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Laminated structures

U Multi-layeredstructuresare built by addingpliesof the
same or different materials in acertainstackingsequence

U Optimizedperformance of the component

U Advantagesgoodspecificproperties

Transversanisotropy suddenchangeof mechanicapropertiesin the
throughthe-thicknesdirection

Transversatressesiot neglibledue to the high ratidoetweenthe
elasticmoduli (E/E= 5¢ 40) and lowtransverseshearmoduli (Grand

Gr

Compatibility. suddenchangesn the slopeof the displacement
fields(u,, Uy, u,) acrosghe thicknessof the laminate

Equilibriunt continuity of transversestresses,, ,, » yz» » )

Kinematics: @L_;requirements

U Cfor displacements> zigzag effect (Z2)
U Cfor transverse stresses interlaminar continuity ()C

Major challengein themodellingof laminatedstructures
trasversedeformationmust beincluded
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A posterioriapproaches
U ClassicalaminateTheories(CLT) and Firstrder ShearDeformationTheoriesdo not fulfill the C,

requirements-> first derivatives constant
U Higherorder theories and ZZ theories IC not necessarily satisfied
U Layerwise (LW) models account for independent kinematics at each layer

U Sress recovery methods: integration of stress solutions in the 3D equilibrium equations

w S A & awx&Naiational Theorem(RMVT)

A priorifulfillment of the G, requirements through the use of independent displacement and stress assumptions
Sress assumptions anestricted to the transverse componeirtdaminates
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Mixed beam elements

CarreraUnified Formulation (CUF)
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Beamkinematics
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FundamentaNucleus

K;{;S = 622 L FT,X FS!XdQ \[N,N;dy —|—

U Varioussolutionsover thesection
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ZX4 o(xz) o(x.z’) o(xz’)
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Mixed refined beams
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LWbeamkinematics

0%chuhy 0 » "Oahl 0°
LW stressassumptions

a2 avha 0 © "O o A%

U Increaseof numberof unknowns

U No ZZassumedunctionsrequired

U C,requirements and IC satisfied at the
interfaces between plies

- Compatibility ofdisplacements uf = uf“
- ko k+1
IC oftransversestresses 0, —0,;
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Beam theory

. . . vertex expansions
HierarchicalLegendreExpansiongHLE) — HLL HL2 HL3 HL4
e . =1 2 3 =
U Nodal side andnternalunknowns o 2[ [ [ |E| sce expansions
U Hierarchicap-refinementof the expansion < 35/_ a1

. b 4 7 | r

assumptions i Tho 1 2
. B P
U Layerwisedistributionsof unknowns S ha ha~hs e a7
.. . . = 5 A r /’:._. | | L ; iT-tEmal expansions|
u Strightforwardassembyof displacementsand £ pe = e 20 gl pa_za_

stressest the interfacesbetweenlayers 24— 26 — @6 27 | 28 20 130

rdt. 40 I 4L il A R B,
31" B2 * |33 34 | 35 36~ B7 8

Theory of Structure*

T layers
. TE
ToS* domain . LE
=—a& FEM element
HLE

*Carrer& 9 ®3X RS aA3ddzSts ! & FyR tF3IFyAZ ! @3 al A S bkpbaidbKsiwitinite elénfed 2 NR S 2
I LILX A OlntériatiosaiiJauinal of Mechanical Sciendésl. 120, 2017, pp. 286300

April 25, 2018




Assessment: linear static

*Pagano, 1969

i

q = qssin(ny/1)
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U Thicklaminate: L/h =4
U [0,90,0,90]

i E=25MPa E1MPa
G,,=0.5MPa G=0.2MPa
Vi, = Vb= 0.25

U Cylindricabending
u 1D model

4 cubicmixedelements
4 HLElomains(LW)
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Assessment: free vibration

Sandwichheam

U FacesAl (E=75GPaA=0.33), 0.5 mm
U Qore:Foam(E=0.1063%pa A~=0.32), 5 mm

1D model: A 10cubicbheamelements
A 3 HLEomains

B.C.Clamped Free

b=0.06m

Approach ESL - PVD LW - PVD LW - RMVT 3D Nastran
model EBBT  TBT HL1 HI.2 HL3  HL1 HL2  HL3 HEXS
DOFs 93 155 744 1,674 2604 1416 3,186 4,956 251,937
1st 20.27 2027 2024 2011 20.10 2023 20.11  20.10 20.05
2nd 12751 126.95 117.10 11642 116.21 117.04 116.42 116.21 115.90
3rd 127.00  126.90 134.86 127.63 127.50 134.85 127.63 127.50 127.05
4th 35541 35474 196.25 196.13 190.42 196.23 196.11 190.44 190.06
hth 695.90  693.50 29545 293.90 292.73 29526 293.87 292.75 292.09
Gth T87.18  T64.44 513.57 511.05 507.98 513.09 510.96 508.05 507.11
7th 1149.25 114295 587.36 586.79 568.84 587.29 586.74 5H68.89 567.74
8th 1714.95 1701.33 752.65 749.12 74357 751.68 748.87 T43.65 742.49
9th 1978.47 197847 809.14 768.25 764.18 B09.13 768.24 T64.18 761.65
10th 2153.80 2022.60 972.56 971.14 938.81 97240 971.06 938.90 936.94
8
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Advanced capabilities

Stressboundary conditions Globallocalanalysis
A Displacemenbasedmodelslackdo not assure A Efficient stress analysis using RMVTbased
fulfillmet of the equilibrium conditions over elementsonly in particularzonesof interest
the boundariesof the structure
A RMVTbased elements include stress displadamedt i ed elen
unknowns which can be prescribed in the
system

A Increasedaccuracyandreliability

(Ux,Uy,Uz) (UX,Uy,Uz,CIz zljx zCIy )
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Stress solutions

*Pagano, 1969

g = gysin(ny/I)

ettt

L

U Thicklaminate: L/h = 4

0 E=25MPa E1MPa
G,,=0.5MPa G=0.2MPa
Vi, =V3=0.25

U Cylindricabending

U 1D model
2 PVDelements+ 2 RMVElements

PVD RMVT

+ Elasticity
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Free edge effects in laminates

Tensile test Crosssection
Uniaxialextension: F=6350N

Model: 6beamelements+ 320 LE

U Full PVD: 7780BOFs IM7/8552- [45,-45,90,0]
u 5PVD+1RMVT: 941B®Fs
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