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Abstract. The scaling laws for vibration response of anti-symmetrically laminated plates are derived by
applying the similitude transformation to the governing differential equations directly. With this approach,
a closed-form solution of the governing equations is not required. This is a significant advantage over the
method employed by other researchers where similitude transformation is applied to the closed-form
solution. The scaling laws are tested by comparing the similitude fundamental frequencies to the
theoretical fundamental frequencies determined from the available closed-form solutions. In case of
complete similitude, similitude solutions from the scaling laws exactly agree with the theoretical solutions.
Sometimes, it may not be feasible to select the model which obeys the similarity requirement completely,
therefore partial similitude is theoretically investigated and approximate scaling laws are recommended.
The distorted models in stacking sequences and laminated material properties demonstrate reasonable
accuracy. On the contrary, a model with distortion in fiber angle is not recommended. The derived scaling
laws are very useful to determine the vibration response of complex prototypes by performing the
experiment on a model with required similarities.

Key words: similitude; laminate; plates; vibration; anti-symmetric laminate; scaling law; frequency
invariant.

1. Introduction

Composite laminated plates are widely used in mechanical and aerospace engineering applications
because of their high stiffness-to-weight and strength-to-weight ratios. Besides buckling phenomenon,
vibration is another interesting issue when composites are designed in form of a thin plate.
Analytical or approximate solutions are available for vibration of laminated plates with specific
configurations and boundary conditions only. For example, closed-form solutions can be obtained
only if the laminates are rectangular, symmetric, and simply supported. Solutions of unsymmetrical
or irregular-shaped composite plates, i.e., triangular or elliptical plates, require numerical approach.
Also, mathematical model does not include the imperfections of plates, load, boundary conditions,
and composite structure. Consequently, the analytical or numerical solutions are not exactly matched
the results from experiments on the real structures. Tettlal. (1999) performed buckling
experiments on the symmetrically laminated plates subjected to biaxial loading. They found large
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discrepancies in buckling loads between measurement and theoretical prediction, in some cases up
to 35%. Imperfections of the specimens as mentioned are probably the sources of the discrepancy.
Thus, it would be more efficient if these imperfections were included in the model as they are in the
experiment. This is where the similitude method appears as an indispensable tool in establishing the
scaling laws to relate the behaviors of the model to those of the real structure or the prototype. If
similarity conditions can be found among parameters of the model and prototype, then the scaled
replica can be built to duplicate the behaviors of the full-scaled system and the results from the
model experiments can be employed to predict the behaviors of the prototype.

Simitseset al. (1993, 2000) and Rezaeepazhadal. (1995) have published several papers on
symmetrically laminated plates that deal with the establishment of the similarity conditions between
the model and the prototype. However, they have applied the similitude transformation to the
solutions of the governing differential equations instead of to the governing differential equations
directly. This procedure puts serious limitation on the applicability of the concept of similitude
theory because some forms of exact or approximate analytical solutions must be obtained before
they can apply the similitude transformation. Singhatanadgid and Ungbhakorn (2002) proposed a
new similitude approach which applies the similitude transformation to the buckling governing
differential equations directly. They showed that the buckling loads of the model and the prototype
are related via the scaling law if the model-prototype pair has complete similarity. The main
objective of the present study is to derive the frequency invariants for vibration response of the anti-
symmetric cross-ply and angle-ply laminated plates by applying the similitude transformation to the
governing differential equations directly. In real situation, due to the complexity of the scaling laws
or the need to economize the costly experiments, it may not be feasible to construct the model
obeying the scaling laws completely, therefore partial similitude is theoretically investigated and
approximate scaling laws are recommended by considering the distorted models. In absence of the
test model data, the validity of the scaling laws is theoretically verified by substituting the
theoretical fundamental frequencies of the model into the scaling laws to predict the fundamental
frequencies of the prototype which are then compared to the fundamental frequencies of the
prototype calculated from the available analytical solutions.

2. Conditions for complete similitude

Similitude theory is extensively described in a few textbooks (Kline 1965, Skoglund 1967, and
Szlics 1980). Only a brief summary which is relevant to this study will be presented as follows. The
essence of similitude theorem relevant to our research can be statesl adficient and necessary
condition of similitude between two systems is that the mathematical model of the one be related by
a bi-unique transformation to that of the oth&zucs 1980)Considering all variables, geometric
and physical, of the prototype and the model denoted,lgnd X, respectively, where= 1, 2,...,

n. The two systems or phenomena are similar if

Xp= C X

and Xm=CtX,
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Since the mathematical models of similar systems are invariable under similitude transformation,
hence, the differential equations of any two similar systems must be the same, therefore

L(Xmi) = L(Xa) 1)
Let the model and prototype variables be related to each other by the equations:
Xpi = Ci Xmi (2)
Substitute Eqg. (2) into (1),
L(Xmi) = L(Ci Xiwi)

From the above theorem, it is necessary that

LX) = ¢ (C) LX)

where ¢ (C) is the functional relationship among the transformation parameters. Therefore, for the
mathematical models of the two phenomena or systems to be similar the function linking the
transformation parameters must equal to unity, hence the following conditional equation is obtained.

pC)=1
From this function corresponding similitude invariant can be derived. The vibration similitude
invariant between prototypes and models will be derived by considering the governing equations of

both systems. When the similitude invariant is derived, scaling law which relates the vibration
behavior of both systems is consequently obtained.

3. Vibration of anti-symmetrically cross-ply laminated plates

The general class of anti-symmetric laminates has an even number of layers with adjacent laminae
having alternating signs of the principal material property directions with respect to the laminate
axes. Two types of anti-symmetric laminates considered in this study include cross-ply and angle-
ply plates. For anti-symmetric cross-ply laminates the principal material directions alternate at 0 and
90 degrees to the laminate axes with an even number of layers, for examplg, EuéB]laminates
do not haveAss, Ass, Dis, andD,g but do have coupling between bending and extension. Consider
plates made of regular anti-symmetric cross-ply laminates, their other non-zero stiffnesses are (Jones
1975):

Extensional stiffnessegy;, Az, Aco = A1, Ass
Coupling stiffnessed;;, andB,, = —By;
Bending stiffnessedd1s, D1z, D22 = D11, Dgs

Because of this bending-extension coupling, the governing differential equations for classical
vibration analysis are coupled. Dropping the variational symbofor the middle surface
displacements, the coupled equations for vibration response of anti-symmetric cross-ply laminated
plates are as follows (Jones 1975).

Allu!xx + A66u

+ (Ap+ Agg)Vixy = B1iW, iy = 0 3)

'yy Xy
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(A2 + Age) Uiy + AgVixx + ArrV,yy + ByW, = 0 (4)

'Xy 'Yy

D11(Wy sooxx ™ Wayyyy) +2(D12+ 2D6s) W, yxyy = B1a(Us xux = Viyyy) + PW, e = O 5)
Let the variations in displacement for vibration response of the plates be represented by the
equations:
ulx, y, t) = U(x, y)e“
v(x, Y, 1) = V(X, y)e“
w(x, Y, t) = W(X, y)e

and make substitution into Eqgs. (3-5), the following time-independent equations for vibration
analysis are obtained:

A11U xx T AGGU 1yy + (A12 + AGG)V! xy B11W! XXX — 0 (6)
(A12 + AGG) U 1 XYy + A66V, XX + A11V! yy + B11\/\/! yyy =0 (7)
Dll(Wa sooxx T W, yyyy) + 2(D12 + 2D66)W! XXyy Bll(Ua xxx_vﬂ yyy) - prW =0 (8)

Let the variables of the prototype be related to those of the model through the similitude scaling
factors as follows.

Xo = CXmy ¥p=Cy¥m U,=CyU,, V,=CyV, W,=C\W, b,=Cyb,
(Aij)p = CAij(Aij)ml (Bij)p = CBij(Bij)ml (Dij)p = CDij(Dij)m!
Po = CoPmy = Cutoy

Now, Egs. (6-8) are employed for the model and the prototype. The governing equations for the
model can be represented as Eqgs. (6-8) using the variables subscriptedl By Substituting the
appropriate variables in Egs. (6-8), the governing equations for the prototype can be written as

C C
CAM(Aﬂ)mg;’(u nodm + cAee(A%)mg;’(u wy)m + L Car2(A12)m+ Case(Ass)m}
X y

Cy Cw _
X ?C:y(vaxy)m_ CBll( Bll)mg (W!xxx)m =0 (ga)

X

C C
{ Car2(A12)m + Cass(Ass)mt == (U i) m + Caee(As6)m=—= (Voo
C.C
«Cy C;

C C
+ CAll(All)mg\z/(Vayy)m + Cpya( Bll)mg\gv(wayyy)m =0 (9b)
y y



Scaling laws for vibration response of anti-symmetrically laminated plates 349

C C O
CDll(Dll)mEC_\iv(W!xxxx)m + E\gv(wiyyyy)mg-’- 2{ Cp12(D12)i + 2Cpee(Des) it
X y

X

C oc C O
2W2(Waxxyy)m - CBll( Bll)mD_L;; ( U !xxx)m - _\;:{(Vvyyy)m - CpCi)Cmeo’)rin =0 (90)
CCy 0Cy Cy O

To achieve the similarity between the prototype and the model, all of the similitude scaling factor
groups shown in each of Eq. (9) must be equal. Therefore, the following requirements are obtained:

CAllCU — CAGGCU — CA12CV — CAGGCV — C811CW
U = e = = a (10a)
C; C, C.Cy C.Cy C;
CA12CU — CAGGCU — CA66CV _ CAllCV _ CBllCW
cC, CC 2 2 3 (100)
Xy Xy C Cy Cy

CoCw _ ConCu _ CorCw _ CoueCu _ ConCu - CenCv _ ¢ c2c (10n)

C, C, CiCy C.C,y C C,
Considering that the model-prototype pair has a complete geometric similaritg, £eC, = Cy =

Cv = Cw= Cy, then the following conditional equations for the model to behave exactly as the

prototype are derived:

C
Ca11 = Cpes = Carp = CLM (11a)
b
Cg11
Ca12 = Cpes = Canx = F (11b)
b
Cpi1 = Cp1o = Cpes = CpuiCp = CpCin; (11c)

which can be combined into the following equation:
2 _ 2 _ 2 _ _ _ _ _ 2 4
CAlle - CAlZCb - CAGGCb - CBlle - CDll - CD12 - CDGG - CprCb (12)

In conclusion, the complete similarity between the model and the prototype requires (1) a
complete geometric similarity between two systems, and (2) scaling factors that satisfy the
conditional equations, Eq. (12) which can be rewritten as:

Ca11 = Carz = Ches (13)

(14)

CaiCh = CauiCp = Coj (15)
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By representing each term in Eq. (15) with, the conditional equation in Eq. (12) is rearranged
and the similitude invariant (frequency invariant) for vibration response of anti-symmetric cross-ply
laminated plates can be written as

2 4
CoCulo _ (16)
Cstiff
The scaling law is then derived as
[b4 ]
w;ZJ = wrzncstiff 2 o (17)
(b"p)p

Recall that:

A = z (Qij)k(zk_zk—l)
K=

z

(Qi)(Z-7-1)

1

@
1l
NI

k

Di

Wik

i

Y (Qu)u(z~Z)
k=1

Therefore, two laminated plates with the same material properties and stacking sequences but
different number of ply, for example, [0/Q0dnd [Q,/90,], will satisfy conditions in Egs. (13-14)
identically, or equivalently, they have different ply thickness. Also, conditions in Eqg. (15) can be
satisfied by selecting the appropriate geometric scaling factors.

4. Vibration of anti-symmetric angle-ply laminated plates

An anti-symmetric angle-ply laminate has an even number of layers with adjacent laminae having
alternating signs of the principal material property 8tdegrees to the laminate axes, for example,
[+6/-6],. Such laminates exhibit a different characteristic of coupling between bending and
extension than that of the anti-symmetric cross-ply laminates. The non-zero stiffnesses are:

Extensional stiffnessegs, A, Aos, andAgs
Coupling stiffnessedB;s andB,g
Bending stiffnessed;;, D;,, D,y andDeg

Dropping the variational symbal of the middle surface displacements, the coupled differential
equations for vibration response of anti-symmetric angle-ply laminated plates are (Jones 1975):

Allu!XX + A66uayy + (A12 + AGG)Vle_ 3Blﬁw,xxy_ BZﬁwﬂyyy =0 (18)
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(A12+ Age)Usxy + AgeVixx + AaV,yy — B1gW,yux — 3BogW 0 (19)

Xy yy xyy —

DllW!xxxx+ 2( D12+ 2DGG)vaxyy'l' D22vayyy_ Bl6(3uvxxy+ V!xxx) - BZG(u!yyy+ 3vayy) oW, = 0 (20)

Assuming the variations in displacement for vibration response of the plates as in the former case
and making substitution into Egs. (18-20) the time-independent equations for vibration analysis are
as follows.

AU+ AggU

+ (A Ags) Vixy — 3B1sW, iy = BogW,yyy = 0 (21)

Yy Xy yyy

(AlZ + AGG) U Xy + A66V!xx + A22V!yy_ BlGWaxxx_ 3826\/\/!xyy =0 (22)

D11W!xxxx+ 2(D12 + 2D66)W!xxyy+ D22Wayyyy_ Blﬁ(BU IXXY + V!xxx)
—Bag(U,yyy* 3Voyy) — W = 0 (23)

yyy

Applying the similitude transformation to Egs. (21-23), with the consideration of complete
geometric similarity, the conditional equation for similarity among the prototypes and models is
obtained as

2 _ 2 _ 2 _ 2 _ _
CAlle - CA12Cb - CAZZCb - CAGGCb - CBlGCb - CBZGCb
= Co1= Corz= Co2= Coes™ C,Culy (24)

Similar to cross-ply laminates, this equation leads to the conditions for complete similitude
requirements as

Cat1 = Carz = Caz = Ches (25)
Cb11 = Cp1z = Cpap = Cpes (26)
CAijci = Cg;iCy, = Cpj; (27)

Again, the model can satisfy Egs. (25-27) by the same reasoning as the previous case. Thus, the
similitude invariant and scaling law for anti-symmetric angle-ply laminated plate can be written in
the same form as Eqgs. (16-17) as follows.

2 ~4
CoCulp _ 4 (28)
Cstiff

(b*0)m

wﬁ = wicstiff (29)

(b*0)p

whereCgii is either one ofC,;; CE, CgiiCp , OCp; in Eq. (27).
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5. Theoretical solutions for frequencies of vibration

In order to be able to test the recommended scaling laws, the closed-form solution of vibration
response for each case is needed. For the case of anti-symmetric cross-ply laminated plates, the
boundary condition which allows the closed-form solution is the simply-supported edge S2 (Jones
1975). Dropping the variational symbélfor the displacements and stress and moment resultants,
they are:

Alongx =0, a:
w =0, Mxx = Bllu!x_ D11Waxx_ DlZW’YY =0,
V=0, Ngy=Aju,+Apv,, —Bw,,=0
Alongy =0,b:
w =0, My =-ByV, —DiW,—Dyw,, =0,
u=0, Ny=Apu,+Ayv, +B,w,, =0

The closed-form solution for free vibration response is given in (Jones 1975) as follows.

4 2 2
1t 2T 15T 15— TopTas— Tas Tos
2 E—I-33 + 12123713 22113 11 23|:|

w = — (30)
p T11T22—T§2 O

where,

i )
T = A11D_Ef+A6e%é_Ez

| )
T = (A + Agp) % EHJBE

Ty = Bll%g

. 4 . . .
_n (o, od i cfoi of
Teg = Dusf [ + Dbﬂ +2(Dp+ 2Dg) 1 HEE

For the case of anti-symmetric angle-ply laminated plates the only available closed-form solution
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is the simply-supported boundary condition S3.

Alongx =0, a:
W =0, My, =B(Vix+ Uy) —DyyW, = DWW,y = 0,
U =0, Ny =As(Vx+Uy)—BigW,—ByW,, =0
Alongy =0, b:
W =0, My, =By(Vy+U,)—DiW,,—Dypw,, =0,
V=0, Nyy=Ag(Vx+U,y)—B1gW,—ByeW,,, =0

Note that this boundary condition differs significantly from S2 but it will not affect the principle
of similitude presented herein. The expression of vibration response, just for the purpose of
demonstrating the derived scaling law, is as follows (Jones 1975).

o = BEr , 2TeTalis—ToTig= TuTol (31)
p TyTn-T;
1l22— 112 U

where,

i )
T = All%§+AGG%§

L mio

Tz = (A + Agp) % T

Tz = —[3516%82 + Bzegub'%q%ub'g

i, A O
Ty = Azzme +A66DaD

_ 0 [ f i foio
T23 - _I:BlemaD +3BZBDbDJDaD

4
+2(Dyy + 2D60) I 0ol f

Tas = O0pD * DZZDbD

DllDaD

The fundamental frequencies of free vibration can be calculated from Eqgs. (30-31) by minimizing
w? with respect to the integernd,.
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6. Complete similitude results

Although the boundary conditions of the two cases are quite different and may not be realistic for
actual application but there are no problems in verifying the scaling laws because any boundary
condition effects will be included in the results of model experiment. If proven correctly, then one
can design experiments to simulate actual application environment rather than design them to fit the
theoretical boundary conditions as has been done in the past. Mechanical properties of three types
of materials used in this numerical study are shown in Table 1.

6.1 Cross-ply case

The scaling law in Eq. (17) can be verified by comparing the theoretical solutions to the results
from the scaling law. In case of complete similitude, a pair of model and prototype plates has to
satisfy all of the similitude requirements. As mention previously, [9/808 [(./90.], laminated
plates satisfy the similitude requirement in Egs. (13-15) if an appropriate geometric scaling factor is
selected. Thus, [0/99Rnd [Q/90;],4 laminates are selected as models and prototypes for the study
shown in Table 2. This model-prototype pair has the stiffness scaling fact@g; &2, Cg1y = 4,
and Cpj = 8. Thus, the complete similitude is achieveifis selected as 2. ThéZolumn of
Table 2 shows the theoretical fundamental frequencies of 200 mm-width model plates with various

Table 1Ply properties of composites used in this study

En Ex G Vio Ply Thickness Density
(GPa) (GPa) (GPa) (mm) (g/cn?)
Graphite/Epoxy 132 10.8 5.65 0.24 0.127 1.54
Kevlar/Epoxy 76.8 5.50 2.07 0.34 0.127 1.38
E-Glass/Epoxy 38.6 8.27 4.14 0.26 0.127 1.80

Table 2 Fundamental frequencies of anti-symmetric cross-ply plates determined from theory and similitude
Model, [0/90},  Prototype, [6/90,]4 Prototype, [@90,], Prototype, [@90,]4

Configuration 4, =200 mm) (b,=400 mmCy=2) (b,=200 mm,Cy= 1) (B, =600 mm,Cy = 3)
Materials Aspect  Theory Theory Similitude Theory Similitude Theory Similitude
Ratio (rad/s) (rad/s) (rad/s) (rad/s)  (rad/s) (rad/s) (rad/s)

1 737.7 368.8 368.8 1475 1475 163.9 163.9

Graphite/Epoxy 2 513.5 256.7 256.7 1027 1027 1141 114.1
3 489.6 244.8 244.8 979.2 979.2 108.8 108.8

1 590.8 2954 2954 1182 1182 131.3 131.3

Kevlar/Epoxy 2 415.6 207.8 207.8 831.2 831.2 92.35 92.35
3 398.5 199.3 199.3 797.0 797.0 88.56 88.56

1 443.0 221.5 221.5 886.0 886.0 98.45 98.45

E-glass/Epoxy 2 295.3 147.7 147.7 590.6 590.6 65.63 65.63
3 274.6 137.3 137.3 549.2 549.2 61.02 61.02
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aspect ratios and material properties. These theoretical solutions of models are substityteth as
the scaling law to determine the similitude fundamental frequenagjesf prototypes which are
shown in the B column. They are exactly matched the theoretical solutions presented ifi the 4
column. Therefore, the correctness of the scaling law is verified in the case of complete similitude.

A further numerical study is performed by selecting prototype laminates with different geometric
scaling factors, i.e.C,=1 and 3. With these different geometric scaling factors, the similarity
requirement in Eq. (15) is not satisfied. However, wgp is used aLq in the scaling law, the
similitude and theoretical solutions are identical. These two cases may not be considered as a
“complete” similitude cases because one of the similarity requirements is not fulfilled, however, the
scaling law gives exact solutions compared to theoretical solutions.

6.2 Angle-ply case

A similar study is performed on the anti-symmetric angle-ply laminates as shown in Table 3.
Theoretical solutions off45], laminated model plates are employed in the scaling law to predict
the fundamental frequency of the prototype plates which have similar stacking sequences but
different ply thickness comparing to the models. It can be shown that the prototype A and C are
selected such that all similarity requirements, both geometric similarity and scaling factor
requirement in Eqgs. (25-27), are satisfied but prototype B has the scaling factor that violates the
requirement in Eq. (27). Again, the scaling law works perfectly for all prototypes. The similitude
solutions are identical to the closed-form solutions. Like the cross-ply case, although the scaling
factor of prototype B does not satisfy the conditional equation, the similitude results agree exactly
with the closed-form solutions wheby; is used aLqix. Therefore, the derived scaling laws for
both anti-symmetric cross-ply and angle-ply laminates yield exact solutions for a model-prototype
pair with complete similarity. If the scaling fact@y is selected such that it does not satisfy the
similarity requirement in Eq. (15) or Eq. (27), the scaling laws still give perfect solutiGlag i
used asCgi. This is true only if there is an existing, which can be selected to satisfy the

Table 3 Fundamental frequencies of anti-symmetric angle-ply plates modeling with complete similitude

Prototype A, Prototype B, Prototype C,
Model, [£45
oS0t my  [45:4-45s [45:/-45] [45/-45].
Materials AFfpt?Ct (b=400 mm,C,=2) (b=800mm,C,=4) (b=800 mm,C,= 4)
atio
Theory Theory Similitude Theory Similitude Theory Similitude
(rad/s) (rad/s) (rad/s) (rad/s) (rad/s) (rad/s) (rad/s)
. 1 952.6 476.3 476.3 119.1 68.85 238.2 238.2
Géa%?('te’ 2 550.8 275.4 2754  68.85 57.05 137.7 137.7
poxy 3 456.4 228.2 228.2 57.05 97.44 114.1 114.1
Kevlar/ 1 779.6 389.8 389.8 97.44 56.04 194.9 194.9
Ep\(/)xy 2 448.3 224.2 224.2 56.04 46.18 112.1 112.1
3 369.4 184.7 184.7 46.18 65.11 92.35 92.35
E-alass/ 1 520.9 260.4 260.4 65.11 38.61 130.2 130.2
Egoxy 2 308.9 154.5 154.5 38.61 32.81 77.23 77.23
3 262.5 131.3 131.3 32.81 68.85 65.63 65.63
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similarity requirement. It is different from the partial similitude whereQgacan be found to satisfy
the conditional equations, as shown in the next section. The partial similitude transformation will
not result in a perfect solution for any selecizd

7. Partial similitude results

For some cases, it is impossible to get a complete similarity between the model and the prototype.
This does not mean that the scaling law is useless. If some similarity conditions are ignored, it is
still possible to apply the scaling laws to obtain results with reasonable accuracy by using an
appropriateCg. This similarity condition is called “partial similitude”. However, the accuracy of
the similitude theory is expected to be compromised. If the error is estimated and found to be
sufficiently low, the concept of partial similarity will give much more flexibility to design
experiment to fulfill the objective.

7.1 Cross-ply case

7.1.1 Distortion in stacking sequences

Occasionally, it is impractical to choose a model which has complete similarity for a particular
prototype. The partial similitude is applied in this case by adopting the most appropriate model and
relaxing some similarity requirements. Numerical studies of the partial similitude are shown in Table 4
where various [0/9@] prototypes are modeled by [0/9Ghodels. The stiffness scaling factors for
this pair of stacking sequences &g =Cg1=2 and Cp; =8. It is not possible to fulfill the
similarity requirement in Eq. (15), thus, it will be ignored &g is used a£ly; in the scaling law
instead. Results from the scaling law are not exactly conformed to the theoretical solutions. The
similitude results deviate from the closed-form solution by less than 1.5% as shown in the “%Disc”

Table 4 Fundamental frequencies of anti-symmetric cross-ply plates with partial similitude in stacking

sequences
Model, Prot 0/9 Prot 0/9 Prot 0/9
Oy (b 2200 [Cb - ) (b . Zggprfr’n[cb iy 2 et %eﬁw[oo A 3)

Materials Asgt?gt (b=200 mm) ’ ; ,

Theory Theory Similitude %  Theory Similitude %  Theory Similitude %
(rad/s) (rad/s) (rad/s) Disc (rad/s) (rad/s) Disc (rad/s) (rad/s) Disc

1 7377 1492 1475 -1.11 3730 3688 -1.11 1658 1639 -1.11
Géa'gh'te/ 2 5135 1039 1027 -120 2599 2567 120 1155  114.1 —1.20
POXy 3 4806 9916 9792 -124 247.9 2448 -124 1102  108.8 -1.24
o) L 500.8 1196 1182 -1.22 2991 2954 -122 1329 1313 —1.22
Ef)oiy 2 4156 8420 8312-128 2105 207.8 -128 9355 92.35 -1.28
3 3085  807.6 797.0-131 2019 1993 -1.31 8974 8856 —1.31
c sy 4430 8911 886.0-0566 222.8 2215-0566 99.01  98.45 —0.566
E'g(f‘xsf 2 2953 5945 590.6 -0.645 1486  147.7 -0.645 66.05 65.63 -0.645
3 2746 5530 549.1-0.693 1382  137.3 -0.693 6144  61.02 -0.693




Scaling laws for vibration response of anti-symmetrically laminated plates 357

columns. The percent discrepancy is calculated from:

Similitude— theory><
Theory

100%

It should be noted that the discrepancy percentage is dependent on the type of material and aspect
ratio but is independent on geometric scaling factor.

Another study is shown in Table 5 where the fundamental frequencies of theq[pré@dtypes
are predicted using models with different number of plies. The stiffness scaling factors for each
model-prototype pair are shown in th¥ 2olumn. It is noticed that the stiffness scaling factors are
separated into a group @,; and Cg; and a group ofCy;. The next column is the theoretical
fundamental frequency of each model. They are used to model the frequency of thg [0/90]
prototype and the similitude fundamental frequency is shown in"theoldmn. WhenCyp; is used
as Cg, the similitude fundamental frequency converges to the theoretical solution as numbers of
plies approacm = 40. The discrepancies shown in colunithabe lower when number of plies of
the model approaches the number of plies of the prototype. The percent discrepancy is less than 2%
if the model has at least 8 plies< 4). The percent discrepancies are plotted versus valueanaf
shown in Fig. 1. They converge to zero as the thickness of the model approaches thickness of the
prototype.

Therefore, although some model-prototype pairs may not have stacking sequences that entirely
satisfy the similitude requirements, some similitude requirements can be relaxed to allow the
implementation of the scaling law. The discrepancy induced is considered low for the model-

Table 5 Modeling of [0/9Q}, graphite/epoxy laminates from [0/Q0&minates (400 x 400 mmplates)

. , Theoretical Similitude fundamental . :
Value ofn Stlﬁhg;itgrcallng fundamental frequencies of [0/9Q] using %Taggr' e(t:ig;?%%r:ngfto
in [0/90], Cai and Cayt - Cop frequencies of [0/90], as model and 18716 rad/§
/ Bl Dij [O/90]n (rad/s) Catirf = CDij
1 40 : 64000 34.08 1363 -27.2
2 20 : 8000 87.93 1759 -6.04
3 13.33: 2370 136.7 1822 -2.63
4 10 : 1000 184.4 1844 -1.46
5 8:512 231.8 1854 -0.929
6 6.67 : 296.3 278.9 1860 -0.640
7 5.71:186.6 326.0 1863 —-0.466
8 5:125 373.0 1865 -0.353
9 4.44 : 87.79 420.0 1866 -0.276
10 4:64 466.9 1867 -0.220
15 2.67 : 18.96 701.2 1870 -0.0897
20 2:8 935.4 1871 —-0.0440
25 1.6 : 4.096 1169 1871.2 —-0.0229
30 1.33:2.370 1404 1871.4 -0.0114
35 1.14 :1.493 1638 1871.5 -0.0045

40 (Prototype) - 1871.6 - -
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Fig. 1 Percent discrepancies in prediction of [Q/9plates from Table 5 and [45I5],, plates from Table 9

prototype pairs in this study. Models with low numbers of ply also facilitate the design and
economics of experiments.

7.1.2 Distortion in material properties

To economize the experimental cost, a cheaper material can be used to model the expensive
prototype. For example, graphite fiber or Kevlar fiber composites are modeled by E-glass/epoxy
laminate which is cheaper. To study the effect of the material property distortion, stacking sequences
of the model and prototype are selected such that the complete similitude is achieved if they were
made from the same materials. Table 6 shows the stiffness scaling factors of the prototypes using
[0/90], E-glass/epoxy as a model. The prototypes ag®@), plates withb =400 mm and [0/9Q]
plates withb=200 mm. The discrepancies between the results from similitude theory and the
closed-form solution are shown in Table 7. They are in the rang&28b to—-20% which are high
as compared to results from the previous partial similitude model. The relatively high discrepancy is

Table 6 Stiffness scaling factorS,f, Cgij, Cpj) of various prototypes

Stiffness of E-glass/ Stiffness scaling factor<yj, Cgjj, Cpjj) of prototype
epoxy model, Graphite/epoxy, Graphite/epoxy, Kevlar/epoxy, Kevlar/epoxy,
[0/90L, [02/90,]4 [0/90], [02/90,]4 [0/90],

An 24.16 6.034 3.017 3.490 1.745
A 2.217 2.387 1.194 1.728 0.8642
Ags 4.206 2.729 1.365 1.000 0.5000
Bu -0.9928 15.83 3.957 9.344 2.336
D 2.078 24.13 3.017 13.96 1.745
D12 0.1907 9.549 1.194 6.914 0.8642
Des 0.3618 10.92 1.365 4.000 0.5000

Note : A; in GPa-mmBy;in GPa-mmi, Djj in GPa-mm
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probably the result of the non-uniform stiffness scaling factors. Unlike studies in Tables 4 and 5,
each flexural stiffness scaling factOg; are not identical. Some of them are three times as much as
the others, e.gCp11 and Cpgg Of the Kevlar/epoxy prototype. The equality of the stiffness scaling
factors is required for similarity condition. So, the distortion in material properties in the partial
similitude model is applicable if the degree of non-uniformity of the stiffness scaling factors is kept
at minimum.

7.2 Angle-ply case
7.2.1 Distortion in stacking sequences
A similar study to that of shown in Table 4 is performed for angle-ply laminated and presented in

Table 8. £45]s laminates with different dimensions are modeled b¥5], laminated plates. The
stiffness scaling factors of this laminate pair &g =2, Cg; =2 andCp; = 8. Like the cross-ply

Table 7 Modeling of [#90,], graphite/epoxy and Kevlar/epoxy laminates from E-glass/epoxy laminates

Theoretical %Discrepancy of similitude fundamental frequency compared to
frequencies in rad/s closed-form solutions
Aspect £ 10/90 - -
Ratio of [ b Graphite/epoxy Graphite/epoxy  Kevlar/epoxy Kevlar/epoxy
E-glass/epoxy [02/905] [0/90], [02/905] [0/90],
(b =200 mm) (b=400 mm) (b=200mm) (b=400mm) (b= 200 mm)
1 443.0 -13.2 -13.2 -12.8 -12.8
15 328.9 -14.9 -14.9 -14.9 -14.9
2 295.3 -16.8 -16.8 -17.4 -17.4
2.5 281.5 -18.1 -18.1 -18.9 -18.9
3 274.6 -18.9 -18.9 -19.9 -19.9

Table 8 Fundamental frequencies of anti-symmetric angle-ply laminates modeled with partial similitude in
stacking sequences

Model, g45], Prototype, £45] Prototype, £45) Prototype, £45]s
Aspect (b=200mm) (b=200 mm,Cy,=1) (b=400 mm,C,=2) (b =600 mm,Cy,=3)

Ratio Theory TheorySimilitude %  Theory Similitude %  Theory Similitude %
(rad/s) (rad/s) (rad/s) Disc (rad/s) (rad/s) Disc (rad/s) (rad/s) Disc

Materials

1 9526 1930 1905 -129 4825 4763 —129 2145 211.7 —1.29
Géa%h“e/ 2 5508 1116 1102 -124 2789 2754 -124 1239 122.4 -1.24
POy 3 4564 9239 0129 -120 2310 2282 -120 1027 1014 -1.20
oo L 7796 1580 1550 —1.34 3951 389.8 -134 1756 1732 -134
E%Oiy 2 4483 9086 8967 -131 2272 2242 -131 1010 99.63 -1.31
3 369.4 7484 7388 -128 1871 1847 -128 8316 82.09 -1.28
1 5209 10495 1042 -0.742 2624 2604 -0.742 1166 1157 ),
E-glass/ _ _ -
oo 2 3089 6221 6178 0693 1555 1545 -0.693 6912 68.65 .
3 2625 5284 5250 -0.645 1321 1313 —0.640 5871 5834 _

0.645
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Table 9 Modeling of445],, graphite/epoxy laminates from45], laminates (400 x 400 ninplates)

Similitude fundamental

Stiffness Scalin Theoretical . % Disc. Comparing to
Yﬁ“ffagin Factor gfundamental frequenciestSeiﬂzegzgs ;;i{rig]é?al Theoreticaﬁ) SoI.g
- Cajj andCg; : Cpjj of [£45], (rad/s) n- of 2422.4 rad/s
and Cyitr = Cpjj
1 40 : 64000 41.07 1643 -32.2
2 20 : 8000 112.7 2253 -6.98
3 13.33: 2370 176.2 2349 -3.03
4 10 : 1000 238.2 2382 -1.69
5 8 :512 299.6 2397 -1.07
6 6.67 : 296.3 360.7 2405 -0.736
7 5.71:186.6 421.7 2409 -0.536
8 5:125 482.5 2413 -0.406
9 4.44 : 87.79 543.3 2415 -0.317
10 4:64 604.1 2416 -0.254
15 2.67 : 18.96 907.5 2420 -0.103
20 2:8 1211 2421 -0.051
25 1.6 : 4.096 1514 2422 -0.026
30 1.33:2.370 1817 2422 -0.013
35 1.14 : 1.493 2120 2422.3 —-0.0052
40 (Prototype) - 2422.4 - -

laminates, this group of stiffness scaling factors does not yield a ufigubat satisfies the
similarity conditions in Eqg. (27). The concept of partial similitude is adopted by relaxing the
requirement and selectin€p; as Cgir. The scaling law yields the similitude fundamental
frequencies which are less than 1.5% different from the theoretical solutions. Once again, the
percent discrepancies are independent of the geometric scaling fagtor§hus, only small
discrepancies are induced for angle-ply model-prototype pairs which satisfy the similarity
requirements in Egs. (25-26), but does not satisfy the requirement in Eq. (27).

Table 9 presents a study for the angle-ply laminates similar to those of the cross-ply laminates in
Table 5. Several{45], laminated plates are employed as a model to simulate: #%,4 plate. It is
notice that, like the case of cross-ply plate, the stiffness scaling factors are separated into two
groups. The percent discrepancy is less than 2% if the model is at least eight plies. The plot of the
percent discrepancy, which is similar to that of the cross-ply case, is shown and compared to the
cross-ply case in Fig. 1.

7.2.2 Distortion in material properties

The effects of distortion in material properties for angle-ply laminates are presented in Tables 10
and 11. Table 10 shows the stiffness scaling factors of each model-prototype pair. It is noticed that
the degree of non-uniformity of th€p; is less pronounced comparing to the case of cross-ply
plates. Because of the more uniform flexural stiffness scaling factors, the partial similitude model in
this case yields lower percentage of discrepancy. Therefore, a model with different material
properties can be used to simulate the behavior of the prototype. The degree of discrepancy can be
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Table 10 Stiffness scaling factoiG,(, Cgj, Cp;j) of various prototypes

Stiffness of model Stiffness scaling facto@( Cgj, Cpjj) of prototype
E-glass/epoxy, Graphite/epoxy,  Graphite/epoxy, Kevlar/epoxy, Kevlar/epoxy,
[45/-45], [45,/-45)]4 [45/-45], [45,/-45)]4 [45/-45],
A 17.39 5.002 2.501 2.776 1.388
A 8.982 7.131 3.566 4.439 2.219
A 17.39 5.002 2.501 2.776 1.388
Ass 10.97 6.402 3.201 3.668 1.834
Bis -0.4964 15.83 3.957 9.344 2.336
Bos -0.4964 15.83 3.957 9.344 2.336
D1 1.496 20.01 2.501 11.10 1.388
D> 0.7726 28.52 3.566 17.75 2.219
D2 1.496 20.01 2.501 11.10 1.388
Des 0.9438 25.61 3.201 14.67 1.834

Note : A; in GPa-mmBy;in GPa-mn4, D; in GPa-mm

Table 11 Modeling of angle-ply graphite/epoxy and Kevlar/epoxy laminates from E-glass/epoxy laminates

%Discrepancy of similitude fundamental frequency compared

Fundamental frequency to closed-form solutions

Aspect in rad/s of [45+45],,

Ratio E-glass/epoxy Graphite/epoxy Graphite/epoxy Kevlar/epoxy  Kevlar/epoxy
(b = 200 mm) [45,/-45,], [45/-45], [45,/~45,], [45/-45],

(b=400 mm) (b=200 mm) (b=400mm) (b= 200 mm)
1 520.9 -0.525 -0.525 -0.294 -0.294

15 368.4 0.438 0.438 0.872 0.872

2 308.9 2.03 2.03 2.82 2.82
2.5 279.3 3.48 3.48 4.60 4.60
3 262.5 4.64 4.64 6.04 6.04

kept at minimum by selecting a model-prototype pair with the most uniform flexural stiffness
scaling factors.

7.2.3 Distortion in fiber angles

The possibility of using the model with different fiber angles from that of the prototype is studied
and shown in Tables 12 and 13. Laminated plates wi#b]} stacking sequence are employed to
model 0], laminates, wheré®= 15", 3(°, or 60. Similar to the previous studies, Table 12 shows
the stiffness scaling factors for all model-prototype pairs. It is observe€ghaof the [ 15], and
[+30], prototypes andCp,, of the [ 60], prototypes are relatively higher than other flexural stiffness
scaling factors. From the previous case experience, this highly non-uniform stiffness scaling factors
suggest that this distorted model should not yield good results. The hypothesis is confirmed in the
studied as shown in Table 13. The range of similitude discrepancies are bet®e9 and 67.9%
in all cases of study. So, the patrtial similitude with distortion in fiber angle is not recommended.
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Table 12 Stiffness scaling factoiGaf, Cgj, Cpj) of graphite plates with different fiber angles

Stiffness of model, Stiffness scaling factor<C, Caij, Coijj)
[+45], [+15], [+30] [£60],
Aqq 43.51 2.738 1.880 0.4579
A 32.0 0.3120 0.7707 0.7707
Ay 43.51 0.2751 0.4579 1.880
Ass 35.12 0.3726 0.7909 0.7909
Big -1.964 0.9113 1.277 0.4547
Bog -1.964 0.0887 0.4547 1.277
D1 3.742 2.738 1.880 0.4579
Dio 2.755 0.3120 0.7707 0.7707
Doo 3.742 0.2751 0.4579 1.880
Des 3.021 0.3726 0.7909 0 .7909

Note : A; in GPa-mmBy;in GPa-mni, D;j in GPa-mm

Table 13 Modeling of46], graphite/epoxy plates front45], plates Ip = 200 mm)

Theoretical Prototype, £15], Prototype, £30], Prototype, £60],

Aspect  Solution of o - -
Ratio [+45),Model Theory Similitude %  Theory Similitude %  Theory Similitude %
(rad/s) (rad/s) (rad/s) Disc (rad/s) (rad/s) Disc (rad/s) (rad/s) Disc

1 952.6 802.1 9159 142 9045 940.6 399 9045 940.6 3.99
15 667.3 462.6 641.6 38.7 5791 658.9 138 700.0 658.95.88
2 550.8 344.6 529.6 53.7 4515 543.8 205 61938 543.8-12.3
25 491.1 491.1 472.2 -3.86 386.7 484.9 254 580.3 4849 -16.4
3 456.4 261.4 438.8 679 3489 450.6 20.1 5581 450.6-19.3

8. Conclusions

The authors have employed the similitude transformation to the governing equations to establish
the similitude invariants and the scaling laws for the vibration response of the anti-symmetrically
laminated plates. For all cases of complete similitude, the predicted fundamental frequencies of the
prototypes using the data of the models from theory substitute into the scaling laws have shown
exact agreement with the theoretical results of the prototypes.

In certain situation, it is not feasible to fulfill complete similarity, then one might relax certain
conditions in the scaling laws to enable the construction of the test model or to economize the
costly experiment. However, employing partial similitude is allowed, providing that the complete set
of similitude criteria is known on the basis of the mathematical model and the error caused by
disregarding certain criterion can be assessed theoretically beforehand. Otherwise, complete
similitude must be fulfilled. By using distortion model in stacking sequences, the results show very
good agreement when the number of plies is equal to or greater than eight. The distorted models in
laminate material properties also show the capability of predicting the frequencies of the prototypes.
This means that the scaling laws allow the flexibility in choosing cheaper materials for the models,
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if selected properly. However, the distortion model in fiber angle does not yield good agreement
between similitude and theoretical solutions because of the highly non-uniform stiffness scaling
factors. Thus, the model with different fiber angle from the prototype should not be used in the
experiments.

During the process of deriving the scaling law, it is noticed that the boundary condition is not
limited to a particular condition. This implies that the derived scaling law is applicable to all
boundary conditions because the effects of the boundary conditions will be included in the test data
of the models. Thus, it is able to design an experiment to simulate actual application on a model
and predict the behavior of the prototype from the scaling laws rather than to simulate the
theoretically available boundary conditions. The merit of the method is very beneficial to other
types of structural geometry whose available solutions are not capable of predicting the test results
accurately enough. For example, by conjecturing that the imperfection effect is the same for both
prototype and model, one can simulate the sensitivity of imperfection effect of cylindrical shells
subjected to axial compression. The scaling law can also be applied to verify the accuracy of the
numerical methods such as the finite element and boundary element methods.
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Notation
a . plate length
A . laminate extensional stiffnesses
b . plate width
B : laminate coupling stiffnesses

C : similitude scaling factor matrix
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. similitude scaling factors

. laminate flexural stiffnesses

: Young’s moduli of elasticity

. total laminate thickness

. differential or algebraic operator

. variation of moment resultant

. variation of stress resultant

: model

: number of half waves

. prototype

. transformed reduced stiffness coefficient
. plate aspect rati@/b = 1

: mass density

. natural frequencies of free vibration

: variation of middle surface displacements
: vector of model variables

: vector of prototype variables

: rectangular coordinates

: zcoordinate of the bottom of"Kayer





