measurements
were made to determine the shear stress alonqg the edqa,
stresses normal to the edge (called "normal stress"), initial
buckling stress, ultimate §trenqth,cu1timate deformation and
position of plastic hinges.

First—it is to be noticed that the shear (see Fig. 4.1(a)
and (b)) and normal stress (see Fig. 4.2(a) and (b)) patterns

. for the panels No. 1 and No. 2 are quite different. This is

attributed to the different manners of loading.

b /

Y41 Results and Discussion of Panel No. 1 ' /
\\
N 4.1.1. Correlation of Shear and Normal Stresses along the

~ 3

Edge: Panel No. 1

-

As was shown in Chapter 3, the load in shear was applied
in the direction from the corner B to the corner A (see Figure

EREEN

3’ and 4.1(a) for strésses)f
As shown in Fig. 4.2(a)‘for the gpecimen No. 1, there are '
locally non-negligible stresses normal to the edge. Those
could be due to either 1): tensile force in the bolts or 2)
moment created by the eccentric load at the bolgs, or 3) both_‘
of them. ’
The tensile force in the bolts-céu}d be caused by engaqge- .
hent of iﬁe bolt threads not permitting the slidinq anticibated

while the moment would be due.to the gap between the flange and




the loading bracket. ° s s

The force acting noymal to theledge,'célcul?ted from the
normal stress in Pig. 4.2{(a), approximately summed up to zero,
so the %}resslpystem is seif—equilibrating. This means that |
. Ocause 2) mentioned above-is moreé likely: This;would also sug~
gest that the load must have been carried b& the shear force
‘only alon§ the edge at least up tg the load of 45 k%ps. The
moment induced at the position of the bolts also influenced
this‘shear distribution shown in Fig. 4.1(a). This moment was
created between the gauge numbérs 2 and 3 (see Fig. 4.2(a)).
Tﬁe,values of the shearﬁstréss at qauge number 2 is always
lower than the ones at gauqe number. 3. If the influence due to
this mgment is considered, the shear stress shown in Fiq.v
4.1(a) up to the load of 25 kips. is reasonably uniformly dis-
tributed from gauge numbers 1 to 4; while the shear stress at
gauge number 5 remained low, as anticipated. The stress at
gauge number ﬂ as collapse was approachedeas lower than at
gauge 2.M~This is explained by the lécal iﬁfluehce of the
loading arrangement.. At the load 45 kips, the stress pattern
can be approximated by a bilinear form. Tﬁe shear stresses at
the gauge numbers 1, 2 and 3 have reached ?ield and the
striesses between the gauge numbers’3, 4 and 5 chanqe‘aIMOst
linparly. This stress pattern differs from the present theory
. whi assumes changinq quadratically in the region that has not

yielded.

The stress at the corner B remained at less than half the

buckling Xtress. A
r 3 ~
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Summarizing the results of the,sheaﬁ/and the normal
stresses along the edge for the panel nﬁwﬁer 1, it will follow
tt;at :‘ ’ ‘ / ‘ “
1) There are non-negligible normal stresseﬁ which are
self-equilibrating. This was due to the moment induced
by the eccentric load of the bolts.
2) From 1) it‘is clear that the load was carried.only by
the shear along thé edge until the load of 45 kips.
"3) The shea;.stress pattern can be approximated by a
biliﬁear form. '
4) At the load 45 kips, the stress at the gauge numbers.1,
2 and 3 had passed the yield while the stress at‘the ’
gauge numBer 5 remained small. ¢
5) The normal stress at the corner A remained zero un£il
o the load of 45 kips. The normal stress at the corner B
was small.
The éuhmary of the results concludes as follows;
1) Discounting the normal stress discugéed in 1) normal
stress requir;E to fd;m plastic hinges in the flanges
'twas?not detected by the éauqes.

-

- This fact means that the tension diagonal field (normal

stress aloﬁg the edge), commonly studied in the pas}
work, is not developed immediately after buckling.

2) The conclusion 1) supports tﬂg relevance of  an assump-
tion used in the bresent theory which says that a shear
stress system along the edge remains until it reaches

yield in the corner, and then the additional shear is

< iF

J




- 39 -

carried by the flangg whose rigidity causes normal
stress along the edgue. | «

3) As was implifed in the result 3), the shear stress pat-
tern at the load, repreéentinq the maximum shear stress
capacity of the web itself, is of a bilinear form rath-

er than the one assumed in the present theory. %

4.1.2 The Collapse and the Ultimat:.e Strength of the Panel No.1

At collapse, as seen in Fig. 4.3(a), plastic hinges were
}
Y
formed in the flanges, at the.corner A4 only. This lack of
symmetry was due to the action of the ioadinq brackets.

The position of the falastic‘hinqes in the experiment is

' 3.75'9incf1e5“ -from-the corner while ‘the theoretical one is 3.13

inches. That.is very closﬂe‘considering the seéondary effect of
the loading systém. .
The ultimate shear strengtﬁ of the panlel in ’the experiment "
was 53 kips while the theoretical is 30 kips which is the sum
of 25.5 kips, shear capacity of-the web only and 4.5 kips, con-
tributed by the glanqes. The experimental result is 78% higher
than the theoretical one. The reason is difficult to éstablfsh
as strain readings were abandoned after 45 kips, but from the
actic;n of the specimen it is assumed that tension stress was
transferred directly;across the web between loading points.
The shear stress distribution is shown in Fig. 4.1(a). It
is seen that the experimental results is always higher than the

values of P/p¢ [7. Sums of the shear fluxes to give the total

shear forces, calculated from Fig. 4.1(a), are 1 5% to 20% lower




Q ‘ . ‘ . ¢

than the applied shear forces. To be sure, the sums of \the'

t
«

stress fluxes in the direction of the load were also calculated
and ‘they were were also 10% to 20% lower than the appliéd

/lgﬁd. Those errors are assumed to be experimental.

4.2 Results and Discussion of the Panel No. 2

4.2.1.' The Correlation of the. Shear and the Normal Stresses

along the Edqe-

First it can be noticed that the: stresses at the corner B,
shown in Fig. 4.1(b) and 4.2(b), were locally influenced by the
load directly applied at 'the corners, and this influence will
be considered in the following\ discussion.

In the early stage of loading up to 30 kips, ignoring the”

* e

stresses locally influenced at the cor‘ner B, the shear stresses
"i.Fig. 4.1(b)) are fairly uniform and the .normal stresses are
negligibly small. As the load increases from 30 to 40 kips,

. which is after the buckling 1Qaq of. 36 kips, the shear and the
normal stress didtributions changed. The shear stresses at the

—~

gauge numbers 1 and 2 nearly doubled, while yielding at gauge

er 5 has already occured due to the load being applied at
W

(R

' corner. The shear stress at the gauge number 1 was always

.'low'r than that at gauge'.number 2, as happened to the panel

t 4

fs

' N
i nu %er 1.
{ ‘,‘\‘

§

loa%> of 40 kips, after bucklinq occured, varies from compres-
i!

'The distribution of normal streés_(Fiq. 4.2(b)) at the

-f

siofj at the gauge numbers 1 and 2, to tension at the gauge num-

-

by
by
o
. .

berﬁ’ 3 and 4. The normal stresses are almost self-cancelling
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and seem to arise from the action of the flange to compression
at gauge 5. The normal stress at the corner A remained zero.
It follows that the load was carried by shear only along the
edge up to the load of 40 kips and the shear capacity of the
web had not yet been reached.

Summarizing tﬁe results discussed above, it will follow

that: .

1) The shear stresses (Fig. 4.1(b)) are initially uniform,
ignoring the gauge 'numb‘er 5 where yielding occurred due
to the load being applied directly at the corners,

2) There were negliqibly small normal sj:resses'.alonq the
edge implying that the web carried only shear. ’

3) Clear distribution of the norxgal stress was formed wﬁen
the load reached to 40 kips. This was due to the
deformatio;\ of the edge which would have changed the
shear flow. However, the stress is self‘.-canéellinq and
as is seen from the zero normal s:tress at the corner A

(Fig. 4.2(b)), the load in shear was still carried by

the/ web.

4.2.2 The Collapse and the Ultimate Strength of the Panel No. 1

As can be seen from Fig. 4.3(b), the plastic hinges ¥

occured in the flanges at both the corners Aj and Aj, but they
.were all formed at the bolt holes. The position of these bolts
was 5 inches from the corners compared to the theoretical.

location of the plastic hinge of 3.2 inches.

v m o
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’

The ultimate shear strength in the experiment was 30.4
kips (=43/[2Z) while the theoretical one is 38,9 kips which is
. /
" the sum of 34.1 kips, for the capacity of the web only and 4.8

kips, contributed by the flanges. The 21% lo\;rer value for the'

e

experimental result was assumed to be due to the loading system
\nd the bolt holes. .

! Fina‘lly it can be noticed that the sums of the fluxes to
give the total shear forces, calculated from Fig.-4.2(a), is -
108 to 30% lower than the applied shear. The error is due t;o
the load being applied at‘ the corner such that some portion is
carried directly by the flanges and some is radially distfibét{/

ed into the web. '

ek

.




[ _qm
{

»

TR o
<
@9
.Ah ' v
i
4 T .
. . *sayou} adenbs pue saydl) *sdyy V] aJe Pasn SILUR AL o
SIN|PA {EDLIBAOSYL " U3 -
sanieAa (ejulwiaadx3 °°° dxa 1330\
’ 1
‘88°1 9°¢c o-°s 6-8¢ 8°p 1°¥e | T vove. s*s¢ z
s2°t o ) 8°¢F o€ S°¥ S°'ST ‘€S, . (A 692 1l
T obu EY
n €id] QoA . 20quny
ny UET dxs 3 uA W, dxa Ty 1A dxa 9, uamyoadg
siIurg aTbuilsg o BISIYL i’uwg aesayy 3jo Aavwwng ’
L'y 219%y ’ )
. ) ¢ P
I . N
3




-

SHEAR STRESS

- 44 -

Ol (web) =52 ksf

P = load in kips o
O .experimntal values

-~ shear stress (P/bt/7)

Ty=30 ksd
- . _P=45
- - . -—P=40 ?
- "‘ P=45. —pr=3s
P=30
-—25 \ p=40
P=25
.5 : \ ) o
10p .
RS PN\ - ——rmis
TTF ' — = P=R ‘\\\ “—p=10
N
. A |
0A 1 2 3 4 5B
FIG. &) (a) SHEM STIESS DISTRIBUTION mos oot Umoer .
THE EOGE OF THE PAIEL NUPBER |
\




~ Tlksi)

o

7180 kmi -

RS © e g = e ———a—s

U, (web) =2 kst i
P = 1load in kips
0 Experimental values

" === sheat stress (P/bt/7)

P=40

s——- Y )}

SHEAR STRESS

P=30

P=20

0, 5 3 ry 5B
Gauge Number
: FIG. 4. 1 (b) .'/

SHEAR STRESS DISTRIBUTION ALONG THE EDGE OF THE PAMEL HURER 2

-
el A3
.




e .

NP s i

PO

ot A et i

2

\ -

NORMAL STRESS

A ]

A . 4
3 . 4 5 B
Sauge Nurber -

FIG. 4.2(s) NORMAL STRESS DISTRIBUT:
() RS nqsug”\' ALGHE THE

AR &




i g < s

¥

NORMAL STRESS "

. - .
- 47 ~
N
]
& —
¢ '
*
-
— - - s -
A 1 . 2 ‘ 3 4 . 5B
e « Gauge Humber .
{ o
N ;
; . ' 5
F1G. 4.2 (b) MNORMAL STRESS DISTRIBUTION ALONG THE '
¢ EDGE OF THE PANEL NUMBER 2 ' -
, :
4 ‘g‘ "
.
) ’ X




1]
H
t
:
Il

2 J4aquny

n s it dinimcdimtt o an 2 e e, e e x e

‘- . SI00W 3SAVTI00 €% "91d
» T

. <

laued (q ) :

WOS \g - : :
YV ) .

Th—

B e g e AR s A ) A A T Rms hn T S

PUSIIVIR SRS

S

-

A—— o r“. - 7a

o

s




FIG. 4.4

- 49 -

. .'n-.....m

PANEL NUMBER 1' AT COLLAPSE

-




. FI1G. 4.7

- 50 ~

PANEL NUMBER 1 AT COLLAPSE

N




- B

- 51 - - -

G

LI, RS SN SR B SRR L

o, NN IR P T

e

A AN e PRIV TR

T FIG. 4.9 PANEL NUMBER 2 AT COLLAPSE

a

G AR G mebpame 0N Sy B e fetas wla - e -




o he woa

£~

e s

Cf/{—‘"

Ll




e i

0S°Z 59 660

N

gL
Nwﬂo

13INVd 3HL 40 - "

1KI0d caz 3JHL 1V OGNV 3903 3HL SNOTV mwmmmth (®) L'y "91d

LS qpeg W97E
Q\

nm.o

SL*Y 60°S

AN €6°0 waw 10°¢ %90 (4%

96°7 ¢

%9y 1 7 11°¢€ h 7 964 q .
11°1T : €S°0 800
sdiy —oT J& peo-]

“T— 'ON |dSued




TaNYd JHL 40 -

INIOd QIW FHL LV ONV 3903 3HL ONOTY S3ssuis (%) LL'v "Bld

"N\

' A %8°L

61°T S7°8 z0-0 €0°§ L9°8 8%°0 SY"L  T6'Y ,a.p A 98]

77X X X - 7Z&X

.HQ'N NO-D N.th

P

RN ? 10°8 ._‘ ? N«.m— ’ @ 19°L

, €L°1 \ 80" 0 LS°0 61°0
I , - sdiy —r je peoT
— “ON |dued

e isean e £ i e en e e




/

v e m e e -

-
-

i

e ey

LNIOd OIW JHL LV ONV 3903 3HL DNOTV S3SSTULS

8.« Z o H\m.a ¥24v°01 S 0 S\.o
X' X
mw.je £g* Q.IJ
96°0 . mo.ﬁ

e et o e M Bt ST oSt WAL DM S
¥

13NVd 3HL 40

NAY

N

T8°S

90°¢T 9z2°0

L0°TT h ?

%L°0

98°21

L0°0T

Y

’

(@) 1Ly "9Id

%98 1170 "8

YR

mm.mIIH.J

90°0

sdiy

£€9°0T mﬁ 0

O

6£° 0Ty~
}

€1°0

"oz 1B PBOT

ST°0T




1%

* . T3NVd 3HL 40
LNIOd GIW 3HL LY ONV 3903 3JHL ONOTY SISSTLS (P) LL°b 914
4 -4
s
C < N AV
\
S8°9 9¢ 8T
\ ) El
Wgzro L0°T 9L T gpeq  ET'6  LELT  ¢oqST'ET  LS°6 gpop LT°WT  #9°ZT eeq %0°TT
~ N N
ZX 77X X X X
Lz'¢ .—. Sy 01 @ 1€°ST 67 1T VIAKAS ﬁ
| _
’ 6°0 1% | 9.°0 [4 AN 8T°Q_
, g sdiy =<7 le peoT
. . =T  ‘ON |8ued

o

g =

-

—



57 -

g

wo 1

cN 0 B6°T

. k

INIOd QIW 3HL 1V OGNV

o

P

£9° WﬂlJﬂlv

L9°1

TR e bk b e e P

€€°%T 100 £6°0T

13NVd 3HL 40
3903 3IHL DNOTY SISSTULS

¥
Ny

1e°8 S8t

AN mN 680 58°9T

N

96°6T ?

g

(@) L1y 914

12°€1 ZI°1 6S°6T

Al
A oﬁlﬂlﬂ

80°¢

16°ST  z¢

G 95T
ol
cn.ma1|ﬂllﬂ

SE°0

"

sdiy —%" je peo

‘ON [sued




e b pAr S rvA 28 i & oty t——

- 58 -

e

13NVd 3HL 40
1NIOd QIN 3HL LV OGNV 3903 3HL INOTY S3SSLS (3) LL°b "91d

"AY
Ve
196 18°62 .
Ly nm,ﬂ ./ $6°9T 62 ,
‘ 61°0 ‘T 9 am [ T°62 9° S0°LT 160 6L°ST . T9°6T . 89°61
R R ﬁ o .
N N_%\ J\ A\ A G /A ¢ .ﬁ
om.m.lﬂls 88" 3..1!4 - ..K.cullx ?.5144 y nw.ﬂlﬂlv '
21 mc Z mm.m. : Cpeg 60
sdy i peoq |
| S —i 'ON |eued
' ‘ e.. 1]

ST e e Y e 3

R - am e - T e T b b e i s 2
T A S w .. . \\ S s T - ;




- ; " F . "
‘ C oy
- e 40 ‘ - |
LNIOd GIW JHL LV GNV 3903 3HL SNOW SISSTULS (3) 1L e wE m
i rAATAY 89°6€
i . _ -
| . -
m ....w ) \\\\ | !
M ! T .
H -
W T .
M L 0y 76°0 6Z2°61 T6°4T  SE°8E ST°9Z 60°€Z ‘96°6€  L8°%T <6592
! , €2 :H 0 mm o 6T°T 9T°T
W 7X N% 77X X 77X
: v T | " ZII‘ . o.omlwh 0°0¢ ﬂ 7 mh.mulludq —
w B bk . n r4 699 S0°L ©zo'z ,
m L. ~ ] “ . )
: . ) - sdi) o7 Je peo1




-~

ERE

n .
~ Ed
ot
/
- -~
/
- A.n/[‘\‘v
—
o
~
.
x
,
!
o
(-]
[
14
-]
.
-
>
s .

[ L
TINVd 3HL 40 )
._.zmoa QIn w:._. 1Y aNY 3903 3HL 9NOTY mwmmmx._.m (y) ey wE
. ) ° - . /
. & , “ P
- }
18°61 0°2S. . ; , aw
i
z - A |
€T  9E'6T 98°ST  0°C z9°9z  €6° 7% . -
h« o - . 2T ey 0TS no L€ - N 1 , u

AN N

. LYy G \h\ ? 9°LT ? : 0o % 0°0¢t ﬁ
st 10°2 96° NH 19°01 6T , :
m | \ |
- , sdi —5 Je peoq
, = ‘ON |eued
g .
€ ’ . w
» © e e, v s -~ - . : b} 2 it 4. - i




* -
. s

\ o M\o . ) ¢ SO . oy
N :  TINVG 3HL 40 : B -

LNIOd QIN u_?: ea 3903 3HL INOTY mwmmuﬁm 3 : ‘b "9ld _ . Co

1 - ) . - .
f v, -
et 4 N < e . -
T . : N X . . .
N o < /u_ .
- i : 2 e . ~
6 M ) /h .hr T~ * - t
s b e —_— t B
ﬂ«l' B N .I' ' * ) i . N
- , b o . : D
. P Pl N g : -
“ . . . R - d . ~ Z . H -
= hh . I6°T mm € 71 9¢°g” L2

/V\ /AA . /V\m.ﬁ ﬂ/ . ,V\ﬁAM

. PRAL A— ,g.d 984.._‘, .
) £T°0 s8T1°0 . - . £00°0 . - F
’ . - . .- .Y
;ﬁr 4 - . : . - ‘ -
s , sdi o7 1e peon -

)
€
~2

i - s

- | | | £ 7. TTTON|euedq

-~ . ) . ) i
. . PR . LI (99 .. _ .

>
i
i
i
{
}
i
I'd
‘
s
b
Al
v
i
¥
.
*|

-
- . T et B L .. ’a .- -




-2

4

26 4.9 T2°€

{

\

, 13Nvd
Y% IN1Od QIM mE 1V OGNV 3903 3

-

ey 99-0 S5°€
7
€6°¢
o

v

. el e - af

—~

95y o« 1 T

VA

el

"

40 - ‘ “
ﬁ?mmm&s 3 Ly @z T

e oowo z SY°E

.
-
“ .
. +
N N .
’ ) <
a *» L
- N ﬁ
R .
N a
.
7 . = N Y
3 - . £
. . 8 R
% . 3 3
e, 1 <
: ; >
~ -
- a4 <
i r
- *
. . -
- - ~
K L
AP
ri E
.
X
o, » i
N Y
< ~ -
1
, - -
L4 -
- -
.
-

wm 81 €6
YRR
et T T
X .- . 9¢*0 ...?.. ,.?
\ . -, .
sdiy —o7 Je peo] .
. =~ 'ON |aued i -
e e bt A bk e \La . ..Hu



4

- 63 -

LY

’

TINVd KL 40
1N10d QIW 3HL 1V aNe mwnu _3HL mzo._< sIssLs () 1t e ‘914

g

~~

_L§'9

eo 0

~

qw 0

r

L6°6 939°4 €E€° N

k

{

69°1

c wﬁ

4

W‘

1Lz a./\mum

1

mm €

ma_x ot 1B Umo._

— .oz _mcmn_

-
'
.
* A
- »
-
»
=
1 -
2’
e
e
. =
.
. < wyx
-
. .
kY
.
-
~
M -
.
.
— a7
- .
-
L4 -
‘
.
-~ o
3
S
»
L
P -
P
\
g - N
.
* B
v
>
e



-
\1‘\

~ ’ - < ) .
’ L Y °

| 13Nvd 3HL 40 - o
INIOd OIW 3HL  1¥ ONV 3903 3HL DNOTV S3ss3uLs (T) LL°y 914 .

. / \ o 4 '., . o % i .
) \ / ) . ‘ Lo . ../\u.lx
_ . 657LT $8°81 , e - .

§9'0Z ¢gz18'0T  €I'ST ¢g-q LL'S
YA

€L°ST .ﬁ

9T"ZT go-p 70°0T
Uiy |

L6'0 16°T | L6°T L'z . S0°ET .

o i ..‘V :

a S———— . N -
, : : SAIY 7oy 1B pBOT]
- “y R ,, . i -
. ‘ ‘ ) s , -2 ‘O Z .ﬂgmm .
3 . ’ \ - . 4 . <
@ . -~ - S -
Y L 4 e “ )
15 * N
- *
- . ) * "
o .
v . - .
< . “~ N
T et el meiaiad v, i e e e v ath am e et s ea o AARmaN a2 sy e L e i el - Ay



¢}

(Z°g xTpuaddy 03 I939Y)

W SEONTH DIISYId JO NOLLISOd NV SNOLINMTHISTA SSILS TIRION Z1°%*S1d
u.w. - ﬁ "z ‘ON Tewed (q) 1 "ON Toueg (®)
\ .
<— >
) Ut 9°6 Ut 96°S
R =] !
e
* [eutorg = ®@p
ﬂﬁ 9'c =W v_ 5
| ~o———0> Se—
TSY Zp°S . -~ N
\\\\
\\\
s eT=L * b

(295) syueurTed
"SR UT paaxssqQ sabuTH OT3SEId JO UOT3TSOd

&5 30 senten on
mﬁumvam:oo Aq uoTINQTIISTQ SSSI3S TRumoN

(430) sbuth oTISETg 3O UOTITSO4 pue
UoOTINAIIISTC SSBIIS TEUION TRITIDIONL

TN e B b e Y h v Mehcas = b b m s nems e wed e A bt ot e %

gy

P




- B i Dttt o S

g s mm

£
FIG.4.13 DEFORMATION OF A PANEL DUE TO SHEAR STRAIN
AND DEFORMATION OF FLANGES j L L
] l / '
| // |
¢ ” ;

Y

"

ﬁ ’
- .
>
; ‘ o .
] N ¢ >3
¥ . © |
. .l
N .
v ) ‘
1.
i
! \\ . .
. . o
* [ 4 3 A . i ; vy ” . \ * . .~,.‘ s
\ ‘ Lo : : a4



CHAPTER 5

Conclusions and Future Recommendations

LS
N

L R T P . s . P S e P Uy

-
.
’
1
i .
.
. N
i
M -
-
,
'
.
»
P
>
.
N
——
i




- T T e

omrn

tny e T

P

e CHAPTER 5

Conclusion and Future Recommendations

5.1 Conclusions )
,” Load tests on two single shear panels. with difﬁéreht

loading systems weré conducted. Particuiar attenﬁipn was . ‘

’
paid to the shear stress distribution along the edgqe, to see\ ’

how it compared with the mathematical model proposed in the

pregent theory.

The present study has shown:

1) The shear stress distribution was reasonably uniform at
low loading.

2) As the load‘'increases the shear stress became non-uni- &\
form with the’stress rising more rapidly toward the
corner A as predicted.

3) The zero normal stress at the corner A and the gself-
équilibratiﬁg normal stresses along the edge showed that
no diagonal tension field was being developed.

4) The éecondary no;Mal stress had only a small inf;uence
on the behaviour contributing little to the shear capa-

,.city. |

5) The higher shear stress in test 1 (see'Fiq.'4.1(a)) at
gauge 2 relative ts 1 at corner A may have been because
of the deformation of the flange due to the loading
system. The angle , g, (see Fiq.‘4.13 ) represents a
rotation due to a shear strain and the deformation of the
flange caused by loading system and possibly thefshear

g \
stress increases as the rotation, @, increases. .




”\ —68-.

6) It was described in the section 4.2.2 that the ultimate
shear- force of Ehe panel number 1 (Vu = 53 kips) ob-
'tainéd in the experiments was 77% higher than the pre~
dicted one (Vu = 30 kips),' refering to Table 4.1 while
the predicted %trength for the panel nulm\ber 2 iyas close
to the experimental valye. The high discrepanéy of the
ultimate load for the panel 1 is due to the direct
transfer q/f loading across the panel by the loading
bracket.

7) Measurement of normal stress was not possible at fail-
ure, however the normal stress @éxérted on the flange
by the web at failure, adjacent to the corner to éause

¥ .
yielding in bending of the. flange, would have a distri--

~

3

bution as shown in Fig. 4112 (also refer to apmendix B.1l).

/7

\

Summarizing the above coﬁclpsion’s:

1) The fundamental shear  stress di‘stribution obtai‘ned in
the experiment approximates one assumeﬁ in the theory.

2) No normal stress due to a diagonal tension_ field was

| found after the buckling. . \

3) ‘There were some local ,influenc%s in ‘the resul'\:s caused
from the manner of loading although it was.not critic-
al. |

Thus the stress model established in the theory would be

quite suitable to use in designing shear panels. S

\

! v [




.

5.2 Puture Recommendations

v

In the experiment on the shear panel t‘he following is

to be- recommended:

1) The strain shpuld be measured up to the "load near the
ultiﬁate.

2) A loading system which does not causé hiagh local influ-
ence to panels should be prépared. ‘

3) The device (see Fig. 3.7) to measure out-of-plane de-

-~ formation was not used in the expéx;iment since taking

the measurement took too much time. But measurement

along one diagonal would provide useful information.
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in the stiffeners, for moment equlllbrium and - Ty = 2 TyﬂlTrésca
yield condition),
T T T ) ’
Xt (gee) 3y YT Q3o Xt - .
79 (g~e) ~+ gg © 25 é‘(b g+e)
2t , T . i
t a3 _yt PR .
o + Tagy(e-e)” + o= elg-e) , -
- ,\ L
g3=3bc-':2 P §
B - \ ) N
.e2_l iq ~
®°=36p" - N |
o‘- B’ = a(%) A“ r - Eq. (12) .
p—" ’_‘-1') ¢ '
\ N ’
3
. . >
& \Q ' A
‘ - 4
L} [ ) s
£
’ X -
/ *
\ bl

b C N S R . oA «'u\‘ .
* ‘f’ - ! "' ‘pe" :4\ 4
“r . * — )
] Q ]
}: 7 f * ! /
’ ) s ) rd ! : ) - ‘
L oL » APPENDIX 2 - '

i | AVl
: y N -
The proof of Equations’ Fom,(lZ) to (18), given in }

Chapter 2. ) \\ V. N

» . . \
. .
. . PN ! \} N
. . ;
. .
\

(1) ,The Progf of Equation 12 °

r 0
Tokfind the location of the plastic hinge, moment

N

: +* ) .
equilibrium at the hinge is used (see Fig. 2.4(a)). ,
s i : ! -
Con51der1ng the normal stress an? the force, R 1 and RZ’
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) - QThe_ Proof of The Soﬁe;gﬁuations in Chapter 2.' * - ~
. N ' Co o
a4 .. . v ‘ .
(2) The Proof of Equation 13 o ' RN

v ' ' > ’ t
As can be seen in Flg. 2. 4 (a), addltlonal shqer force,

V', is found by the difference of the forces in the two
xyw

’stlffeners,~R1 andﬂRE:'created by the normgl stresses.

L 14

The additiohal shear force is,

‘r . . v /:) R" ____________ R, ———————— (A.1)

Substitutlng the expr9531on of Rl andwR2 deflned in p. 11

into the above equation, ' L .
T
v = Xt i(gz-e2~e2)

T
_ .yt e, 2
.= L= g(1-2(§) )
T!
== £a-2?
y

¢ (1-22 g @ hH?
=7 -2 93"

(1-29 { Eq. (13)

-
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(3) The Proof of Equation (14) T, / % -
J “
Cons:.derlng normal stresses in Fig. 2 4(a) as the e
- N
w
Qstatlc load, the system must be in eqq:.llbrlum w1th tha,s load !
. and the plast:.c ment. ‘ , *
“ - L
‘Assuming E&: 21},‘ the moment equilibrium is given as -
[
follows: T » L o ot
L =3 € 2 "
IMo = -XE (g9=e)” . _yt e(gse)” C s
6 g 2 . g .
T + ¢ - £ T
- yt.? ..9,2_ ,.e2e¢e Y ,
e b7 L@ 3eTEt y
\I /‘ h v A ‘ N -
yt 2 2 a - a3 ayad ~ - i
= 4 b {.a -3 3 + 2 (-3') ("i') } - .
: 2 o | ~ |
TP ' S '
’ =°‘;5t'u2{l—a+g-°-‘-a%} _ .,
' 2 . t * -
. IMo 3 - :
< T .=u=—-{1-a(1-—\—( } Eq. (14)
F tb . L ~
.y . M )
> ® / ‘: 3
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f
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- (4)' Thefbroqf of Equation (15)~

« —~ " -
» ) - N
- - f

»

Relationships between ©.and B' for finding the position

4

of . the plastic Einge is to be found-by considering moment

-equilibrium with respect to the posit;oﬁ of the plastic ‘hinge

itself. | )

~

So IM =0 : with respett ito the position of the plastic

hinge.
b o
vt o, 3, Tyt : 2 Y 3
3g (e -(gib){ * 35 (g-b) (e-(gjb{) - 7%; (g - e)
‘ ’ - Lo ' '
T 2
- 1&% e(g—e)2 =0
- .2 2 o :
-2 T gy - 1. .
g (b)+(b) 3 0
Letting B =< , I-q ‘
b o
. .
. 82 - a@ - 1) - % = () mmemmmem e ————— -(A.2)
o e 1 4
. _'.. R 3 . -\%V el
Substituting e = e' + (g - b) and letting B" = 5
eteh2 2o 10 : *
2 ’ . .
. B' I TR 1 1., _ 2 :
Waesg v RT(L 3 (5 35 =0 Eq. (15)

3

f o ' ~ » ? !

o




the forces Rj and Rl‘

1 2 .
- 75 - '
) ' ‘
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(5) The proof of Eg. (15) , o C
To £ind the coptribution to the shear capacity, first, the forces,
R] and Ry, in the stiffenems are found from the ‘normal stressés '
Yals
' ' in Fig. 2.4 (b). i "
‘ ! |
’ ' -c ' ’
TRy = G 1 (e - (b-g)? ..., vernse. (AL 3. a)
TR :
Ry = Gt 1 (g% - e?) cereiit (AL 3. D) ’
2 g ) :

4

Then the contribution to the shear capacitv is the difference in

&

B ...V'=R2"R1

Tyt 1 (2¢2 - 2e2 + b2 - 20
Pl et - aetenl e

= Tytb b (2 (%)2 -2 (-%)2 -2 (%) +1)

(232 - 282 - 20 + 1)

»

1
ET Tybt 2a
,

-1 _

1
20 . (A. 4) /ﬁa

Te’ = a ~ B¢ +
o

~ /
Substituting B8 = {‘a (o - 1) + 1/3 } given by (A. 2)

into (A. 4y, . : '

) -t ‘ !
" &
— f \m ' “‘ i
Te! =0 F1 (s -1 -1+1 .
Ty da 3 20
. D .
Te! = ] ‘
Ty~ 6a Eg. (16) . .
" »
’r
\ SRR
¢ )
{
. Ry

——— \s.m..m - oo
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(6) Proo'f of Eq.

(17)

Q-

41

Corisidering the triangular distributed stress (see Fig. )

2.4(b)) as a static load, the force in the stiffener,

3

Takireg the moment equlllbrlum at the plastic hlnge where shear

(4
is zero,
. . 3
M, 1 - (g-b+e ) (g-b)
) = {Rie - (-——————-—-Tyt -
b b tT “ 6 : 2 3
Ty T, ) g g
o ‘ . L
. g3 ‘
.-- ‘ }A [(1_3_)8 -— B (l___)_ ] /4 R ER Eq. (17))
o8
‘\ |
1] y v
/h
g . ! «’
w) ‘ ' I
'y .

i

2
T ¢t
9. %y

(g-b)

6

-

g

-

T t g-b

(5 +b)

e e
—_—(q - + T
5 (q‘ b —5—) yt

!Rl '

A}

(—-—+e)'1' t)}

is.
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(7) " The Proof of Eq. 18 . . ) , - »

3

First, relationship between M and B' is found when the shear

stress. reaches the yleld stress over the entire edge of the panel.

Assuming. ' two plastic hing‘es as shown in Fig. 2.4, /

T (b-e ) '
jpo— - ZM’ .L__._____. = _._.L__ (b - 2be +e 2) .
o , '. et ; ‘ ',
. Lo K -
A 4"0 ' *:' \ T - .
—gzEc M =1-28 +8 . ‘ T
o bt : .
. y . —
| "2 28 +1-4M=0 S o
» !) Al l; -
b : Coe=1x 2y - s L
then 1its si;ear contribution is, (\ < ' e ) Q/
. - . . ' * .
A" V' = RZ .. R14= (b“e')'l'yt_. L et Tyt ‘ . | - |
4 ‘ = T(b - 2y E © (A.6)
-, . #4
* . Te _ . ) - - .
. “ o 1 - 28 5
™ y » . 1
‘, . substituting (A.5) into (A.6), '
n i
~ ( ] “
o120 +2 u*) ! ) N
~ T d ~
y Yy .
° ; 1 ‘4
' ! o 3?.«:411*6-'1 g (18)
T . ¢
y
’ . !
v ] !
~. !
I'J - \
~ 1
[N ! ’ ) “ tl.

PR S

g AT ween v




}A

e e o v At e om

*

—

W ~ )
« - 78 -
« ' APPENDIX B.l ,
. !
Theoretical Shear Strength - f,‘

1
= 58 ksi; TY = 52 ksi

.

According to the theory developed in Chapt.
" ) ;

(1) F:Gnel No. 1: ‘l’yf

foll?ws: .
Plastic Moment, Mo, is,
2
bt_"t o _ . o
Mo = LLYE_— 3.54 kips - in
4 : LT
The _value of u is, T
! . . N .
.4 u = _"Mo ‘ R
2 . . .
b t'ry ( .
= 3.54
15.232 x 0.081 x 30
. W = 0.0063
" Then from Fig. 2.7,
a =0.3 L
Since a < ,(To/ry)i = 0.44,( refering to Table 2.1 -
Te L Z(TQ_) ¥ T ‘
Ty ] T‘ Ty K ‘G"-
’ Te-= 20.52-ksi .
‘ ' I~ .
|
. ) .
4 .b/
4
\ ) A S\

g
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* The shedr force due to the contribution of the web
, ‘ . .
-VQ = ’L'ebt g , ""~ .
= 25.3?1 kips ™ A E/

P

The additional shear force, V;, ‘due to the strength of

the flange is, . ‘
- ! » ‘
e o 20
——n S e (l—-—-—-—- ) " - .
T 2 3 . s
Y
.': Té = 3.6 ksi
- . , ‘- Vad
* Ve = Tebt & .
, ¢
= 4.44 kips *, ;

" Thus the shear strength of the panel is

=V ’-{- s
Vo=V ¥ Ve
= 29.85 kips C _—
7 -
o
S ‘ ¢
) ¢ (
» L k]
Y]
[) , . " s
~ (
-] / )
i

ABRE Sl srve
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T x

w

F R )

TY-;f = 48_94 ksi
= 32 ksi

(2) Panel NOL 2:

" T
T . . Y

-

» . w:

‘'Follow the same steps used in (1)

(a) Shear Streng_!_:h:

Plastic moment is considered as

.. M, +M
, Mo = —L—_ 2 -
v 2 2 .
o .bftf Tof
- 7 where: M., = —-——4-——1-

1

M =

t T . I
2 «EILf (bf -3size of two holes), a plastic

-, ——
. '

; a plastic moment at the corner,

\ moment'at holt holes and size of one holt

hole = 0.67 \gi‘n.

un

Mo (5.17 + 3.42)

1
2
4.

L]
H

3 kips =~ in.

: '0.0082

*
=
]

=]
it

TO
0236 <{ — )
Ty

”

. Refering to Table 2.1, the shear fbr‘ce, -Ve is,w

Y

T
e - a
£ = 0.983
y ) .
. V.= 0.983t bt ,
e y
= 33.29 kips

7 -



2 »
: ' The additional
&,
~ : T‘ .
e

7 ' ————l—— b

v Ve = 4.64 kips

5 o

g Thus the shear
4
!

.
<
1}

Ve +Ve

37.93 kips
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e a2 &

°
1

o

e e s e s <+ J
B
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/ .
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strength of the panel is
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Appendix B,2 :
. , . A - ’
Normdl Sﬁr:_:g‘s Digstribuions (the one defined theoretically and '
the other defined by consiciering» the position of the plastic
hinges in the experiments)
’ ™y '.
(1) Panel No. 1 , : ’
1‘“" H 4 N "\l .
(i) Using the value of o defined in Appendix B.l1l and egq. (12)
theoretically', S . oy ~ .
‘I\ ' ”~” ’ ° ) o
g =« t"b ’
' 7
= 4.57 in- < ‘
. ' ’ ‘_k -~
e _ . a . y
S = Q ( 3 ) q } . ‘
= 0.095 ' ' 3
‘ e = 1.44 in. ‘, ”
b T=g-e "o ‘ .
= 3.13 in (a position of the plastic hinge)
(ii) Refering to Eq. (12), \ )
: »
g3 = 3be2 = 3b(g-c)2 . 7
Substituti(]g Cc = 3.75 in, tl{e position of the pléstic hinge
obtained in the experiment,into the above equation, ‘ j
e 3
g =595 in. ° (a = g/b = 0.39) ]
F-
Then Eq. (14) for the case of two plastic hinges (i.e.,
. -~
. IMo = 2Mo) gives: o ,
. ] o
w=—2" 20,009 where T # T, : =
i b°tT . . . ,
- , ' s .
a -
&
» ' ) -y L
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Considering Mo * 3.54 kips - in as defined in Appe1ndix B.1, ,

.

f . -
T = 21. ksi (maximum stress at the corner in&tead

of "Ty) & .

This normal stress distribution is shown in Fig. 4.12. (a),

hY o ‘ *

(2) Panel No, 2 ‘ . { y . -
(1) 'g= a-b _ . |
= 0.35 x 15.05 ) o
=5.42in..\-- |

Rk ' : r , \ .
g =042 e |
..e = 1.87 in. v ’ -
...c = g-e = 3.6 in.l K

Ve

~

(ii) Using Eq. (12) ar;& C = 5 in, the position of the };;lastic Ry

hinge occured at the belt,

Substituting a = g/b-= 0.636 into Eq. (14),

" u = 0.026
e s T = 5./9 ksi (maximum stress at the corl}er insteaci

_). ' " of ’77) n . . '_'

This n’o(rmal stressy( istribution is shown }n' Fig. ‘4.12 (b),
..
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