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Abstract

The propagation of thermal uncertainty in compositactures has significant computational
challenges. This paper presents the thermal, pltiend material uncertainty propagation in
frequency responses of laminated composite platesniploying surrogate model which is
capable of dealing with both correlated and undated input parameters. The present
approach introduces the generalized high dimenkiomadel representation (GHDMR)
wherein diffeomorphic modulation under observaldsponse preserving homotopy (D-
MORPH) regression is utilized to ensure the hidnaad orthogonality of high dimensional
model representation component functions. The ss&ighrange of thermal field includes
elevated temperatures up to 375K and sub-zero t@&types up to cryogenic range of 125K.
Statistical analysis of the first three naturalgfrencies is presented to illustrate the results
and its performance.

Keywords: A. Laminates; B. Vibration; C. Computational mobohg; C. Statistical
properties/methods; Thermal uncertainty

1. Introduction

Composite materials are being increasinglyizetil in aerospace applications due to high
strength, stiffness, light weight and tailorablegerties. They may be exposed to variation in
environmental (hot or cold) conditions during tlegvice life such as aircraft wing made of

composite materials experiences a wide range gbeesture variation from take-off to level-
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thermal environments produce uncertain responsalenaminated composite structures.
Hence the thermal condition has significant effeat the frequency characteristics and
performance of composites. The natural frequencygarhposite structure under different
thermo-mechanical loading conditions relies onsiistem parameters. The uncertainties of
input parameters such as temperature, ply oriemtaingle and material properties lead to the
uncertainties in the natural frequency of the cositgostructures. The stochasticity in the
system’s input parameters are considered in thsasdfor both individual and combined
variation of inputs) so that the anticipated regmocan be turned out to be safe for the
structure. Such engineering problems need to effity establish the correlation between
high dimensional input parameters and interesteédubuguantities. These structures can be
characterized by probabilistic model using the $nsat of input data obtained from
laboratory/field test or numerical simulation.

The free vibration of laminated plates with effe€environment has been considered
earlier by Whitney and Ashton [1]. The effect oive@anments on the material properties of
composites was studied by many researchers, fongea Strife and Prewo [2] and Bowles
and Tompkins [3] and Seng et al. [4]. Ample pulddhwvork is found on deterministic
buckling analysis in conjunction to thermal and toggermal behavior [5-12]. The concept
of random vibration is exhaustively utilised in ngaangineering application [13-15]. Most of
the literatures are deterministic in nature, whimtks in portraying the probable deviation
caused by random input parameters. Due to presehtarge number of inter-dependent
factors in production of composites, the systenutnparameters are generally random in

nature. The allowable responses for conventionakmnad is expected to be close to their
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process in sensitive applications, the allowablgpoases are normally found to scatter
widely with respect to the mean values. The knogéedf input variabilities and
corresponding range of stochastic responses mag seicontrol the purposes of lightweight
design, which is one of the important charactesstor composites. Therefore the efficient
computational modelling and analysis is needed idensg randomness in material
properties and ply orientation angle including #féect of thermal uncertainty to ensure
optimization, operational safety and reliabilityuch issues can be addressed by employing
probabilistic method, which quantifies the uncentiais in frequency responses.

The novelty of the present study includes the sisttb analysis of natural frequencies
for laminated composite plates subjected to unicertaermo-mechanical loading. A
surrogate model is employed by using the generhlitgh dimensional model representation
(GHDMR) approach wherein D-MORPH (Diffeomorphic Muodtion under Observable
Response Preserving Homotopy) regression is emgblaye ensure the hierarchical
orthogonality of HDMR component functions [16]. Riam sampling high dimensional
model representation (RS-HDMR) was employed foreutainty quantification of natural
frequency in composite plates considering threatigarameters namely fibre-orientation
angle, elastic modulus and mass density [17], whehe input parameters are independent
to each other. In contrast, investigation is alsoied out with a new element for laminated
composite plates [18] while stochastic modelinguoidirectional composites is studied
considering delamination [19]. In the present stuthg sources of uncertainty for natural
frequency are considered as layer wise variatiomaterial properties, ply orientation angle

and temperature. Material properties of fibre mioéd composites are temperature
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response using conventional high dimensional madpltesentation (HDMR) approach
(different variants of HDMR can be found in avalkatiterature such as Cut-HDMR [20],
RS-HDMR [21], mp-Cut-HDMR [22], Multicut-HDMR [23]Ip-RS-HDMR [24] depending
primarily on sampling scheme [16]. The present GHDkhN efficiently take care of both
independent as well as co-related input parametaisr a relaxed vanishing condition. The
extended bases are used as basis functions toxappted HDMR component functions and
D-MORPH regression is used to determine the caeffis in the GHDMR algorithm. The
application of GHDMR is the first attempt of itsnki in realm of laminated composites to
take into account the effect of both non-correlaad/or correlated input parameters. In the
present study, a random variable approach is eraglog conjunction to finite element
formulation to figure out the random eigenvaluehbtean. The numerical results are shown
for first three natural frequencies with individumhd combined layerwise variation of the
stochastic input parameters. The present probabiéipproach is validated with Monte Carlo
simulation wherein a small random variation is ¢deed as tolerance zone.
2. Governing equations

Consider a laminated composite cantilever plagefurnished in Figure 1(a,b) with
thickness t’ consisting ofh number of thin lamina, the stress strain relationtge presence

of temperature can be represented as [25]

o, (CT)) (311(5)) (512 (CT)) 616(5)) g;’ - eI (&})
0,(@) ;= Qu(@) Qu(@) Qu(d |18y - & () (1)
Tyy (@) Qo(@) Qu(@) Qg Yoy = er (@)

and



where,o,, 0, 1,,.7,,, T, are normal and shear stresse$; €7, V. Vx.. V,, are normal

and shear strains. The, €],

e, values are the thermal strain components due to
temperature inx -y reference axes, which are derived from the cormdipg values in the

fiber axes after applying the transformations esped as

e (&) Co8(&) Sinte(&)
('@} =@, = Sinte(®) Cog8(&) al}m(a)) 3)
& (@) —2CosA(@)Sind(@)  2Sind(@)CosB(@) | 2

where, (&) indicates the randomness of the correspondingabias anda,, a, are the
thermal expansion coefficients of lamina in londihal and lateral directions and their
values are considered as-03x10°/K and 281x1C° /K, respectively.
AT (w) =T(w) - T, (@), whereT, (@ )is the reference variable temperature in KelVins
exposed random temperature in Kelvin. H&#&x dehotes the random ply orientation angle

of the lamina with reference ta-axis. The non-mechanical in-plane stress and mbmen

resultants due to thermal environment are expreased

N (@) .
Nty(f[)) = 2 I[QJ (&'))]k [eT (&'))]k dz wherei,j=1,2,6 4)
NG@)|

M (@)

n

and {M' (@) = zf[q(a))]k[eT(cT))]k zdz  wherei,j=1,2,6 -
ML@|



1)y =[DWW)h & =1k (W)s (9)

where

{F(@)}=[N,(@) Ny(@) Ny(@) M (@) M@ My(0) Q(x) Q)] (7)

AU@ A@ Ad@ Bu(@ Bo@ Be@ O 0
AY@) An(@) Au(@ Bu(@) Bo@) Bu@ O 0
AN@ Ad(@ Au@) Bo(@) Bu@ By@ 0 O
-~ Bll(a)) Blz(&)) Blﬁ(&}) Dll(&}) Dlz(a')) Dle(a)) O O
DI g (@) Bp@ By(@ Du@ Dp@ Du@ 0 0 ®)
Blﬁ(c—;)) BZG(@) BGG(&T)) Dlﬁ(a)) DZG(@) DGG(C—Z)) O O
0 0 0 0 0 0 544(67)) 845(67))
(0 0 0 0 0 0 S8 S@

The non-mechanical loads due to uncertain theroadition
{F' (@)} =[N} (@) Ny (@) N (@) M (@ M(@) M, (@ 0 0] 9

{‘9} = [‘9:() £ y)?y kx ky kxy y)?z y;z ]T (10)

y

The stiffness coefficients are defined as [28]

n 4 _ o
[A (@), B (@), D, (@)] = I[Qij (@) [L z Z’]dz wherei,j=1,2,6 (11)
k=l z,,
n 4
and  [S(@D]=ay). [[Q(@)] dz  where,j=4,5 (12)
k=1 Z
where a__.is the shear correction factor and is assumed 633[6,{ (w)] in above equation

scf
(11) and (12) is defined as

[Q; (@] =[T, ()] [Q; (@] [T fori,j=1,2,6 (13)

[Q; ()] =[T, ()] [Q (@] [To(@)] " fori,j=4,5 (14)
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and 1T (o< COE@) ~ Sind(&) ]
[T, (@)]= Sing(&) CosH(@) |
Q@) Q@ O
[Q (D] =| Q@) Qu(@w) 0 fori,j=1,2,6
0 0 Q@)

Qu(@ 0

and [Qu(a;)]k{ 0 o

} fori,j=4,5

where Q, are the in-plane element of the stiffness matment-Hamilton’s principle [29], the
dynamic equilibrium equation (for free vibratiorgrcbe expressed as [30, 31]

[M(@{S} +[K(@)] {a}=0 (15)
where M (w)and K, (w)are element mass and stiffness matrices, respbctivéere

[Ke(@)] =[K (@] +[K

ela

(w)] as the sum of element elastic stiffness mgtidx, (0 andl

geo
geometric stiffness matriﬁngo(cT) JJAfter assembling all the element matrices andiohee

vectors with respect to the common global coordisathe resulting equilibrium equation is
formulated. Considering randomness of input pararselike temperature, ply-orientation
angle, elastic modulus etc., the equation of motafnfree vibration system after of

assembling witm degrees of freedom can expressed as

[M(@][J] +[K(@]{3} =0 (16)
wherg 0 } denotes the vector of generalized coordinates.gblrerning equations are derived
based on Mindlin’s Theory [32] incorporating rotanertia, transverse shear deformation.
The random natural frequencias,[«)] can be calculated employing standard eigenvalue

problem [33] and by solving the QR iteration al¢fum. In the present study, an eight noded
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Ni=(1+EE ) (L+cei) (€S +ca —1)14 (fori=1,2,3,4) (17)
Ni=(1-¢2) 1 +¢c¢i)/2 (fori=5,7) (18)
Ni=(1-c%)(L+EE) /2 (fori =6, 8) (19)

where¢ and¢ are the local natural coordinates of the elemBme element stiffness matrix is

given by
+1+1

[K (@)= [ [[BI"[D(@)][B][J.]dédg (20)

-1-1

where, B] is the strain displacement matrix af@(« i§] the random stress-strain matrix.

The strain displacement matrixBJE[[B1], [B2], . . . .. . .. Bs]
_Ni,x 0 0 0 0 |
0 N, 0 0 0
N, N, 0 0 0
B1= 0 0 0 N 0
[BI=], 0 0 0 N., (1)
Ni,y - Ni,x O Ni,y Ni,x
0 0 N N, 0
0 0 N, 0 N,
The element mass matrix is obtained from the ladegr
+1+1
[M.(@)]= [ [INI"T(@I[N][ I Jdéd¢ (22)

-1-1
where, N] is the shape function matrix anfgp(cc ) the random inertia matrix. The
derivatives of the shape functiol with respect to x, y are expressed in term ofrthei

derivatives with respect tdand ¢ by the following relationship



3. Formulation of GHDMR

The general high dimensional model represemtdttHDMR) is important because in real
practical applications, the variables are ofterralated, for example, the cases wherein the
input variables have some relations between theere Helation can be deterministic or
stochastic. For instance, large values of certgut variables may imply large or small
values of some other stochastic input variableschSelation may be controlled by some
known or unknown distributions. These correlatians implicitly contained in the collected
samples in practice. The GHDMR can construct agropodel for prediction of the random
output (say natural frequency) in the stochastimaio. The present approach can treat both
independent and correlated input variables, antudes independent input variables as a
special case. The role of D-MORPH is to ensurectraponent functions’ orthogonality in

hierarchical manner. The present technique decoesptiee functiond % Wwith component
functions by input parameter§,= (S, S, ,.. .,S, - As the input parameters are independent

in nature, the component functions are specificatyjected by vanishing condition. Hence,
it has limitation for general formulation. In coast, a novel numerical analysis with
component functions is portrayed in the problempoésent context wherein a unified
framework for general HDMR dealing with both coateld and independent variables are

established. For different input parameters, thewius calculated as [16]

AS)= A + 2A0) + PASS) + o (S Sl (24)

1gi< | <kk

A(S) = Z/‘u () (25)

u kk



Ay w(SLS, ..., Sy ) indicates the residual contribution by input parterse The subset

ull {1,2,.. . .,kk} denotes the subset whauél kk for simplicity and empty set/ [Ju. As

per Hooker’s definition, the correlated variables expressed as,

(A, (S,1u DK} = ArgMIn e s | [Zgu (S)) —A(S)j W(S)dS  (26)

Oubkk, Oi0u , [A(S)wS)dsds, =0 (27)
and

VO u, 0, [A(S)9(S)WS)dS = (A(S).9,(8)) =0  (28)

The function A § tan be obtained from sample data by experimentsyanodelling. To
minimise the computational cost, the reductiont® squared error can be realised easily.
AssumingH in Hilbert space is expanded on the basis K, . . . , i}, the bigger subspace
H (DH) is expanded by extended basis,{r, . . . , i has1, . . ., ). Then H can be

decomposed as

H=H OH" (29)

where H" denotes the complement subspace (orthogonal [#4] within H . In the past
work [35-37], the component functions are calcudt®m basis functions. The component

functions of Second order HDMR expansion are esgchtom basis functionsp  &s [21]

kk

A(S) = X a” ¢/(S) (30)

r=1
|

A(S,S) = 2la! " gi(S) +ai” ¢S] + 228" #:(S)44(S) (31

p=1g=1

10



equation system
rJ=R (32)

where /~ denotes a matrix x 1) whose elements are basis functions at the..,

samp

values ofS: Jis a vector witht dimension of all unknown combination coefficient%;is a

vector with N_,_-dimension whereinl -th element isA(S”) - A,. S" denotes thd -th

samp
sample ofS, and A, represents the average value of 58" . The regression equation for

least squares of the above equation can be exdrasse

e IR - (33)

samp samp
Due to the use of extended bases, some rows athibnee equation are identical and can be

removed to give an underdetermined algebraic eguatistem

A

Al =V (34)
It has many of solutions fod composing a manifoldy JO° . Now the task is to find a

solution J from Y to force the HDMR component functions satisfyiig thierarchical
orthogonal condition. D-MORPH regression providess@ution to ensure additional
condition of exploration path represented by défgral equation

i) _

q v =0c- A" A V() (35)

wherein y denotes orthogonal projector ensuring
=y and xy =y (36)

X=X=xx (37)

11



v(l) = 38
Q) 3] (38)
Then we obtain
Ok(J()) _ (OK(J (|))jT 3J() :(OK(J (|))jT Py(l)
al 0J ol 0J
a3 ())) (5 0k 9
__(p9xQ1) | (o« ())j <0
0J 0J
The cost function can be expressed in quadratio s
_ 1.
k==J BJ (40)
2
whereB denotes the positive definite symmetric matrix apdcan be expressed as
3, =V, (UL Vo) UL AV (41)

where the last column@ —r) of U andV are denoted a8l andV;_ which can found by

r

decomposition ofy B [38]

_ulS Oyt
)(B—U{O O}v (42)

This unique solution] in Y indicates the minimized cost function. D-MORPHresgion is

used to find theJ which ensures the HDMR component functions’ ortradity in
hierarchical manner. The construction of the c@oesling cost functiork can be found in

previous literature [16].
4. Random input representation
The random input parameters such as ply-orientatigie and temparature in each layer of

laminate are considered for composite cantilevategl It is assumed that the distribution of

12
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(b) Variation of longitudinal elastic modulesly: E (w) ={E,, E,, Eq-...... Epy- By}
(c) Variation of shear modulus only: G,,(@) ={G1,) Giaz) Gixg - Gizy:- Cuay}
(d) Variation of temperature only: T(@)={Ty Ty T, T Tt

@ V@ (i) e

(e) Combined variation of ply orientation angleastic modulus, shear modulus and

temperature: [6,E,,G,,, T(&)] =[(6.-8), (Ey--Eyy), (Gray - Gray) (T Try) |

where8;, Eig), Giog and Ty are the ply orientation angle, temperature, resgdyg and 1’
denotes the number of layer in the laminate. Insgmé study,+5° variation for ply
orientation angle, + 10% volatility in material properties and 25K tolerance for
temperature, respectively are considered from tiesipective deterministic values. Figure 2
presents the flowchart of frequency responses UGSIHOMR with D-MORPH. It is worth

mentioning that material properties such &sand G,are considered as temperature

dependant in the present study. Thus in case otdnebined variation of ply orientation
angle, elastic modulus, shear modulus and temperatarrelated input variables are needed

to be mapped for natural frequencies as discussselciion-1.

5. Results and Discussion

The present study considers four layered greygpoxy angle-ply {°/-6°/6°/-6°)] and
cross-ply (0°/90°/0°/90°) composite cantilever ptat An eight noded isoparametric plate
bending element is considered for finite elementidation. Due to paucity of space, only a
few important representative results are furnisfedhle 1 presents the convergence study of
non-dimensional fundamental natural frequenciethade layered graphite-epoxy untwisted

composite plates [39]. Table 2 presents the noredsional natural frequencies for simply-

13
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temperaturd=300K and thicknest=0.004 m, the deterministic values of material prtips
are considered aB;=E,=15.4 GPay=0.43, G1=G13=G»3=3.56 GPap=1660 kg/rﬁ. The
present GHDMR methodology is employed to find adpive and representative surrogate
model relating each natural frequency to a numbeénput variables. The present surrogate
models are used to determine the first three niaft@g@uencies corresponding to given values
of input variables, instead of time-consuming deiarstic finite element analysis. The
probability density function is plotted as the bemark of bottom line results. Due to paucity
of space, only a few important representative tssare furnished. The variation of
temerature is scaled in the range with the lowerthe upper limit (tolerance limit) as +25K
with respective mean values while for ply orierdatangle as within +5° fluctuation (as per
standard of composite manufacturing industry) wispective deterministic values. Both

angle-ply and cross-ply composite cantilever platesconsidered for the present analysis.

Table 1 Convergence study for non-dimensional fundamemaaliral frequenciesofFo, L2
V(p/Ext?)] of three layered 60/-6°/6°) graphite-epoxy untwisted composite plates, a/b=1
b/t=100, considerin§; = 138 GPakE,; = 8.96 GPa(;, = 7.1 GPay;, = 0.3.

Ply angle,| Present FEM Present FEM Present FEM Present FEM Qatu and
0 (4% 4) (6 x 6) (8 x 8) (10 x 10) Leissa [39]
0° 1.0112 1.0133 1.0107 1.004 1.0175
45° 0.4556 0.4577 0.4553 0.4549 0.4613
90° 0.2553 0.2567 0.2547 0.2542 0.2590

14
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(4 x 4) (6 x 6) (8 x 8) (10 x 10) Sinha [40]
8.041 8.061 8.023 8.001 8.088
18.772 19.008 18.684 18.552 19.196
38.701 38.981 38.597 38.443 39.324

Table 3 Material properties of glass/epoxy lamina at ddfe temperatureskE;=E,,
G1=G15=Gy3, mass density=1660 Kg/nt, v=0.43 [41]

Material Temperature (K)
properties 125 150 200 250 300 350 400
(GPa)
E, 15.4 15.4 15.4 15.4 15.4 14.93 14.7
G1 3.56 3.56 3.56 3.56 3.56 3.51 3.48

Figure 3 presents the scatter plot which estaldighe accuracy of present model with
respect to original finite element model correspongdto random fundamental natural
frequencies for combined variation of temperatur@ ply orientation angle. Table 4 presents
the convergence study of present method compardatdéct Monte Carlo simulation (MCS)
for first three natural frequencies due to indiabtlwariation of ply-orientation angle and
temperature of angle-ply (45°/-45°/45°/-45°) compmscantilever plate while Table 5
represents the convergence study of the presertiothetith direct MCS for first three
natural frequencies due to combined variation afparature, ply-orientation angle, elastic
modulus and shear modulus of angle-ply (45°/-457/45°) composite cantilever plate.
Figure 4(a-i) presents the comparative probabdiysity function plot with respect to first
three natural frequencies due to individual and lwoed variation of stochastic input
parameters of angle-ply (45°/-45°/45°/-45°) compmsantilever plate for both MCS as well

as present method. In present analysis, a sampde adi 64 is considered for layerwise

15
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(10,000 samples) is considered, the number of BEfanalysis is much less compared to
original MCS and is equal to number representasaenple required to construct the
surroagte model. The surrogate model is formed loiciwthe full sample size of direct MCS
is conducted. Hence, the computational time anorteéixpressed in terms of FE calculation
is reduced compared to full scale direct MCS. Tsvides an efficient affordable way for

simulating the uncertainties in natural frequency.

16



Table 4 Convergence study of first three natural frequendie to individual variation of ply-orientationg
(45°/-45°/45°/-45°) composite cantilever plate adasng E;=E,=15.4 GPa,G;,=G13=G»3=3.56 GPap=1¢

Thmear=300K
f]_ f2
Present Method Present Method
I MCS MC
Parameter Values| MCS (Sample run) (Sample run)
(10,000)] 32 64 128 | (10.000) —5 64 128 | (10.0
Max | 34.8601| 34.899934.8664| 34.8783| 98.1667 | 98.474898.6176| 98.5928| 216.7
6(&) Min 34.2870| 34.253134.2767| 34.2941| 84.9534 | 84.830984.8548| 84.9552| 205.8
Mean | 34.6546 34.646834.6509| 34.6561| 92.0607 | 92.009992.0172| 92.0485| 213.6
SD 0.1061| 0.1095 0.1068 0.1068 2.4501 2.4564 2.45204673 2.0/
Max | 34.6904| 34.699634.6932| 34.6922| 93.0976 | 93.146193.1307| 93.1468| 214.4
T(&) Min | 34.4488| 34.459]1 34.4536| 34.4554| 88.24453| 88.3375| 88.3098| 88.3482| 209.4
Mean | 34.5872 34.587934.5877| 34.5872| 90.7581 | 90.765990.7653| 90.7634| 212.3
SD 0.0422| 0.0428 0.0429 0.042870.8561 0.8707, 0.8710 0.8686 0

17



Frequency| Method | =< ikt
size Max Min Mean Standard Deviatio
MCS | 10,000| 34.8508| 34.285% 34.5996 0.1187
32 34.9831 | 34.0428| 34.5836 0.1019
64 34.9002 | 34.2454] 34.5978 0.0985
f1 Present 153 35.0770 34.0130 34.6000 0.1403
method ™ 556 | 34.8492 | 34.2701]  34.5999 0.1187
512 34.8511 | 34.2638] 34.5997 0.1195
1024 | 34.8521| 34.2628  34.5996 0.1198
MCS | 10,000 96.4222| 84.7779  90.7088 2.4025
32 99.0099 | 79.0589] 90.4359 2.0766
64 96.9819 | 84.2358] 90.6973 1.9971
f2 Present15g 97.0225 83.4915 90.6970 2.4065
method 556" | 96.3939 | 84.6852]  90.7179 2.4068
512 96.4816 | 84.4608] 90.7116 2.4215
1024 | 96.4883| 84.4624 90.7110 2.4225
MCS | 10,000| 216.6953 2052277 212.23p6 2.4307
32 219.6954| 200.6440 211.9285 2.1035
64 218.1019| 204.7512 212.1888 1.9985
fs Present™12g 224.9086| 197.1597 212.2513 3.3649
method ™ 556 | 216.7612| 205.1236  212.2363 2.4305
512 | 216.7192| 204.7821 212.2321 2.4455
1024 | 216.7172| 204.7808 212.2319 2.4414

A comparative study on variation of stochastic retfrequencies is carried out for
angle-ply (45°/-45°/45°/-45°) and cross-ply (0°/80790°) composite cantilever plate due to
individual variation of elastic modulus, shear mioduas furnished in Figure 5(a-f). From
Figure 5, it is observed that the mean fundameratlral frequency for angle-ply laminate is
found to be slightly lower than that of the same dmss-ply laminate while a significant
higher mean values are obtained at second andrttodes for angle-ply compared to cross-
ply. Considering only variation of temperature afjke-ply (45°/-45°/45°/-45°) and cross-ply
(0°/90°/0°/190°) composite cantilever plate, the hadoility density function (PDF) with
respect to first three natural frequencies arequdioin Figure 6(a-f) wherein it is found that as
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influences the thermo-mechanical loading due t@loan variation leading to change in the
system properties. In contrast, the reverse trenddentified for cross-ply laminated
composite plates due to reduction effect of 0° @8t on effective stiffness of the laminate.
On the other hand, Figure 7(a-c) presents theegllquantification of uncertainty in first
three natural frequencies in terms of Probabilgypgity function for angle-ply §/- 6°/ 6°/-

6°) wheref=Ply orientation angle] and cross-ply (0°/90°/0°/906dmposite cantilever plate.
Due to random variation of ply orientation anglee telastic stiffness of the laminated
composite plate is found to be varied which in timAuence the frequency responses
irrespective of laminate configuration. The effe€tcombined variation of input parameters
is also carried out in addition to individual vaioa of inputs in conjunction to stochastic
natural frequnencies for composite laminated platdurnished in Figure 8(a-c). The ply
orientation angle, elastic modulus, shear modulnod temperature of angle-ply (45°/-
45°/45°/-45°) and cross-ply (0°/90°/0°/90°) are sidered as random input variables wherein
the upper and lower bounds of volatility in naturaljuencies are found to be wider than that
of individual variation of inputs irrespective @nhinate configuration. This corroborates with
the fact that the combined effect of random inprameters leads to increase the variation in
outputs compared to individual cases.

In the present study, the relative coefficient afiance (RCV) (normalized mean to
standard deviation ratio) due to variation of terapgre is also quantified for each layer for
angle-ply and cross-ply laminate as furnished guFeé 9(a,b). The two outer-most layers of
the angle-ply laminate is found to be most serssitty temperature variation for first three

modes while the maximum sensitiveness of temperatuobserved only at bottom layer of
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map the sensitivity of each layer due to the infltesof ply orientation angle on variation of

temperature as furnished in Figure 10(a-d). Thstlsensitivity is observed #&(a« =45° for

outer layers of the angle-ply laminate.

6. Conclusions

This present study illustrates the layer-wiseeriinal uncertainty propagation with
laminated composite plates. The ranges of variaitofirst three natural frequencies are
analyzed considering both individual and combin&stigasticity of input parameters. A
generalized high dimensional model representat®HE¥MR) model in conjunction with
diffeomorphic modulation under observable respopssserving homotopy (D-MORPH)
regression is employed to map the input paramé¢bath correlated and uncorrelated) and
natural frequencies. After utilizing the aforemengd surrogate modelling approach, the
number of finite element simulations is found toexerbitently reduced compared to original
Monte Carlo simulation without compromising the @acy of results. The computational
expense is reduced by (1/156) times (individuatisasticity) and (1/19) times (combined
stochasticity) of original Monte Carlo simulatiolt. is observed that as the temperature
increases the variabilities of first three natdratjuencies of angle-ply laminate are increased
and the probability density function become steepke two outer-most layers of the angle-
ply laminate is found to be most sensitive to terapge variation for first three modes while
the maximum sensitivity of temperature is obseraebottom layer of the cross-ply laminate.
It is found that stochastic variation of temperatinfluences the natural frequencies and thus
it is a crucial design parameter from the operaticafety and serviceabilty point of view.

The numerical results obtained in this study prevad comprehensive idea for design and
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Fig. 1(a) Laminated composite cantilever plate

Fig. 1(b) Force and moment resultants diagram
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Present surrogate model

1 1 1
342 343 34.4 34.5 34.6 34.7 34.8 349 35

Original FE model

Fig. 3 Scatter plot for present surrogate model with eespo original FE model of
fundamental natural frequencies for combined vamatof ply-orientation angle and
temperature of graphite-epoxy angle-ply (45°/-45°/45°) composite cantilever plate,
consideringE;=E,=15.4 GPa,G15=G;5=G»=3.56 GPa=300K p=1660 Kg/ni, t=0.004 m,
v=0.43.
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