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Abstract

In this investigation, the in-plane vibration problems are solved for plates with general elastically restrained boundary
conditions. Under the current framework, all the classical homogeneous boundary condition for in-plane displacements
can be easily simulated by simply setting the stiffnesses of the restraining springs to either infinite or zero. The vibration
problems are solved using an improved Fourier series method in which the in-plane displacements are expressed as the
superposition of a double Fourier cosine series and four supplementary functions in the form of the product of a
polynomial function and a single cosine series expansion. The use of these supplementary functions is to overcome the
discontinuity problems which the original displacement functions will potentially encounter along the edges when they are
viewed as a periodic function defined over the entire x—y plane. The excellent accuracy and convergence of the current
solution are demonstrated through numerical examples. To the best of authors’ knowledge, this work represents the first
time that an analytical solution has been obtained for the in-plane vibrations of a rectangular plate with elastically
restrained edges.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that a vibrating flat plate can exhibit three types of waveforms: bending, longitudinal
and shear. Of these three wave groups, bending is often referred to as the out-of-plane vibration, and
longitudinal and shear waves as the in-plane vibrations [1]. The transverse bending vibrations of plates have
received much attention in the literature, and a huge amount of results have been published regarding the
vibrations and modal characteristics of plates with various structural features and/or boundary conditions
[2,3]. Probably because of the fact that the modes related to in-plane vibrations typically fall outside the
dominant frequency bands of excitations, the in-plane vibration problems are far less studied as evidenced by
few publications available in the literature. In certain engineering applications, however, the in-plane and
flexural vibrations need to be taken into consideration altogether. Some studies have shown that in-plane
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Nomenclature u(x,y) in-plane displacement component in the
x-direction
a length of a plate v(x,y) in-plane displacement component in the
b width of a plate y-direction
cr longitudinal wave speed in the plate O Kronecher delta function
(L= V E/p(l - luz)) Lam (;*am = mn/a)
E Young’s modulus Abn (Apn = nm/b)
k stiffness of the restraining springs u Poisson’s ratio
K stiffness matrix 0 mass density of plate material
K non-dimensional stiffness 0,0, in-plane normal stresses
(K = ka(1 — ?)/E) Tyy in-plane shear stress
M mass matrix w angular frequency
r plate aspect ratio (r; = a/b) Q dimensionless frequency
r inverse of plate aspect ratio (i, = b/a) (Q = wav/p(1 — u?)/E)

vibrations can play a major role for the transmissions of high-frequency vibration energies in build-up
structures [1,4,5]. However, the importance of in-plane vibrations should not be only understood in context of
the high-frequency vibrations or energy transmissions; they can meaningfully affect the low-frequency
vibrations as well. When two plates are connected at an angle along an edge, the in-plane and out-of-
plane displacements are directly coupled together in the form of kinematic constraints and/or kinetic
equations. Although the coupling terms may be of secondary interest and usually ignored in the governing
differential equations, the same cannot be said about them in regards to the boundary condition equations.
For instance, when two plates are connected together perpendicularly, the substantial resistance to both
flexural deflections at the junction cannot be properly captured without considering the in-plane modes
even though their natural frequencies are outside (or far above) the frequency range of concern. There can
also be a direct correlation between the in-plane vibrations and the noise radiated into the immediate
environment [6]. The in-plane vibrations may also have an important implication to the non-destructive
evaluation of the model parameters and failure modes of composite and sandwich plates as will be explained
later.

Most existing studies on the free in-plane vibrations of rectangular plates are limited to the classical
homogeneous boundary conditions. To the best of authors” knowledge, there is no work reported in the open
literature about the free in-plane vibrations of rectangular plates with elastically restrained edges. Recently, Li
[7] proposed a Fourier series method for the vibration analysis of arbitrarily supported beams. The flexural
displacement of the beam is sought as the linear combination of a Fourier series and an auxiliary polynomial
function. Subsequently, this method is extended to the flexural vibrations of rectangular plates under general
boundary conditions [8]. It has been shown that this solution method works very well for plates with various
edge supports.

The objective of this investigation is to extend the aforementioned Fourier series method to the in-plane
vibrations of rectangular plates with general elastically restrained edges. From solution point of view,
the current method is meaningfully different from the previous ones in that the plate displacements
now exactly satisfy both the governing differential equations and the boundary conditions, rather than
in a weak (variational) sense as the Rayleigh-Ritz solutions do. Theoretically, this notion is of fundamental
importance because it has been widely accepted that there is no exact solution for a rectangular plate
with general boundary conditions. Another significant distinction is that the in-plane wave field involves
two coupled displacement variables in contrast to the flexural field described only by one single variable,
thus leading to a more complicated boundary value problem to solve. Sufficient details are presented
regarding how the solution is derived for a rectangular plate with elastically restrained edges. Finally,
several numerical examples are solved to demonstrate the excellent accuracy and convergence of the current
solution.
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2. Theoretical formulations
2.1. Boundary conditions for an elastically restrained plate

In the study of transverse vibration of a thin rectangular plate, the general boundary conditions can be
specified in terms of two kinds of springs (rotational and linear springs) attached to each edge. As a result, all
the classical boundary conditions can be readily obtained by accordingly setting the spring constants equal to
an extremely large or small number [8]. Similarly, the general boundary conditions for the in-plane
displacements can be represented by two sets of linear springs along each edge, as illustrated in Fig. 1. When
the stiffness for both sets of springs along an edge becomes infinitely large, that edge is essentially clamped.
The free edge condition can be simply obtained by setting stiffnesses for these two sets springs to zero. There
are two types of simply supported boundary conditions for the in-plane vibration problems. One is that on a
given edge the displacement parallel to it is fully restrained while the normal displacement is completely free,
which is equivalent to specifying the infinite stiffness for the tangential springs, and zero stiffness for the
normal springs. The other represents an opposite situation involving infinitely rigid normal springs, and
extremely soft tangential springs. These two edge conditions are referred to as the first type (SS1) and the
second type (SS2) simply supported boundary conditions [6], respectively.

According to the plane stress theory in elasticity, the normal and shear stresses can be written as

o=t (4,2 (1)
T —p? \ox “ay’
E Ou Ov
= (et 2 2
o 1—,u2<ﬂax+6y) @
and
E 1—u/0u ©ov
R e L ©

where u and v are the in-plane displacements in the x- and y-direction, respectively; E and u are the Young’s
modulus and Poisson’s ratio of the plate material, respectively (a list of symbols is given in the Nomenclature).
The boundary conditions for elastically restrained edges are as follows:

— ou ov ou Ov
kpou = — —, Kyyov=—4+— t x=0, 4,5
xoU 6x+'uay px00 6y+ax at x (4.5)
_ Ou ov ou Ov
kpiu = — (& + u@), Kpv=— (5 + &) at x =a, (6,7)
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Fig. 1. A rectangular plate with elastic edge supports for in-plane vibration.
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— ou Ov ou Ov
kpov=p—+—, Kyou=—+— at y=0 8,9
yOU uax—i-ay poU 6y+6x at y (8,9)
and
— ou Ov Ou Ov
kpiv=—(p—+—), Kypju=—(—+— ty=>a, 10,11
1V (uax+ay> il (aerax) at y ( )

where k = k(1 — ?)/E and K = 2k /(1 — ) with k being the stiffness of the restraining springs. The subscripts
with & and K indicate the direction and location of the corresponding springs. For example, k., and kpx1
present the stiffness for the normal springs along the edge x = 0 and the stiffness for the tangential springs at
X = a, respectively. As mentioned earlier, all classical homogeneous boundary conditions can be easily derived
by simply setting each of the spring stiffnesses to be an extremely large or small number.

For in-plane vibration problems, there involve two independent field variables which can be conveniently
chosen as the displacements in x- and y-direction. In this study, these displacements are expressed in form of
Fourier series expansions:

oo oo
u(x,y) = Z ZAmn COS AgmX COS Zppy

m=0 n=0

o0 00
+ &) Z G COS AgmX + Eap(P) Z by cOs Agmx
m=0

m=0

+ E1(%) Y € €08 Apny + E24(x) Y dy cOS Ay (12)
n=0 n=0

and

v(x,y) = io: i Byun €OS AgmX COS Apyny

m=0 n=0
+ 5117()/) Z €y COS )“amx + éZb(y) me cos j~amx
m=0 m=0
+ E1a(X) Y Gn €08 Aoy + E2a(X) D hin €OS Ay, (13)
n=0 n=0
where A, = mn/a, A, = nn/b, and
G0 = al (=1, &) =allle = 1) (& = x/a), (14a,b)
Ep() = bL(C, — 1)* and Ex(y) = bCi(Cy - 1) ( =y/b). (15a,b)
It is easy to verify that
£14(0) = & u(a) = & (@) =0, & ,0)=1, (16a,b)
&34(0) = Epy(a) = E5,(0) =0, & (a)=1. (17a,b)

Similar conditions exist for the y-related polynomials, &;,(y) and &,u(y). It should be noted that the
satisfaction of Eqgs. (16) and (17) is not inherently required by the current method; such conditions are
imposed purely for the sake of simplifying the subsequent mathematical expressions and the corresponding
solution procedures. For instance, as easily seen from Eq. (18), the number of terms can be significantly
reduced in the final representations of the boundary conditions.

One shall notice from Egs. (12) and (13) that besides the standard double Fourier series defined over the
domain R*((0,a)®(0,b)), four single Fourier series are also included in each of the displacement expressions.
In light of Eqgs. (16a) and (16b), it is not difficult to see that the fourth term (or the third single Fourier series
term) on the right-side of Eq. (12) is actually equal to the derivative (with respect to x) of the displace-
ment function u(x,y) at edge x = 0. In other words, the potential discontinuity (or jump) associated with the
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x-derivative of the original displacement u(x,y) at x = 0 is effectively transferred onto the supplementary term.
As a result, the residual displacement represented by the double Fourier series expansion is guaranteed to have
a continuous derivative across the edge x = 0 when it is periodically extended onto the entire x-axis. In the
same way, three additional single Fourier terms are introduced to deal with the possible derivative jumps
along the other three edges. Therefore, not only is this Fourier series representation of solution applicable to
any boundary conditions, but also the convergence of the series expansion can be substantially improved and
guaranteed to a speed of, at least, (mmn)°.
Substituting Egs. (12) and (13) into the boundary conditions, for example, at x = 0, one will have

nxO (Z Z Ay €OS /Lbny + élb(y) Z am + é2b(y) Z b )

m=0 n= m=
= Z Cp COS )°b11y + H (Z Z an/bbn sin 7»1;;1)/ + élb(y) Z em + 62[)0}) Zf;n) (18)
n=0 m=0 n=0 m=0

and

prO <Z Z By, cos )bny + 51/7(]/) Z em + éZb(y) me)

m=0 n=0 m=0
00 00
= Z Z ApnApn SIN Apyy + 511,0/) Zam + 521,()/) Z b + Z g, COS Abn)- (19)
m=0 n=0 m=

In order to derive the constraint equations for the unknown Fourier coefficients, all the sine terms, and the
polynomials and their derivatives in Eq. (18) will be expanded into Fourier cosine series. The related formulas
are provided in Appendix A. By collecting the coefficients for the like cosine terms, one can eventually obtain
the following equations:

00
Enxoﬁln Z am — nxOﬁZn Z b + ¢n + uny, Z em + [, me

m=0 m=0 m=0
00
= knx() Z Amn +u Z Bm(l}"/’qKZn (” = Oa 1, 2, = ) (20)
m=0 m,q

Similarly, the substitution of Egs. (12) and (13) into the remaining boundary conditions will lead to seven
additional equations. Thus, a total of eight constraint equations can be derived as

T pyOO‘lm Z Cn — p}OO(Zm Z dn + Y1im Z In + Y2m Z h
00

Z p}OAmn + Z Bpn)apTam (I’}’l - 03 17 2 ) (21)
n=0 p.n

b +pr|OC1mZ( 1) Cn+prl‘x2mZ( 1) dl1+))lmZ( 1) In

n=0
+ Yom Z(_l)nhn - - )l Z( l)n mn + Z Bpn( l)n;apfam (m = 0; 13 25 .. ~)s (22)
n=0 n=0
. 00
knxO.Bln Z aym — nvOan Z b + o+ i Z em + UMy me
m=0 m=0 m=0
. 00
=knxo > Amn+ 1Y Bugogh, (n=0,1,2,..), (23)

m=0 m,q
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Enxlﬁln Z(_ " ay, + %nxl Ban Z(_ "by + dyy + iy, Z(_ 1" en + iy, Z(_ D"f
m=0

m=0 m=0 m=0

=~k D (=1 Apn+ 1Y Bug(—=1)"grcl, (1 =10,1,2,..),

m=0 myq

00 00 00 00
K im Z Cn + Wy Z dy + em — knyoim Z In — knyooom Z Iy
n=0 n=0 n=0 n=0

[0
= u Z Apn/lupfgm + knyO Z an (m = 09 19 29 A ')7

p.n n=0

o0 o0 [o¢]
W D (=" + 12 S (= 1dy + £+ Fnroim > (=1,
n=0 n=0 n=0

oo o
+ Knproom Y (=1'hy = 10> Aps(=1' Apthy, — Kt Y (—1)" By (m=0,1,2,..),
n=0 n=0

p.n

o0 o0 o0 o0
Niw D am + M2 Y b = KpxoBiw Y em = KpxoBow D fn + 9
m=0 m=0 m=0 m=0

o0 o0
= Amghogh, + Kpxo d_ Bun (n=0,1,2,..)),

m,q m=0

Nin D (1" + 12y D (= 1"by + Kt B D (=1)"em + I + Kyt B (=11
m=0 m=0 m=0

m=0

e8]
= Amg(=1)"2pgih, — Kpt D (1" By (n=0,1,2,..).
m,q m=0

913

24)

(25)

(26)

27)

(28)

It is clear from the above equations that the expansion coefficients, a,,, b,,, ¢, duy € frns g, and hy, (m,
n=0,1,2,...), in the single Fourier series are not independent unknowns; they are actually dependent upon the
expansion coefficients, 4,,,, and B,,,, of the double Fourier series. When all the series expansions are truncated

to m = M and n = N in numerical calculations, Eqgs. (21)—(28) can be rewritten in matrix form as
HP = QC,

where

T
P={ag,....ap,bo,....byco,. . endo. . odyseo. . enfo S aGos - Gnshos By )

T
C= [CIT C}] ,
Cl = {AOO’ AOI» A 9A}11'09A}n’13 A aAm’n’: A BAMN}T’

T
C2 = {BOOs BOl: . 'aBm/Oa Bm/la' . 9Bm/n/3 . sBMN}

(29)

(30)

(31

(32)

(33)
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[a;1 by ci3 dig es fig g7 hig
ay by ¢ dy exs fi gy hog
a3 by ¢33 dyy ess fig g3 hsg
a5 by cg3 dag ess fys gy hyg

H= (34)

as; bsy cs3 dss ess fsq g5; hsg

a1 bey ce3 des ess fos 8s7 heg
a7 bp ¢z dyy er5 f5 gy hyg
ag; bgy cs3 dgy ess g g7 hgg

and

T of of of af oF of of
{91 921 91 9410 951 961 971 Gsi

Q= (35)
qsz qu ‘l3T2 ‘I4T2 qu qu qu qu

The elements of the matrices H and Q can be directly determined from Eqs. (21)—(28), as demonstrated in
Appendix B.

2.2. Solving the governing differential equations

The governing differential equations for the free in-plane vibration of a plate can be written as

2

u 1 u 1 0v 1

L —w—+-(1 — wtu=

ax2+2( u)ay2+2( +M)6x6y+c%wu 0 (36)
and

v 1 v 1 o’u 1

—+-(1—pw=—+=( — 5 0r=0 37

57 T2 Wty F g ot =0, (37

where u and v are the displacements in the x- and y-direction, respectively, ¢, = \/E/p(1 — u2) is the
longitudinal wave speed in the plate, and w is the angular frequency.
Substituting Eqs. (12) and (13) into (36) and (37) will lead to the following two equations:

(&% o0 & (&
— Z Z A2, COS JmX €OS Ly + & (x) Z Cn €08 Appy + &5,(x) Z dy €OS Apny
n=0 n=0

m=0 n=0

— &30 Y amlay €08 damX — Ex (1) Y Bl €OS JamX

m=0 m=0

2

m=0 n=0 m=0

1 — 0 00 0
+ e l_ Z Z Amniin COS AgmX COS Appy + é/l/b(y) Z Ay COS AgmX

+ é/z/b(y) Z bm Cos )vamx_éla(x) Z Cn/lzzm Cos ;Lbny - éZa(x) Z dn)vin COos /lbny‘|
m=0 n=0 n=0

1 1 . . , = .
+ % Z Zanlam;Lbn sSin )wmx sSin /lbny - ilb(y) emlam sSin ﬂvamx

m=0 n=0 m=0

m=0 n=0 n=0

— EWD S ham SN AanX—E ()Y Gydion S0 Ay — E1(X) D> hudin sin /lbny]
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1
_2 Z ZAmn COS ZgmX €OS Apny + &15(¥) Z A COS AgmX
‘L

m=0 n=0 m=0
+@@ZW“MWH%®Z%WMW+%WZ%WMW=0 (38)
m=0 n=0 n=0

and

- Z Z Bunlipy, €O JamX €08 2y + E1,(1) D em €08 damX + Ep(1) D fry COS Fam
m=0

m=0 n= m=0

[o.¢]

22 2
—%mZ%%www—QMEWMwﬂw
n=0 n=0
_ 'u, o0 o0
— | = Z ZB,,,,, m €OS AamX €08 Apyy — &15(1) Zemﬂum COS AgmX
m=0 n=0 m=0

—&u(y) me/L Ccos )“amx+£]g(x) Z gy €OS Apny + éza(x) Zhn Ccos /Ibny‘|

n=0 n=0

1 —;— Iz f: Zoo: ApndamAbn SIN AgnX sin Lpy — &, () io: A Agm SIN AgmX
m=0 n=0 m=0
- 621)0’) ib Aam SN AgmX— fla(x) Z CnAbn SIN Appy — éza(x) Zdn/hbn sin ;Lbny‘|
m=0
iz [Z Zan Ccos /lamx Cos /lbny + ilb(y) Zem COS /lamx
‘L m=0 n=0
+ 6217()}) me COs )Lamx"i_éla(x) Z g, COS j~bny + €2a(x) Z h cos j~lmy‘| (39)
m=0

In order to solve for the unknown expansion coefficients, the polynomial and sine functions will all be
expanded into Fourier cosine series. It needs to be pointed out that all the derivatives of the polynomials must
be independently expanded into Fourier series, instead of taking a ““short-cut” by differentiating the parent
series expansions term-by-term. By doing such, Egs. (38) and (39) can be finally reduced to

p 1 —u , I —pn l—u
(Agm + 2 vgn>Amn + (ﬁln/“?zm - 2Gln>am + (ﬂzn/ﬁm - TJZn bm

+ Talm bn — €lm | Cn T T“M/Lbn — &m |dn

l + I+u

Z Z By lap by T3,

1+ u l+pu

+ T Z ePnlniaPT](;m + T prrhn;“a]’f[(;m
p p

1+u , 1+u )
+ T Z gq'ylm/“bllKZn + T Z hq’yzm/“qugn
q q

1
- ?wz(An1n + amﬂln + bmﬁ2n + CmCn + a2mdn) =0 (40)
L
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and

I—pu I—pu I—pu
<’1127n + T}'zzz;n) By + <T )V?zmﬁln - 01") em + <T }V?ImﬁZn — O fm

- Lo1-
+ (alm;%n - T'uglm)gn + <O‘2m/L[2m - Tu82m>hn
1
- # Z Z ApgapPhg Tk,
p q
1+ u 1+ u
+ T zp: ap’llnlaﬂzm + T ; anZniaPTZm

I+ 1+ p
+ - Z Cq 1mAbg Ky, + - Z dyyam bgkipy,
q q

1
B C_sz(an + EMﬁln +fmﬂ2n + LmYn + azmhﬂ) =0 (41)
L
or, in matrix form
A Ap B B 2 (1 En Ep Fii Fp
_2 c+|. " pl—o. (42)
Ay Ap By B c; | | Ex Enx Fy Fn

Representative expressions for these coefficient matrices can be found in Appendix B.
Making use of Eq. (29), the final system equations can be obtained as

2

(K - 7M>C =0, (43)
‘L

where K= A+BH'Q and M = E+FH'Q.

The natural frequencies and eigenvectors can now be easily and systematically determined from solving a
standard matrix eigenproblem. Each of the eigenvectors actually contains the Fourier coefficients for the
corresponding modes. The physical mode shapes can be simply obtained using Eqgs. (12), (13) and (29). When
the response to an applied excitation is desired, one needs to simply add a force term to the right-hand side of
Eq. (43). Of course, the components of the force vector now represent the projections of the actual physical
forces onto the Fourier functional space, a familiar procedure as used in the modal superposition method.

3. Results and discussions

Several examples involving different boundary conditions have been solved in this section. First, consider a
plate clamped along all edges. A clamped edge for in-plane vibration can be viewed as a special case when the
stiffnesses for the (normal and tangential) boundary springs become infinitely large which is actually
represented by non-dimensional stiffness 4500 in the following numerical calculations. In Table 1, the first six
non-dimensional frequency parameters, Q = wa+/p(1 — u?)/E, are shown for the plates of various aspect
ratios. The results compare very well with those obtained from the Rayleigh-Ritz energy method [9]. In the
current calculations, both displacement expansions have been truncated equally to include only the first
(M+1)x(N+1) terms corresponding to m =0,1,2,...,M and n=0,1,2,...,N. However, it should be
mentioned that in the cases where, for instance, involve plates with large aspect ratios, it may be more efficient
to truncate the displacement expansions differently to account for the possibly different wave behaviors in the
x- and y-direction. The frequency parameters given in Table 1 are calculated by setting M = N = 12. To check
the convergence of the solution, Table 2 shows the frequencies (for b/a = 1) determined by using different
numbers of the expansion terms, M = N = 4,5,6,7,8,9,10,11,12,13,14,15. A desired convergence characteristic
is observed in regards to: (a) sufficiently accurate results with only a small number of terms in the expansions,
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Table 1
Frequency parameters, Q = way/p(1 — 12)/E, for C-C-C-C plates of different aspect ratios

917

r = afb Q= wa\/p(1 —1?)/E

1 2 3 4 5 6
1.0 3.554 (3.555%) 3.554 (3.555) 4.236 (4.235) 5.185 (5.186) 5.859 (5.859) 5.896 (5.895)
1.5 4.112 4.923 5.402 6.564 6.602 6.617
2.0 4.788 (4.789) 6.374 (6.379) 6.710 (6.712) 7.048 (7.049) 7.608 (7.608) 8.140 (8.140)
2.5 5.538 7.590 7.868 8.097 8.773 9.568
3.0 6.336 8.195 9.385 9.532 10.05 10.54
#Results in parentheses are taken from Ref. [9].
Table 2
Frequency parameters, Q = way/p(1 — p?)/E, for a C-C-C-C square plate
M=N Q= wa\/p(1 —1)/E
1 2 3 4 5 6
4 3.561 3.561 4.273 5.213 5.927 5.952
5 3.559 3.559 4.246 5.206 5.881 5.947
6 3.556 3.556 4.245 5.193 5.877 5.912
7 3.556 3.556 4.239 5.192 5.866 5911
8 3.555 3.555 4.239 5.188 5.865 5.902
9 3.555 3.555 4.237 5.188 5.861 5.901
10 3.554 3.554 4.237 5.186 5.861 5.898
11 3.554 3.554 4.236 5.186 5.859 5.898
12 3.554 3.554 4.236 5.185 5.859 5.896
13 3.554 3.554 4.235 5.185 5.858 5.896
14 3.554 3.554 4.235 5.185 5.858 5.895
15 3.554 3.554 4.235 5.185 5.857 5.895
Table 3
Frequency parameters, Q = wa\/p(1 — ?)/E, for F-F-F-F plates of different aspect ratios
ry = afb Q= wa\/p(1 —12)/E
1 2 3 4 5 6
1.0 2.321 (2.321%) 2.472 (2.472) 2.472 (2.472) 2.629 (2.628) 2.988 (2.987) 3.452 (3.452)
1.5 2.197 2.881 2915 3.938 3.971 4.380
2.0 1.954 (1.954) 2.961 (2.961) 3.268 (3.267) 4.725 (4.726) 4.785 (4.784) 5.205 (5.205)
2.5 1.747 2.976 3.337 4.969 5.169 5.683
3.0 1.571 2.983 3.224 4951 5.754 5.830

#Results in parentheses are taken from Ref. [9].

and (b) a consistent improvement of the solution as more terms are included in the calculations (that is, the
solution scheme is numerically stable). In view of the excellent numerical behavior of the current solution, the

setting M = N = 12 will be used in all the subsequent calculations.

The next example is also about a classical case: a completely free plate. The free edge condition is equivalent
to setting the stiffnesses for both the normal and tangential springs to zero. The six smallest frequency
parameters, Q = way/p(l — p?)/E, are listed in Table 3 for various plate aspect ratios. The results from
Ref. [9] are also shown there as a comparison. A good agreement is observed between these two sets of solutions.
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Table 4
Natural frequencies of in-plane vibration of a rectangular plate with C-C-C-F boundary conditions

Mode no. NASTRAN* Present Ref. [10] Ref. [11]

Frequency (Hz) Frequency (Hz) Error (%) Frequency (Hz) Error (%) Frequency (Hz)

Error (%)

1 1803 1802 0.06 1811 0.4 1892 49
2 2656 2657 0.04 2674 0.7 2727 2.7
3 2794 2800 0.21 2845 1.8 3026 8.4
4 3392 3402 0.29 3524 3.9 3596 6.0
5 3479 3492 0.37 3504 0.7 3624 4.2
6 3704 3730 0.70 3757 1.4 3868 4.4
“NASTRAN results are taken from Ref. [11].
Table 5

Natural frequencies of in-plane vibration of a rectangular plate with C-F-C-F boundary conditions

Mode no. NASTRAN* Present Ref. [10] Ref. [11]

Frequency (Hz) Frequency (Hz) Error (%) Frequency (Hz) Error (%) Frequency (Hz)

Error (%)

1 1449 1445 0.28 1455 0.4 1531 7
2 2511 2514 0.12 2520 0.4 2682 6
3 2567 2566 0.04 2639 2.8 2697 5
4 2637 2642 0.19 2662 0.95 2994 12
5 3037 3037 0 3187 4.5 3122 3
6 3061 3073 0.39 3146 2.8 3390 10
“NASTRAN results are taken from Ref. [11].
Table 6

Frequency parameters, Q = way/p(1 — u?)/E, for SS1-SS1-SS1-SS1 plates of different aspect ratios

r = afb Q = wa\/p(1 —12)/E

1 2 3 4 5 6
1.0 1.858 (1.859%) 1.858 (1.859) 2.629 (2.628) 3.718 (3.717) 3.718 (3.717) 4.157 (4.156)
1.5 1.858 2.787 3.351 3.718 4.647 5.576
2.0 1.858 (1.859) 3.716 (3.717) 3.718 (3.717) 4.155 (4.156) 5.258 (5.257) 5.577 (5.576)
2.5 1.858 3.717 4.645 5.003 5.577 5.951
3.0 1.858 3.717 5.573 5.577 5.875 6.701
#Results in parentheses are taken from Ref. [9].
Table 7
Frequency parameters, Q = way/p(1 — pi?)/E, for SS1-F-SS1-F plates of different aspect ratios
ry =bla Q= wa\/p(1 —12)/E
1 2 3 4 5 6
1.0 1.408 1.858 2.629 3.249 3.364 3.499
(1.408%) - - (3.248) (3.364) (3.498)
1.25 1.487 1.497 2.313 2.974 3.194 3.223
- (1.497) (2.312) - (3.194) (3.222)
1.5 1.239 1.556 2.091 2.478 3.004 3.136
- (1.556) (2.092) - (3.004) (3.138)
2.0 0.929 1.624 1.858 1.866 2.629 2.788
- (1.624) - (1.866) - -

#Results in parentheses are taken from Ref. [6].
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Next, consider two cases that involve the mixed combinations of the clamped and free edge conditions along the
plate edges. These two types of problems are studied in Refs. [10,11]. In order to compare with their results, the
model parameters including the plate aspect ratio and material properties are kept the same here. Plate dimensions
are 1.0m in length, 1.2m in width, and 2.5mm in thickness. Young’s modulus is £ = 70 x 10° N/m? and density is

Table 8

Frequency parameters, Q = way/p(1 — p?)/E, for SS1-C-SS1-C plates of different aspect ratios

ry = bla Q= wa\/p(1 — 2)/E
1 2 3 4 5 6

1.0 1.858 3.275 3.494 3.718 4.411 4.957
- (3.276%) (3.494) - (4.410) (4.958)

1.25 1.487 2.786 2.974 3.281 4.141 4.344
- (2.786) - (3.280) (4.140) (4.344)

1.5 1.239 2.479 2.500 3.122 3.719 3.943
- - (2.500) (3.122) - (3.944)

2.0 0.929 1.859 2.205 2.789 2.811 3.423
- - (2.206) - (2.810) (3.422)

#Results in parentheses are taken from Ref. [6].

Table 9

Frequency parameters, Q = way/p(1 — p?)/E, for SS2-F-SS2-F plates of different aspect ratios

ry=bla Q=wa\/p(l —1?)/E
1 2 3 4 5 6

1.0 1.407 2.628 3.142 3.248 3.363 3.498
(1.408%) - - - (3.364) (3.498)

1.25 1.497 2.313 2.513 3.192 3.222 3.318
(1.497) (2.312) - (3.194) (3.222) -

1.5 1.556 2.091 2.094 3.004 3.135 3.355
(1.556) - (2.092) (3.004) (3.138) -

2.0 1.571 1.624 1.866 2.628 3.059 3.142
- (1.624) (1.866) - (3.060) -

#Results in parentheses are taken from Ref. [6].

Table 10

Frequency parameters, Q = way/p(1 — p?)/E, for SS2-C-SS2-C plates of different aspect ratios

ry=bla Q= wa\/p(1 — 1?)/E
1 2 3 4 5 6

1.0 3.140 3.275 3.494 4.411 4.957 5.622
- (3.276%) - (4.410) (4.958) (5.622)

1.25 2.513 2.786 3.280 4.140 4.343 4.622
- (2.786) - (4.140) (4.344) -

1.5 2.094 2.500 3.121 3.943 3.999 4.014
- (2.500) - (3.944) (3.998) -

2.0 1.571 2.205 2.811 3.142 3.422 3.450
- (2.206) - - (3.422) -

#Results in parentheses are taken from Ref. [6].
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p = 2700 kg/m>, Poisson’s ratio is u = 0.33. The corresponding modal frequencies are compared in Table 4 for the
C-C-C-F plate, and in Table 5 for C-F-C-F plate. The FEM results calculated using NASTRAN are also given
there. In both cases, the current solution matches better with the FEM data in comparison with other two solutions.
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Fig. 2. The mode shapes for an SS2-C-SS2-C square plate: (a) the first mode; (b) second; (c) third; (d) fourth; (e) fifth; (f) sixth.
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There exist two distinct types of ‘simple support’ boundary conditions for the in-plane vibration of a
rectangular plate [6]. The first type of the simply supported condition specifies the zero displacement and zero
force respectively in the directions parallel and normal to an edge, which is here described by setting the
stiffnesses of the tangential and normal springs to oo and 0, respectively. The second type accounts for an
exactly opposite scenario. For convenience, these two types of simply supported edge conditions are
designated by SS1 and SS2. In Ref. [9], the simple support case actually refers to the first type.

The first six frequencies, Q = wa/p(1 — u?)/E, are given in Table 6 for simply supported plates of various
aspect ratios. Similar results are presented in Tables 7 and 8 for plates with the mixed combinations of free,
clamped and (the first type of) simply supported edges. To understand the difference between the SS1 and SS2
conditions, the problems associated with Tables 7 and 8 are re-solved by replacing the SS1 edges with SS2
while all the other parameters are kept the same. The results are presented in Tables 9 and 10. A comparison of
these two sets results has revealed the significant difference between the SS1 and SS2 boundary conditions.

For any given modal frequency, the corresponding mode shape can be readily determined from Eqgs. (12)
and (13). As an example, the first six mode shapes are plotted in Fig. 2 for a square plate under SS2-C-SS2-C
boundary conditions. It can be seen that although those are the lower-order modes, they are typically more
complicated than their counterparts in the flexural vibrations; for instance, the extension-compression
deformation in one region (or mode) can quickly turn into a shear state in another region (or mode). This
characteristic, however, may have some favorable implications to the non-destructive evaluation of material
and structural parameters and monitoring of structural conditions or failures, as evidenced by the more
distinctively different modal signatures and more probing natures of the in-plane displacement fields. The
complexity of mode shapes also graphically confirms the fact that the displacement fields can no longer be
determined by the separation of variables for a plate under general boundary conditions.

Finally, consider a more complicated example in which an SS1-SS1-SS2-SS2 square plate is elastically
restrained at x = 0 and y = 0 in the normal direction, and at x = a and y = b in the tangential direction; that
is, Kyxo = Kyyo = Kpv1 = K1 = K and all other restraining springs are set to have an infinite stiffness. For
simplicity, all the restraining springs are assumed to have the same stiffness. The first six frequencies are
presented in Table 11 for several different spring stiffness values. The FEM results calculated using ANSYS
are also shown there as a comparison. For a very large stiffness value, this support condition will effectively
degenerate to the familiar clamped condition, as evidenced by comparing the last row in Table 11 with the first
row in Table 1. The mode shapes corresponding to K = 1 are plotted in Fig. 3. The results clearly show that
the normal springs at x and y = 0 have played a dominant role in these modes. In other words, one has to
change the normal stiffness to effectively modify the modal properties.

4. Conclusions

A general analytical method has been developed for the in-plane vibration analysis of rectangular plates
with elastically restrained edges. Each of the in-plane displacements is sought as a standard double Fourier

Table 11
Frequency parameters, Q = wa+/p(1 — u2)/E, for an SS1-SS1-SS2-SS2 square plate with normal restraints at x =0 and y =0, and
tangential restraints at x = a, y = b, that is, Ky = Kuyo = Kpx1 = K1 = K

K Q= wa\/p(1 —1))/E

1 2 3 4 5 6

0 1.314 (1.314%) 2.221 (2.221) 2.939 (2.940) 2.939 (2.940) 3.943 (3.945) 4.739 (4.743)
0.5 1.856 (1.853) 2.533 (2.532) 3.226 (3.224) 3.272 (3.275) 4.159 (4.160) 4.918 (4.921)
1 2.175 (2.171) 2.702 (2.698) 3.428 (3.424) 3.555 (3.556) 4.324 (4.324) 5.044 (5.047)
1.5 2.395 2.814 3.572 3.779 4.460 5.139

2 2.557 2.897 3.676 3.956 4.576 5.216

© 3.554 3.554 4236 5.185 5.859 5.896

#Results in parentheses are calculated from ANSYS.
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Fig. 3. The mode shapes for an SS1-SS1-SS2-SS2 square plate elastically restrained along x = 0, and y = 0 in the normal directions and

along x = a, and y = b in the tangential directions. K = 1: (a) the first mode; (b) second; (c) third; (d) fourth; (e) fifth; (f) sixth.

cosine series expansion supplemented by four auxiliary functions in the form of the product of a polynomial
and a single Fourier cosine series. These four auxiliary functions are introduced to deal with the poten-
tial discontinuities (or jumps) at the edges with the partial derivatives of the in-plane displacements
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(or equivalently, the normal and shear forces). Although the polynomials are specifically used in the current
derivations, any other closed-form functions should work as well provided they have continuous first-order
derivatives. Unlike most methods in which each of the frequency parameters has to be sought repeatedly and
iteratively from a highly nonlinear characteristic equation, all the modal parameters can now be easily
determined from solving a standard matrix eigenproblem. The excellent accuracy and convergence of the
present solution have been demonstrated through numerical examples. Of equal importance, this method has
provided a unified solution to the in-plane vibration problems in that: for different boundary conditions, (a)
the modal properties can readily be obtained by simply varying the stiffnesses of the restraining springs
accordingly and (b) the dynamic response to an applied load can be determined using an invariant set of basis
functions, which may be of importance to many applications such as fault detection and system identification.
Finally, to the best of authors’ knowledge this study appears to be the first time that an analytical solution is
derived for the in-plane vibrations of rectangular plates with elastically restrained edges.
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Appendix A. Supplementary definition

E1a(x) = al (( — 1)2 = Z Ofm COS AgmX, (A.1)
m=0
% m =0,
m =19 2a[m*n* -6+ 6(—1)"]
mtrt » m#0,
, X 2 2x/x ad
g (x) = (5 - 1) += (2 — 1) =3 i €O Fum, (A.2)
m=0
0, m=0,
Yim = 4[2 + (_l)m]
—_— 0
szE2 b m# 2
. 4 /x 2x &
W == (C=1) + 5= s cos dunx. (A.3)
m=0
) m = Oa
Elm = a
m= Y 12[-1 4+ (=1D)”
RN R
am?n
1 ,/x =
Eoalx) = Exz (E - 1) = Z O COS AgmX, (A.4)
m=0
_%a m = 09

%am =1 2a[m?r*(—1)" + 6 — 6(—1)"]
mtt

, m#0,
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, 2 /x X & ,
g (x) = ax(; - 1) 5= €08 L, (A.5)
m=0

0, m=0,
Yam = q 4L +2(=1"]

P , m#0,
. 2 /x Ix &
Za(x) = ; (Z - 1) + ? = ZO &ym COS ﬂvamxa (A6)
|
) m = 03
&, 4
=121 4 (—1)"]
am?m? > m#0,
2 o0
) =1(5=1) =D B cos oup, (A7)
n=0
%, n=0,
Pin=19 " 26[r> — 6+ 6(-1)7]
nirt » n#0,
2 o0
g, () = (%— 1) + 2% (%— 1) = 11, €08 Ay, (A.8)
n=0
0, n=020,
Ny =4 42+ (1]
S = A
, 4 2y &
0 =3 (5= 1) +37= D ou cos Zny, (A.9)
n=0
1
_E, n= Os
Oln = n
12[-1 + (=1Y"]
bn2n? » n#0,
1 3 A
() =50 (5=1) =D By cos A, (A.10)
n=0
_%7 n= 07
P =\ 2 [2r2(—1y" + 6 — 6(~1y"]
o , n#0,

2 00
4 y y y bl
&) = 25 (5 — l) + e = ,;,0 Nap COS Apn)s (A.11)
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. _ m o — P )
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Appendix B. Additional definitions

925

(A.12)

(A.13)

(A.14)

To show the structures of the coefficient matrices in Eqs. (34) and (395), the elements which are derived from

the (m+ 1)th equation of Eq. (21) are given below:
for m"=0,1,2,...,.M, W =0,1,2,...,N,

{all}m+l,m’+1 = 5”1141” {blz}m+1,m’+l = 09
{c13}m+l,n’+l = _proalm, {d14}m+l,n/+l = _prO(mea
{eishmsrm+1 =0, {fi6dmrrms1 =0,

{g17}m+l,n’+l = V1m> {h18}1n+l,n’+l = Vom-

(B.1,B.2)
(B.3,B.4)
(B.5,B.6)

(B.7,B.8)
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Two new indices, s =m(N+1)+n+1 and t = m/(N+1)+#n' + 1, are defined here to simplify the following

notations:

{qll}m+l,t = prO‘Smm’a

_ m’
{qlz}erl,t = ;‘am'ram'

(B.9,B.10)

The elements of the coefficient matrices in Eq. (42) which correspond to the sth equation of Eq. (40) can be

expressed as

{All}s,t = (iczlm

{Fll—a}s,m’+1 = ﬁlnémm’a

{Fi1 —c}s,n’+l = 0UmOun' s

{B1]73}57m/+1 =

{Bll—c}s,nurl =

{Bii-blsmy1 = < n?

1 —p
Bii—a}snt1 =< > -

1+
. 3,,,)5”, (A, = ——F7

G 1n | Omm' »

O—2)1 0 mm’ s

&2m 5nn 5

7o)’
2)
)

I4+pu ,
{Bio—elsmi1 = Tmniam'TTm»
+u /
{Bl27f}s,m/+l = T”Zn’“am/rznm’
I+u

{B127g}x,n’+l = 2

1+
{Bia-n}spwi1 = T'u

{Ell}s,f - 5A‘t’

Fio—elym1 =0,

{Flzfg}.y,n’-',-l = 05

})lmj'bVI Kbn’

Vzmibn"czlny
{Ei2},, =0,
Fii-plsm+1 = B>
{Fii —d}s,;1’+l = 02mOun'»
{Fia—t}o 41 =0,

{F127h}s,n’+l =0.

am' 2o T

iy (B.11,B.12)

am"™bn>

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21,B.22)
(B.23,B.24)
(B.25,B.26)
(B.27,B.28)

(B.29,B.30)
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