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Abstract—An approach to the large amplitude free, undamped flexural vibration of elastic, isotropic skew
plates is developed with the aid of Hamilton’s principle taking into consideration the effects of transverse
shear and rotatory inertia. On the basis of an assumed vibration mode of the product form, the relationship
between the amplitude and period is studied for skew plates of various aspect ratios and skew angles
clamped along the boundaries. It is found that the time differential equation, i.e. modal equation when
numerically integrated provides interesting information about the effects of transverse shear and rotatory
inertia on aspect ratios and skew angles of thin and moderately thick skew plates both at small and at large
amplitudes.

INTRODUCTION

The study of large amplitude flexural vibration of plates and shells has gained considerable
importance in the recent years. The importance arises from the fact that when the flexural
vibration involves large amplitudes the frequency of free or forced vibration is very much
dependant upon the amplitude. The vibration of plates when the amplitude is large is governed
by a system of coupled nonlinear differential equations as given by Herrmann[1]. Approximate
solutions to these equations have been obtained by Chu and Herrmann(2], Yamaki(3] and
several others. Since then several papers have appeared dealing with the large amplitude
vibration of plates of various geometries[4]. Nowinski([S], using the stress function approach,
developed the governing dynamic equations for skew plates and presented numerical results.
Following this a study of large amplitude vibration of skew plates was carried out by the
author[6, 7] wherein Berger approximation, influence of orthotropic parameters, inplane edge
conditions, etc. were all investigated in detail.

Skew plates are extensively used in modern aircraft industry and the understanding of the
vibration characteristics of such plates under severe operating conditions is becoming increas-
ingly important. For the analysis of such class of problems many classical methods, however,
are found to be inadequate since plate deflections during vibration are no longer small compared
to the plate thickness. It is precisely this situation which introduces geometric nonlinearity
necessitating the use of nonlinear strain displacement relations in the analysis. Consequently,
the governing differential equations become nonlinear and difficult to deal with. Furthermore,
the plate components may become moderately thick due to the actual design requirements
involving the study of complicated effects such as transverse shear deformation and rotatory
inertia on large amplitude vibration.

Reissner[8] extended the classical plate theory to take into account the effect of shear
deformation on the static behaviour of plates and a further improvement in plate theory was
later suggested to include the effects of shear deformation and rotatory inertia on dynamic
behaviour of plates(9, 10]. Since then several papers dealing with these effects on plates of
rectangular and circular geometries followed this approach. However, to the author’s know-
ledge there seems to be no work reported on these lines for the dynamic analysis of skew
plates. Attention is given in this paper to the study of the effects of geometric nonlinearity,
transverse shear deformation and rotatory inertia on dynamic behaviour of skew plates.

A system of equations governing the large amplitude vibration of skew plates is derived to
include the effects of transverse shear deformation and rotatory inertia. The solutions to the
governing equations formulated in this paper are obtained using an assumed vibration mode and
the Galerkin’s method. Computations are restricted to the fundamental mode of the flexural
vibration which is usually considered sufficient for practical or engineering purposes. Amplitude
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is plotted vs the period for different aspect ratios, skew angles and thickness length ratios of
rectangular and skew plates taking into account the shear deformation and rotatory inertia
effects. It is shown that these effects play a considerably important role in the dynamic
behaviour of moderately thick plates.

GOVERNING EQUATIONS

The geometry of the plate and the coordinate system are shown in Fig. 1. x and y are the
oblique coordinates and 8 is the skew angle. £ and 7 are the rectangular Cartesian coordinates.
The material of the plate is assumed to be isotropic, elastic and homogeneous. Using 4, v and w
to represent the displacement components in the plane of the plate and transverse direction
respectively, the strains of the median surface of the plate may be written as

€ =(€)r=0=Cl,+Sv, +% w2

2

€= (Ey)z=0 =v, 5wy

2
Y= (Yay)r=0=CU,+Sv,+ v, +w,w, (1)
where
C=cos#, S =sin 6.

Strains for any point away from the median surface at a distance z, where z is measured from
the median surface normal to the plane of the plate are
€ =€+ 2a,, € =€+28,, =0
Yy =Y + z(a,y + B.x)’ Yz = @ + W x, Yoz = B + Wy (2)
where a and B stand for the bending slope in the x and y directions, respectively.
In order to consider the effects of transverse shear deformation and rotatory inertia in the

plate theory, the displacement components for a point off the median surface are taken in the
following form

u(x,y, z,t)= Cu(x, y, t)+ Sv(x, y, t) + za(x, y, t)

v(x, 3,2, )= v(x, y, 1)+ zB(x, y, 1)
wix,y,z,t)=w(x, y, t). (3)

The stress—strain relations can be expressed as

{o;} = [a;] {e;} C))
&u X
y /
8
2a —p-
y’ ”’ v
2b

Fig. 1. Geometry and coordinate system.
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or alternatively as
{€i} = [Cy}{oy} 5)
where the coefficients a; and C; satisfy the reciprocal relations a; = a;, C; = C; and are defined

in the Appendix.
The stress and moment resultants, by definition, are

w2 2
N,'j "‘f . O dZ, Mj =J’ o2 dz (6)
~hi2 ~hi2
Thus,
N, [anapaiy’] €
Ny ¢=h | ananay |{e M
Ny | Qa1 Qa2 das | 1Y
M, ] -au a2 au— oy
h3
My = ﬁ Q) Gy Aoy 'B,y (8)
Mx, | A4 Qs gy 1 lay + B,x
Ve _ass s at+w
=} x
{Vy } Ags (156] {B + W_y} (9)

where, V, and V, are the transverse shear force per unit length of the plate and h is the
thickness of the plate.
The strain energy of stretching of the middie surface, therefore, can be written as

U, =!12'f f (@116’ + an€’ + auy* + 2apee,
X4y
+2ay €y + 2anéry) dx dy. (10)

The strain energy in bending becomes,

Up=[ [ (Mot MB,+Mylay+ B0+ Vala+ wa) + VyiB+w,)
6
- (CuMZ + CoM? + CuuM %y + 2CaMM, + 2C MMy, + 2CuM, M, )
- % (CssVE+ Ce V2 +2Cs V V),)} dx dy. a1y
It is to be noted that the above expression for the bending strain energy includes the effect
of transverse shear deformation. If this effect is neglected in the analysis eqn (11) can be shown

to reduce to eqn (7) of Ref.[6].
The expression for the kinetic energy of the plate can be written as

3
T=%f’f {h(aﬁ-&— vl + w?z)*'%(aﬁ“"ﬁi)} dx dy 1
¥y

where p is the mass per unit volume of the plate. With the aid of eqns (10)-(12) and with the use
of Hamilton’s principle along with Reissner’s variational theorem, the governing equations of
motion are derived and are given below in a considerably simplified form
Nex+ Ny =0 (13)
N,y + Ny =0 (14)
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Vix+ Vyy + Now o + Nyw ,, + 2Now ., = Cphw (15
3
Mx,x + Mxy.y - Vx ——g{lz}-l_ a,tl = 0 (16)
Cph®
My.y+Mxy.x‘_ Vy—_%ﬁ.tt =0 (17)
12
a x *'}Tj(CnMx + C‘zMy + C14Mxy) =0 (18)
12
By “’F(szMy + CuM, + CuM,,)=0 (19
12
a,y + B.x - F (CMMx + C24My + CMMxy) = 0 (20)
6
a+w‘x—-§;(C55V,+C56V,)=0 (21)
6
B+w,—- sh (CesVy, + CssVy) = 0. (22

It can be seen from the governing eqns (13)-(22) that they take care of the effects of transverse
shear deformation and rotatory inertia.

The two in-plane equilibrium equations given by eqns (13) and (14) are automatically
satisfied by the stress function F(x, y) defined as

N, = hF.yy’ Ny = hExxs ny = —hExy- (23)

Solving for V, and V, from eqns (21) and (22) and upon substitution of V, and V, and eqn
(23), eqn (15) becomes

I+Dy(Bita,+2wy)~Digla+ we)— DBy +wy)~ Cphwy =0 (24)
where
I=h(F W+ Fow,, —2F ,wi).

The remaining seven equations namely eqns (16)-(22) can be reduced to two equations in
terms of @, B and w as given below:

at+wy— Dy~ DZB.yy - D3a.yy = Dy xx — DsB xy — Dett xy + Drax  + Dsﬂ.n =0 (25)
B+ w,— Doa . — Doy — Dt yy — Diaxx — DisB sy — Distt sy + DisBy + Digayy =0 (26)

where the coefficients D, — Dy, are defined in the Appendix. The compatibility condition in
terms of the stress function F, becomes [6]

Foaee + KlEy)’y)' + KZF.xxyy + KzF.xxxy + KdF.xyyy = CE(W.zxy - W.xxw.yy) 27

where K, - K, are defined in the Appendix.

Equations (24)-(27) are then the governing equations for the large amplitude free, undamped
flexural vibration of isotropic skew plates which take into account the effects of geometric
nonlinearity, transverse shear deformation and rotatory inertia. Equations (25) and (26) can be
solved simultaneously for @ and 8 thus eliminating these from eqn (24).

ILLUSTRATION

The set of equations given by eqns (24)—(27) are coupled and nonlinear in nature and exact
solution to these is difficult to obtain. Therefore the theory is illustrated here by application to
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the free, undamped vibration of a skew plate clamped along the boundaries where only an
approximate solution is attempted. For a plate of dimensions 2a, 2b an expression in the
following form is assumed in order to satisfy the boundary conditions

%=f(7) (1+cos ><l+cos%y—). (28)

Assuming that the clamping of the edges of the plate does not prevent free in-plane
motions{5), the stress function F is obtained as follows by solving eqn (27).

F(x,y,—r)=alcosﬂ+azcos—bz+a3cos~2—+a4cos-2%)—’
X os T __x 2my Y cos 27X X in 2TV
+ascos p X cos b + ag Cos — cos b + a7 cos 5 cos =, + ag sin p sin —= b
. . 2mx . mX .
+ay sm—b—y sm—a—+ ayp Sin r sin _bl (29)
where the coefficients a, — a, are given in the Appendix. Let
Il = I+2D17W'xy "‘D]gw W D|9W‘xx - Cphw,,, (30)
3° a2 Ks
J=1- Dl_i D3 axay Dv-‘z (31
32 a2 32 az
K= Ds'—z Dz—i D4 x DS% (32)
L= 92 FR
D
16—2 D9*z Dnb‘y‘z Duaxay (33)
2 62 02 32
M=1- Dlo—y'i Dny D“ax&y Dls_z (34)
N=
Dzoa—z Dzn—x-za—y:+Dzz—1 D”ax 3
a‘
D“axay’ Dﬁﬁ D“axzat +Dn axayat:
+ Dy + Dy +Da+D"2D"21
_)‘,TaTz 303}72 31 axdy 32—i (35)
2 32 32 34
R= 2D17aay-D19W D;ga—;'f'D;;ﬁ
+
D“_’ D”ax ay’+D’°axa D”ax dy
EN EX
+ Dy axzat2+D39 Vot + Dy axayart (36)

where the coefficients Dy~ Dy, are defined in the Appendix. Equation (24) can now be
rewritten as

5L+ Dyfay+ Bx)— DBy~ Dia,=0. (37
From eqns (25) and (26) it follows that

N(a)=M(w,)- K(w,) (38)
N@B)=J(w,)— L(w,). 39
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Using the operator N on eqn (37) and substituting for N(a), N(8) from eqns (38) and (39) it
foliows that

N)+ R(w)=0. (40

Thus eqns (24)-(26) are reduced to one equation, namely eqn (40).

Substituting the assumed mode shape w from eqn (28) and F from eqn (29), eqgn (40) is
solved approximately using Galerkin’s method. The result, after considerable simplification is a
time differential equation in f as given below:

Cof + Cof + Cof + Cuf + Cof* + Cf* f+ C f(FY
Coff f + Cof 1P+ Crolf 2 f + Cuf2f =0 @1

where (') =(3/d7), = tq""® and the coefficients C; — C,; are defined in the Appendix.
Equation (41) is the modal equation applicable for the large amplitude free, undamped
flexural vibration of a clamped skew plate with movable edges. This ordinary nonlinear
differential equation is solved numerically using the Runge-Kutta method. During the evalua-
tion of the coefficients C, — Cy,, it was observed that Cs, Cy, Cs, Cs, Cyo and C;; were neglibible
in comparison to others and therefore the terms containing these coefficients have been thrown
out in the final solution of eqn (41). With this simplification in mind, eqn (41) has been
numerically integrated taking the time interval V7 as 0.001. The ratio of the nonlinear period of
vibration T, including the effects of transverse shear deformation and rotatory inertia, to the
corresponding linear period T, of a classical plate, not including these effects, has been
computed for different nondimensional amplitudes, plate aspect ratios, skew angles and
thickness-length ratios of the plate. The results are presented in graphical form in Fig. 2-13.

CONCLUDING REMARKS

A set of equations governing the large amplitude free, undamped flexural vibration of skew
plates to include the effects of transverse shear deformation and rotatory inertia are derived in

1.0 <

0.9

0 05 1.0 15 A
Fig. 2. Fig. 3.

Fig. 2. TIT, vs amplitude 6 = 0°, r=0.5; B, (h/2a)=(1/10); C, (h/2a)=(1/20); D, (hl2a)=(1/30); E, no
transverse shear or rotatory inertia.

Fig. 3. T/T, vs amplitude 8 =0°, r=1.0; B, (h2a) =(1/10); C, (hi2a) = (1/20); D, (hf2a) =(1/30); E, no
transverse shear or rotatory inertia.
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Fig. 4.

Fig. 4. TIT, vs amplitude 8 =0°, r=1.5; B, (hl2a) =(1/10); C, (h/2a)=(1/20); D, (hl2a)=(1/30); E, no
transverse shear or rotatory inertia.

Fig. 5. TITy vs amplitude 6 = 15°, r=0.5; B, (hf2a) = (1/10); C, (h2a) = (1/20); D, (h/2a) = (1/30); E, no
transverse shear or rotatory inertia.
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Fig. 6. Fig. 7.

Fig. 6. T/T, vs amplitude 8 = 15°, r=1.0; B, (h/2a)=(1/10); C, (h2a)=(1/20); D, (h2a)=(1/30); E, no
transverse shear or rotatory inertia.

Fig. 7. TIT, vs amplitude 8 = 15°, r=1.5; B, (hi2a) = (1/10); C, (hl2a)=(1/20); D, (hf2a)=(1/30); E, no
transverse shear or rotatory inertia.
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Fig. 8. T/T; vs amplitude 8 = 30°, r=0.5; B, (hj2a) = {(1/10); C, (hi2a)={1/20); D, (hi2a)={(1/30); E, no
transverse shear or rotatory inertia.
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Fig. 9. T/T, vs amplitude 8 = 30°, r=1.0; B, (h/2a) = (1/10}; C, (h2a)= (1/20); D, (#f2a)=(1/30); E, no
transverse shear or rotatory inertia.
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Fig. 10. T/T, vs amplitude ¢ = 30°, r=1.5; B, (h/2a) = (1/10); C, (hl2a) = (1/20); D, (h/2a) = (1130); E, no
transverse shear or rotatory inertia.
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Fig. 11. T/T, vs (hi2a), amplitude = 0; a, 8 =0° b, =15% ¢, 6=30%1,r=05;2,r=1.0;3,r=15
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Fig. 12. TIT, vs (hf2a), amplitude = 0.5; @, § =0° b, #=15% ¢, #=30% 1, r=05;2, r=1.0; 3, r=1.5.

this paper using the stress function approach. The governing equations and the numerical
results reported in this paper are in excellent agreement with those in the literature so far
available only for rectangular plates. Amplitude is plotted vs period for different aspect ratios,
skew angles and thickness length ratios of plates. For the sake of easy comparison results
where these effects are not considered are also plotted. The influence of transverse shear and
rotatory inertia on large amplitude vibration of plates in general is shown by a consistent
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Fig. 13. TITo vs (h[2a), amplitude = 1.0; ¢, 6 =0° b, 8=15% ¢, 8=30° 1, r=05; 2, r=1.0; 3, r=15.

increase in the nonlinear period although the increase is less at moderately large amplitudes. It
is seen that these effects play a considerably important role in the period-amplitude behaviour
of moderately thick plates and have practically no influence on thin plates with thickness-length
ratio less than 0.05. Rectangular plates seem to respond more to these effects at relatively small
amplitudes whereas at moderately large amplitudes the trend reverses and skew plates are
influenced more by these effects.

1.
2

3.
4.

5.
. M. Sathyamoorthy and K. A. V. Pandalai, Nonlinear vibration of elastic skew plates exhibiting rectilinear orthotropy.
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APPENDIX
an =%. an = C202E;+2G) + Ey(1+ 1%},
tu=2G+ELD, as=C ag= =L+ B
“=7 ) ass=5 Ge = ass, alZ‘c( s+ Eity%),

E,t
a“=_-Z'|TI’ au=—tQ2G+Eit*+ Ey), ass=-Gt,,

aj=a5 H=8/C, an=as=ax=0, i=1234.

€= A48y~ b1, €1 ¥ Aualyg — daady,
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= 2 I
€= Assles— A5y €3 = @12~ A11A2
€4 A12014— G112, €5= €4~ 163,

1 1
Cii=—(-a1Cy;— 314C1s), Cn=—(1-a12C12— auCr),
ayy an
1 1
Cu=—(1-a1Cy— a24Cr), Css=— (1~ asCse),
Qas ass
Ces= Gss Cp= 1 (a-eCry)y Ciy= 1 €ody2,
e’ € ]

1 1
Cu=—(6C;;—ay), Css=-—(1-agCes)
€ ase

Ci3=Cis=Cs=0, i=1,23,4,E =1__E;57 E,=Ev
E, v, G are the material constants of the isotropic plate.

Dy = H(CssGy + Cs6G),  Dy= H(CssGy— CssGa),
D;= H(CssGs— CssGe), Dy= H(CssG7+ CssGs),
Ds=H(CssGs— Cs6Go), Ds= H(CssG1o— C5sG11),
Dy=G1Css, Dy=Gi2Css, Dy= H{CssGr+ CsGo),
D= H(CesG3— Cs6Ga), Dyy = H(CssGs — CesGe),
Dy = H(CssG1+ CsGs), D= H(CssGs— CesGo),
Dyy=H(CssGio~ CssGr1), Dys=G12Ces, Drs= Dy,

Hto 6=2L G-cich G=B. G.=B
_IOC” 1 C“, 2 3L12, 3= By 4= s,
Gs=CiCpn, Ge¢=CiCra, G7=%, Gg=%+05,
11 11

B
Gs=G,+ G, Gy =Eﬁ* Gy, Gu=(Ci-C)C,

6= 9%'_2 B,=C'+ CiClh~ CiCiCre

By= CuBs- CoBe By= CoCiCia= CiCua),
By=CiCy1+CiCi, Bs=C}iCy+CiCha,

Ci=CiCn~-Ch Ci=CiyCu~ Culusp
C3=CnCu—Culn, Ci=CuCi~ Cila,

Sh

6C”
Dyy=HiCs, Duw=HiCss, Diy=H,Cs, Dyw=DDs— DDy,
Dy; = DDy + DyDyy + DsDyu— DiDio~ DyDya ~ DDy,

Dy, = DeDyy — D3Dvg,  Dy3= DuDyat+ DsDy— DyDy3 — DDy,
Dy = DyDyy+ DsDyy =~ DsDyy — DeDio,  Das= DyDiyg— DyDis,
Dog= Di\Dys+ DyDyy— DeDo— DyDys, Dy = DsDys+ DyDy3—~
DgDyy— DDy, Dyg= DsDys+ DyDyy— DDy — DoDis,
Dy=Dy+D, Dy=Dy+Dio, Dyy=De+Dy, Du=Dy+Dis,
Dyy = Di3Ds+ DigDyy, Dyu= DD+ DisDs,

Dys = Dif Dy + Dy~ D3~ D) — Dio{Ds — Dro) = Drg(Drs— Dy),
Dyg = Di7(Ds~ Dyg— D3) — Dy Do+ Dyo( Dg — D1y),

Dy = DyDyy~ Dyy— Dy) + Dig(Dy3 ~ Do) — DDy,

Dy =~(DyyDi¢+ DyyD1s), Do =~(DyyDy+ DigDy),

Dy = DiyDis+ Dq)+ DioDg + DigDis

Ki=CH1+ 0, Ki=21+28Y, Ky=Ki=-45,

C'=CiCi-C5Ch C"=C3%-CssCes, H\=

_~ECUhrY o d _ a4
d= % Ty YTy ﬂz——_Klru

_a _a _2am < am _aimy
551 “Te @ m, a¢ "“"m9 y @ ——ms s
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aymg a\ms 2a,m, 1 < a;
ag=—"—, Ag=—""", dAp= , Apn=slatas+=),
8 Mo 9 me » 10 ms 11 2 2 5 2

{ a 1
Au=;<a.+a5+3"), Ap=aita;+2ast a)+5 @+ ar),

1
A= a;+4a;, A= ag+4as, A.6=§(ag+ ag),

m|=l*r2(Kz+K,r2). m2=r(K3+K4r2), M3=M|2—MZ2,
me=16+ 24K+ KD, ms=2r(dK;+ K,rP), me=ml—ms,
my=1+4r%K,+4K\P), mg=2r(Ks+4K?, me=m—mg?,

_E 7’ _n? Coh?
q—;a‘f- m=—3 M=y €= Ci=gn,

Cr=gnq. Ci=guq’. Ci=gisq’. Ci=ds
Comaldrtdy. Cr=2C Co=Bdg’. Cy=3Cs

Cs

3

di=m*{2A,, Dy + 2A,:Dur* + (Do + Dy r* + Dypt®) Ay
= rAg(Dys+ Dygr)}

dy=m{AsDyr~2A( Dy~ 241:Dsl = Aps(Dae+ Dior?)}
dy=2AAn+An)+ A de=m{2A1 Dy +2A1,Dper”

— AieDnr + Aix(Dys + Dyr?)

ds=dyld, + dr—d3). ds=3Dysdrds,

Cio=2C,, Cy=

mnh?
4

&©= Dzomz‘ Dym —1, gy=n(Dyn — Dy).
g3=mr(Dym + Dyn—Dy), ga=Dym, gs= Dyn,
86=Dyymr, gy =(Dio+ Disr”), ga=g1+8:1+81

8o = 3{m(Dyg+ Dy3sm)+ n(Dyg + Dyyn)} + Dysmn,
g10=—(Dsgm + Dyon), gu=Dymn.

dy=—3Dydydy, dg=~3deds, do=

h
g1 = %‘ {g78s + 2D1981 + 2D1sr*(g2— 1) = 2Dyorgs},
gu=e{-4+2g,+ g~ +gsh, g4=9eDy.

3
gis=—9eDas, 6= "Z mhDsyg7,
]
g = -%" {2Dyog4+ 2D1srgs + (84 + 85)87 — 2Dy rgeh.

gls=%D25"lhg7v g|9=%39, gzo=%hgm-
gn=3e(gat8s). 8n=8ut8u
g3=8u3t 8t 81t &
82u=gutgist g



