Int. J. Solids Structures, 1974, Vol. 10, pp. 1173--1178. Pergamon Press, Printed in Gt. Britain.

A REFINED PLATE BENDING
FINITE ELEMENT

ANTON W. WEGMULLERT

Department of Civil Engineering, The University of Alabama, Birmingham,
Alabama 35294, U.S.A.

(Received 23 April 1973, revised 30 November 1973)

INTRODUCTION

During the last decade, much research effort has been devoted to determine reliable element
stiffness matrices for various shapes of plate bending finite elements. Attention has been
given to triangular, rectangular, and quadrilateral elements. Recent surveys of presently
available elements are given by Bell[1] and Gallagher[6]. A survey of rectangular finite
elements for plate bending is given by Clough and Tocher[3]. Comparative studies have
shown that rectangular elements show greater accuracy than triangular elements for the
same number of degrees of freedom.

In summary, a number of rectangular and quadrilaterial finite elements for plate bending
analysis are presently in use. Most elements show good convergence for displacements
towards the true solution. However, the rate of convergence does differ substantially for
different elements. Moreover, despite acceptable accuracy for displacements, some elements
show poor accuracy for internal moments.

THE REFINED PLATE BENDING ELEMENT
Refinements in a finite element displacement approach can be achieved by a better
approximation of the displacement field within an element. The basic unknowns in plate
bending theory are the lateral deflection w, the two slopes 8, and 0, and the internal moments
per unit length. For the present approach, at sach node (i) of a finite element, the following
generalized displacement components are introduced:

{837 =<wh,0, ¢, ¢, ¢.,> (1)

in which: w = w(x, y) = lateral deflection in z-direction, 0, = slope about x-axis, f, = slope
about y-axis, ¢, = curvature of plate surface in x-direction, ¢, = curvature of plate surface
in y-direction, ¢, = twist of plate surface.

The six degrees-of-freedom introduced at each nodal point lead to a 24-degree-of-
freedom element and permit the choice of a higher order polynomial for the approximation
of the displacement field. Using this improved field, it is possible to approximate the actual
displacement field more closely, resulting in an improvement in accuracy and convergence.
Through continuity requirements imposed on the curvature terms, the internal moments at
all mesh points can be made continuous in this approach. Also, since internal moments are
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obtained simply by summing up curvature terms, these moments need not be computed
separately.

In the present approach, only 24 terms of a complete sixth-order polynomial are retained,
since the deflection function for w can be defined in terms of these 24 parameters only.
With geometric symmetry of the element. no preferential direction exists. The terms with
the highest even powers in x and y must be omitted in order to satisfy compatibility of w.
Despite omitting these terms, geometric isotropy is retained. Retention of inappropriate
terms would result in a singular transformation matrix.

Clearly, the chosen displacement function is of the non-conforming type. However, it is
evident that the completeness criterion is satisfied, since all rigid body displacement modes,
as well as all constant curvatures are included in the chosen functional representation. The
displacement field is assumed as:

w=wx,y)=o; +a,¢ ‘*‘0‘3’7‘*‘05452 + asén + o 0° +“753 +°‘852’7+a9§’72
+ayon’ + o 8+, En + a3 0+ aa oy st + 06 8
+ oy 7 8+ ayg E07 + o9 E20 + 050 En* A+ ay ) + 055 87 + ay5 &
+ a0 8 2

In which the normalized coordinates are defined as follows:
E=x/a and n=y/b.

The constants «;, with i/ =1, 2, ..., 24 can be evaluated in the usual way by establishing
compatibility of deformation at the four nodal points. The derivation of the element stiffness
matrix follows standard procedures and is outlined in detail in[9]. The introduction of
non-dimensionalized coordinates leads to a simple integration, and the final evaluation of
the element stiffness matrix, which is of size 24 x 24, is performed in the digital computer.

For all common loading conditions, the equivalent concentrated nodal forces can be
determined from an energy approach which is consistent with the evaluation of the element
stiffness matrix.

The deformed shape of a plate structure must be found in such a way that all boundary
conditions adhering to a problem under consideration are fulfilled. Boundary conditions in
plate bending problems usually include both force, or static, and displacement, or kine-
matic type. Only displacement type boundary conditions, i.e. restraints which can be
expressed in terms of displacement components, can be satisfied in a displacement approach.
However, due to the fact that in the present approach the three curvature terms are included
in the final displacement vector, certain types of plate boundary conditions can be approxi-
mated more closely if no line moments are acting along the boundary under consideration.
Finally, for the special case of a plate of abrupt change in thickness, the curvature terms
should not be imposed but rather be allowed to float and come out of the solution.

ANALYSIS OF RESULTS

The results obtained for a square, isotropic plate with four simple supports discretized
by four meshes having 1, 4, 16 and 64 elements per plate quadrant are shown herein.
Poisson’s ratio was assumed to be v = 0-30. This simple problem was chosen in order to
simplify the comparisons with other known elements and analytic solutions.

Complete deflection profiles along a center-line of the plate together with exact values,
are given in Table 1 for uniformly distributed loading, and for the case of a single concen-
trated load. Exact values were found by evaluating the series solutions derived in{7] at all
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Mesh Point 1 Point 2 Point 3 Point 4 Point 5
4
(a) Uniformly loaded plate, multiplier %-
4x4 0-004076 0-002948 0
8x8 0-004064 0-003778 0-002939 0:001624 0
16 x 16 0-004063 0-003776 0-002938 0-001623 0
Exact value 0004062 0-003776 0-002938 0-001623 0
. ... PL?
(b) Single concentrated load, multiplier )

4x4 0-011497 0-007144 0-
8 x8 0-011572 0-010066 0-007141 0-003670 0
16 X 16 0-011593 0-010068 0-007139 0-003669 O
Exact value 0-01160 0-010066 0-007139 0-003668 0
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points of interest. Good agreement of displacements is apparent as the convergence is fast

and monotonic. Table 2 lists the computed internal moments A, . M, and M,

, along a

center-line of the plate, together with exact values, where available. From these results, it is
evident that excellent accuracy for displacements and internal moments is obtained with the

refined plate element.

M
Table 2. Plate moments 1 —i.-— 5 sy 5
M,, M, and M,, =2 3 & ¥ x
uniformly loaded plate # 4
(Multiplier gL?) / Mxy 3
[, e.—
g0 |
4 4
2 v
, i 4 x
LN ead
l v
Moment Mesh Point1  Point 2 Point 3 Point 4 Point 5
M, 4 x4 0-0454 0-0383 0
§x 8 0-0475 0-0454 0-0385 0-0248 O
16 X 16 0-0478 0-0457 0-0388 0-0248 (48
Exact value 0-0479 0-0458 0-0390 0-0250 0-
M, 4 x4 0-0454 0-0350 0-
8x 8 0-0475 0-0444 0-0348 0-0205 (13
16 x 16 0-0478 00447 0-0355 0-0203 0
Exact value 0-0479 0-0448 00356 00204 0
M, 4x 4 0- 0-0133 0-0319
8x 8 0- 0-0037 0-0134 0-0252 0-0288
16 X 16 0 0-0038 0-0134 0-0252 0-0324
Exact value 0 0-0037 0-0134 0-0252 0-0324
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Table 3. Effect of boundary conditions on center deflection

Boundary
conditions Mesh 2 < 2 Mesh 4 x 4 Mesh 8 < 8 Mesh 16 x 16 Multiplier

(a) Center deflection under uniformly distributed load

Type 1 0-004187 0-004076 0-004064 0-004063
Type II 0-004066 0:004063 0-004062 0-004062 qL*
Type 111 0-004065 0-004063 0-004062 0-004062 D
Exact value 0-004062
(b) Center deflection under concentrated load
Type 1 0-011265 0-011497 0:011572 0-011593
Type 11 0011184 0-011478 0-011570 0-011593 PL?
Type 111 0-011180 0:011478 0:011570 0-011593 D
Exact value 0-01160
.. | 3 5
Table 4. Effect of boundary conditions on plate - py y
moments M, 2 4
My * 4
“
L
7777777777
[
Boundary
conditions Point1  Point 2 Point 3 Point 4 Point 5 Multiplier
(a) Uniformly distributed load, Mesh 16 x 16
Type I 0-0478 0-0457 0-0388 0-0248 —0-0010
Type 11 0-0478 0-0457 0-0387 0-0248 —0-0002 gL?
Type 111 0-0478 0-0457 0-0388 0:0248 0-
Exact value 0-0479 0-0458 0-0390 0-0250 0
(b) Single concentrated load, Mesh 16 < 16
Type I 0-1230 0-0588 0-0244 —0-0025
Type 11 0-1230 0-0588 0-0245 —0-0004 P
Type 111 0-1226 0-0586 0-0242 0-
Exact value 0-1231 0-0585 0-0251 0

In order to study the effect of the enforcement of boundary conditions, a number of
comparisons have been made. For the purpose of these comparisons the following types of
boundary conditions are defined:

Type I Only displacement type boundary conditions, associated with w, dw/dx and
Odw/dy are enforced.

Type II In addition to the constraints of Type I, curvature terms derived from a know-
ledge of the geometry of the deflected surface are enforced.

Type III In addition to the constraints of Type II, curvature terms derived from static
considerations are enforced.

Tables 3 and 4 list, in part, the results of this investigation. Comparing the computed
values for the center deflection of the problem at hand for the different types of boundary
conditions enforced, it can be stated that, if boundary conditions of Types II and III are
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enforced, the structure tends to become stiffer. However, for finer meshes no difference can
be recognized, thus leading to the conclusion that the imposition of additional curvature
constraints does not improve the computed center deflection as this would be expected from
the Minimum Potential Energy Theorem. For internal moments however, the imposition of
additional curvature terms does improve the moment field, especially in the vicinity of
the boundaries.

COMPARISON WITH EXISTING PLATE ELEMENTS

A direct comparison in terms of mesh size of the different finite elements used for this
example is not appropriate, since the computational effort is different for different elements
and meshes. Most results available in the literature are listed separately for each mesh
size. In a finite element approach involving fine meshes, the major part of the computer
time required is used for the solution of the typically large system of simultaneous equations.
Hence, a more reasonable way of comparing the results is to plot the percentage error in
deflection or internal moment against the number of degrees-of-freedom; the solution time
being directly proportional to this number in the Cholesky decomposition technique.

In Figs. 1 and 2 the percentage error in central deflection is plotted against the number of
degrees-of-freedom of the problem for some known finite elements. Clearly, the refined
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Fig. 1. Percentage error in central deflection vs number of degrees-of-freedom—simply
supported plate under concentrated load.
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Fig. 2. Percentage error in central deflection vs number of degrees-of-freedom—simply
supported plate under uniformly distributed load.
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element compares favorably with most other elements for a given number of degrees-of-
freedom. A better index for comparison would be the time of the total computational
effort needed for the entire solution of larger sized problems. In fact, the computer time
needed to generate the element stiffness matrices, to assemble the system stiffness matrix,
to generate force vectors, to solve the resulting large system of simultaneous equations and
finally, to find all internal moments would be a better measure for the discussion of the
relative merits of different proposed elements. Comparisions for other sample problems are
made in{9].

SUMMARY AND CONCLUSIONS

A refined rectangular plate element for use in a finite element analysis of elastic plates is
presented. Along with the three basic nodal displacements, three curvature terms are
entered as unknowns in the vector of generalized displacements. Results found for different
example problems solved indicate that the refined element gives very good accuracy for
displacements as well as for internal moments. The refined element, though of a non-conform-
ing type, compares favorably with most presently known rectangular or quadrilateral finite
elements.
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IS [y

NI TP Y-

Pestiome — Bo BpeMs NOCHCHAHETO ASCATHICTHS MHOTO yormis OpUTO 3aTpadeHO Ha Onpenene-
HHE HANEKHBIX MATPHYHBIX JAPDAMETPOB MECTKOCTH KOHEYHBIX IEMEHTOB pasymmuubix opm
ans wsruba mwIacTRAH, BONBIIOE BHEMAHHE YASSUIH TPEXYrOJIBHBIM, IIPAMOYTOJBHBIM H
4eThIPEXyrOJbHbIM 3jieMeHTaM. HenaBHHe HMCCieTOBAHHA MMEIOLIHXCA B HACTOMILEE BpeMsA
anemenToB AaHsl banom (cnp. 1) u Tamnaxepom (crp. 6). O630p NPAMOYTOIBHEIX KOHEYHBIX
3neMerToB w3rmba ractul gaHel [iioyom u TodepoMm (cop. 3). CpaBHUTENbHbBIE M3YYCHH
TOKA3a/IM, 4TO OPAMOYTOIBHBIC MEMEHTHI TOYHEE, €M TPEXYTrOJTLHEIE NIPH TOH Xe CTeneHH
¢cBOGOABL

B Hacrosumee Bpems i aHaM3a M3rH0a NPHMEHSIOTCH HECKONBKO TPAMOYIONbHBIX H
YeTRIPEXYTOBHBIX KOHEYHBIX 3/IEMEHTOB. BONBUIMACTBO MIEMEHTOB MIOKA3bIBAIOT XOPOIIYIO
CXOIMMOCTh CMelileHnid. ONHAKO CTeNeHb CXOAMMOCTH CHIILHO PA3IHYaeTCa MUIA Pa3mudHBIX
aneMeuToB, KpoMe Toro, HECMOTPA HA NPHEMIIEMYIO TOYHOCTH CMELIEHHH, HEKOTOPHIE dJle-
MEHTHI OYEHb HETOYHBIE Y0 OTHOLIEHHIO K BHYTPEHHMM MOMEHTAM.



