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DISCUSSION PREPAREE / VORBEREITETE DISKUSSION / PREPARED DISCUSSION

Discussion of the Report by Professor P. Dubas:

“Essais sur le comportement post-critique de poutres en caisson raidies”
The Conventional Design of Box Girders is unsafe and must be the — at
least partial — Cause of the Recent Collapse of Three Large Box Girders
Bridges

Discussion du rapport du Prof. P. Dubas:
""Essais sur le comportement post-critique de poutres en caisson raidies’’

Diskussion iiber den Bericht von Prof. P. Dubas:
Essais sur le comportement post-critique de poutres en caisson raidies’’

R. MAQUOI CH. MASSONNET
Aspirant du Fonds National Professeur
de la Recherche Scientifique & I’'Université de Liége
Belgique

1. INTRODUCTION.

The striking result obtained by professor DUBAS in the test of a box girder
described in his report, namely a mean collapse stress less than the critical
stress derived from linear buckling theory (see sec.8), has crystallized some
grave doubts we had since several years about the safety of the conventiomal
design of box girders. We hold the opinion that, if the safety factor s of
about 1.35 against the critical stress of linear buckling theory, adopted
in several countries,was justified in the case of the web of a plate girder,
because of the stabilizing effect of a postcritical diagonal temsion field, the
use of the same coefficient for designing the compressed flange of a box girder
was totally unjustified, because the stabilizing effect of membrane stresses
is, in this case, much less than in the first one.

It may be appropriate to recall here that the senior author has repeatedly
insisted [1, 2] on the fact that theoretically strictly rigid stiffeners, (that
means stiffeners of relative rigidity v* given by linear buckling theory)were
never rigid in practice and gave girders with a low safety, barely able to
reach 0.95 to 1 times the yield point in the flanges at collapse. To ensure
stiffeners remaining effectively straight up to collapse, it was necessary to
adopt values vy = my* with m varying between 3 and 8. The effect of this
increase in the rigidity of the stiffeners was to increase the strength by
about 25 per cent. This experimental fact has been confirmed recently by OWEN,
ROCKEY and SKALOUD [3]. .

The senior author was therefore convinced that box girders with flanges
stiffened by Y* stiffeners had a particularly low effective safety against
collapse.

Now, the spectacular accidents which have struck, during last year, three
large steel box girder bridges, namely the bridge over the Danube in Vienna on
6 November 1969, the bridge of Milford Haven in Great Britain on 2 June 1970
and the bridge over the lower Yarra in Melbourne (Australy) on 15 October 1970,
have reinforced these doubts about the validity of the linear buckling theory.
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It seems demonstrated that, in the case of the Danube bridge at least, the
ccllapse occurred for mean compression stresses barely equal to the critical
stress of the linear theory. This would mean that, in this case, at least no
reserve of postcritical strength existed.

One of the purposes of present report is to show theoretlcally that this is
actually the case (see section 6).

The compressed flange of a box girder subjected to bendlng is not, like the
web of a plate girder, strengthened by a rigid frame constituted of the flanges
of the girder and the adjacent transverse stiffeners. On the contrary, thé most
plausible assumption regarding the boundary conditicns of this flange is simple
support with complete freedom of the plate edges to move and deform in the plane
of the plate. The instability phenomenon of such plates is nearer to that of
the compressed column than te that of a plate girder web subjected to shear.

In particular, unavoidable imperfections such as buckles due to the welding
sequence should exert a strong detericrating influence. (see sec., 6).

In stherwords, the transverse distribution of compressive stresses is far from
vemaining uniform up tec collapse. Effectively, as is clearly shown in fig. 8
cf DUBAS report, the stress diagram shows a central pocket of increasing
magnitude. The stresses in the middle are lagging behind the edge stresses
(Fig. 1). When these latter reach the yield point, the capacity of the box
girder is practically exhausted (see sec. 4) and the box girder collapses.

i: Summarizing, the aim of present
% report is to prove that the reduction
of the mean stress due to buckling,
enhanced by imperfections, may upset
the gain due to non linear membrane
stresses, so that finally the mean
collapse stress o of the imperfect
flange may become even less than the
critical stress of the perfect flange
according to linear buckling theory
(see sec. 6). There is therefore an
urgent need to push forward the
theoretical and experimental investi-
gation and, pending these researches,
max to increase notably the safety fac-

tors of box girders against plate

||

~fig.1-

buckling.

(<

In waiting for these investigations, we have tried to draw the best infor-
mation from the few papers at our disposal (sec. 2 to 4).

2. SOME CONSIDERATIONS ABOUT THE COLEAPSE QF THREE BOX GIRDER BRIDGES.

As told above, we imagine that the fundamental inadequacy of linear buck-
llng theory as applied to the design of large box girders may have played a role
in the recent collapse of &hree large box girder bridges.

As we have been able to collect detailed information only in the case of the
bridge‘'at Vienna, we shall restrict ourselves to the study of this case.

The circumstances of the collapse of the Danube bridge near Vienna seem
rather clear [4 5] According to professor SATTLER's paper [5] the three
experts took following position regarding the causes of the accident:

1. The calculation of erection stresses was made for a uniformly distributed
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loading. The actual distribution of the dead weight differs from this
assumption and gave at one of the damaged places more unfavourable conditions,
so that in reality at this place larger stresses have existed and therefore
smaller-buckling and collapse safeties.

2. The temperature effect in the steel structure on the day of the bridge clo-
sing had a value that was not to bhe expected from the responsible personnel
from the temperature observations of the preceeding days.

This fact diminished the safety factor against collapse.

3. Besides,there existed constructive as well as unavoidable imperfections
(which diminished the safety factor). Taking these imperfections into
account is not necessary, according to the specifications, but is covered
by the required safety factors. In present case, where the safety against
collapse was already diminished by circumstances 1 and 2 above, the imper-
fections have played a non negligible role as partial cause of the accident

4, The collapse of the entire lower flange of the box girder at a place
precipitated the collapse of the whole cross section. The redistribution
of intermnal forces which ensued necessarily explain all octher damages as
consequences of the first one.

Professor SATTLER has been very kind to send us the detailed report he
established as expert for the bridge collapse. According to this report:
The safety factor adopted during erection was

1.25. against yielding

1.25 against buckling calculated by linear theory.

The steel used was St 44, with a yield point of oy = 2900 Kg/cm?."

At the section where the first buckling damage must have occurred, the
lower compressed flange had a breadth of 7600 mm, a thickness of 10 mm
b/t = 760)and was stiffened by 12 flat stiffeners 160 x 12 mm.

According to professor SATTLER's report, the relative rigidity of these
stiffeners was chosen strictly to obtain a buckling coefficient k of the
whole panel equal to that of a subpanel, namely k = 4 x (12 + 1)2 = 676,

In other words, the relative rigidity of these stiffeners was equal to y¥

The ideal buckling stress found in the calculations was ng = 2,235 Kg/cm2
and the reduced buckling stress taking account of plasticity, was, according
to the Austrian Specifications, Iop = 2,213 Kg/cm?,

According to professor SATTLER's calculations, due to the circumstances
indicated above, the mean stress in the compressed flange must have reached
at the time of collapse, the value

= - 2
O ax - 2,224 Kg/cm”™,

SATTLER considers that the condition o =0 is the explanation of

max cr

the collapse.
We completely agree with this explanation, especially because we shall show in
section 6 that collapse can occur even for values of the mean stress o less
than D o
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3. FOUNDATICNS OF THE NON LINEAR THEORY OF BUCKLING OF COMPRESSED PLATES.

The non linear theory of buckling of plates has been developed by
von Karman and is represented by following coupled fourth order equations

D 2.2 _ 3% 3% . 3% 9w 3% 9w
T VVWE—g Sv7 T3 255y w (1)
ax~  3dy dy~ dx J Y
2 2 2
2.2 _ 3w 2 _ 3w 3
V'VSe = E [(W) - '—'-g] (2)
3x~ dy
where: w is the transverse displacement of the plate,
3
D = "—EE_—_E_ its flexural rigidity ,
12(1- v7)

t the thickness
v Poisson's ratio,

¢ Airy's stress function.

The stiffened plates constituting the compressed flanges of box girders
are supported at their edgesinsucha way that these edges can move freely in
the plate's plane. If the box girder is subjected to pure bending, as in
professor DUBAS experiments, there are no shear stresses along the lateral
edges before buckling, and it seems reasonable to admit that these shear
stresses remain very small even in the postbuckling range. Therefore, the

4f boundary conditions of the
stiffened compressed plate (a x b)
'S '3 of fig. 2 may be taken as :
T for x =0 and x = a ¢

(3)

- T ‘ (4)
-l 2 2
e}

o
_)(;.9 Z _ D52 * 9xdy

Starting from equations (1) and (2) with boundary condition (3), (&),
SKALOUD and NOVOTNY, in two papers ([7], [3] ), have brought a very important
contribution to the solution of the problem, for the case of one median longi-
tudinal stiffener or of two stiffeners placed at the thirds of the width. Later
on, they have sketched the solution of the same problem when account is taken
of the effect of initial deformation or stresses ([Q],[;d]). The solution is
based on Rayleigh-Ritz energy method. As the authors have not taken account of
the potential energy corresponding to the compression of the stiffeners, the
results obtained do not depend on the relative area of the stiffeners, and are
valid only for 6 = ﬁ% = 0.

On the other hand, numerical results are given only for the square plate
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(¢ T a/b = 1); however, their paper contains the cubic equations which would
enable to develop the calculations for other values of a

4, COLLAPSE CRITERION ADOPTED.

SKALOUD and NOVOTNY admit that the strength of the plate is exhausted
when the maximum membrane stress Om which occurs along the unloaded edges
reaches the yield point o, of the “steel used. In the case where the
stiffeners remain rigid up to collapse, the membrane stresses oﬁm in the
plate at the location of the stiffeners reach also Ty

The validity of above collapse criterion has been extensively discussed
by SKALOUD in other papers (see e.g. [11]). It neglects two circumstances
which have opposite effects: the bending stresses in the plate and the plastic
redistribution after the yield point has been reached. We admit that these
effects cancel each other and therefore the validity of SKALOUD's criteriom.

5. CHARTS FOR THE SQUARE PLATE.

From the diagrams obtained by SKALOUD and NOVOTNY for a square plate
with one or two equidistant stiffeners, we have constructed the charts of
figures 3 and 4. TFigures 3a and b apply to the plate with one stiffener,
figures 4a and b to the plate with two stiffeners. We have only considered

. ' : 5 %,
values of the stiffener's relative Plgldlt%[Y - %£ For whieh v = 5%

Plrst problem.

Given a square steel plate whose dimensions a = b, t, are known, it is
asked to determine the rigidity Yg required from the stiffener(s), in order
that this (these) remain rigid up to collapse, as well as the value of the
collapse mean stress o.

The solution is immediate by figures 3a and 4a. o and y* depend only
on the thinness b/t of the plate and their values are obtained? at the
intersection of the corresponding curves with the horizontal of the ordinate
b/t.

»
Y
A vertical drawn frem the Y; value to the curve of factors m =-{% R
gives the multiplier of value of v*, which itself is known in fune- '

tion of o and of the relative area & (See note at the bottom of next page)

By the relation

I
my* = 10,92——1;,
bt
the moment of inertia of the stiffener(s) required becomes
T - my*bt3
T .92
Example:
a=b=200em, t =0,8 cm. One stiffener
Figure 4a gives for b/t = 200/0.8 = 250

Session Bg. 25
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2 = 0.59, whence o = 1416 Kg/cm®.
y
v* = 11.6. whence M= 1,65.

The momentdinertia of the stiffener must at least be Ir = 109 cm“,

Second problem.

Given a square plate whose dimensionsa = b, t are known,stiffened by one
(two) stiffener(s) of given relative rigidity, it is asked to determine his
ultimate strength.

The solution is immediate by figures 3b and 4b, established for a yield
point o_ = 2400 Kg/cm?. These figures give the value of 0/c_ as a function
of the Ythinness b/t of the plate. y

The various curves correspond to definite values of y.

113
Example: a = L=u400cm 3 t=1cm 3 Ir = 5498.5 cm .

First, the relative rigidity

_10.92 x 549.5 _
¥ = %00 % 1 = 13

is calculated. Then, from figures 3b or 4 b, cne reads :

a) for one stiffener : -gm = 0.515
Y
b) for two stiffeners : o - 0.530
]
y
(») A
& being the ratio area of the stiffener's cross section .
€ area of the cross section of the plate bb ? v
one has:
—r a2 aI+ 1+ 268
one stiffener: o g v8(1+ 28)-1 : y* = 5 [16(1+ 26)-2} -5 + —
' o JETIE ST « ¥t A 12 L1+ 28
o 3 /B(I+ 26)-1 : y* =5 [8(1 + 26)-1]° +=—5"mm

two stiffeners

2
* - O ag 1+ 368
o & VBT +38 -1 :y* == [86(1+38) - 2] - 3+
o > /18(1 + 36) -1 . Y* :% [18(1 + 38) - 1]2 + 1 ; 34 .
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6. EFFECT OF AN INITIAL DEFORMATION.

SKALOUD and NOVOTNY have studied in [9] the effect of an initial deforma-
tion of a stiffened plate on its ultimate strength for the case of one median
stiffener. They have established for this case and for various values of thg
relative rigidity vy of the stiffener charts giving o/c_ (for o_ = 2400 Kg/cmz)
as function of the relative thinness b/t of the plate.” The cufves are
labelled in terms of f_/t, where f, is the initial deflection in the middle
of the panel and t the plate thickness. The shape of the initial deformation
is

w = f_ sin = gin % .
o o] a b
and the boundary conditions are the same as previously.

The collapse criterion is the same as that discussed in section 4.

The loss in ultimate strength 1s especially marked for small values of
the thinness b/t and becomes negligible for a certain value of b/t which is
the smallest for stiffeners with the largest values of the relative rigidity.

Figures 5 and 6 reproduce the charts of SKALOUD and NOVOTNY for the
values y = 10 and 20 of the relative rigidity, and for f,/t = 0,1,2.
The curve corresponding to f,/t = 2 has been obtained from the curves f,/t=0
and f,/t = 1 by assuming the o/c0, varies linearly with f_/t for b/t fixed,
which is approximately correct.

In test N° 1 of professor DUBAS, (see his fig. 11, p. 1%), one has an
initial deflection f = 4.8 mm for a thickness t = 3.3 mm. The correspon-
ding ratio f,/t = 1.46. As it concerns a laboratory test where the speci-
mens are fabricated with especial care, it is logical to admit that, in an
actual bridge, the ratio f_/t may reach 2.

Above theoretical results are limited to the case of a single stiffener.
Pending new researches, we have supposed that they can be extended to a
platé with two longitudinal stiffeners under following assumpticns:

a) The two plates have same critical buckling stress according to the linear
theory ;

b) The ratios of the actual relative rigidity of the stiffeners to the
relative optimum rigidity y¥ of the linear theory are identical.

Under these conditions, we assume that the relative reductions of
collapse strength are identical for the two plates :

(3)2 stiff. ('5)1 stiff.
fo/t=n fo/t=n
)2 st | - | Gyt st . (5)
fo/t=0 ( 2 stlff.) - fo/t=0 ( 1 Stlff.) s
Y* Y#’
2 stiff. 1 stiff.
o2 stiff . Gl stiff. - X
cr cr

This generalization is illustrated by example 2 hereafter.



R. MAQUOI — CH. MASSONNET 391




392 1 — THE CONVENTIONAL DESIGN OF BOX GIRDERS IS UNSAFE

We shall now try to simulate by numerical examples the conditions existing
at collapse in the case of the bridge over the Danube (cf.Section 2)
namely an actual stress amounting to the critical stress given by linear
buckling theory, because of an error on the actual dead weight distribution and
of some additional temperature stresses.
Due to lack of theoretical data, we are obliged however, to consider a square
panel in mild steel (cy = 2400 Kg/cm2) stiffened by one or two stiffeners only.

Example N° 1 : box girder bridge with the compressed flange defined by follo-
wing data : b

a = % =1, v =10 ; T = 126 ; Steel AE24 (Gy = 2400 Kg/cm2)

one median longitudinal stiffener.

As the adopted y is larger than y¥= 7, the linear buckling theory gives
for the buckling coefficient k = 4 x 22 = 16 and the critical stress is

_ 2
Op = 1920 Kg/em™ .

If we follow the Austrian Specifications for erection conditions, we
should adopt for design stress the lowest of the two ratios (cf. sec. 2) :

ccr 2
T35 - 1536 Kg/cm
g
y 2400 2

i35 ° T.g5 ° 1920 Kg/ew',

that means 1536 Kg/cm2,
However, due tc above effects, the actual stress has amounted effective-
ly to

o = 0 = 1920 Kg/cm2.
e cr

According to the non linear theory of SKALOUD and NOVOTNY, we find, ac-
cording to figu§es 5 and 6 :

For v = 10 and f§-= 0 : él = 0.895, whence o = 2148 Kg/cm2
' y
£ s ;
o _ o _ —_ 2
= 1 T B 0,785, whence o = 1884 Kg/cm
y
fo o - 2
= =2 3 = = 0.682, whence o = 1637 Kg/cm
i y
fc> ] -— 2
For v = 20 and T = 0 : - = 0.895 whence g = 2150 Kg/cm
v ,
fo T — 2
5 = 1 = = 0.846 whence ¢ = 2030 Kg/cm
y
fo 5 - 2
< ° 2 . = 0.805 whence o = 1932 Kg/cm™

<
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We may now calculate the safety given by the effective stress ce = 1920 Kg/cmz.

The results are given in follcwing table

Values of the effective safety factor for erection conditions s = %—
e
Y/v¥ 1,43 2,86
£/t
o 1.118 1,118
0.981 1.057
2 0.853 1.006

393

We see that the effective stress may exceed the mean collapse stress
according to SKALCUD - NOVOTNY as soon as the initial imperfection of the
plate is of the order of the thickness. If it is recalled in addition that
the stiffeners of the Danube bridge gave a ratio y/y* approximately equal to
one only (¢f. sec.2?), above table demonstrates that the considered box
girder bridge will collapse during erection for values of the relative
imperfection fO/t i

Example N® 2 : We apply now the generalization to a plate with two stiffe-
ners proposed in this section and represented by formula (5).

We assume once more that the effective stress is equal to the critical
stress, e.g. 1920 Kg/cm2“

The plate hcmologous to that of example 1 has the following characte-
ristics

Y s
_ % 1 stiff _ 10 _
Y2 seiff T Y2 stigf X Ty C 1D xSmE 162
Y1 stiff
. * ; s . .
Yo otiff being larger than Yo stiff? the2two stiffeners remain straight
according to linear theory and k = 4 x 3% = 36,
b _ [36 x 1,900,000 _
T \[ 1920 = 189

From figure u4b, cne has

= = 0.9 (1imit curve)
Y ESTEO v 16,2
%—= 189
whence
(5)2 SYEF - 51 60 Kg/cm®
fo/t

and therefore, according to formula (5 )

—.2 stiff

for N .
=1 (c)fO/t:l

f
A
E

= 21.60 x

1884

- 2
S1ug - 1893 Kg/cm
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T
o _ —.2 stiff _ 1637 _ 2
ek 2 (U)fo/t___2 = 2160 x SThg - 1643 Xg/mm™ .,

The safeties during erection are therefore respectively :

v/v¥

£ /% Lst3
0 1.125
1 0.986
2 0.855

and the same conclusions as for example 1 ensue-

7. EFFECTIVE WIDTH FCRMULAE.

It is well known that the irregular stress distribution across the

width b of the plate (fig. 1) with mean value ¢ and maximum value O nax

may be replaced by a unifcrm distribution of the maximum stress Ohax o0 @
fictiticus width called effective width. For equal resultants,
we need _

o b = ob

max ‘e
whence be -

- 8 = ¢ (6)

max

If the stiffeners remain rigid up_to collapse, we admit that the
maximum stress o is attained also in the plate at each junction with
the stiffeners, 23 that the effective width formula may be applied to the
subpanels.

Let us call

O the critical stress of buckling of a sub-panel ;

I ax’ the maximum membrane stress at .the edges of a subpanel, taken equal
to cy 4t collapse according to SKALOUD's criterion adopted in

secticn 43
B : the ratic of the width b of a subpanel by the half wave length of
longitudinal buckling.

Amcng the formulae proposed for the effective width for the considered
case (simply supported edges and free relative movement of these edges)
we shall retain the following

le)
6 = 0.44 + 0.56 g

(PAPCOVITCH) (7)
max

3 GCT
¢ = . (MARGUERRE )} (8)
max
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¢ = . (von KARMAN) (9)

max
u o
s = I 84 ;s 2 T (s 24 (SECHLER) (10)
3+ B 3+ B max

R c_

¢ = \O cr (1 - 0,22 - Cl") (WINTER) (11)
max max

o, WOLMIR @2] indicates however that formula (8) applies only for
< >0.2. He mentions also that formula (9) of von KARMAN is especially

max
applicable in the case of stiffeners whose relative rigidity is much less
than y;L The same is true for formula (11) of WINTER, which derives from

von KARMAN's formula.

The table which follows gives the values of ¢ = gf for various plates,
calculated with formulae (7) to (11), and compares them with the values

cbtained by the theory of SKALOUD-NOVOTINY.

The comparison of the results shows that the results of PAPCOVICH, SECHLER
and SKALOUD agree generally sufficiently well. -
The MARGUERRE values also are satisfactory in the domain e B 0.2, whereas the

values derived from the KARMAN and WINTER formulae are subsxantially lower.
Using formulae (7) and (10) which are the most satisfactory, we have tested
the result obtained experimentally by DUBAS with his test specimen N9 1.

Données (%) (%) (%)

; PAPCO- |[MARGUER| von SECHLER |{WINTER |SKA-
mombre de| b | Bl | ov| %%p | %cr |[VITCH | RE  KARMAN LOUD
raidis- +t t 2 —

Kg/cm o}
seurs y

B=1

1 200} 100 2 759 |0.316] 0.617| 0.880 [(0.563) 0.658(0.493) 0.65
g=1

1 270 | 135 2 417 10.174] 0.537](0.558)(0.417) 0.587}(0.378) 0.58
=1

1 360 | 180 2 240 10.100} 0.496/(0.464)[(0.316) 0.550(0.294) O.54
B=1

1 450 | 225 2 150 |0.062] 0.475{(0.396)(0.249) 0©0.531{(0.235)] 0.53
B=1

2 210 70 3 }1550 (O.B4B| 0.802| 0.865 | 0.804 0.823(0.662)% 0.82
B=1

2 .300 | 1C0 3 759 {0.316}] 0.617| 0.680 {(0.563) 0.658{(0.493) 0.66
B=1

2 3751 125 3 486 (0.202] 0.553| 0.598 |(0.450)} 0.601[(0.408) 0.60
B=1

2 450 | 150 3 337 |0.140} 0.518] (0.520)(0.374) 0,570 (0.3u4)! 0.57

' .
Values of ¢ =.Eg or E§7~ for a stiffened plate (a = 1) whose stiffeners remain
rigid up to collapse, for a = 0 = 2400 Kg/cm2,

( (¥) see the remarks made atter formula (11))
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8. APPLICATION TC DUBAS TEST N° 1

For the actual dimensions of the model DUBAS, the parameters have
following values :

thinness of the plate : T = 242
side ratio of the panel : o = 1.125
relative rigidity : y = 17.7
relative area : § = 0,041

From these characteristics, DUBAS draws from his buckling chart (Fig.4)
pertaining to a uniformly compressed plate with three longitudinal stiffeners
the value of the buckling coefficient

k = 50.7.
As the "optimum" relative rigidity v¥, in the sense of the linear
theory, is about 20, the stiffeners will be deformed by the plate and this
fact has, indeed, been observed experimentally by DUBAS.

The critical stress calculated by linear buckling theory is

ol 2 50,7 , 1209000 o 46,4 kg/em?,
cr (2.2
t

From the measurements made for P = 1.75 t, a load for which the whole
cross section is effective, we calculate the value of coefficient

w B 335 -3 -2
K = P : Treo0 T 192.10 cmo .

As the experimental collapse observed by DUBAS does not coincide with
SKALOUD's collapse criterion adopted in present paper (sec. 4), we must
assume that collapse occurs when the yield point o_ = 3000 Kg/cm2 is reached
at the edges of the stiffened plate, or, equivalen%ly, when € reaches
51%%%%566 = 1.43 %, . From the (P,c) diagram given by DUBAS (his fig. 8),
we see that corresponding load is P = 7.4 t and constitutes our collapse
load. The corresponding mean compressive stress calculated by NAVIER formula

Eﬁi; = 192,107° x 7400 = 1420 Kg/cm?

is the experimental collapse stress,
This stress is less than the critical buckling stress of the linear

theory in the ratio

—(1)

%exp _ 1420 _ _1
Iin 180 | 1.15
cr

If now be abandon SKALOUD's collapse criterion and revert to the expe-
rimental collapse load P = 7.95 t. observed by DUBAS, we have to adopt as

=(2) _ 2
collapse stress cexp = 1525 Kg/cm .
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It is seen that this collapse stress of the whole structure is lower than the
critical stress of the stiffened plate given by linear theory, which justifies
the statement made at the beginning of the introduction of this paper.

In his report, professor DUBAS has applied the effective width formula to
estimate the magnification factor m = y¥y®of the stiffeners. By applying
effective width formulae (7) and (10) Pto the full plate of DUBAS considered
as unstiffened, we obtain successively :

Bzaz1.125 3 o = 212398800 o 450 ko/en® ;0 = 0 = 3000 Kg/cm?
cr 2 max y
o (242)
22 = 0.043y,
o
Y b
a) PAPCOVITCH formula (7) gives-ﬁ% = 0,465 whence o = 1395 Kg/cm2°
b) SECHLER formula (10) gives %f = 0.475 whence ¢ = 1425 l(g/cm2°

(2) We see that a rather good agreement exists between the experimental value
= 1525 Kg/cm and the two theoretical estimates.

However, in principle, the use of an effective width formula for the
entire plate is not permissible when this plate is stiffened, because the stif-
feners increase the stability of the plate, even if they do not remain straight.
Cne of the main aims of future research is precisely to establish the effect
of this kind of stiffeners on the mean collapse stress.

The rather good agreement obtained hereabove between DUBAS test and
effective width formulae (7) and (10) only means that the stiffeners of DUBAS
first test bhave a very low efficiency in the collapse stage. The unstiffened
plate has a very low buckling stress (130 Kg/cm<), but above calculations show
that it has a very large postbuckling strength, which is nearly the same as
that of the stiffened plate.

9. RECOMMENDATIONS FOR FUTURE RESEARCH.

Research on stiffened box girders has to be pushed forward theoretically
as well as experimentally.

In the field of theoretical research, we need first calculations of the
same type as those developed by SKALOUD and NOVOTNY, but for a larger number
of stiffeners.,

A second phase would consist to investigate the effect of new parameters,
such as geometrical imperfections, welding residual stresses, dissymetry of
the stiffeners with respect to the mean plane of the stiffened plate, effect of
the relative area § of the stiffeners and of their eventual torsional rigidity
(in the case of closed section stiffeners).

From all these non linear calculations, practical design charts should be
built, which would take account realistically of the conflicting effects of
imperfections and postcritical resistance.
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In parallel with above theoretical studies, an important series of tests
should be undertaken to control the theoretical results.
In particular, we need some fatigue tests to investigate the effect of the
repeated "breathing'" of the compressed flange due to its imperfections.
In waiting for the conclusions of such researches, the safety factors against

buckling should be immediately increased for box girders, so as to aveid new
accidents.
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Ultimate Strength of Plates When Subjected to In-Plane Patch Loading
Résistance & la ruine des 4mes soumises a des charges transversales locales

Tragféhigkeit von Stehblechfeldern bei értiicher Randstreckenlast

K.C. ROCKEY ‘ M.A. EL-GAALY
M.Sc., Ph.D., C.Eng., F.I.C.E. M.S.E., D.Sc., M.ASCE.
Professor of Civil Research Fellow
and Structural Engineering Department of Civil

and Structural Engineering
University College, Cardiff, England

1. INTRODUCTION

Frequently web plates are subjected to local in-plane comp-
ressive patch loading, such as that shown in figure 1. If the
depth to thickness ratio of the web is sufficiently high then it
will buckle before it fails. Such web buckling is not synonymous
with failure but simply represents a transition from one load
carrying mechanism to another load carrying mechanism and the pres-
ent study has been conducted to obtain relationships between the
ultimate load capacity of a panel and its buckling load.

The test program involved a study of how the ultimate load
varied with the loading parameter B (= c/b), the panel aspect ratio
x (= b/d) and the slenderness ratio (d/t). It will be shown that a
linear relationship exists between the ratio of the ultimate load
to the buckling load of a panel and its slenderness ratio d and the
loading parameter, 8. t

2. ELASTIC BUCKLING LOADS

P Theoretical critical load
values have been determined for
the buckling of plates when sub=-
jected to uniform edge load and
also for the more difficult case
of a panel subjected to partial
edge loading (1 - 10). Rockey
and Bagchi (10) used the Finite
d Element Method to determine the
buckling load of a rectangular
panel when subjected to a patch
load on one longitudinal edge and
r— supported by shear forces on the
! two transverse edges as shown in
b figure 1. Results were also
obtained for the cases where an
Fig. 1 in-plane moment or an in-plane
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shear stress acts in addition to the stress field set up by the

patch loading.

The compressive patch load (P

) which will cause buckling

of a rectangular plate is given by eaﬁation (L).

PC]’.‘

bt

2

v}

r> (1)

Cu
t

Figure 2, gives the relationship between the non-dimensional
buckling coefficient K, the loading parameter 8 (= c/b) and the

aspect ratio = (= b/d).

.
NURN

(o] 0.2 0.4 0.6 0.8 1.0
8= b

Fig. 2. Variation of the
buckling coefficient K
with the loading parameter
B8 and the panel aspect
ratio b/d.

_1'° _“K | | |

Fig. 3. Influence of a co-existent
shear upon the magnitude of the

critical patch load.

The presence of either an additional
shear or moment will reduce the
applied edge load necessary to buckle
the panel. Figure 3 presents the
interaction curves which have been
obtained for the following two cases,

(i) a simply supported square
plate subject to a combination

of uniform edge-lcading and in-plane
moment

(ii) a simply supported square
plate subject to a combination of
discrete edge loading (B = 0.2)
and in-plane moment

Figure 4 gives the corresponding
interaction curves for the combination
of a transverse edge loading and an
additional uniform shear load.

Tio
I
N

l'u
/

cr

!
|

7,
y
|

cr

Fig. 4, Influence of a co-
existent bending moment upon
the magnitude of the critical
patch load P,

=z

cr
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34 TEST PROGRAM

The tests were conducted to determine the ultimate load
strength characteristics of the webs of a sheet steel flooring
system, Figure 5 shows the cross section of the unit (one bay)
which was tested.

The test specimen was
supported on roller supports
which could be adjusted to ensure
that the load was applied to both
webs. At each support a very

- strong diaphragm was fitted and
aiaphragm 4 straps were fitted across the
base of the specimen thus
3 31 ntn ensuring that no splaying of

the webs would occur.

The specimens were

tested in a self straining

frame and the load was applied
Fig. 5. Details of Test Specimen. by means of a push type hydraul-

ic ram through a central roller
and was distributed over a distance c, as shown in figure 6, An
electric load cell was placed between the ram and the test specimen
as can be noted in the figure.

The lateral deflection of
the web was recorded using the
special deflection recording
apparatus shown in figure 6.
With the aid of this frame,
the seven linear displacement
transducers could be adjusted
to any position. These trans-
ducers were connected to a
data logger which printed out
directly the values of the
deflections in units of 0.001
inch. In addition, dial gauges,
calibrated in units of 0.001
inch were used to record the
lateral deflections at specific
positions.

Loads were applied to the
test specimens in small incre-
ments in the elastic range, and
in smaller increments after
yielding had begun. In the
inelastic range, all plastic
flow was allowed to take place
at each load increment before
any lateral deflection readings were taken.

To determine the material properties three test coupons were
tested from each plate to determine the yield stresses and other
material properties. All of the test coupons behaved in a manner
typical of that expected for mild structural steel and the results
showed that the yield stress did not vary markedly from one gauge
of material to another.
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4, EXPERIMENTAL RESULTS
s The details
T of the test program
are summarized in
Test d b c ¢ l.blesc] g | P P |Pu Table 1. In all the
No. |inch |inch |inch |inch [T [*75 | & | oo | pour | F,o tests, the section
was subjected to a
Ll 12 12 2.4 |.037 1 ol 325 .37 +17.1 2.11 patch load together
bl i o) |2 fme) ) 0l wieh the reactive
’ : s : : : shear forces.
1.4 12 12 2.4 |.075 1 .2 160 |1.30 | 1.43 .91
1.5 |12 |12 | 2.4 |.202] 1 [.2 |118 |2.56 |3.58| .72 Figure 7
1.6 | 12 |12 | 2.4 |.128 | 1 |.2 | 94 |4.20]|7.08]| .59 shows how the
2.1 |12 | 12 6 |.037] 1 |.5 |325] .58 .19]3.06 lateral deflection
2.2 | 12 | 12 6 |.oa8| 1 |.5 |250| .85 | .43]|1.98 across the central
2.3 |12 | 12 6 |.06 | 1 |.5 200 |1.23| .83]1.48 section of the panel
2.4 |12 | 12 6 |.015] 1 |.s ]160 |2.04 |1.61]1.27 varied throughout
safa | ¢ ey | fus e feee) o the test. T wil
: . : . : : be noted that the
112 12 |1.2).06 |1 |.1 J200| .71| .70]1.01 deformations are
12 |12 | 2.4 .06 | 12 |.2 200 .84 .74]1.13 located in the upper
3| 12 12 3. .06 1 .3 |200| .97 .76 1.27 half of the panel
12 12 4.8 | .06 1 .4 200 | 1.1 .80 1.38 adjacent to the
3.5 | 12 | 12 6 [.06 | 1 |.5 |200[1.23| .83] 1.48 patch load.

4.1 12 18 3.6 | .037 325 .41 <13} 3.15
4.2 12 18 3.6 |.048 | 1.5 | .2 250 .54 .29 1.90
4.3 12 18 3.6 | .06 1.5 | .2 200 .86 «57] 1.51
4.4 12 18 3.6 ].102 1.5 .2 118 | 2.5 2,77 .90
4.5 12 18 3.6 |1.128 |1.5] .2 94 | 4.10] 5.49 +75

.
.
~

Test No. 2.1

t = ,037"
E= .5, and
E-a
1 1 ]
0 04,08 L1272 .16 L2"
1. P = ,485 Pu
2, P= ,672 Pu
3. P = ,935 p
u
4. P = ,999 Pu
5. After load removal

Fig., 7. Variation of lateral
deflection of web at the mid Fig. 8. Failure of a Test Panel

section with increasing showing yield curve.
values of the patch load P.
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A most significant result is the failure mechanism, in all
of the tests failure occurred by the formation of a local yield
curve, as shown in figure 8. This yield curve corresponds closely
to a segment of a circle, and has a width equal to that of the
patch load. It was also noted that the depth of the curve is
proportional to the width of the load as can be seen in figure 9.
The grid lines in figure 9 are of equal spacing and the variation
in the depth of the curve with the c¢/b ratio is clearly seen. It
was also observed that the shape of the yield curve did not vary
with d/t values.

c/b 0.1 (c 1. 2™ c/b = 0.3 (c = 3.6")

Fig. 9. Yield Curve Shape and Location on
Test Panel (b = d)

It can be seen, from table 1, that the ratio Pu/Pcr

decreases with decreasing values of the d/t ratio and increases
with increasing values of the c¢/b ratio. Figure 10 shows how for
the specific case of a panel having a depth to thickness ratio of
200:1, the ratio Pu/PCr varies with the width of the patch load.

In figure 11 the Pu/Pcr values for the specific cases of c¢/b = 0.2

and 0.5 and « = 1.0, are plotted against d/t values. From

figures 10 and 11 the relationship between Pu/Pcr’ e/b and 4/t

given in equation 2 has been obtained.
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FE" = [4,5 + 6.4(%) % x 1073 (2)
cr
. b A
@ “ba.z, Paue1
1.5 A /p - .5, bly uy
: ®
P, B,
P C
1}
1.0
.1 .2 .3 .4 .5 1 _ . .
C/b o 100 200 300 %
Fig. 10. Variation of the load Fig. 11, Variation of the load
ratio Pu/Pcr with the load ratio Pu/Pcr with the slender-
parameter (B). ness ratio (d/t).

Substituting the value of ¢/b = 1.0 and 4/t = 288 into equation 2,

it reduces to Pu/Pcr = 3.14 which compares closely to the relation-

ship Pu/PCr = 3,0 which Bossert and Ostapenko (11) derived from

their tests on panels having a 4/t ratio of 288.
The ratios Pu/Pcr were found to be smaller for the smaller

aspect ratio when 8 is kept constant and equal to 0.2, see table 1,
This result contradicts with a conclusion by Bossert and Ostapenko
(11) that the post buckling strength varies inversely with the
square root of the aspect ratio «, when B = 1 and 4/t = 288, The
authors feel that more tests are needed to study the effect of
varying «, and also to examine the influence of flange stiffness
upon the ultimate load characteristics. Currently the authors are
examining the effect of the presence of an additional shear or
moment, see figures 3 and 4, upon the ultimate load characteristics.

5. CONCLUSIONS

The test results have shown that there is a considerable
amount of post buckling strength for panels having high slenderness
ratios. This post buckling strength also increases with the increase

in the lcading parameter B (= %). It has been shown that a linear
relationship exists between the ratio of the ultimate load (P,) to
the buckling load (Pcf) and the c¢/b and 4/t ratios. Failure of all

test panels was defined by the formation of a localised yield curve
under the load. The width of this curve was found to be equal to
that of the load and its depth proportional to its width,
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NOTATION

b length of panel

c width of patch load

d depth of panel 3

D flexural rigidity of the plate (= ——EE————)

12 (1=-u?)

da/t slenderness ratio of panel

E Young's modulus

K non-dimensional buckling coefficient

P applied load

Pcr theoretical buckling load

Pu ultimate load

t thickness of plate

o« panel aspect ratio, g

R loading factor, %

U Poisson's ratio
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Additional Study on Static Strength of Hybrid Plate Girders in Bending

Contribution a I'étude de la résistance statique des poutres hybrides fiéchies

Zur statischen Tragfahigkeit hybrider Blechtrdger unter Biegung

YUKIO MAEDA
Dr.-Eng
Professor of Civil Engineering
Osaka University, Osaka, Japan

A part of study on ultimate static strength of hybrid plate girders in
bending, which is being carried out at Osaka University, is presented in
this paper,

1. Static Bending Tests

The concept of "hybrid construction" has been introduced to meet the
functional, economic, and safety requirements of a structure, To examine
hybrid feature at a plate girder in terms of its static flexural behavior
and ultimate strength, four large-scale welded hybrid plate girders with
longitudinal stiffeners were tested statically up to their failure under
two concentrated loads, Web slenderness ratio of a test panel, which is
arranged at the middle part of girder and subjected to a uniform bending
moment, was intended for the value of 150, 200, 250 and 300,

A section at the test panel consists of such three steel materials as
SM58 for a compression flange, SS41 for a web and HT80 for a tension flange,
SM50 steel iz used for stiffeners, S8541, SM50 and SM58 steels are specified
at the Japanese Industrial Standards, and respectively an ordinary carbon
steel, a high-strength structural sieel and a high-yield strength quenched
and tempered steel, HTB0 steel is a high-yield strength gquenched and
tempered alloy steel, not yet specified at the Japanese Industrial Standards,
The average values of upper yield stresses q;u s, lower yield stress Cg&
tensile strength §f and elongation £ of these steels were shown by coupon
tensile tests as follows:

Steel Gyu g, Or E
(e fam®) (o/mm?)  (ka/mm?) (%)
HT80 84,64 84,28 88,40 12,5
SM58 54,80 53,64 62,02 19,6
SM50 38,06 36,81 51,52 25,4
5541 31,44 30,06 42,94 36,5

Sectional areas of the upper and lower flanges of the test girders, are
designed so that the both flange materials may reach their yielding stress
at the almost same time at the extreme fibers of flanges,

Actual dimensions of the test girders and the yielding stresses of
steels for calculations are summarized in Table 1,

2, Discussions of Test Results

(1) Collapse loads J2,, ultimate bending moments /i, modes of failure
of test panels and locations of failure are shown in Table 2,

A contribution of web post-buckling strength to ultimate bending sitrength
of the test panel, a benefical effect of longitudinal stiffeners on the web
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post-buckling strength and a mode of final failure of the girders being cont-
rolled by the rigidity of compression flange and longitudinal stiffeners, have
been observed in hybrid girders as well as in non-hybrid girders,

The failure of BlL=3 and BL-4 girders is shown in Figs, 1 and 2,

(2) First of all, the web showed a larger lateral deflection after the
web yielding at its compression edge for BL-1, -2, and -3 girders and before
the web yielding for BL-4 girder, and then the yielding of web penetrated
toward the neutral axis of section, Thereaftier, the yielding in compression
flange developed and extended over its entire thickness, and then its lateral
buckling with a torsional buckling in BL-1, -2, and ~3 girders and with a
vertical buckling in BL-4 girder, was cbserved, In non-hybrid girders, when
a compression flange yieldeda web had not yielded, but in the hybrid girders,
the web had already yielded before the flange yielding,

Hence, it follows that the compression flange area alone may resist
against a buckling of the flange without a coniribution of effective sirip of
the web, although in non-hybrid girders a compresaion flange area plus an
effective strip of web along the flange can regist flange buckling, At a
girder with high hybridness, it will be optimum to select a material for web
which buckles at its yielding stress,

Such a behavior can be seen clearly at a typical flexural strain distri-
butions in the test panel of Bl~2 and -3 girders as shown in Figs, 3 and 4,

.(3) In non-hybrid girders, a loss of web section was observed for a girder
with web slenderness ratio larger than 250, but at the present {ests the girder
with web slenderness ratio of about 300 showed a slight loss of the web
section,

(4) Larger initial web deflections were observed for the less rigidities
of anchoring frames consisting of flanges and stiffeners, This tendency was
recognized more remarkably than in non-hybrid girders, It does not seem that
the initial web deflections which were measured to be 0,11 %, 0,36 t, 0,89 ¢
and 1,08 t respectively for BL-1, -2, -3, and -4 girders, influenced greatly
on the ultimate strength, The final web deflections were measured to be
about 1,0 t - 2,0 ¢, .

(5) Since restraining of the web against a buckling of the compression
flange may not be expected after the web yielding, a width-thickness ratio of
the compression flange has to be made smaller, to be provided with an equiva~
lent rigidity which is secured by contribution of the effective strip of web
gection in non-hybrid girders,

(6) The use of a very high strength steel HT80 for the tension flange is
beneficial for the compression side of a section, because the neutral axis of
the section moves upward,due to the tension flange area about 40% smaller
than in non-hybrid girders,

(7) The observed ultimate bending moment /M, is non-dimensionalized by
dividing by the theoretical full-plastic moment A456, ag shown in Table 3
and Fig, 5, and M, divided by the theoretical flange yielding moment fﬁgﬁ
is given in Table 3 and Fig, 6, The theoretical moments were calculated
following the models of stress and strain in Fig, 7.

The tests of non~hybrid girders consisting of SM58 - SM50 — SM58 showed
that the flange yielding moment could be secured up to about/3 = A /tw_= 400,

At the present hybrid girders of SM58 - 8841 - HT80, however, the
possible web slenderness ratio to secure the flange yielding moment has been
lowered down to about 300,

Fatigue tests of longitudinally stiffened hybrid plate girders will be
soon carried out at Osaka University,
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Table 1 Dimensions of Test Girders and Yielding Stresses of Steels
COP.PLANGE | TEN.FLANGE WEB te¥by | g & LBy | ayre Tyrt | dyw
GIRDER | (2mxt, mm) | (2bxty mm) [(hxt, mm) | (poy B'E;; b/t ja= -l vy 2 v (kg/mu? ke mn 3K g/ mn? )
BL-1 200x 12,9 | 200 8.0 | 675x 4.8 | 8x 65| 141 | 7.75 | 1.0 | 5.34| 1.26 | 53.6 84.3 30.1
BL-2 200X 12.9 | 200x8.0 | 900%x 4.8 |8x 70| 188 |7.75 | 1.0 |5.67 | 1.67| 53.6 84.3 30.1
BL-3 200x 12.9 | 200% 8.0 {1125% 4.8 {8x 75} 2341 7.75 | 1.0 | 6.06| 2.00| 53.6 84,3 30.1
BL-4 200%x 12.9 | 200%8.0 [1350%x 4.8 |B8X 80| 281{7.75 | 1.0 |6.50| 2.50| 53.6 84.3 30.1
2b
_1
It
Panel A ha “te
i S—1
uinh
B8
Pgnel B h t
hy _.|._w
1 ‘t
| L___J_‘ t

Table 2 Test Results of Failure of Test Girders

GIRDER | Py (t) [My (-m)| MODE OF FARRE LOCATION OF FAILURE
BlL- 4 147 259 VERTICAL  BUCKLING — H11]
LATERAL  BUCKUNG
VERTICAL BUCKLING
8L-3 | 1o 220 Rl ==
LATERAL  BUCKLING
OUTSIDE OF TESTPANEL .
BL- 2 | ss 170 | (VERTICAL BUCKLING ) Hﬂ :m
LATERAL  BUCKLING
OUTSIDE OF TESTPANEL .
BL-1 625 | 125 |(TORSIONAL BUCKLING )} HHAT T
LATERAL  BUCKLING

411
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Table 3 Ultimate Bending lioments

GIRDER| B | My (tm)|My (tm)|MY (tm)| My | M /Mtph
BL=1 | 141 125 | 111 113 1.126 | 1.106
BL-2 | 188 170 | 156 160 | 1.090 | 1.063
BL-3 | 234 220 | 205 210 | 1073 | 1.048
BL-4 | 281 257 | 259 265 | 0.992 | 0.970

Fig, 1. Failure of Test Girder BI-3

<

Figs 2. Failure of Test Girder BL-4
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Prepared Discussion in regard to the Report Presented by Professor P. Dubas:
"Essais sur le comportement postcritique de poutres en caisson raidies”

Discussion préparée du rapport du Prof. P. Dubas:
"Essais sur le comportement posteritique de poutres en caisson raidies”’

Vorbereitete Diskussion zum von Prof. P. Dubas vorgelegien Bericht:
"Essais sur le compaortement posteritique de poutres en caisson raidies"’

MIROSLAV SKALOUD
Doc., CSc., Ing.
Senior Research Fellow
at the Czechoslovak Academy of Sciences
Institute of Theoretical and
Applied Mechanics in Prague, Czechoslovakia

The author would like to support the very interesting and
valuable conclusions quoted a) in Professor Dubas’s report
"Essais sur le comportement post-critique de poutres en caisson
raidie" and the prepared discussion by Professor Massonnet and
R.Maquoi, entitled "The Conventional Design of Box Girders Is
Unsafe «....": both regarding the post-buckled behaviour of
longitudinally stiffened compression plates of box girders.

Professor Massonnet has already mentioned.some of our theo-
retical conclusions in his prepared discussion. Other theoreti-
cal and experimentsl evidence obtalned by our team in Prague.
has the same trend; therefore, it does not need quotikg here.

The author would only like to mention three general con-
clusions which sum up our main results and observations in the
aforesaid field (/1/, /2/, /3/, /4/, /5/):

1) Iongitudinsl.stiffeners designed by the linear theory
of web buckling (s.c.concept of yf) do not provide sufficient
support for the web in the whole post-buckled range of its
behaviour. The limit of efficacy of such gtiffeners is consi-
derably reduced, sn that the stiffeners practically do not ope-
rate in a significant part of the post—-critical domain of the
web in question. The ultimate strength of the plate (and, conse-
quently, the load-carrying capacity of the whole girder) is then
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substantially reduced.

2) It was noted that for the longitudinal stiffeners to
remain rigid and fully effective up to the collapse of the
girder, it was necessary that they should have a flexural rigi-
dity equal to & multiple of the linear theoretical rigidity P
(7 =k 9’*)°

For such rigid stiffeners, the load-carrying capacity
attains the highest possible value. Then the thinnest possible
(i.e, optimum) web is obtained.

, 3) An analysis of our results also indicates that the afore-
said concept is only a limiting case of a more general philosophy.

The relationship between ultimate load and stiffener rigi-
dity is shown in Fig.l. The reader will note there that for small
values of » the ultimate strength grows fast, but then the rate
slows down so that, for values near to 3, , the increase in the
load~carrying capacity is only slight,

Therefore, by considerably reducing the stiffener rigidity
with respect to 2, , a very small reduction in ultimate load is
obtained. In other words, if the stiffener dimensions are signi-
ficantly diminished, only a slight increase in web thickness is
needed, Considering that the number of available thin sheets of
different thicknesses is limited, the slight reduction in load-
carrying capacity does not frequently lead to any practical in-
crease in web thickness,

From this it follows that the concept of rigid stiffeners,
furnishing sn optimum web, need not necessarily lead to the most
economic alternative, if the designer has not in mind merely the
web (or compression plate element) alone, but desires to optimize

the whole system of web (or plate element) + stiffeners; or,
in other words, desires to optimize the whole girdex.

' To conclude the author wishes to state that he shares the
view, quoted in the two afore-mentioned contributions, that the
current design concept based on the »* = value ought to be
abandoned. Further research in regard to the post-buckled beha-
viour of compression plates fitted with longitudinal stiffeners
should be conducted as soon as possible, in order that the afore-
said efficiency factor k could be determined for various kinds
of stiffening. A new design procedure, taking account of the
post~critical performance of compressed stiffened elements of
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box girders, can then be established; and further accidents,
like - those of Vienna, Milford Haven and Melbourne, will thereby
be avoided,

0 L S
&s Lo F#
Fig. 1.

Refarences:
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gleichformig gedruckten, in der Mitte mit
einer Langsrippe versteiften Platte.

Acta technica 8SAV, n° 3, 1964.

/2/ 8Skaloud, M., Novotn§, Re: Uberkritisches Verhalten einer
gleichformig gedruckten, in den Dritteln mit
zwei Langsrippen versteiften Platte.
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Prepared Discussion in regard to the Post-Buckled Behaviour and
Incremental Collapse of Webs Subjected to Concentrated Loads

Discussion préparée du théme:
“"The Post-Buckled Behaviour and Incremental Collapse of Webs Subjected
to Concentrated Loads”

Vorbereitete Diskussion zum Thema:
"The Post-Buckled Behaviour and Incremental Collapse of Webs Subjected
to Concentrated Loads”

MIROSLAV SKALOUD PAVEL NOVAK
Doc., CSc., Ing. Doc., CSc., Ing,
Senior Research Feflow Research Fellow at the Structural Institute
at the Czechoslovak Academy of Sciences in Prague, Czechoslovakia

Institute of Theoretical and
Applied Mechanics in Prague, Czechoslovakia

Introductory Remarks
The investigation /1/, /2/ into the post~buckled behaviour

of webs in shear having been completed, a new research project
regarding the ultimate load behaviour of plate girders was
started in Prague. This deals with the effect of flange stiff-
ness upon the ultimate load performance of thin webs subjected
to a) static and b) variable repeated concentrated loads, which
are applied to the fiange of the girder at the mid-distance of
the vertical stitteners of the web, This problem is trequently
encountered in the design of crane girders, certain types of
bridge girders and similar structures, and also in the case of
girders without vertical stiffeners (see the very interesting
contribution by Bergfelt /3/). The objective of our new research
is to study not only the static failure mechanism of such girders,
but also the deflection stabillty of the web under variable
repeated, cyclic loading, and the incremental collapse of the
web and the whole girder.

Tegt Girders and Apparatus

The aforesaid research project consists, in the first
stage, of testing 8 steel panels shown in Fige. 1 and 7 large-
scale steel test girders. Further test series will folliow.
Some of the panels and girders are subjected to static loads,
the others to cycllic pattern loading.
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Fige. 1.

The research on steel girders is accompanied by a photo=-
elasticity investigation conducted by the first of the authors
and J. Kraténa on reduced-scale epoxy-resin models.

The buckled pattern of the web is measured by means of a
stereophotogrammetric method which has been established by one
of the authors /4/. One of the advantages of this method
consists in making it possible to measure not only the web
deflection perpendicular to the web, but also the other two
components of the spatial displacement vector of any point
of the web and flanges. Thus it is possible, for instance, to
evaluate the distortion, in terms of load, of the projection
of the mesh that was marked on the web, and which serves as
a basis for the determination of the contour maps of the
buckled surfaces of the web. The distortion of the projected
mesh is not negligible, as can be seen in an enlarged scale in
Fige 2, this being particularly the case in the vicinity of the
applied load. The contour plots of the buckled surface of the
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Fig. 2e

web are then related to the distorted mesh and to the deformed
boundary framework of the web panel.

The contour map of the post-failure plastic residue in a
web panel, subjected to a concentrated load at the mid-distance
of the.vertical stiffeners. and in the deflected flange are shown
in Fig. 3.

The stereophotogrammetric method is also succesfully used
to measure the web bucklesd pattern and the flange deflection
in the c¢yclic loading tests. An oscilloscope "Disa" and additio=-
nal apparatus (Fige. 4) enable the writers to measure the deforme-
tion at any time moment of a loading cycle = for instance, at the
moment when the deflection amplitude is reached.

The stress state in the web and flanges is measured by nume=
rous electric resistance strain gauges. In the case of cyclic
loading, some of the strain gauges and dynamic deflection pick-ups
are linked to an automatic recorder "Ultralette", which records
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the corresponding signals on recording psper (see Fig. 5, showing
an increase in web deflection during cyclic loading).

‘Qonst

A

Fig. 5.

......

Test Ragults
An asnalysias of the static test results indicates that

thin webs subjected to concentrated loads manifest a conside-
rable post=-critical reserve of strength, which ought to be taken
into account in the design of steel plate girders.

The load-carrying capacity of such webs.is significantly
affected by the flexural rigidity of flanges. While for web
panels attached to flexible flanges, whose I, /a2t = 3.49
(I /a7t denoting the same flange stiffness parameter as was used
in /1/, /2/}, the ratio ultimate load P ,,/critical load

P& = 1lo73: in the case of webs attached to heavier flanges,
I, /8ot = 63.5, the same ratio amounted, on a average, t0 2.445,
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In the tests on plate girders subjected to variable repea=-
ted loading, the question.of stability of post-~critical web de-
flection is of importance.

When the girder operates in the plastic range, an increase
in web deflection during a certain number of loading cycles 1s
noted (Fige 5). The problem is then to determine the maximum
load for which these deflection increments cease after a limited
number of cycles of load application, and the structure then
responds to the load in a purely elastic manner. The correspon~
ding load, which is referred to as the "stabilizing load", is
the highest force the girder can sustain. Any further increment
in load brings about a breakdown of the girder through incremen-
tal collapse.

Fig. 5 relates to a load which was practically equal to the
"shake-down load" of the test girder. A slight further increment
in load caused instability of web deflection and, shortly after—-
wards, & collapse of the girder.

A complete report on the above mentioned research project
will appear shortly after the completion of the tests.
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English Translation of part of the text of pages 13, 14 and 15 of the book:
Beulwerte ausgesteifter Rechteckplatten, Vol. 1l by K. Kloppel and

K.H. Moller, Editor W. Ernst und Sohn, Berlin, 1968

{Reproduced with the Permission of Professor K. Kiéppel)

Traduction anglaise d'une part du texte des pages 13, 14 et 15 du livre:
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Beulwerte ausgesteifter Rechteckplatten, Bd. 11 von K. Kléppel und

K.H. Moller, Verlag W. Ernst und Sohn, Berlin 1968
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Page 13.

In the use of tables for uniformly distributed stiffening, it 1s
necessary exert cautisuness about two questions :
First, about the calculations of the effective moment of inertia,
secondly, about the safety required against buckling.
The Standard DIN 4114 Ri 18.13. accepts, for eccentric stiffeners, to re-
late the moment of inertia to the upper edge of the plate. The basis of
this rule is an assumption about the effective width of a corresponding
strip of the buckled plate. But when the stiffeners are reqularly spaced,
the effective width cannot be larger than the distance between two stif-
feners.
If the moment of inertia of such a plate strip is calculated, then values
significantly smaller than according to DIN 4114 are usually obtained.
For closely spaced stiffeners, it is therefore always recommended to cal-
culate the moment of inertia both according to the Standard and also for
a plate strip composed of a stiffener and a web strip having as width
the distance between two stiffeners, the example figure 11 should serve
an illustration. According to DIN 4114, the moment of inertia with res-
pect to the upper edqge of the wed is

2 2 4
Jorn - L * FL (a - ex) =6 11 + 23,2 x (16 - 5,63) = 3115 cm

o/ =14t/cm?2
—L Quetétiem® | oxs0x10
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With the largest value for the effective width, namely the distance be-
tween two stiffeners, the distance of the controid to the upper edge of
the web is found to be, according to fig. 11 :

s . oL 6 +5 -’ 23,2 16 + 0,5 - 5,63)
X FL + Fweb 23,2 + 41

= 3,92

which yields

t 2 2 4
J = J2 = FL {(a + S - e - dx) + Fweb d = 2360 cm
It is seen therefore that J does not apply for the calculation of the

I
buckling stress. PIN

Page 14.

As already mentioned in the Introduction, one has to distinquist be~
tween the linear buckling, connected with ideallized structural and ge-
ometrical assumptions, with the buckling load as limit load, which is
the basis for the specification DIN 4114 and for the present book, and
a second postcritical non linear buckling, discribed by non linear diffe-
rential equations to which is associated a 1limit load which is called ul-
timate load. This load is regularly higher than the buckling load, becau-
se additional membrane stresses come into play. On this theoretically mo-
re complicated way, the influences of unavoidable initial deflections may
alsoc, for example, be taken in consideration. The ultimate lcad above
the buckling load can be determined either by the entry into the plastic
range or by inacceptably large deformations.

Page 15.

It is necessary to come back to the question whither by plate bu-
ckling a second equilibrium state establishes itself or not. Let us
imagine the plate to be studied by linear buckling theory in the buckled
state. In addition to the membrane stresses existing already before bu-
ckling, we have now flexural stresses, that may be considered to be pro-
duced by the fictition transverse load

Ozw sz 02
q = Gxt 5 + gt ) + Tt - ;
dx Y dy Xy

where dx, g and T are the edge stresses of the plate. If the buckling
shape is no¥ known, one shall imagine that the plate is subjected to a
uniform transverse load. A large limit load is then to awalt, when these
fictitions transverse loads are supported in all directions nearly on the
same way, in other words when we have an extended plate action. If, on
the contrary, these imagined transverse lcads are supported only in the
direction of the greatest compressive stresses, then we can as a good
approximation to reality imagine the plate to be cut in strips by cuts
parallel to the largest compressive stresses. The individual beamlike
strip wall then behave like a buckled stult.

It is recommended now, for plates which support the fictitions trans-
verse loads nearly uniquely in the direction of the large compressive
Stresses, to require larger safeties thany% = 1,25 or ¥, = 1,35.
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According to the opinion of the authers, which is supported by sections
17.5 and 17.6 of the DIN 4114, safeties are to be required which in the
limit case colncide with those for the compressed bar. Numerical compa-
risons have led to following formule - which cannot be demonstrated,
which should give the required safety_‘_2

ek Vk + 100 o é%

R 2

1 + 100 o

The side ratio a is obtained through the differential equation of
the orthotropic plate, under the assumption of a definite torsional ri-
gidity, by a coordinate transformation. a is the side ratio of an un-
stiffened comparison plate with the same buckling shape as the stiffened

plate 4
1 +Z
a = a\’ —,
1 +Eh’2

An unstiffened plate with the side ratio a behave therefore simi-
larly as an unstiffened plate with the side ratio a.

For the above example, (fiq.ll),"{L = 615 and
4

a = 0,48 = 0,096

e
616
According to Table 7 of DIN 4114, we have for loading case 1

?k = 2,18
and one obtains

=2
K Vk + 100 a VB

This safety against buckling at least should be required, in this
exanmple, in the opinion of the Authers.

In the cholice of the stiffener section, it must be in addition taken
care that stiffeners do not buckle before reaching the plate buckling
load.
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Excerpts of a Letter of Professor F. Leonhardt to Professor Ch. Massonnet
{Reproduced with the Permission of Professor F. Leonhardt)

Extraits d'une lettre du Prof. F. Leonhardt au Prof. Ch. Massonnet
(reproduits avec la permission du Prof. F. Leonhardt)

Auszige aus einem Brief von Prof. F. Leonhardt an Prof. Ch. Massonnet
{abgedruckt mit Bewitligung von Prof. F. Leonhardt)

For the stiffened bottom plate or the bottom flange of a box-girder
under negative moments, with compression in the bottom flange, there is
almost no post buckling carrying capacity, as the example of the Danube-
. Bridge demonstrated. After buckling of the bottom flange, the box can
usually carry only more or less as a hinge in the elevation of the
stronger orthotropic top plate. This situation makes it necessary to
calculate the bottom flange more or less like a compressed column with
a buckling length equal toc the distance of the transverse stiffeners,
if the stiffeners have sufficient rigidity. With soft stiffeners the
buckling length becomes even larger. Also in this case, we assume a
certain excentricity of the compressive force to take care of unavoida-
ble deviations frem the straight line of the axes of the cross-section
of a flange (plate plus longitudinal stiffeners). For the longitudinal
stiffeners we usually take profiles with a top flange.

The deviations of the actual profiles from the straight lines,
which we assume in our calculations, must be laid down on the working
drawings and specifications as allowable tolerances and immediately
after the errection of portions of the box girder, the actual deviations
must be checked and must be kept within these limits.

For the bottom flanges we must also keep in mind, that the princi-
pal compressive stresses in the plate are not parallel to the longitu-
dinal axls of the box-girder, but inclined and the angle of inclination
depends upon the shear force and the torsion. This can have some influ-
ence on the spacing of longitudinal stiffeners and on the buckling safe-
ty of the bottom plate itself.

Dimensioning the bottom flange in this way does usually result in
only a very small amount of additional steel quantity, because the in-
creased stiffness of the longitudinal stiffeners allows to use a thinner
plate. Only the additional rigidity of the transverse stiffeners may in-
crease the weight.

But also here the difference is so small, that it should not count eco-
nomically.

I am sending to you a drawing of a cross-section of Moseltal-Briicke
Winningen, which we have designed along these lines about 2 years ago
and which is under construction just now. It has spans up to 240 m and
is erected by the free-cantileveringmethod, giving rather high compres-
sive force to the bottom slab.
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