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IVbl

Calcul approche des dalles rectangulaires en beton arme
poui une chatge uniformement repartie ou hydrostatique

Näherungsmethode zur Berechnung von rechteckigen Platten
aus Eisenbeton bei gleichmässig verteilter

und hydrostatischer Belastung

Approximative method of analysis ior rectangular reinforced
concrete plates under uniformly distributed or hydrostatic load

PROF. IR. P. P. BIJLAARD
Technische Hoogeschool Delft, Technical adviser I. A. B. S. E.

Introduction

As a direct inlegralion of the differential equation of the plate is in
general not possible for rectangular plates, supported at Ihe edges, several
methods have been developed to cope with this difficulty, using double
and single Fourier series, differences equations, etc. Some of these
methods lead to sufficienlly accurate results. They are, however, rather
laborious, especially if all kinds of boundary conditions have to be taken
into aecount, whilst no usable general formulae for bending moments, etc.
are obtained. Il is true Marcus C) gave relalively simple formulae for
rectangular plates with uniformly distributed load, but these have not been
derived directly. They have been composed in such a manner that they
approximate as much as possible the results of his more accurate calculation

(2), which leads only lo numerical results.
At the other hand our method (3) is rather simple and gives a clear

insight in the way in which the plates carry the load. Moreover it leads

(') Marcus, Die vereinfachte Berechnung biegsamer Platten, Springer, Berlin, 1925.
(2) Marcus, Die Theorie elastischer Gewebe und ihre Anwendung auf die Berechnung

biegsamer Platten, Springer, Berlin, 1924.
(3) BnLAinn, De Ingenieur. n° 26, 1934. n° 23, 1935; De Ingenieur in Ned. Indic, n° 12,

1935; Proc. Third Engineering Congress, Tokio, 1936.
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lo simple general formulae for the maximum
bending moments as functions of the ratio
s.= Z„/ZI of Ihe sides, which are similaiiy
built for all boundary conditions. for
uniformly distributed as well as for hydroslatic
load. Furthermore our formulae are more
accurate than those of Marcus.

Simply supported plates

Lei us consider first a rectangular plate (fig. 1« with simply
supported edges, carrying an arbilrary load q=f\x, vi. An arbilrary X-slrip,
X,, of this plate, having a breadth dy, will only have lo carry a vertical
load qx, Ihe remainder of Ihe load q being carried by Ihe vertical shearing
forces acting on its sides. The bending momenl per unit breadth of the
strip, due lo Ihis vertical load qx, we denole bv \1,,

3M,
As, however, also twisling momenls M„, and M„,-| r^-dy are

acling on the sides of the strip, which cause bending momenls M,.- per
unit breadth of its cross sections, Ihe real bending momenl per unit
breadth of the strip amounts lo

so that

We know thal (4)

M„

Mx M„, + Ma

m„ m. — mx.

DI 4^ +dx~

32w

(I)

(2)

(3)

(4) TtMosmiNKo, Theory of Plates and Shells, 1940, p.
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whilst

Myx=-D(l -v) d'w
dxdy

acting on strip XL as indicated in fig. 16. Consequently Ihe total moment
exercised per unit length of the strip by Ihe twisting momenls MaJ and

M^+^c/yis
öy

8MVJ

3y
dy D(l-v) dxdyrdy

acting on Ihe strip in Ihe opposite direction of the arrows in fig 15. Heiice
the bending moment Mx- per unit breadth of the strip, caused by the
twisting moments, amounls to

/''•* d3w
M*T -D(i -v) / d.c

x dxdy' D(l-v) d'w
dy-

I) 1 - v)
a-

a similar result being already obtained by Marcus.

But with eqs. (3) and (4) it follows now from eq. (2) thal

/ d2 w d'w
Mx„ - D |

whence we obtain, by changing x and y

M„„». - D
d' w

°f

ö'w
dy2

so that we draw the conclusion lhal

M„ M.

<5y2

(-1)

(•>)

(6)

(7)

Hence at any point of a rectangular plate with simply supporled edges
and arbilrary load, the bending moment M„ per unil breadth, lhat would
occur in an X-strip, if it had to carry its total vertical load g.,. as a simple
beam, without being discharged by Ihe twisting moments MBJ, is equal
to the bending momenl MBl,, occurring al Ihe same point in an Y-strip,
if it would have to carry ils total vertical load qtJ as a simple beam, whilst
of course

(lxJrqv q (8)

At Ihe other hand we know lhal, according lo eq. (3), whence M„
follows by changing x and y, we have

M* + My -D(l +v)
32 w +

82 w
(»)dx' '

3y

so that it follows from eqs. (5) and (6) that
M« + M, (l + v)M„ (l + v)M„r. (10)

With structures in reinforced concrele, where Poisson's ralio is usually
equated to zero, this yields
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or
and

M,+M, M» M,.

M„ M„„ — Wix.

(11)

(12)

(13)

q Furlhermore it follows from eq. (-i) and also
bv comparison of eqs. (1) and (12) that, with
7=0,

M.^ —My (14) and MyT= — Mx (15)

the latter equation following from the first one by changing x and y.
For example we shall use eq. (11) in order to find the bending

moment in the centre of a square plate wilh sides l which carries a
uniform load g=const. (fig. 2 a). As at the edges Mx M„=0 according
to eq. (10) in any section of a boundary strip Y„ the moment M„, will be
zero too, so that for these strips g„ must be zero. Therefore, according to
eq. (8), at x 0 and ;r Z the middlemost X-strip Xm has to carry a load

q, whilst at x=Z/2, on aecount of symmetry, qx=qy q IO so
that qx is distributed according to fig. 2b. Assuming a parabolic limitation
of qx we find that in the middle of Xm

1

48 2 "96 qP

so lhat, because in the centre of the plate Ma;=MB, eq. (11) yields

Mx My i Mav -^L- ql' 0.0365 qP

According to Nadai (5) the real bending moment with v 0 is
0.0368 qZ2, so that our result is sufficiently accurate.

In order to find the equation of the deflection surface we remark that
according to eq. (14) the moment Mx- in X„, is distributed as —M^,
consequently practically as the negative deflection wx of Xm, so that it may be

PT**"*1*!
(«) Nadai, Elastische Platten. Berlin, 1925.
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assumed to be caused by a fictituous load, being distributed according to
the second differential quolient of wx, consequently as —Mx. Assuming
again a parabolic limitation of the total fictituous load qj according lo
fig. 2c, it follows that

15 .7Mxm -g ql' — -^g- (q — q'm) P j^- qP

or q'xrn= 0.15 g. The deflection wx of Xm follows from qj by integrating
four times and dividing by EI. Assuming the deflections of the other
X-strips to be proportional to those of X,„, we obtain in Ihis way the
deflection surface of the square plate

—israr e> 5-«p+™p-«ie+«P)
(24 Ti — 65 r,3 -f 75 r,4 — 51 P -f 17 r,6) (16)

in which c,= x,'l and r, y/l and from which the bending and twisting
moments at any point may be calculated immediately. These are situated
fairly between Ihe values obtained by Marcus (2) and Lewe (6), as was
shown in our Ihird paper in footnote 3. In a similar way we found for
a square plate with a hydrostatic load q xp/l the deflection surface

*=«<aLnr. ^(2085-217P-42g+6lF)
2 187 675 E«7

(24 7) — 65 r,3 -4-75 V — 51 r,5 -f 17 y,6) (17)

Various boundary conditions

If an X-strip is for example fixed at two sides (fig. 3), the moment
yiT. — M„ thal would be caused in il by the twisting slresses ivx if it
were simply supported, being —M„m in the middle of the strip, will cause
moments (pxcM„m at the clamped edges (fig. 36 and 3c), by which at
the crossing M of the most loaded slrips Xm and Ym we gel, instead of
eqs. (12) and (13)

Mxm Mxv — <?Mym (18)

and Mvm Uyv — <p»M„,. (19)

As for example along X„, the moment Mxz — MH is about proportional
to the deflection wx of Xm, values <px or <b„ may be calculated if the ratios
of the ordinates of ivx or w„ are known.

Also to this effect we remark thal, by the twisting moments MXIJ

alone, the Y-strips, that cross Xm, would obtain defleclions w,,- according
to curve 1 in fig. 3d, being proportional lo M„T — MX. As al their
crossing with Xm their real defleclions coincide with the deflection wx of
X,„, given by curve 2, the part g„ they take there of the total load g will
be about proportional to wx — wy. being the distance between curves 1

and 2. Assuming a uniformly distributed load g, we therefore find Ihe

(•) Lewe, Pilzdecken, Berlin, 1926
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vertical load qx on X,„ by dra-
wing curve 3 at a distance q
above curve 2, load qx being
denoted by cross hatching. It
follows that near a clamped
edge the Y-strips cause an
excess load qcx on Xm instead
of discharging it. Value gci.
was computed from the
condition that the load qu, taken
by the boundary strip Yb, being
q„ =— (jrx at C, has to cancel
the bending moments

M,/T=-MJ,
caused by the twisting stresses
iux, in which M„ is the

moment Mx along the clamped edge. For a square plate wilh all edges built
in qcx is e.g. 0.61 q.

At the crossing M of Ihe most loaded strips (fig. 3a)

1xm-\-qVm=q ^20)

whilst the deflections of Xm and Y,„ in M must be equal. Expressing these
deflections in the maximum positive moments M,„, and M„„, and assuming
for that the same relations which hold for uniform load, this condition
gives us Ihe relation

um

ym y
AD

0
12

-''im M„ (21)

in which e—lu/lx, whilst for the six cases we considered (fig. 4, where
a single line denotes a simply supported and cross hatching a clamped
edge) fA is 1, 1, 1, 0.6, 32/45 and 27/32 respectively. Furlhermore in
fig. 3cZ the deflection ru„T of Y,„ is the result of the twisting moments M^,
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Fig. 4.

which cause in M a moment
— «PyMxm in Ym. At the other
hand wx may be considered to
be the resull of the actual
bending moment M„ in Ym, being
Mym in M, so that, according
to eq. (21) and fig. 3d we
have e.g.

- w„._

y,
® ®

7 Yy
'//.%%V; Y

'////////////
%
V
'/,Y,
7>
7/

Y,
7,

x,=

/////?///////,

<?„ M
Wx — Wyz Mym 4- OyMxm 1 -f (Ae

(22)

We could show (3) that for values s between 0.5 and 2 it is sufficiently accurate

to assume curve'1 in fig. 3d, the ordinates of which are proportional
to —Mr, as a parabola, if Mxm and M„m are considered as the maximum
positive moments in the strips and not always as those in M. Then also
curve 3, being proportional to iüx, may be easily found. For we showed
above here lhat the effect of the twisting stresses on Xm is equivalent to
that of a fictituous load proportional to —Mx, so that the deflection wx is
belween that by a uniform and that by a parabolic load, the latter being
indicated in fig. 3e. With known shapes of tvx and iuv values fx, <pM, cp,,

and <p„c can also be computed. The only unknown values in fig. 3cZ being
now q^ and qvm, we may calculate

M„ m (qxm -\-eqvm-r\- fqcx) lx- (23)

whilst in the same way we find

M„„ n(g„m + sfg„„+hge„)Z/. (24)

Consequently we have six equations, (18), (19), (20), (21), (23) and
(24), with six unknown values, g™, qvm, M„, M„„, M^ and M„m. In this
way we got the maximum positive moments Mxm and M„m, whence we
obtain also the clamping moments

M =M 4-fs MJ-T-»-xc -t**xrc \ yxc lllym

and M„c M„„c -f- <oyc Mm

For values s — lu/lx between 0.5 and 2 we got

iM,
wi th

qx s" + y^2 +

-¦ mqjl.*

T<I

and M„„, nq,/ly'

7/ fi- '
y£2 -L. a.rl

(25)

(26)

(27)
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Mxc=TncqJlJ and Mye

¦>x /- q < q > y.vc Ai/ ,4 _i _.2 _i_ „/ y *^s y

na '/2

e' + ys'
(28)

If we put gex and qey equal to their values for e=l, values ß, y, a!, etc.
are constants (7). Somewhat more accurate values could bc obtained,
however, by taking into accunt the Variation of qex and qn, with e. In
order to avoid that by this ß, y, a!, etc. would become functions of e, we
expressed qcx and qcy in q^ and qym, by which ß, y, a', etc. remained constant
in the intervals s 0.5 — 1 and s 1 — 2 (8). In table I, where cases I„ - VI„
refer to the 6 cases in fig. 4 and to uniform load, all values of eqs (27)
and (28) are given.

Only for the moments along the short clamped edges it is not allowed
to assume curve 1 in fig. 3cZ as a parabola. These clamping moments we
derived as follows. M„c for case II„ we found by superimposing on the
deflection of a square plate, wilh sides lx, for which M„c is known (see
also under here), a deflection of one of the clamped edges according to
that of the middle strip X„ in case s 2, yielding M„c — 0.057 qlx2.
Subsequently we found M„c for case IV„ and s 2 by remarking that
here the X-strips, with lengths lx, have the same rigidity as if they were
clamped with lengths IJ lx i/5 > so that M„c has about the same value

2
as for case II„ and e= -r— =1.34, being

|/5

M„c — 0.057 qlj2 — 0.127 gZ,2.

As, however, here qm 1.22 g instead of 1.32 g for case II„, we have to
multiplicate this value wilh about 2.22/2.32, yielding M„c — 0.120 gZx2.

Using the carry-over factors, mentioned under here, we computed from
these values Mxc and M„c /or e 0.5 and 2 for the other cases (fig. 4).
Demanding that dMc/de is continuous at s l and zero at s 0.5 and 2,
we obtain for e <^ 1 and e ^> 1 respectively

Mxc [—A + B(e —0.5)p]gZ„2 and M„c [— C + D(2 — e)"] gZx

(29)

(7) Bijlaard, De Ingenieur, n° 23, 1935.
(8) Bijlaabd, De Ingenieur in Ned. Indie. n° 12, 1935.
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in which A, B, C, D and p are given in table II. For case VI and £ <C 1

we got
Mxc [— 0.057 — 0.06 (e —0.5)2 + 0.35(£ —0.5)5]gZ+ (30)

In the same way we examined cases I and II (fig. 4) for hydrostalic
load q xp/lx. As we considered both cases separately xand disposed
already of the data for uniform load, we could approximate the shapes of
curves 1 and 3 (cf. fig. 3cZ), for which in case II we used curves of the
fifth and seventh degree respectively, still better than before. Eqs. (27)
and (28) hold here as well, the coefficienls being given in table III (cases
Ih and II„), in which Mxc„ and Mxc, refer to the upper (a; 0) and lower
edge (x=Zx). For the clamping moments at the shorler edges we got for
case II,, and e <^ 1

Mxcu 0.002(9 —40 e +22 £2)pZ/ and Mxc, 0.0066(4s — 9)ply2
(31)

whilst for £>1 the maximum clamping moment MBC — 0.028pZx\ The
better approximation appears from the fact, that with the values in
table III it follows from case II,, and s=la clamping moment for uniform
load p=g, being the sum of MICU and Mxcl, the value M« —0.0507 gZx2,

whilst with our values for case II„ in table I we find directly
Mxc — 0.0529 gZx2, Ihe accurate value being Mxc 0.0513 g+2 (9). In
the same way olher cases may be examined. It is, however, easier to determine

from our values for uniform load the carry-over factors c according
to the Cross method of moment distribution (fig. 5). It is for example
obvious that, with reference to Ihe moments at the middles of the edges,

__
M.ccvi — Ma-Cii

__
1 Mvciv — Mvcii

cx — TT ana — — \ i cx)
Mxeu 2 Ma.cn

In a similar way we calculated the influence values v of an edge moment M
(fig. 5) for the positive moments in the slab. Furthermore we calculated
the factors with which Ihe clamping moments at the middle of the sides
have to be mulliplicated to get the maximum edge moments. We found
for example the coefficienls for case VI,, for hydrostatic load (edge x 0

simply supporled), as given in lable III, by superimposing the influence
of a moment, opposite to Mxc„, on the moments for case II,,. We have e.g.
M^ivi Mxcjn-f- cxMxe„n • The clamping moments at the shorler sides are

M«, [— 0.0352(2 — e) + 0.072(1 — e)2 — 0.09(1 — t)3]ply2
and M„c [— 0.0367 + 0.0074(2 — e)'4]pZx3. (32)

Moreover, using the carry-over factors c, we are able to calculate
continuous floor slabs, starting from case II for all plates, according to the
Cross method, whereby we can also allow for the torsional rigidilies of
the beams. After having found the final edge moments we correct the
positive moments in the slabs by means of the partial influence values ty

of the edge moments, being valid if each edge moment varies separately.
These values <J> were calculated in another way by Bittner (I0) (his

values [i.). From our data for uniform and hydrostalic load we determined

(9) Timositenko. Theory of Plates and Shells, 1940, p. 228.
(10) BiTTNEn, Momententafeln und Einflussflüchen für kreuzweise bewehrte Eisenbeton,

platten, Vienne, 1938.
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values w and <p according to Bittner too for values £ 0.5 — 2. It is evident
l\j j\j

that for uniform load e.g. uy — — M„cV and that <p„= "cTM :—— so that,

in cases where this is easier, we can calculate a slab in this wa\ too (u).
In table IV we compared the clamping moments M„c according to our

formulae with those according to Timoshenko (12) for cases II„, IV„ and
V„ and £ 0.5, 1 and 2.

Resume

Par une methode approximative nous obtenons des formules simples
et generales nous permettant de determiner, avec une approximation
süffisante, les moments flechissants maxima positifs et negatifs. Ces moments
ainsi determines, nous pouvons calculer les coefficienls de Iransmission
utilises pour le calcul des dalles continues selon la methode de Cross.

Zusammenfassung

Durch ein Näherungsverfahren werden für die grössten positiven und
negativen Biegungsmomente einfache allgemeine Formeln von genügender

Genauigkeit erhalten. Mit den so berechneten Werten können die
Uebertragungskoeffizienten bestimmt werden, die es erlauben, durchlaufende

Platten auch nach dem Momentenverteilungsverfahren von Cross zu
berechnen.

Summary

By an approximative method simple general formulae have been
obtained for the maximum positive and negative bending moments,
which give more than sufficiently accurate results. From the data obtained
in this way the carry-over factors were calculated, by which the bending
moments in continuous floors may also be computed by the Cross method
of moment distribution.

(J1) These values o> and m have nolhing lo do with our values u> ep etc.v ' y fy ° v rv
(12) Timoshenko, Theory of Plates and Shells, 1940, pp. 228, 206 and 213 resp.
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Flexion et flambage
d'un certain type de plaques continues orthotropes

Biegung und Beulung
eines bestimmten Types von durchlaufenden orthotropen Platten

Bending and buckling
of some types of continuous orthotropic plates

PROF. Dr W. NOWACKI
Gdansk

Flexion des plaques continues

I. L'equation differentielle connue de flexion d'une plaque orthotrope

(') est pos6e comme suit

B„

_ d'w orj d*w d*w
Dj - -4- 2H _ ,„ -t- Dv pdx* ' dx'dy* ' y dy* r (1)

mxmy h3 mxmy h3 1P
C — G

mxmy— l x 12 v mxmy—l " 12 ° 12

2H=^k-f--^-+ 4C mxEx myEv
my mx

oü E*, E„ sont les modules d'elasticite suivant les axes x et y ;

m„ m„ sont les nombres de Poisson pour ces directions ;

G0 est la constante des materiaux (le correlatif du module d'elas¬
ticite transversale pour plaque isotrope).

Les forces de section sont unies a la flexion dans (x, y) au moyen des

relations suivantes (fig. 1):

(') M. T. Hubeh : 1. La theorie generale des hourdis en biton armi (Czasopismo techniczne,
Lvvöw, 1914); 2. Teoria plyt. (Tow. Naukowe, Lwöw, 1921); 3. Probleme der Statik technisch
wichtiger orthotropen Platten, Warszawa, 1929.



520 IVb2. W. N'OWACKl

PI I
Yz /M

M

—A m- y;^J'/d *y

/M. X Z

Fig. 1.

y*

9* tu d'w
M + 3ydx m

{'iCWfö^'fä""

Fig. 2.

f-1 •-1-1

?zz

My -D„

M^- 2C^
dxdy

T D.
d3w

T •=
m,

x dx3

D — -I-" 3y3
I

Dans le cas de plaque isotrope

Bx D„ I) ijl hl, ;;/

+ 2C

38 w 1 3'iü
3y! •" mr dx'

d3w
dxdy'

d3w

9y3x!

(2)

C
1 m — 1

m
D.

II. Considerons I'6Iement de la plaque continue, limite par les droites
x—0, x — a, ainsi que par les droites y 0, y b (fig. 2). Sur les
droites d'appui y 0, y=6, x 0, x a se produiront les moments
flechissants et de torsion. Les moments il^chissants M„(x, 0) sur les lignes
d'appui y 0, y b, ainsi que les moments Mx(0, y) sur les lignes d'appui

£ 0, x a seront consideres comme grandeurs hyperstaliques.
Pour ddterminer les moments M„ (x, 0) et Mx(0, y) nous allons

profiter des conditions de conlinuile de la plaque sur ces appuis.
Cependant, avant de poser les equations conditionnelles on doit etu-

dier le systöme fundamental de la plaque ä appui libre le long de ses bords,
uniformement chargee du poids p ainsi que par le moment

M„ (x, 0) V K/i sin -—

le long de 1'arSte y 0.
-r

yllT.XK/i sin (fig. 3).

d_
Pour ce genre de charge aux donnees

y v,b x lb b =^ a.a

e<_Ik 3 - H

b —-i
V'VJX,

Fig. 3.



FLEXION ET FLAMBAGE DE PLAQUES CONTINUES ORTHOTROPES 521

nous amenons l'equation (1) ä l'expression sans dimension

~3V~ + 2^ ~WW^ ~w~
Admettant que

>= y. Y„(r.) sin n-a;
fl ~1.2

nous transformons l'equation (3) en

Yn(«v> _ 2 pv5 Y„" -4- V Y„ 0 v s/i-a (4)

L'equation caracteristique

r<_2pvV + v<=0
donne quatre racines.

1 p>l rIit ±X, rM ±*, ),.2 v|/p±l/V-l

/T±l
II p l rliS v /'34 — v

III p<l rui <?, ± i»8 r3i4 — (», ± i»8) <?,., vl/
OÜ ^1.2 —<Pi±i<P2 •

Nous allons considerer le premier cas uniquement; nous obtiendrons
l'integrale du deuxieme cas au moyen de passage aux limites; le passage
du premier cas au troisieme s'effectuera par voie de Substitution

X12 «1 ± £«2.

Pour p > 1 la Solution g<in6rale de l'equation (4) sera

Y„(7))=Uln cos Vi + L'2„ sin V, + L3„ cos X27) + U4M sin Xsr, (5)

Les constantes d'integration Uln, U4„ seront determinees par les
conditions des bords de la plaque

Y„(0) 0 Y„(1) 0 Y"(0) --^- Y"(1)=0.
Uy

Nous trouverons

7?^ -W--,7^T; u2„ -u,Mcg)M

U3„ -Uln U4>1 UlBctgX,. (6)

L'inclinaison de la surface de flexion de la plaque le long de l'arete
y 0 et de y b donne

dv) I b \i Tr dw I b vi v 11- • r-ä—/ rT 7, KAsmnw; -3-/ =r- > K„ W„ sin nicai-

(7)

1 X, cos Xi sin X» — X8 cos X. sin X,
<l>„ ^4 r-^ L (8)

2 v2 j/p' — 1 smX, sinX,
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1 X2 sin X, — X, sin X2
(0)

2 v5 |/o! — 1 sin a, sin a2

L'angle d'inclinaison de la surface de flexion aux aretes x 0, x a

dw
dx I =T 2 nY"W wl =^ t M-1)"Y„W (10)

/ *~0 " „fj,2 ' "•" fl 1,2

sera transforme par le developpement de la fonction Y„(t;) en serie de
Fourier, en serie double infinie

!£l,,r-k%%K-A'--'[''lT-r>

ou

A,„
1

l+2p|
1 V i

t y-
,-n«/ '

{ nat j
'S*- (11)

b) Charge par le moment M= > Kn sin mra; /e Jongf de l'arete y b

(fig-4).
Sans changer les constantes d'integration Uln U4n (equation 6)

il faut dans la fonction YB(7j) (equation 5) poser t/ 1— r\ au lieu de rt.

En consequence

y=o

3tu

3x /_—£!:£*.<-«¦*.-»««.
3tu

CO 00

£/ --ktZZ^-v*--. VKI\

£ Kn iin nll°<£

Fig. 4. Fig. 5.

/£ Ej iin illn 1 o

b -j
X
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c) Le moment M=Ye, sin iwf\ agil le long de l'appui x 0 (fig. 5).
i

00

Admettant que w— YX< sin i--t\
11

nous amenons l'equation (3) ä l'expression

x.iv _ 2 pO2 x/' -f- e4 x( o ö=—.
Pour p > 1 nous obtiendrons la Solution generale

X,-(<;) Uu cos ?£ + U2, sin p.£ + U3i cos fx2E + U4, sin fx2E (12)

Des conditions des bords
1

Xi(0) 0 Xi(^-) 0 X,"(0)

nous obtiendrons

E{(P. x»//JLu o
Da

E,a* 1

U4i U„ ctg Xs

U2i Uu ctg /, U„ —U„

(13)

(O — X,
a

l*i.

Ensuite

dw
dx yt~ T!E< *' sin fTCV

x 0 "as "J"

9uj

3x

OD

-^'Ve, V.sinh

ou

*<

«Fv

1 X, cos 5, sin X8 — X8 cos X, sin X,

2(os|//pa—1 sinin X, sin X2

X2 sin X, — X, sin X2

f
2 w2 |/p* — 1 sin *i sin **

(14)

Et enfin

sin i-aE

ou

B,
na'

..,|1 + „(J»)+(J2
»^i' ' nae \41 l <

(15)
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Fig. 6.

w

d) Charge de la plaque par p const. (fig. 6).
La surface de flexion est Iraduite par l'equation

4 pat pa yi
~D7~ U.n 1,3 L

y+Y.w sinn^aE Y„=(—] +Yn (/¦,). (16)

Ici la fonction Y„(tj) est identique ä la fonction Y„(r,) de l'equation

(5).
Nous d6terminons les constantes d'integration des conditions aux

limites suivantes

y7(0)=o, Y/(0)=o, y;(d=o, "y?(D=o.
D'oü pour p^> 1

u,„

u.

1

n~

"i "¦

U
2 v2 |/? — 1

\ '
TT -i- ¦U I •< -, 2 >

An

U„,
1 — cos X,

sin X,

U4„
X,2 COS Xo

K2' sin A2
U,„. (17)

L'inclinaison de la plaque aux aretes y 0 et y=b sera amenee ä

1'expression

dw
dy i, o

e„ =•
2 v5 |/p2 — 1

4 pb3 v A
/ —ft— V <¦>„ sin n-a;

cos X2 — 1 cos X, - i

A, .- ¦ - /..,
sin Äo sin X,

(18)

Dans la suite de nos considerations nous allons profiler du developpement

de la surface de flexion de la plaque en serie

"fM^" sm /Trr, (19)

L'inclinaison de la plaque aux aretes x 0 ainsi que x a donne
pour p |> 1

dw
dx

3ui
~dxl

4 pa^y«.--1,3

OU

l/p2-l
f.. cos X2 — 1 cos X, — 1

sin X, sin X,
(20)
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et les constantes d'integration
X,2 TT TT

1 — cos X,

sin /.,

525

U„ '- / 2 w2 i/o2 — 1
IT,

TT TT
X'8

U -U X'! COS'/--1
X22 ~4' ~" X22 sinX2

(21)

III. Considerons les deux aires contigues de la plaque continue; l'aire
r ä la caracteristique d'orthotropie pr et chargee de pr, ainsi que l'aire
r-j-1 k la caracteristique d'orthotropie pr+1 et chargee de pr+1.

"« ?<-,pr X^MPoU

r-1 y

f-1

^4f- y

77-/Z77777Z77777777777

U-
r+1 y

Fig. 7.

J

Nous nous bornerons ä une plaque continue aux aretes x 0, x a

rigidemenl encastree.
Designons par Mr_1, Mr, M*"1 les moments d'appui M„ en droites

OO

r—1, r, r-j-1. <?n outre M''= y K/sin n^a; el par Mr, M'+1 les moments
L ff

Mx aux aretes x 0, i ade l'aire r ainsi que de l'aire r-j-1 ; avec cela

M' Y E/ sin inr\.
i

La condition d'encastrement rigide de la plaque ä l'arete x a ou
bien i 0 de l'aire r de la plaque donne

Zu dx

d'oü

rc2 a2 2j
K,;- — K„r+I (— l)'

r+i rr n" l + 2p(-z^rV+' '

/las /lag m-i

+ E,.''+1 (<JV+' -f qiy+') + 4 pr+ta' Or ' 0 (22)

(i l, 2, (n l, 3, 5,

La condition de continuite de la plaque sur l'appui /•-/• conduit a

l'equation
dwr I 3u/'M
~dy~ly=br dy
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ou bien ä

n
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2E,r+1

1
nas + =r)

-'S
2E."(-1)'

1+2?(^) +
rcae

ßr

+ Kn""' ß" >4V + K„' (?-*„' + ß'+l*„'+1) + K.'+I Wn'+> ß"+1

+ 4 (pA2?"e„" + Pl.+]b\+fi'^8nr+1) 0 (23)
(71 1,3,5,...), (1 1,2,...).

D ° b,.
oü 60 est la longueur comparative de la travee, el D„°

D/o«
la caracteristique comparative de flexion de la plaque.

Dans le cas d'encastrement rigide de la plaque continue en droite
x=0 et d'appui libre en droile x a, il faut dans l'equation (22) poser
vr/.r+'==o et dans l'equation (23) au lieu de 2E,r+l, 2 E,' la valeur seule
E,r+1, E,r.

Les grandeurs i, n prennent les valeurs successives 1, 2, 3,
Enfin dans le cas de plaque continue librement appuyee le long des

aretes x a, x=0 l'equation (22) n'est pas applicable et dans l'equation

(23) il y a lieu de poser E, 0. Nous obtiendrons de la sorte un sys-
teme simple d'equations

KZ-^F/+ K„r (3'*,/ + ßr+,<t>„w)

+ K/+1ßr+1".Y+' + 4 (Prbr2?%.r + Pr+1b2r+1ßr+16/+1) 0 (24)

(n l, 3, 5,

Pour une plaque rigidement encastree le long des quatre aretes (aire
r-j-1) Knr K„r+1 K„, ßr=0 et dans le cas particulier de plaque carree
a^b, a l, de meme K„ E„

II en resulte le sysleme d'equations

2 n

1+2?
/las + /(as \

i I

+ E„(cl.„-f «•„) +4 pa2 (-)„=()

(n l, 3, 5, (i l, 3, 5,
Enfin pour plaque continue ä libre appui le long des droiles x 0,

x a, nous obtiendrons aux memes indices geometriques et d'elasticite
ainsi qu'ä la meme charge p const. des aires, l'equation

K/-' + 2c„K/ + K,;+1 \Y„,

(r=l, 2, 2 — l)
w 8 pb' (¦)„

*J'Fn

que nous pouvons considerer comme equation aux differences non homogene

du second ordre. Et voiei la Solution de cette equation
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w.
2(1+c.) (-i; WZ

ig —— sin u>r — cos co,.
iL + 1

527

ln — c„ -\-Vc- —l

pour

KJ =« - W, 4 pb2 e„
2 (1 + c„) W.-f*. '

Nous remarquons que dans chaque cas particulier le nombre d'equations

est conforme au nombre d'inconnues. Les grandeurs K, E etant
connues nous pourrons determiner la surface de flexion de la plaque, et par
consequent les valeurs des forces de section des equations (2).

Flambage d'une plaque continue orthotrope ä appui libre sur les aretes

x=^0 x=a

Uted££CU
r.l y

x Fr

r-1

f4Trr~fTt-r-

b.

r"eil.

5V*1

-.i

brxi—»-

•+1 y

\TE

Fig. 8.

I. Pour q > qu (qk charge crilique) la plaque flechira et le long de

l'arete y 0 se produiront les moments flechissants et de torsion.
L'equation differenlielle du probleme

D,
d4w

2H
d*w

D„
32ui

q ~ 0'* dx' ' "" 3x2dy*
' " v 3y4

' * 3.z2

ä l'aide des valeurs comme dans l'alinea la sera amenee a l'expression

(25)

^»- + 2, yw 4. £- 1j^ 4. E< p0 ^L- 0
3V3E2 + 3;' ^ 35* _ -2Dr (25 a)

Examinons tout d'abord le flambage d'une plaque rectangulaire libre-
ment appuyee sur trois aretes et le long de la quatrieme encastree d'une
facon 61astique (fig. 9).

Admettant que

iy=^Y„ (n) sin zi-a;

nous obtiendrons

Y„IV _ 2 OV2 Y„" + V2 (V2 — 7I2Cp£2) Y„ (26)
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Fig. 9.

fflJIQ

!|-£K SirTT *
fl

rrntfti

L'equation caracteristique
r4 — 2 pvV + va (v2 — te>2) 0

donne quatre racines.

Pour p 1 nous obtiendrons deux racines reelles et deux imaginaires

'i,i ±m, rJ,4 ±im! m1>2

'
7T£

' *

v |/|/p' _ i + 5 ± o

ffl v nr:ae

La Solution generale de l'equation (26) sera la suivante

Yb(t))= Uln cos 771x7) -j- Uo„ sin 7^75 -j- U3n cos m27| -j- U4n sin m2rt (27)

m,2 -f m,2 2 v8 |/p2 — 1 + 0 m,! — m22 2 v!p (27a)

Les conditions aux limites du probleme

K„62
Y„ (0) 0 Y„ (1) 0 Y„" (0) — D„ Y„"(1) 0

conduisent aux constantes d'integration

K„ö2 1

U,„ - Dy m,4 -j- 77i2
U3„ - ü„,

U2n — TJ,„ ctg m, U4„ TJ1„ctgm2

Les Equations suivantes determinent l'inclinaison de la surface de
flexion aux aretes y 0, y=o

dw I b vi „ 777 r TP- m, cosec m2— m,cosecm,tct/ =-TrXK»llJ»s,nn^ q'»
m « 1 m

'

3y !/=» D m,! -j- 77i22

(29)

Remarquons qu'ä 8 0, c'est-ä-dire g 0, les grandeurs <J>„—><&,,

«F„^Wn.
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Pour encastrer rigidement la plaque en l'arete y 0, nous obtiendrons

de la condition -s—/ 0 l'equation du flambage de la plaque <I\1 0.
vy I y 0

Cette equation mx ctg m, /n, ctg m2, ainsi que les relations (27a)
vont nous determiner co la quantite infinie des racines 8.

II. Revenant au flambage de la plaque continue nous adoplerons ä

q^> qk les moments M/(a;, 0) comme valeurs supplementaires du Systeme.
La condition de continuite de la plaque aux appuis donne

dw' / dw''

dy I y^br 3y / y=0

Nous obtiendrons le Systeme d'equations homogenes

K„'-'ß""iFV -j- K„' (ß"<I\," -f ß"+1*/+1) -j- K/+1ß'-' WV" 0

(r l, 2, z—1) (n l, 2, oo). (30)

D„°ö,.
P'

D„r6°

Nous poserons autant d'equations (30) qu'il y a de grandeurs incon-
nues des moments d'appui. Ce Systeme sera non contradictoire, lorsque le
döterminant du Systeme d'equations A(8) sera egal ä zero.

Celle derniere condition ainsi que les relations (27a) etablissent le
entere du flambage de la plaque.

L'equation (30) comprend une serie de cas particuliers.

a) Plaque librement appuyee sur ses aretes r — 1, r-j-1
K,;-1 K„r+1 0 A(8)= ßr<fV + ßr+,<I>„r+1 0

ö) Plaque encastree rigidement le long des aretes r, r-j-1.
Dans l'equation (30) il faut poser

K„-1 K/ Kn, ß"+1 0, A(S)=*„ + iFn=0.
-' T>xn*

Dans le cas particulier b—>- cc nous obtiendrons qk ¦¦

c) Plaque continue aux valeurs equivalenles de q, b, p dans toutes les
aires avec le nombre d'appuis z-\-l.

En trailant l'equation

K,r-1 + cKnT-fK„'-+, 0

(r=l,2, ...,z — 1)

-_ n^„
c ~ w«

comme equation lineaire aux differences du second ordre avec Solution
K„r= An cos ar-\-TS„ sin ar ; en tenant compte des conditions des bords
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(K„° 0, K„z 0) nous amenerons la condition du flambage de la plaque
ä l'expression

cos — __.2 ip-

ce qui, pour une quantile infinie de Iravees, donne 4>=1-", ou bien

771;

IT
70; III,

™1 Ctg-5-= HljClg—-

Resume

Ce memoire presente un entere de flambage d'une plaque continue
orlholrope librement appuyee sur son perimelre et sollicite par une charge
uniformement rdpartie sur ses areles x 0 et x a.

Zusammenfassung

Es wurde für eine gleichmässig verteilte, in der Plattenmiüelebene an
den Rändern x — 0 und x a angreifende Kraft ein allgemeines Beulungs-
krilerium für die orthotrope, durchlaufende, an den gleichen Rändern frei
aufliegende Platte ermittelt.

Summary

This work presents the general Solution of a continuous orthotropic
plate whose edges (x 0 and x a) are loaded with p const. and freely
supported on its perimeter.
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