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Abstract - The development of new materials and new
manufacturing techniques has accelerated during théast several
years. Laser welding is one of these technologies dait has
facilitated use of steel sandwich panels. The appétion of such
new structures requires fast optimization procedurs to obtain
optimal design configuration for a given design cas In order to
obtain recommendations concerning the best configation,
different metamodeling methods where used for appeamation,
optimization and analysis of different core sandwib panels.
Application of metamodeling methods for optimizatia included
several steps: 1) design of experiments, 2) numealcexperiments
based on FE calculations, 3) high precision approxiations of
experimental data wusing polynomials, locally weighd
polynomials and kriging, 4) multi-objective optimization using
three criterions.

The results of different metamodeling methods and pameter
fitting techniques where compared, with conclusiorthat kriging
gives the best overall approximation results. The stamodel
accuracy was increased by introduction of additionlparameter
inverse proportional to the second moment of areafganel cross
section.
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|. INTRODUCTION

The development of new materials and new manufactur
techniques has accelerated during the last seyeeak. One
of these new ideas is the laser welding technidire. main
advantages of laser welding are low welding digiod, high
productivity, easy automation and it enables apfib of the
welding processes in places not accessible wittitivaal
welders [1]. These have opened new opportunitiegha
design of steel sandwich structures. The main lisnef a
sandwich structure are caused by the high stiffrasd
bending strength properties due to the locatiothefmaterial
as far as possible from the neutral axis of thes[saf2]. All-
metal sandwich panels are made by a process ofuasding
of faceplates to core stiffeners. Core stiffeneepasate
faceplates from the neutral axis of the panel’'ssaerably
increasing stiffness with minimal additional weight

It is estimated that application of sandwich pangls
shipbuilding can save up to 34% weight and 50% pectdn
costs [1].

The structural analysis of sandwich panels with tfiat
faces was undertaken as early as the 1940’s, plariig for
aeronautical applications. The theoretical fourmtatiand
governing differential equations for the analysissandwich
panels were presented in detail by [3] and [4]. i@es

formulations for different core type all-metal samnch panels
filled with core material or empty, and with symmetor
asymmetric faceplates were recently summarisedbjn[f]

and [7]. Stiffened panel design often involves wyging for
the geometry of the shell and stiffeners, whichgfiently
requires remeshing for acceptable accuracy. Theerioat
noise introduced from the discretization makesiffiadilt to

use gradient-based optimisation methods and offelitianal
effort is necessary to comply with design constsif8].
Therefore in order to give recommendations conogrrihe
best configuration for given design, different nmetaleling
methods where used for approximation, optimizatemd
analysis of sandwich panel configurations. Applmat of
metamodeling methods included several steps: lignlesf
experiments, 2) numerical
calculations, 3) metamodel creation of FE modelingis
kriging, locally weighted polynomials and partialynomials,

4) multi-objective optimization in order to obtaiRareto

optimal design set.

Il. SANDWICH PANEL CORETYPES

Currently sandwich panels composed of I-core ancbké
stiffeners are among the most extensively used in
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Fig. 1. 1, Z, C, V, Osquare and Ocircle (O) coneetysandwich panels

manufacturing, however other core-stiffener of ZegdC-core,
Osquare-core, Ocircle-core types as shown in Figlre
continue to retain interest for further investigati

I11. DESIGN OFNUMERICAL EXPERIMENTS

For calculation and optimization of sandwich pastetngth
6 input factors were considered [8], [9], as shawtable 1.

For practical design tasks usually panel widthiieig and
not the distance between stiffeners. However ihgigpanel
width B and number of stiffeners, additional constrains have
to be met to correctly fit given number of stiffemdor panels
of different widths. Therefore the distance betwséfieners
and number of stiffeners was chosen as design gaeasrand
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TABLE 1
FACTORS FORNUMERICAL EXPERIMENTS
Boundary
Labels -
Low High
Panel Length (m) L 3 7
Panel Height h 0.004 016
(m)
F late thick
acepiate thickness, 0.002 0.004
(m)
Core stiffener
thickness t2 0.0015 0.004
(m)
Distance between
stiffeners s 0.06 0.6
(m)
Number of stiffeners| ng 2 6

additional constrain was evaluated during optinrzgtwhich

links panel widthB, number of stiffenerq, and distance

between stiffeners

@)

We used 6 factor 500 point sequential samplingsropad

B=n,-s

according to Average Mean Square Error criterio®].[1
Experimental points were divided into two sets each

containing 250 points. First set was used for ayipration as
training points and second for validation as tesitts. This
approach was chosen to obtain better estimations
approximation error in order to compare

metamodeling methods and parameter fitting stragegi

Numerical experiments were carried out using ANSY

software. Panels where loaded with uniform 3 kRsd land
additional 1 kN concentrated force in the centrexpdhese
loading conditions were chosen according to DN\Wdglines
[9] for ship deck certification.

Numerical values of the panel's global deflectidogal
deflection - between the stiffeners, stresses addlrreactions
at the sample points of sequential design whemutzkd. All
responses of FE calculations are summarized ie @bl

TABLE 2
RESPONSES OMUMERICAL EXPERIMENTS

Response Label Units
Maximal deformation of
DEF_BOT m
bottom plate —
Length dividend with difference of
top and bottom plate maximal DEF_DIF
deformation
Equivalent maximal stresses of top EQV_TOP pa
plate -
Equivalent maximal stresses of EQV_BOT Pa
bottom plate -
Shear stress SHEARE p
_CORE a

Reaction force REACT_Y N
Total mass MASS kg
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IV. APPROXIMATION OFNUMERICAL EXPERIMENTS

Several approximation methods were used for metainod
creation of FE models: Polynomial regression [libfally
weighted polynomials (LWP) [12] and Gaussian preces
regression or kriging [13], [14].

To improve accuracy of metamodels, additional input

parameter - inverse proportional to the second nmbiearea
was introduced. It is well known that second monwnarea
is the governing term in deflection calculationtbé beams,
therefore addition of this input parameter in thetamodeling
procedure increases the prediction accuracy ofrtamodel.
This parameter can be obtained as function of othput
parameters and is not independent, therefore imagattion
stage additional constraint was introduced to cgnagth this
relationship.

For estimation of metamodel precision the relatiean
Square Error was used according to formula:

a2l

RRMSE-=100- " ij :100RMSE, (3)
} (fi - f )2 ’
Nz

f, —response valuef, — prediction value foi-th test

point, = — mean of response arfd —standard deviation of
response in test points [15].

OT\Metamodel fitting is crucial for creation of acctea

differentetamodels and in fact is another global optimizati

roblem. Metamodel fitting for different methodsclmnded
etermination of covariance function and estimatioh
optimal hyper parameters for kriging, bandwidthesébn for
locally weighted polynomials and choice of termsr fo
polynomials.

Creation of kriging model is relatively time consagq It
includes determination of optimal hyper parametersd
calculation of the inverse of covariance matrixr koiging
model we used covariance function in the form of:

P
(e x|

2 0, @

m
cov(x,x') = [ Jex
k=1

where x and X’ are points of experiments adand p are
hiperparametrs.

For finding of optimal hyper parameter values wsed
optimization strategy based on BFGS (Quasi-Newjon's
method combined with multi start global optimizatifl5].
We used relative Leave One Out Cross Validatiotegon as
metamodels quality criterion according to formula:

Cv= 100\/1i1(]€fﬂ)2

(5)

=] 3
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where f?i — prediction value for i-th point, when
approximation is created without using this point.

It was possible to save computational time for ikdg
model calculations employing the fact that all @s®es had
identical experimental designs and thus covariamerix,
therefore it was possible to calculate inversenefdovariance
matrix in each optimization step just once for r@sponses
[15].

The RRMSE and CV of metamodel precision of différenapproximations have best

methods for I-Core panels are compared in tablen® ia
indicates that
acceptable. The lines in bold corresponds to efitmaof
approximation error in test points, that have negrbused for

metamodel creation. Data in table 3 indicate, kiniging gives
best results, except for response 4 (EQV_BOT). &aih500
experimental points for metamodel creation, krigihgd
considerably better results compared to other nasttior all
responses, with relative cross validation errorange of 1-
4%.

Box plots of approximation errors for all responsdsl-
Core panels are shown in figure 2. It can be st kriging
mean,
deviation (the dotted line corresponds to mean evadnd

precision of obtained metamodels armbroken line to median) compared to other methods.

Similar results where obtained for panels of othere
types.

TABLE 3
COMPARISON OF APPROXIMATION ERRORS OF DIFFERENT METIBG FOR DIFFERENT RESPONSES GM#CORE PANEL
Method Criterion Number. of | Number. DEF DEF EQV EQV SHEAR MASS
training of test _BOT _DIF _TOP _BOT CORE
points points
Kriging cv 250 1.08% 2.27% 5.58% 3.32% | 5.33% 0.059%
Kriging RRMSE 250 250 1.99% 3.92% 6.61% 5.11% 5.2% 0.08%
Kriging cv 500 1.10% 1.90% 4.51% 2.66% 3.33% 015
Polyn. Y 250 5.56% 10.98% 8.61% 2.82% 7.28% BB4
Polyn. RRMSE 250 250 6.81% 9.04% 8.98% 3.54% 7.67% | 0.897%
LWP cv 250 5.52% 6.52% 8.06% 2.49% 7.28% 0.146%
LWP RRMSE 250 250 6.94% 6.94% 9.11% 2.96% 7.67% | 0.148%
LWP cv 500 3.49% 4.47% 7.87% 3.12% 6.46% 0.082%
software tool EDAOpt created in Machine and Mechansi
10 Dynamics Research Laboratory of Riga Technical Ersiity
[17].
N TABLE 4
OPTIMIZATION CRITERIONS
S ) S Criterion Label
N
L
A N Mass (kg) y7
o
o Length relation to
2 bottom plate -L/Def_Bottom
deflection
0 C =07y, +n(5x10°(t, +t,) )L
Production costs (€)
, , , -n(50Qt, +t,) + 4)L
Kriging Polynomials LWP

Fig. 2. Approximation error of I-Core responsesig250 training points

V. OPTIMIZATION OF |-CORE PANELS EMPLOYING
METAMODELS

In this paper optimization procedure only for [-Eqranels
will be demonstrated, however optimization of othmre
types and other configurations were similar.

The multiobjective optimization problems were based3
criterions: panel weight, relative deflection (I&mgelation to
bottom plate deflection) and production costs. €Ciiins are
summarized in table 4. Pareto optimal configuraiovhere
obtained during multiobjective optimization [16] ing

Functional expression of panel production costs revhe
taken from [8] and [18]. It consists of materialdawelding
costs, which are function of number of stiffengranel length
and faceplate width. The painting, cutting and ottests were
not considered. Production costs were estimategrioes of
2003 in Euros.

In the process of optimization panel widBhand lengthL
was fixed, assuming that it was defined in project
specification.

Optimization constraints were chosen according VD
guidelines [9] for ship deck certification and awmmarized
in Table 5.
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Additional equality constrains that where used myri

optimization are:

whereB=2 m, f is formula of second moment of area of

s=B/n,

X7 = f(X21X3'X41X5)

L=6 m,

(6)

(7)
)

panel cross-section, ahds constraint for panel length.

TABLE 5
OPTIMIZATION CONSTRAINTS

Name Label Constraint Units
Deflection relation to pane
width DEF_DIF >s/200 mm
Equivalent maximal
stresses of top plate EQV_TOP = -160e6 Pa
Equivalent maximal
stresses of bottom plate EQV_BOT < 160e6 Pa
Shear stress SHEAR_

CORE < 60e6 Pa

TABLE 6
OPTIMIZATION PARAMETERS
Boundaries
Name Labels - Step
Low High
Panel height| h 0.004 0.16 Continuous
Top and
Bottom t 0.002 0.004 | 0.0005
plate
thickness
Core
0.0005

stiffener to 0.0015 0.004
thickness
Number of
stiffeners N 2 6 1

To obtain Pareto optimal designs of criterions |&ab),

considering optimization constraints (table 5) asmlality
constrains (6), (7) and (8) 4 input parameters warged (h,
t1, t2, n see table 6). It was assumed that pasamét and t2
(plate and stiffener thickness) are discrete amd b varied

with step 0.0005 m [18].

The relative RMSE (2) of approximation of different

responses in Pareto optimal points is given in &ahbl

Only one out of 4 variable parameters where contisu
therefore Pareto points formed isolated sets. ThecBarts
from different viewing angles of criterion valuesdaobtained
optimal Pareto points for given optimization case ghown in

Figure 3.

Pareto points in 3D charts of figure 4 indicatet #tznosing
designs of panels with increased stiffness, ine®gsanel

weight and production costs. However it is possibleeduce
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Fig. 3. |-Core Pareto points

panel weight by adding supplemental stiffenerssunh case,
however, production costs increases due to weldows of
additional stiffeners.
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Fig. 4. Different core metal sandwich panel optis@llutions
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In some cases there may be more than one posgititead
solution for given stiffness. For example for deflen of
L/DEF_BOT=540 there are three optimal solutionsslaswn

in table 8. Data in table 8 indicate that first &dsas less

weight and higher costs, but second case more tyeligth
lower costs. In this example weight is reduced, abse
thinner stiffeners should be used, but costs iragalue to

thicker plates, that increase welding costs.

Combined results of optimization of different ceandwich
panels, are shown in Figure 4. Results in figunedécate, that
for 6 m long panels with fixed deflection (form 8.7 3 cm)

quality metamodels. The developed procedure camsbd to
effectively obtain optimal configurations of steshndwich
structures and reduce production costs.

Kriging was the most effective approximation metHod
metamodeling of sandwich panel FE models. The tesstlts
of kriging metamodels where obtained using crod&laton
criterion and determining covariance function arutiroal

hyper parameter values for each input factor. Thablpms

it is effective to use panels with stiffeners ofCére type.

This result can be explained with the fact, thaCdke panels
have smaller welding costs per vertical stiffereach core has
two vertical stiffeners, but needs only 3 weldiogis).

VI. CONCLUSIONS

The metamodel
introducing additional
proportional to the second moment of area of pamess-

concerning application of kriging are time consugnin
calculations of the inverse of covariance matrig astimation
of optimal covariance hyper parameter values.

precision was considerably improved
inverse

parameter, which was

section.

The metamodel based multi-objective optimization of

different core steel sandwich panels was perforosiag high

TABLE 7
RELATIVE RMSE OF APPROXIMATION IN OPTIMUM POINTS
DEF_BOT DEF_DIF EQV_TOP EQV_BOT SHEAR REACT_Y MASS
CORE
1.94% 7.00% 4.90% 3.83% 5.58% 0.17% 1.05%
TABLE 8
OPTIMAL DESIGN CASES OH-CORE PANEL FOR GIVEN DEFLECTION
h T t N Mass Costs L/DEF_BOT
0.1447 0.0025 0.0015 6 603.19 980.23 540
0.1589 0.002 0.0025 627.86 871.50 540
0.1391 0.0025 0.002 622.13 900.49 540
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Janis Auzip$, &anis JanuSevskis, Kaspars Kalms, Agrita Kovalska. Metala sendvitu pandu konstrukciju metamodeleSana un optimizicija

Jaunu matediu un razoSanas tehngigu attistiba ir patrinajusies gdgjos gados. lizermetiriSanas tehnofgja ir viena no &dam tehnolgijam, un & ir
sekngjusi dazdu metla sendwiu pangu raZo$anu un pielietoSanu gkive. Sidu jaunu konstrukciju pielietoSanai ir nepiecie$amiaas optimizcijas
metodes, lai dotain specifikicijam ieditu optinglus projekégjuma variantus. Lai dotu rekomeawijas optin&lu metla sendwu panéu projekgjuma variantu
izvelei, Safi darla tika pielietotas dalas metamodefanas metodes pdnekonstrukciju datoreksperimentu aprokaaifei un optimizcijai. MetamodeSanas
pielietoSana pare optimizcijai ietvera sekojoSus etapus: 1) eksperimentinlizveide, 2) skaitlisko eksperimentu &gmnus ar galgo elementu metodi, 3)
eksperimentu datu aproksinija, izmantojot kriginga, glado un lokilo polinomu metodes, 4) daudzkri@dd optimizcija, lai ieditu Pareto optimios
variantus.

Saidzimti dazidu metamodéBanas metoZzu un to parametru pi@sianas varianti, secinot, ka kopurkrigings dod labkos aproksiracijas rezulitus.
MetamodetSanas precizite paaugstifta, ievieSot papildus parametru, kas ir apgriezipprciorils panéa &&luma inerces momentam.

Anuc Aysunpwi, SAnuc SAnymesckuc, Kacnape Kaanbinbm, Arputa Kopanbcka. MeraMoae1MpoBaHHe M ONTUMM3ALHNA KOHCTPYKIMI CTaJbHBIX
CeHABHUYHBIX MaHeJei

B TedyeHHe HECKONBKUX MPOILUIBIX JIET YCKOPUIIOCH Pa3BUTHE HOBBIX MAaTepUAaiOB U TEXHOJIOTUI MPOU3BOACTBA. JlazepHasa cBapka - OfHA U3 3TUX TEXHOJIOTHH,
KOTOpasi o0ecredria IIHPOKOE HCIOIb30BAHUE CTANBHBIX CCHIBMUYHBIX MaHeneil. IIprMMeHeHHE TakMX HOBBIX CTPYKTYyp TpeOyeT OBICTPBIX HpOLEIyp
ONTHMH3ALMU [T TOJNYYCHHUS ONTHMAIbHON KOHQHIypauunm KOHCTPYKUMi. [l anmpoKcHMMaluM, ONTHMHM3Aal[MM ¥ aHAIW3a CEHABMYHBIX IaHEIeH ¢
Pa3sNUYHBIMU TUIAMHU CEPACYHUKOB MCIOJIB30BAIUCH PAa3HBIC METOIbI METaMOAENUPOBaHUsA. IIpMMeHEeHHe METOI0B METaMOJECIMPOBAHUS Il ONTUMM3ALUU
BKJIFOYAET HECKOJIBKO IIaroB. 1) IUTAaHMPOBAaHHE OSKCIEPUMEHTOB, 2) OKCIICPUMEHTHI, OCHOBAaHHBIC Ha BBIYHMCICHHAX MeromoM KO3, 3) ammpokcumarms
9KCMEPUMEHTAIBHBIX [aHHBIX C BBICOKOH TOYHOCTBIO, HCIOJBb3Ysl INOOAibHBIE W JIOKAJIbHbIC MOJMHOMHAIBHBIC BBIPAXKCHHS M METO] KpuruHra, 4)
MHOTOKPHTEPHAIbHAS OINTUMHU3AIMS AT ITOIydeHHs ONITHMAIbHOTO Habopa KoHburypamuu [Tapero.

CpaBHEHHE Da3IMYHBIX METOJOB METAMOACIMPOBAHMS U ONPEAECICHUs MapaMeTPOB MPUBENIO K 3aKIIOYCHHIO, YTO B OOJBIIMHCTBE CIIy4aeB KPHIMHT HacT
Jy4IIne pe3yibTaThl amlpoKCHMalmud. TOYHOCT MeTamojeneld Obula yBEIMYEHAa BBEACHHEM JOIOJIHHUTENBHOTO (akTopa OOpaTHO MPOMOPLHOHAIBHOIO
MOMEHTY HHEpPIHU CCUCHHS.
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