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Boundary Element Stress Analysis of Thick Reissner Plates in Bending under
Generalized Loading

A. El-Zafrany'

Abstract: In arecent publication, the author has intro-
duced boundary integral equations for thick plate bend-
ing problems, for cases with generalized types of load-
ing. Internal bending moments and shear forces, required
for stress analysis, were calculated by means of a finite
difference procedure, which requires fine boundary ele-
ment meshes to achieve an acceptable degree of accu-
racy. In this paper, boundary integral equations for in-
ternal bending moments and shear forces are presented
for thick Reissner plates in bending. Domain loading
terms in those boundary integral equations have also been
simplified for a variety of loading types including con-
centrated loading, linearly-distributed loading, and line
bending moments and shear forces acting on arbitrary
curves defined on the plate surface. A number of case
studies, with different loading and boundary conditions,
have been analysed and boundary element results have
been compared with corresponding analytical solutions.
It is clear that the boundary integral equations, presented
in this work, for internal bending moments and shear
forces, have led to very accurate results for plate bend-
ing problems with generalized types of loading.

1 Introduction

The boundary element analysis of thick Reissner plates in
bending was first introduced in 1982 by Weeén (1982).
Since then, several papers [Antes (1984); Karam and
Telles (1988); Long, Brebbia, and Telles (1988); El-
Zafrany, Debbih, and Fadhil (1995); El-Zafrany, Fad-
hil, and Debbih (1995); El-Zafrany and Fadhil (1997);
El-Zafrany (1998a)] have appeared in the literature,
with some interesting developments on Weeén’s origi-
nal work. In a recent publication [El-Zafrany (1998b)],
the author has introduced boundary integral equations for
thick plate bending problems, for cases with generalized
types of loading. Internal bending moments and shear
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forces, required for stress analysis, were calculated by
means of a finite difference procedure, which requires
fine boundary element meshes to achieve an acceptable
degree of accuracy.

In this paper, boundary integral equations for internal
bending moments and shear forces are presented for thick
Reissner plates in bending. Domain loading terms in
those boundary integral equations have been reduced to
single terms for cases with concentrated shear forces
and bending moments, and they have also been reduced
to boundary integrals for cases with linearly-distributed
loading, and line bending moments and shear forces act-
ing on arbitrary curves defined on the plate surface. The
new derivations have been implemented in a computer
program for the analysis of thick Reissner plates in bend-
ing, and several case studies were analysed.

2 Review of governing equations

For a plate of uniform thickness £, the equilibrium equa-
tions, over the plate thickness, derived according to
Reissner’s [Reissner (1945)] theory, can be written in the
following form:

Mxx,x‘|‘Mx 7y_Qx:O (1)
Myxx+ My, — 0y =0 ()
Qx,x + Qy,y +q= 0 (3)

where bending moments per unit length (M, My, M,,)
and shear forces per unit length (Qy, Qy ) are defined in
terms of the lateral deflection w and the average slope an-
gles (6, 0,) by means of the following generalized equa-
tions:

1
MO‘B = 5(1 —V)D (e(x,]?)‘l'e]?),(x) ‘|‘80c,]3
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where D is the flexural rigidity of the plate, v is its Pois-
son’s ratio, A = 10/h?, g is the domain loading intensity
defined as shear force per unit area of the plate surface,
and

Y ofi

C= fB,aE av

a=1,2,p=1,2
(1-\/)7\,27 77B e

with (x1,x2) = (x,¥), )1 = Ox. )2 = )y, etc.
Using a weighted-residual approach, and Cauchy’s pric-
ipal value theorem, the boundary integral equations for

thick plates can be obtained as follows [El-Zafrany and
Fadhil (1997)]:

c110x(xi,yi) + €120y (%1, yi) + c13w(x, yi)
+ fi_ (1110, + 1210, + T31w) dT”
:fi_(U11Mn-|-U21an+U31Qn)dF+//£2qudr (6)
€210 (xi,¥i) + €220y (x;, yi) + co3w (i, yi)
+ f@r (T126, 4 T20; + T3ow) dT”
:fi_(Ulen-l-Uzzan+U32Qn)dF+//£2qudr (7
€310x(x;,yi) + €320y (%7, yi) + c33w(x;, yi)

+ fi_ (T136, 4 T30, + T33w) dI”

:fi_(U13Mn-|-U23an+U33Qn)dF+//£2L3qu (8)

where the parameters 6,,, ©,, M,,, M,,;, O, and the differ-
ent kernel functions are as defined in Appendix A.

Hence, at an internal source point (x;, y;) the slope angles
and lateral deflection are given by the following bound-
ary integral equations:

0 (xi,yi) = —fi_(Tllen-l-Tzlez—l-TMW) dr
-I-f@r(U11Mn-|-U21Mm-|-U31Qn)d1"—|-//QL1qdr )

0, (x;,yi) = _ﬁ(T129n+T2291‘|‘T32W) dar
-I-f@r(Ulen-l-Uzsz-I-U32Qn)d1"—|-//QL2qdr (10)

w(x;,yi)

- f@r (T136,+ T230; + T33w) dI"

-I-f@r(U13Mn-|-U23Mm-|-U33Qn)d1"—|-//QL3qdr (11)
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3 Boundary integral equations for bending mo-
ments and shear forces

Substituting from Egs.9-11 into Eq. 4, then the boundary
integral equations of bending moments, per unit length,
at an internal source point (x;, y;) can be expressed as
follows:

Mg (xi,yi) fi_(Aaﬁlen—l-AaBzez +Agpzw) dT

- fr (BogiMy+ BagsMs + Bogs0y) dT —

/ /Q PapqdT +84gCq (12)
where
Aapj = %D(l —V) (Tjap+Tipo) +

dopDV (Tj1,1+ T2 2) (13)
Bopj = %D(l —V) (Ujap+Ujpa) +

dopDV (Uj11+Ujp2) (14)
Pap = %D(l —V) (Lyp+Lpa) +

SopDV (L1,1 +La2) (15)

where j =1,2,3.
Similarly by substituting from Eqgs. 9-11 into Eq. 5, the
boundary integral equations of shear forces, per unit

length, at an internal source point (x;, y;) can be expressed
as follows:

0p(xi.39) = . (0910, + 0520+ dgaw) dT ~ || Aggar
= (VM WMo+ W3Q,) T (16)

where

087 = 5DN(1-V) (T Tp) a7

Wy = 3 DN (1) (Upsp— Up) 18)

Ag = %D?&(l —v) (Lsp—Lg) (19)

Using the expressions of kernel functions of displace-
ment boundary integral equations given in Appendix A,
explicit expressions for the moment and shear kernel
functions can be obtained as listed in Appendix B.
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4 Analysis of loading domain integrals

Using the approach presented in El-Zafrany (1998b), the
loading domain integrals in different boundary integral
equations presented in this work can be simplified and
reduced for different types of loading as will be discussed
in this section.

4.1 Case with concentrated loading

Consider a case where a concentrated shear force F' and
bending moments T, and 7, are acting at a point (x;, y;),
in the z, x, and y directions, respectively. Using the prop-
erties of the Dirac delta function [El-Zafrany (1998b)],
the corresponding domain loading terms in Egs. 6-11 can
be reduced as follows:

[ atsay
“J (7

a
(E@ Y3x +F) iatx=x;,y=y
=0+ 0pTi+Qj3F

a
U +F)5(x—xz7y—yz)dxdy

(20)

where Q3 = L;, Qj3=Ljatx=x;,y=y;. Hence,

%
the domain loading term in Eq. 12 can be simplified as
follows:

Aémmm@z—amn+amn+qmF @1
where

|
Copj = 5D(1-V) (QujpQojp) +3upDV (Q1j1+ 02)2)

(22)

which can be defined explicitly with respect to the source
point (x;, y;) by means of the following equations:

. an an an 20(1 an
b Gy { By - [Sea
an an an a}"[ ) BV an
67“ (XB Oxg, axB axy] } 2mry a_xy 23)

1
Cops = o {2(1—|—V)8(X510gzl— (1-v) [1 -

an an
[8043 2ax(x axﬁ] }

29
where . =1,2,3=1,2,y=1,2,
n= = x)+ O - i) (25)
o _ xi— 7 @:)’I_Yi7 26)
ox T dy T

z; = Ary, and o is as defined in Appendix A.

Similarly, the domain loading term in Eq. 16 can be re-
duced as follows:

/QABqudyE —Cngy—l-ngTx—l-Cg3F 27)
where

B/ = %D (1=V)2* (O3 — Op) (28)
or explicitly:

b= o253
Cps =~ %,,1 57’; (30)

4.2 Case of line loading on an arbitrary curve

Consider a loaded curve I';, inside the domain Q of the
plate midplane, with line loadings Q, M,,, M, which rep-
resent shear force, and normal and tangential bending
moments per unit length along I';. Using an approach
similar to that given in El-Zafrany (1998b), it can be
shown that:

], otsas— [ (o

= /1_ (_leMt +qgpM, ‘|‘qj'3Q) dar
I

0
M; 3 + Q) L;dl’
(3D
0
where gj3 = Lj, q;3 = %LJ
Hence it can be reduced for this case of loading that:
//Q P(qudXdy = /1_ <_X0LB1MI + Xap2Mn+ Xop3 Q) dr
1
(32)

where

(1 —V) (q(xj,B+¢1]3j,a) + 0DV (q1j1 +q2j.2)
(33)

Xopj =
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which can be written explicitly as follows:

,.0r or or
Ox¢, Oxg Ony
+ _8(x]3 —4

or
ony

1-v

200 or A A
Koy = 47tr

- ,,—2] [a (y-ip) +
dr or or
Oxg, Oxg Ony

= 1 200
Xop3 = 3 {2(1—|—V)8(Xﬁlogz_ (1-v) |:1 _ r_2:|

or or
o253

with z and r and its derivatives as defined in Appendix A.

Similarly, it can be deduced that:
/ /Q Apgdxdy = /r (—XSBIM, XM+ X Q) dr (36)
1

where XIS?’j = %D?Lz(l —V) (q3 iB— 4, j) or explicitly

s 1 . 4 or or

Xpo = "33 [(”a'lﬁ) - a%] 37
s 1 or

163 =" oy oxp (38)

4.3 Case with distributed loading

From the definitions of loading kernels [El-Zafrany, Deb-
bih, and Fadhil (1995)], it can be shown that:

_ v 2] 9"
La= [” v’ ] g’ 39
| 2—v 2|k
L= 7(1—V)7L2V]¢ (40)
2
where ¢ :%(logz—l)

Substituting from Eq. 39 and 40 into Eq. 15, it can be
proved that

2
— _ 2 *

Pop = [(1 V) Tos + vV ] v (41)
where
* L 2| 4%
v =n[ i+ o

1 vlogz

= n [Z (logz—1)+ m] “2)

(35
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Assuming a linearly-distributed loading defined in terms
of the following intensity:

q(x,y) =ao+aix+azy

where (ag, a1, ay) are given constants, then by using in-
tegration by parts [El-Zafrany (1993)], it can be proved
that:

// Popdxdy =
Q
oy* oy

on
| vy{l “qT SVY(aq “qT
—|(1=V) rBa(xW + Ogp r%‘l’

(34)

*

qdl“]
43)
where (1, [) are as defined in Appendix A.

Changing the order of integration, it can also be proved
that:

/ /Q Papdxdy =
I o

" 9q
_ [(1 —v)ﬁlaaﬁw dl' + S(Xviraw dl"]

W iry SV

oy qd F]

(44)

For symmetric expressions we take the average of Eq. 43
and 44, leading to

|| papatxdsdy = § pupadT = § Zpgar @)
Q r r
where
1 oy* oy* oy*
=—(1- lo=—+1 ) 46
Pop 2( V)[aaxB—l_Baxa]—l_ BV, (46)
and
1 aq|
E(XB = 5(1 — V) (a(xl]_% ‘|‘Cl|31(x) + 80(]3\/% ' 47)
which can be expressed as follows:
[ or or or
Pop = 8T _(1 _V) (laa ‘|‘l|3a) ‘|‘28(x]3V$:| X
o
[(l0gz—0.5)+ %] (48)
[ dq
of = 3 -(1 —V) (l(xaB—l—lBa(x) —|—28(X|3V$:| X
2
[5 (logz — 1)—|—0L110gz] (49)
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Similarly, the domain loading terms in the boundary inte-
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Figure 1 : Deflection distribution of a simply-supported square plate
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Figure 2 : Distribution of moment M, for a simply-supported square plate

gral equations of shear forces can be reduced as follows:

Taq(x, dd:]{ Sdr—]{?dr
//Q pq(x,y)dxdy b Ppd > g

where

s

Pp=

Eg_

1
—— |zl -0.5
= |1 t0xz-09

.
——_(logz—0.5
4n(0gz )

or or
Jr dq
3y o

|

5 Case studies

The previous derivations were implemented in a com-

(50)

puter program for the analysis of thick Reissner plates in

bending. Several case studies were analyzed, and some
of the results will be reviewed next.

(51

5.1 Simply-supported square plate

(52)

A simply-supported square plate of thickness 0.5 m, and

side length = 20 m was analyzed. The plate centre is the
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Figure 3 : Radial distribution of deflection w for a clamped circular plate under concentric line force
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Figure 4 : Radial distribution of bending moment M, for a clamped circular plate under concentric line force

origin of the Cartesian coordinates, and its intersecting
sides are parallel to the x and y axes. The Young’s mod-
ulus of the plate material is 2.05 x 10'! N/m?, and its
Poisson’s ratio = 0.3. Two types of loading were tested
with this case: a uniformly- distributed loading with in-
tensity ¢ = 3.5 x 10° N/m?, and a concentrated force
F = 4.8 x 107 N acting at the plate centre. Linear and
quadratic boundary element meshes with a total of 24
nodes equally spaced on the boundary were employed

in the analysis. The distributions of deflection w and mo-
ment M,, along the central line, which is parallel to the
x axis, were plotted versus corresponding analytical so-
lutions, as shown in Figures 1 and 2, respectively. Those
figures demonstrate a good agreement between boundary
element results and analytical solutions with quadratic
boundary elements leading to more accurate results than
those obtained from linear elements with the same num-
ber of boundary nodes.
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Figure 5 : Radial distribution of shear force Q, for a clamped circular plate under concentric line force
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Figure 6 : Radial distribution of deflection w for a clamped circular plate under concentric line moment

5.2 Clamped circular plate under concentric line
loading

In this case, a clamped solid circular plate, with outer
radius = 1 m, and thickness = 0.1 m is analyzed. The
plate material has a Young’s modulus = 2.1x10'! N/mz,
and a Poisson’s ratio = 0.3. Two types of line loading
were attempted. For the first type, four cases of concen-
tric line forces were tested, with a total shear force F =
3.1416x10° N, acting uniformly along concentric circles

withradii Ry =0, 0.25, 0.50, 0.75 m. For the second type,
three cases of concentric line moment were considered,
where a total normal bending moment M,, = 3.1416x10°
Nm, was applied uniformly along concentric circles with
radii = 0.25, 0.50, 0.75 m. The radial distributions of lat-
eral deflection w, bending moment M, and shear force Q,
as obtained from boundary element analysis, for the first
type of line loading, were plotted against corresponding
analytical solutions, as shown in Figures 3, 4 and 5, re-
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Figure 7 : Radial distribution of bending moment M, for a clamped circular plate under concentric line moment
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Figure 8 : Radial distribution of deflection w for a simply-supported circular plate under concentric line force

spectively, whilst the radial distributions of lateral deflec-
tion w, and bending moment M, for the second type of
line loading, were plotted against corresponding analyti-
cal solutions, as shown in Figures 6 and 7, respectively.
It is clear from those figures that there is a very good
agreement between boundary element results and analyt-
ical solutions. Figure 4 shows the discontinuities in the
shear force distributions at the points of application of
line forces, whilst Figure 7 indicates the discontinuities
in the bending moment distributions at the points of ap-

plication of line moments.

5.3 Simply-supported circular plate under concentric
line loading

This case study represents a simply-supported circular
plate which has the same dimensions, material proper-
ties and cases of loading similar to the previous case,
The radial distributions of lateral deflection w, bending
moment M, and shear force Q, as obtained from bound-
ary element analysis, for the first type of line loading,
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Figure 10 : Radial distribution of shear force Q, for a simply-supported circular plate under concentric line force

were plotted against corresponding analytical solutions,
as shown in Figures 8, 9 and 10, respectively and the ra-
dial distributions of lateral deflection w, and bending mo-
ment M, for the second type of line loading, were plot-
ted against corresponding analytical solutions, as shown
in Figures 11 and 12, respectively. It is clear from the
figures that an excellent agreement between boundary el-
ement results and analytical solutions has been obtained.

6 Conclusions

The results of the previous case studies have proved that
the new derivations presented in this work have been vali-
dated. Boundary integral equations for bending moments
and shear forces, per unit length, have led to very ac-
curate boundary element results for different cases with
generalized loading. Discontinuous distributions of in-
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Figure 11 : Radial distribution of deflection w for a simply-supported circular plate under concentric line moment
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Figure 12 : Radial distribution of bending moment M, for a simply-supported circular plate under concentric line

moment

ternal shear forces and bending moments, as expected for
cases with line forces and line moments, have been accu-
rately evaluated with the new boundary element deriva-
tions.
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