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Motivation and scope

Hierarchical one-dimensional finite elements

Analysis of composite structures via hierarchical beams

Simulation of Lamb waves for structural health monitoring
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Motivation and scope
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Motivation

Composite materials

Highly heterogeneous

Full-scale component
Subcomponent

Structural detail

Complex mechanical

@ AIRBUS

response Structural
element
Coupon Generic
Need for reliable @ Falzon, B. and Tang, W. “Virtual Testing of Composite

Structures: Progress and Challenges in Predicting Damage,

prediction tools :
Residual Strength and Crashworthiness”, Springer, Cham, 2017.

AWML \\n\\@— T ‘W
-

/ﬁlli/m

wikipedia.org
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Micromechanics

* Homogenization

* Micro-scale failure

©@ X

-

VAN

alberto.garcia@polito.it

Mesomechanics

Coupon
characterization

Interlaminar failure

©@ X

VAN

Structural
mechanics

Global response

Failure index
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Motivation

Mesh transition: 1 gm — 2mm

Pre-crack: 2.2Tmm

-
=

Embedded cell I
s, z

Crack tip

H . . . . - - ’ —
@ Allix, O. “Virtual delamination testing through non-linear multi- L'=45mm
scale computational methods: some recent progress”, Computers,
Herraez, M.. “4 numerical framework to analyze fracture in

Materials and Continua 2013
composite materials: From R-curves to homogenized softening

laws”, 1J5S 2018, 134:216:228

12,000,000 DOF 500,000 elements

Alberto Garcia de Miguel alberto.garcia@polito.it
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Uz
1.21e-08

5.98e-09 |

-1.34e-10

Transverse modeling approach

Efficient 3D stress analysis

[ High fidelity wave analysis

[

Reduce computational cost

o

VAN VAN
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Hierarchical one-dimensional finite elements
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From classical to refined theories

Beams . . .
kinematic refinement

Euler-Bernoulli Timoshenko Saint Venant
ux(x,y, 2,t) = ty (.0 ux(x,y, 2,6 = uy (v,0) ux(x,y,z,0) = uy (y,0) -z ux, (v,
uy(x,y,z,0)=uy (y,0)-x Uy, .H- uy (x5, 2,0 =uy (y,0) -xuy,(y,0)- uy(xy,z,0) = uy, (,0)-x uy, (¥,0) -z, (y,)
zly (¥, ) zuy, (7,0 +y(X,2)uy (7,9
u(% y, 2,0 = uz (v, u(x% y, 2,0 = uz (y,0) u(x%y, 2,8 = uy (¥,8) +xuz (v, 0

Plates

kinematic refinement

Kirchhoff-Love Reissner-Mindlin Reddy’s Third-order theory
ux (%, 2,0 = Uy (X,y,0-2 Uz, (Xy,0 (X%, 2,0 =ty (xy,0+zu2 (xy,t) ux(%, 5, 2,0 = U (X5,0 + 22 (xy,0) + 2 uxs(x,y ,0)

+ Zug (X7,
Uy (x5, 2,0 =ty (x5,0-2 Uz ,(Xy,0  U(xy,2,0 =ty (xy)+zu2(xy,0) ( 5 ; t);’( 4 () S Syt
_ uy(x,y,2,0) = uy, (Xy,0+ z2u2(xy,0 + 2B ups(xy,
u:(x y, z,0) = Uz (x, y,0) u:(x y, z,0) = U, (xy,9 &y N +yz3uy4(sz,17y ey

u(x% 5, 2,0 = uz (x,0

10
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The Carrera unified formulation ST

Beams

ux(x,y, z2) = F1(x, 2) uy () + Fa(x 2) ux, ) + F3(% 2) Uy, (9) + ... + Fu(x 2) uyx, ()
uy (x5, 2) = Fi(x 2) uy; (9) + F2(X, 2) ty, (0) + F5(%, 2) Uy (P) + .. + Fiu(X, 2) uyy, ()
u;(x y,z) = Fi(x, 2) uz () + F2(x, 2) uz, (y) + F3(%, 2) uz; () + ... + Fu(x 2) uz, ()

uxy,z t) = Fi(x 2) ud(y ) t=1.,M

Plates

ux(x, 5, 2) = 11 2) uq (x,9) + F2(2) txy, (%,9) + F3(2) uxs (5,0) + ... + Fu(2) uxy (%)
uy(x y, 2) = Fi(2) uy (x,9) + F2(2) uy, (x,9) + F3(2) s (5 9) + .. + Fu(2) uy, (% 9)
uz(x y, 2) = F1(2) uz (x,9) + F2(2) uz, (% 9) + F(2) Uz (%9) + ... + Fu(2) uz,(% )

ux,y,z t) = F(2) u(x, 3 ©) t=1.,M

Ij Carrera et. al. “Finite Element Analysis of Structures Through Unified Formulation”,
11

Alberto Garcia de Miguel alberto.garcia@polito.it



The Carrera unified formulation
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Fundamental nucleus FEM arrays

nodal matrix

Lo e e
K50 —Cyy IiE; s + CagliEq . +C26‘ru Ecs+Cosli ks, +C661”
K”U = Cy3 lij, Ez s + CaslyEe s, + CaslyEc s, + C35[i-yf-y Exs+ o liyj E“"‘
K20 = C121gE xsz+€44fijE zsx+C45Iij-yE’f-zS+€15[i-nyT3‘z i)
K5 = CosliyErs, + CaslEr s, + Cos L Exi5, + Cao1iyj, Ecs + Cos Ly, Ex s
K = Cs3i i, Ees +Css [iEr s, +Cas Ly, Ex s + Ca6li jExs, + Cos L Er 5,
KTSU:CBL' iErs, +C55Ia‘j E: s +Cas Iy TS +CigliiEx xSz Koo | Koy | Koz
Kyx | Kyy | Kyz

KTSU_C]ZIgET 5y +C44IUET s, +C45I[ JE’[S +C]GIU Er S

C]BIg E s‘|’C55LjETS +C4SIUE ¥S.z +C16‘{UE T.25x

Kax

zZy

K””
<TSU - C]] IUE 7,5, T C44 IU E:, WSy T CSS Lyly Evs+ C45 Iij_y ET_XS + C45 Ii_yj Ers_x /fundamental

Alberto Garcia de Miguel alberto.garcia@polito.it

nucleus

element matrix

ﬁ_‘ﬁ DOF

assembled

global matrix

12
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The Carrera unified formulation

The right model at the right cost

) [afa]a i
y : Arbitrary A sl sl & &
” A ; Theory ai|ala &
E 1 L Radusad Ala 2 a|a
refinect | A A 2[Aa
ﬂ o ./ mrcel Y i
kS & .
‘5 s} Pareto front
O Z A4
[ 2
= o ——— . a|2|a]a
= \{3"\.\* A 4|4 a
4
> Congtart \
numkar
Error of
tarms

U, = U, + 2ZU,
u, = zu, + z’u,
U, =u, + zu, + z°u,, + z'u,

13
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The Carrera unified formulation

Taylor Expansion Lagrange Expansion
* Local (centered) expansion * Non-local expansion (Jacobian transformation)
+  Taylor polynomials » Lagrange interpolation polynomials
2
Uy = Ux; +X Uyy + 2 Uy X7 Uyy T XZ Uy +2 -2 Uy, %( . ,r)(sz +552), T=13.5.7.
: _ 2 - 2
Uy = Uy, X iy, 2 Uyy X7 Uy, X2 Uy +27 Uy Fe=32(2+550)(1=2) +32(P 4 rr)(1=52), 1=24,68,
Uy = Uz TX uzz—k;um—kx? Uz, TXZ u-_+f2u:6- Fe=(1-r)(1=+%) =09,
*  p-refinement *  h-refinement

. ,
N(y) s F.(x,z) | 4
C|359'03L/ Cross-Section X 9
IDFE Functions — X

D Carrera, E. and Giunta, G. “Refined beam theories based on @ Carrera, E. and Petrolo, M. “Refined beam elements with only

Carrera’s unified formulation.”, displacement variables and plate/shell capabilities.”,

14
Alberto Garcia de Miguel alberto.garcia@polito.it
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Hierarchical Legendre Expansion

HLE

» \Vertex expansions
* Non-local expansion

* Legendre modes . 1 I = l(l — )1 = s5,5)
ool 1 T 4 T e
*  h-, p-refinement [ ,
05 ) » Side expansions

B. Szaho and |. Babuska. “Finite Element Spaces”, John \\iley 1 -
D and Sons, Ltd, 2011 Fe(r,s) = E(l — 8)dp, (r) T=501318,..
vertex expansions 1
— HL1 HL2 HL3 HL4 Fe(r.s) = (1 +71)¢p,(s) T=06,10,14,19, ...
1Dy | L | 7|4 1 -
t=1 |2 e Fe(r,s) = ;(] + 8)p,, (1) T="7,11,15,20, ...
24 j ©_|“ s~ 7| side expansions 1
& b6 7 s e Fe(r.s) = (1 =r)p,(s)  7=814.1621, ...
()] s, o | M =~
— o 3| S oy i
FI? - © AN 12
@ Za i, | A B ||
E 4 1{-/ ha~ b il > Internal expansions
= | | | | | | | i
3 5 13/ 19___;_.%_-.‘_.?’ 2_0 /{ ;{ 22{ 25“; (ln/ternal expansions|
R - o) — . :
7k i f ,»’ 3 FT(J t] 5) - (Jb,m (1 )(lbpg(s)
28 |po ~ o
31 35 36~ B7 38

= arrera, E., de Miguel, A., and Pagani, A., Hierarchical theories of structures based on Legendre polynomial expansions with finite element applications, , Vol. ) , PP. -
C E.,de M I, A dpP A, H hical th f based on L d I I h f | | 1IIMS, Vol. 120, 2017 286 — 300
Pagani, A., de Miguel, A., Petrolo, M., and Carrera, E., Analysis of laminated beams via Unified Formulation and Legendre polynomial expansions, Composite Structures, 2016, Vol 156, pp 78 - 92 15

Alberto Garcia de Miguel alberto.garcia@polito.it



Hierarchical Legendre Expansion

Theory of structure

1D mesh f

LE

® | hierarchic expansions

nodal-based expansions

16
Alberto Garcia de Miguel alberto.garcia@polito.it



HLE: exact mapping

Blending function method

Ij Gordon, W. and Hall, C.“Transfinite element methods: Blending-function
interpolation over arbitrary curved element domains”,
* p-schemes: coarse discretizations -> large domains
*  HLE: modal unknowns

*  Solution: non-isoparametric transformation over the section

| l—s. l4s. 1+
t=0Qu(rs) = Fur -:)J\T+(r2(.s)—( e “’J\B)) u
1= l4s_ \L+r
2= Qu(rs) = Fr(rs)Zo+ (na(s) - (o2 + ——2) ) ——.
x(r)
2,(r)

(XSIZS)

x.(s)

2.(s)

Xl(rz)l(r) (X2,Z5)

Example: Scordelis-Lo roof

I Iy

(a) Model (b) Cross-section discretization.
Not in scale.

S

Numerical
convergence:

Error Energy Norm

2
L

103 . , . .
2 3 4 5 [} 7 8
HLE theory order

Pagani, A., de Miguel, A.G., and Carrera, E. Cross-sectional mapping for refined beam elements with applications to shell-like structures. Computational Mechanics. 2017;59: 1031 - 1048.

Alberto Garcia de Miguel alberto.garcia@polito.it
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Locking-free beam elements

Shear locking MITC for higher-order elements
Eudgi.en increase of the shear stiffness in thin structures loaded under - Energy decoupled in shear and bending/membrane terms:
ending
Mitigation methods: OLin = //5ETU dQ dy = f/(éfg 6p + 685 &) dQ dy,
1Ja 1Ja

* Reduced integration

Zienkiewicz, O. C. et al. “Reduced integration technique in general analysis of plates g :
@ and shells”, i . wis of b * Use of assumed functions of lower order for the shear strains

NmES m=’l,....nn0d€—l.

m

M
t
I

* Mixed interpolation of tensorial components (MITC)

D Dvorkin, E. and Bathe, K. “4 continuum mechanics based four-node shell element for E_S — NmFr (DS Nil)mun‘ + Nm (DS FfI)Nf u,;
general non-linear analysis”, ¥ Q m

I] MacNeal, R. “Derivation of element stiffness matrices by assumed strain
distributions.”,

» MITC for beam elements

@ Lee, P.-S. “Geometry-dependent MITC method for a 2-node iso-beam element.”, 1 T 2
(A) 2-node (B) 3-node (C) 4node

-

D Carrera, E. and Pagani, A. “Evaluation of the accuracy of classical beam FE models via
locking-firee hierarchically refined elements”,

*+ MITC is not a selective integration, is a full integration of a mixed
interpolated element

Carrera E, de Miguel AG, Pagani A. Extension of MITC to higher-order beam models and shear locking analysis for compact, thin-walled and composite structures. Int J Numer Meth Engng. 2017;1-14. 18

Alberto Garcia de Miguel alberto.garcia@polito.it
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Locking-free beam elements

Example: cantilever beam °
5 > ST =
F l 4
: E
% d b Numerical T
’ ] ! convergence: g
2
S L=1m 1 N e
+  b=0.1m N TS -
10° 10! 10?
° F=100 N Number of 2-node elements
* Aluminum 15 e
1 /’ ‘ XY
0.5 / “‘1\
0 : - "
i . T 05 ! A
Analytical: Shear stresses: L
F.L}  FL | 5 RN R
U=yt =—=——+—=-—5369x10""m Py
P TTST3EL T AG 27
25 T -
F S Sohime ot :
O,. = —— = —1.0 x 10* Pa. X o 1
- Q o 02 04 0.6 038 1
y [m]
(b) B3

Carrera E, de Miguel AG, Pagani A. Extension of MITC to higher-order beam models and shear locking analysis for compact, thin-walled and composite structures. Int J Numer Meth Engng. 2017;1-14. 19

Alberto Garcia de Miguel alberto.garcia@polito.it



Curved beams
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Membrane locking

Numerical stiffening due to the coupling of membrane and bending effects in

curved structures

/“_ ,,

* Frenet-Serret system

* Assumed membrane and shear strains

Ec = Ny Fr (DyNI3)pitzi + NypyFe(Ds NIz )itz + Ny (Ds Fel3)

Egr =

Eqy =

Eeg =

Esp =

Esg =

alfg
ag’

ity

an’
dug  duy,

an 9’

l D‘u,]‘ +£?er‘
H \ s an

H \ 0s

98

llﬂ' )

Im

l (Dug +n ) +%
5 ,

Example: two-layer arch

material 1 T
-

e
ye v //
Vo %

LSS
Yoy / material 2 /

o/ /
L / R/

Numerical
convergence:

\‘ [}
\\\\ N .
e b
e £ .
Ve s Y
h [ ]
T
1.0 ISP PSP & A
X = e
N
// /
/) /
08 —e— MITC2 L/h=5 A
o/ /| ——B2Uh=5 /
A ¢ —a—MITC2 Uh=500| /
0.4 p —A—B2 L/h=500 _
/ /
0.2 t {
d
7 __,,A/
0.0 - 8757;\4{\—/\”_4_\.&- Ol
1 1b 160 1000
N
*error relative to Navier solution

De Miguel, A., Pietro, G. D., Carrera, E., Giunta, G., and Pagani, Locking-free curved elements with refined kinematics for the analysis of composite structures. CMAME 2018, 337:481 — 500.

Alberto Garcia de Miguel

alberto.garcia@polito.it

Simply sup.
h=0.6 m
F=1000 N
E,/E, =30

20
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Analysis of composite structures via hierarchical beams

21
Alberto Garcia de Miguel alberto.garcia@polito.it
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HLE for composite analysis

Traditional approaches Component-Wise
HLE beam modeling for

composite structures . . . . .
WS N~ 1y
S 0000®

ny Equivalent Single Layer F/ . //éj Direct simulation ne
Q=) o — Q=Y &
k=1 k=1
L X |
Layer-Wise Global-local approach
Macro-scale Meso-scale Micro-scale
« Equivalent single layer (ESL) * Layer-wise (LW) « Component-wise (CW)
H,‘ 1 |
i k k _¢
Ex s = X Cap j f 0 s d2A% Bt s = Cap / / Fr P Houldrds. Bt o = Cop f_ | f_ o Bt oy |drds.
+ +
assembly over n, assembly over n,

Carrera, E., de Miguel, A., and Pagani, A., Component-wise analysis of laminated structures by hierarchical refined models with mapping features and enhanced accuracy at layer to fiber-matrix
scales. MAMS, 25(14).

Alberto Garcia de Miguel alberto.garcia@polito.it
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HLE for composite analysis

Fiber reinforced composites: stress analysis Curved microstructure

Na
o a *  Simply sup.
\ - _-‘E‘ i
) ) < e MY fiber
- : .
R=0.95, h=0.2, d=0.04, b=0.05 8551-7 matrix
— — £,=-0.05, £, =-0.15
| ]
(a) LW (b) CW (c) LW-CW
HLE vs 3D
10 T T ! ! T
HEXAS e 0 4w HEXNS * . MITC beam - HL4
e . \ model 2 / mesh 2 B2 (1413) 2B3(2.355) 2DB4(3207) 4 B4 (6.123) 14 B4 (20,253)
5| modeld —— o | PR model 3 —— ] Uppar X 107 2,775 4,918 4.940 4.942 4.042
. i’\ ABAQUS - C3D8
_— e - - - [T
- 2 \\ N i mesh (54.,417) (245,979) (575,667)
— — L —— 5.150 5.115 4.965
é (o)™ 55— —e—6—6—0—4u é \\' u ). 1o ] ) 5]
i3 T o 2 BolemT ] . |
L sl ///‘ ] Nl ¥ ¢ | Stress solutions
s Y
} -5 +2.5086+08 +2.375e+08
10 | 1 R nt B
+1.299e+08 +1.187e+08
6| ] g nmew g
ey b oSEy
e g aey
1 1 1 _7 1 L 1 -1.732e+08 -1.583e+08
3 2 A 0 1 2 3 3 2 - 0 1 2 3 I S ioaeron I it
zx 10% [m] zx 10% [m]
~ 5,000 DOF ~ 70,000 DOF ~ 20,000 DOF
(a) 4 MITC4-HL4 (b) ABAQUS refined

23
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Micromechanics
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Mechanics of structure genome (MSG)

Ij YUu W.“A unified theory for constitutive modeling of composites”,

1D SG 2D SG 3D SG

Swift

MICROMECHAMICS

The unit cell problem

1. Express the kinematics as a sum of the global displacements and
the local fluctuations

u; = ﬁi + 5Xl

€ij + X(i.j)

2. Express the energy of the original model as
U(eij) = U(Ej X j)

3. Impose the periodic constraints

Xi =X

gij

4. Employ the Variational Asymptotic Method to compute the
fluctuation unknowns

it (&), xap) —UGE)
Advantages

. No ad-hoc assumptions

. Complete set of properties and local solutions with a
single run of the code

A.G. de Miguel A. Pagani, W.Yu and E. Carrera. A. Pagani, Micromechanics of periodically heterogeneous materials using higher-order beam theories and the mechanics of structure genome.

Composite Structures (2017) 180: pp 484-496.

Alberto Garcia de Miguel alberto.garcia@polito.it
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Micromechanics
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Competition of ASC 2017 (West Lafayette, USA) Example: hexagonal pack

@ Sertse, H. et al.“Challenge problems for the
benchmarking of micromechanics analysis: Level | initial
MUL2-UC results.”, Journal of Composite Materials, 2017, 1-20

Mi ics code: beam
of periodically heterogeneous
composites

June 9%, 2017

Effective properties

AG. de Mignel
g Model E; Ea Es G Gz Goy v 13 Vag
Full B
- Literature
— FVDAM 167.30  10.67 10.67 6.38 6.39 0.310  0.310 0.600
ml"g f&‘;"‘m HEGMC 167.40  10.71  10.69 6.58 6.54 0.312 0.312 0.603
2 SwiftComp 16733 10.67 10.67 6.38 (.39 0312 0.312 0.600
FEA RVE  167.33 10.67 10.67 6.38 .39 0.312 0.312  0.600
MSG-HLE
HL7 167.65 10.683 10.68 6.40 6.61 3.34 0312 0.312 0.600
Inputs &V (& Y), Local fields
Geometry: T e
) " - - +9. 10
- fiber-reinforced p-order Effective properties +a,779::og .
- particle inclusions +7.996e+09 9r B i .
E1 =  0.1033523844E+12 — +7.214e+09 ‘ J
- layups, etc... E2 - 0.1205203276E411 +6.432e+09 8 Liged [Neiy ‘__;2,,(] el
ES = 0.1205393188E+11 5.650e+09 H
Shape of constituents — e > 138080409 TPt
> 613 - 0.3580558804E430 +4.086e+09 T \(/ \/
- cross-sectional G23 - 0.2602052072E+10 +3.3036+09 g 6 & :
mapping ms - olrsgiasseerioo k 12.521e+09 L s £ g
Materials . nu23 = 0.3318178779E+00 — +9569€+08 ); .
o Refined beam model +1.747e+08 =)
Boundary conditions - | 3
p-order; 3D local fields 013 2 SRvED
1 HFGMC -
FVDAM
5 MSG-CUF ----
0 02 04 06 08 1
%3 =1.73x,

*Code available in https://cdmhub.org/resources/downloads

Alberto Garcia de Miguel alberto.garcia@polito.it

25


https://cdmhub.org/resources/downloads

Mixed beam elements
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Laminate modeling

Y

o

Source: wikipedia.com ZZ I C

«  Compatibility: sudden change in the displacement solutions at the
interfaces

Zig-zag functions: Lekhniskii, S. (1968), Ambartsumian (1969)
Layer-wise: Reddy, J.N. (1989), Carrera, E. and Petrolo, M. (2012)

Equilibrium: continuity of transverse stresses

Hu-Washizu principle: Washizu, K. (1968)

B
B
@ Stress recovery: Whitney, J. (1972)
B
B

Reissner mixed variational theorem (RMVT)

@ Reissner.“A unified theory for constitutive modeling of composites”, ) \Mech Mater
Struct (2016);11(4): pp 379-411

+  Stress assumptions are restricted to the
transverse stresses

+ Variational principle:

v

» Governing equations:

KT . yckesijy k ktsij <k _ pk
Suz; » K, us; +Kyg "0y, =P,

uu

kT . ktsij k ktsij _k
SO-T.,- . KG.’,{ HSI+KGG 09] —0.

 Beam model:
Ni z LW beam kinematics:

..........................

< A uk(x,y,2) = Ni(y) Fo(x, 2) uby;

0 ' — :
C®, requirements S LW stress assumptions:
Carrera, E. (1997, 2003) —F¢ o, (x,y,z) = Ni(y) G;(x,z) 6",
. G'[
de Miguel, A.G., Carrera, E., and Pagani, Accurate evaluation of interlaminar stresses in composite laminates via mixed one-dimensional formulation. AIAA Journal (2018) 56:4582 — 4594.
26
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Mixed beam elements

Stress boundary conditions

*  RMVT elements include stress DOF which can be prescribed in the

numerical model

RMVT-PVD coupling

+ Efficient stress analysis using RMVT elements only in zones of
interest

displacement-based _
element mixed element

(le,Lly,le) (Ux,Uy,Uz,O'zz,sz,O’yz)

Alberto Garcia de Miguel alberto.garcia@polito.it

Example: Pagano’s thick laminate

@ Pagano, N. “Exact solutions for composite laminates in cylindrical bending.”, Journal of
Composite Materials, 3(3):398-411

_a = qsin(ny/l)

9
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
p

I T

PVD RMVT

A

Sigma_¥Z
[2 347e+03

S12626

E'\?B.S&

- 00546
[1 9896403

Sigma_7Z
E 1.0186+03

Shear stress

“749.83

taal,ar

~213.91

E-&Aﬂée*m

Normal stress

* Elasticity
| == M-p(M)
-+ HL1
——HL2

T T T T T T T T T T
-4 3 -2 -1 0 1 2 3 4 - -4
z/hx 10

o

| = Elasticity \\
-+ - HLM1 SBC
---HLM2 SBC

T T T T T T T T
3 02 4 0 1 2 3 4
zhx 10
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Stress concentrations

Free-edge effects Literature
» Singular stress distributions due to the mismatch of the properties

First studies

between layers
Hayashi (1967), Puppo and Evensen (1970), Pipes and Pagano (1970,

+ Delamination governed by transverse stresses 1974)

Analytical and semi-analytical approaches

Kassapoglou and Laglace (1987), Becker (1993), Yin (1994), Flanagan
(1994), Cho and Kim (2000), Lagunegrand et al. (2006), Dhanesh et al.

8 %y (2017), Lorriot et al. (2003)

*  Numerical approaches

@ Wang and Crossman (1977), Raju and Crews (1981), Whitcomb et al.
(1982), Martin et al. (2010)

@ Crossman, F. and Wang, A “The * Non-traditional FEM models

dependence of transverse cracking
and delamination on ply thickness
in graphite/epoxy laminates”,
Damage in Composite Materials:
Basic Mechanisms, Accumulation,
Tolerance, and Characterization
(1982) pages 118 — 139

@ Robbins and Reddy (1993), D’Ottavio et al. (2013), Vidal et al. (2015),
Peng et al. (2016)
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Stress concentrations

Ten Sl I e test Model information for the tensile specimen.
Model Discretization™ DOF CPU Time [s]
® BC CUF-LW 320 L9 over the cross-section, with 6 B4 along y. 77,805 82
ABQ3D-Coarse Linear brick elements (C3D8) with a mesh of 30 x 8 x 200 elements. One element per layer. 168,237 27
ABQ3D-Medium Linear brick elements (C3D8) with a mesh of 30 x 24 x 200 elements. Three elements per layer. 467,325 261
L ABQ3D-Refined Linear brick elements (C3D8) with a mesh of 70 x 40 x 400 elements. Five elements per layer. 3,501,933 3526
] —_— * All discretizations are graded towards the free-edges.
b —_—
o —_—
Values of the tensile load corresponding to the onset of failure of each mode considered.
F
Mode DOF Delamination Matrix Tension Fibre Tension Fiber Tension®
([ m— e
I [A) ABQ3D coarse 168,237 27,178.0 18,796.0 32,385.0 33,401.0
ABQ3D medium 467,325 25,717.5 17.843.5 32,258.0 35,433.0
ABOQ3D refined 3,501,933 18,478.5 14,033.5 30,226.0 33,655.0
CUF-LW 77,805 14,287.5 11,938.0 27,178.0 34,417.0
T T T
Y i : [ : : ;
. ' N oA Y B e— S
* Dimensions (ASTM D3039): P | AR ' —e—ABQ 3D - Coarse b
—_ — — 20 —o— ABQ 3D - Medium '
L=200mm, b=25mm, hp,y—0.16mm e ABQ 3D - Refned
10 -3
1 Py
o @
a 10 o 0
= =
" e 1
/ 10 - R g e
0 gt ’/ -------- —+—ABQ 3D - Coarse |- o
/8 - H
o —O— ABQ 3D - Medium i
v —=— ABQ 3D - Refined 20
1N ! ; - A
T i T i T T i T i T i T i T |
0.0 05 1.0 1.5 20 25 0.0 05 1.0 1.5 20 25
z [mm] z [mm]
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Stress concentrations

Generic BCs Complex structures
7.50x10* + T T T T T 1
. e Cho and Kim 2000 R A | ——D(y=01m)
5.00x10° —a— Dhanesh et.al. 2016 | | Epsion_yy —=—E(y=05m)
CUF I 9.546-04 1 ——F(y=1.0m)
4
2.50x10° 606004 - {/‘\
— T 2 4
'5'“ 0.004 257e-04 =) jw
Bending =3 I &
. %“7;
-2.50x10" 9.13e-05 1
-2
Gl
-5.00x10° 4 I 440004 1 u\f
-4
* -0.50 -0.25 0.00 0.25 0.50
-7.50x10° r T v T v T T z*h
0.50 025 0.00 0.25 0.50
z/h
17610 Thick laminates TC5 - Sxq through thickness
1 e Cho and Kim 2000 d I ——
1.50x10'4| —4— Dhanesh et.al. 2016 - s —i
J o Yin 1994 f !
1.25%10" CUF o T
1 _'_A______
= 1.00x10" E ‘—i:——_
& ] oo
0 0 ﬁ
Twisting g‘“ 7.50x10° ; — =_
© J F — ‘—*—ﬂ:?— ¥
5.00x10° - e E _..gE
1 37204 260 —f. ———
2.50%10° 3 k
1 E-a«mm — —
0.00 R 2 39051 e I ?
0.0 0.1 E.ma.,.m S =
e Stress at free edge (MPa)
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Simulation of Lamb waves for structural health monitoring

31
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Lamb wave analysis: challenges

Structural health monitoring systems: on-line detection and evaluation
of structural damage in reinforced structures

Guided plate waves, a.k.a. Lamb waves, are convenient for SHM
due to:

» High dispersion: long distances
*  Short wavelenghts: high sensitivity to small defects

Simulation challenges:

« Highly refined discretizations both in space and time.

* Large domains

- = —— «  Transverse approximation

ultrasonic
waves
®)
/ ‘

/ piezoelectric sensor-actuators (a) Timoshenko (b) TE p=1 (c) TE p=N

32
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Lamb wave analysis: state of the art
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Analytical and semi-analytical solutions: obtention of dispersion curves 12000f A
@ Transfer matrix method: Lowe, M.J.S. (1995) 1oooof _ Ss
sooof : “
@ Global matrix method: Obenchain, M. B. and Cesnik, C. E. S. (2013) 5 bs, “’-::_«.:_M__M .
ﬁ soook SD "*--..:M hhhhhhh N "'-.."«..;‘::::'—*._._
@ Mass-spring lattice method: Yim, H. and Choi, Y. (2000) A e
4ooof [ T
@ Semi-analytical finite element: Datta, S. K. et al. (1988) e e
2000f A,
@ Global-local methods: Delsanto, P. (1992), Lammering, R. et al. (2018) L ok . n ]
Viola, GUIGUW code Frequency [Hz] x 10°
Numerical solutions: higher-order shape functions for better convergence ) SEM p. 3 T —
10 ' p-FEMp, =3 —— linear distorted fully integrated
-.. N-FEM p,, =3 ——— linear undistorted reduced integrated ----------
@ p-version of FEM: Willberg, C. at al. (2012) o 1
AN
@ Isogeometric analysis: Dede, L. et al. (2015) & \\ ) \‘-_.»-- T
=100 Eadia :
2 N
@ Spectral element method: Komatitsch, D. and Tromp, J. (2002) = N
107! LN
@ Wave FEM: Ham, S. and Bathe, K-J. (2012) A > T @ C. Willberg et al.,
; “Comparison of different higher order
102 : finite element schemes for the simulation
5 10 15 20 2-5 30 oflamb u;aves”l
X4, =]

Alberto Garcia de Miguel alberto.garcia@polito.it
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Lamb wave analysis: benchmark case

Example: aluminum strip Results
Analytical solution: Rayleigh-Lamb equation
C. Willberg et al., ST Y€l 9
“Comparison of different higher order finite element schemes for the simulation
of lamb waves”, Computer Methods in Applied Mechanics and Engineering, ta.-n(ﬁg) [ 40.-:.-3,1;2 ]a
241-244, 2012. .= |79 9.9
tan(ag) (k%2 — 32)?
200 1 . o o = w?/df — k? w = angular frequency
N 100 Fio = £ Fysin(wt)sin($)
) o - : k = wave number
IA B B2 = /3 — k2
2 i ) )
D
! ' 1.0 AT AT N
F2(t) 500 A ": N
(‘ 10 1
0.5- ALEEEERARRARALD 1
S .
= 00 FAhH :
Model: § ] Uw“ﬂ:‘i .
+  Hanning window: f=477.5 kHz, n=32 cycles P HT ‘ ]
«  Time step: 3.0E-8 T —en) T
«  Implicit time scheme: Newmark Tiﬁlyﬁww
L - Analytical(B) }
0.0 . 5.0;1 0° ' 1 ‘0)('10" ' 1.5x10*

t(s)
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Lamb wave analysis: benchmark case

Example: aluminum strip

C. Willberg et al.,
“Comparison of different higher order finite element schemes for the simulation
of lamb waves”,

200
P [ 100 | Fio = £Fysin(wt)sin()
1A B
o P i -
>
Fa(t) * -
Model:

* Hanning window: f=477.5 kHz, n=32 cycles
* Time step: 3.0E-8
* Implicit time scheme: Newmark

Alberto Garcia de Miguel alberto.garcia@polito.it

Time solver
« Newmark method

1. Assembly of the mass matrix M and stiffness K (the damping is neglected)

2. Assign the time step Ar and compute the dynamic stiffness matrix

- 1
K=K+——M
+Ar35

3. Initialize Uy, Uy and Uy for r = 1.
4. Factorize the dynamic stiffness matrix K = LDL”
5. Start the loop on the time steps

6. Compute the dynamic force vector at r + Ar:

_ 1 - Iy
Proy =P + M(ggUs + Ui+ (1 —E)L,}

7. Solve at current time step U, = K~ P, 4,

8. Compute U and U at current step:

Ur+.-3r = ﬁujr—.ﬁr - L-r} + (1 - %) [-r - (I - %)ﬂf ['-r
.. 1 1 1

Upar = mrtm—ur)—mm(ﬁ—l)'ﬂ,
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Lamb wave analysis: benchmark case

Example: aluminum strip

Numerical convergence
C. Willberg et al.,

“Comparison of different higher order finite element schemes for the simulation
of lamb waves”,

105 erETEE | O R
] ~m =AY 1.
200 17 30 1
Fi(t) [ 100 | Fio = £Fysin(wt)sin(4) 10‘— ----- — 104
| A ‘B _ S e v S SR R S— |
> i - S o FE R S e
2 = 10° [ N 100 4
L [T [ Lo E e e
s3 y N EEe
F t - T N A R A A T N ]
21 500 L S W S | \ R
107 N 07 g\ e
1 099 | ete—e—e—e;
S s e e s S
Y 15 O O O I O S B
Model: . _ : | i — 1 i — | ; i ; i ; |
*  Hanning window: f=477.5 kHz, n=32 cycles EBT 1 2 3 4 5 6 7 1 2 3 4 5 6 7
«  Time step: 3.0E-8 Classial TE HLE
* Implicit time scheme: Newmark

*Error based on the time of flight

Alberto Garcia de Miguel alberto.garcia@polito.it
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Lamb wave analysis: benchmark case

Example: aluminum strip Computed signals

C. Willberg et al.,
“Comparison of different higher order finite element schemes for the simulation

of lamb waves”,

200
Fa(t) [ Lo | Fi o = £Fysin(wt)sin(£)
A B
> * - .
e
2 > .g
g
Fa(t) * - g
Model:
° lAEnhie V\_"ndOW: f=200 kHz, n=10 cycles 0.0 5.0x10° 1.0x10* 1.5x10* 2.0x10*
* Time step: 3.0E-8 o

* Implicit time scheme: Newmark
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Ultrasonic wave analysis in laminates

Multilayered theories for plates

e FSDT

* Equivalent single layer

q q
ny n;

,,k J
B q _ ~k o - =k g k| 1,
. Ef(.:.}“‘(.;) - 2 CD‘B L FT(:]-FYQ;) dz = E Caﬁ L FT(J"] ]:5[.1') ‘Jr|(h
* Layer-wise = 4 k=1 ;

* Mixed ESL-LW

e displacement unknown

38
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Composite adhesive joint

Model settings: Top view with defect
B + DOFs: 176,600 A 300
* 2000 time steps, total time: 0.3 ms
100 kHz
o 3 cycles A(0.15,0.25) ¢ zone 3

00€

T300 [90,/45,/-45/45/-4E]5 virtual sensor

" .

— i
T300 [90,/0]:¢ ]: ol i
ﬁI I = “EA2313 epoxy adhesive (0.2 mm) P
— | : |

plane of symmetry

zone 1

SCIT

=¥

zone 1 zone 2 zone 3
ESL mixed LW-ESL ESL

- Ll | Ll B ]

v
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Composite adhesive joint

Pristine structure

Alberto Garcia de Miguel

A0

SO

alberto.garcia@polito.it

Displacements Z
[ 1.200e-06

—6e-7

Eo
—-be-7

EA 1.200e-06

Displacements Magnitude
E 1.200e-08
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Composite adhesive joint
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Damaged structure

debond

\

!

(a) Pristine.t =3 x 1055 (b) Damaged.t =3 x 10755

converted
Ag waves

45x 1073

45%x1075s

(c) Pristine, ¢ (d) Damaged. ¢

Alberto Garcia de Miguel alberto.garcia@polito.it

Uy

Scattering of the signals at virtual sensor

1.0x10™"

5.0x10™

0.0

-5.0x10™"

-1.ox10™""

=, A ||
s | | | /\Mn i |
yasdd || LA RN
Sowaves  Agwaves / \>f|ected Ay waves |
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Conclusions

42
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Summary and conclusions
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Enhanced stress analysis

Hierarchical LW models
HLE

Component-wise Exact
mapping

Locking Efficient 3D results

(MITC)

Curved fibers Curved

beams

Multiscale

Reinforced structures

Lamb wave simulation

HLE

1D/2D

MSG

Interlaminar stresses ‘ RMVT ’

Alberto Garcia de Miguel alberto.garcia@polito.it

FEM

Mixed
ESL/LW

Lamb waves

Time-domain analysis of
laminates
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Summary and conclusions

Transverse formulation

Development of a hierarchical modeling framework that can be applied in all the scales of the composite simulation
v link between scales

High fidelity solutions

Implementation of advanced finite elements with HLE

v' 3D stresses, interlaminar continuity
v' Accurate simulation of waves propagating in laminates

Computational efficiency

The use of dimensionally reduced models enables to reduce the computational size of the analysis:

v" Up to various orders of magnitude
v" No remeshing

44
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Outcome

Research outcome
« 15 journal publications

« 16 conferences proceedings

« 1 book chapter

Secondments

» Visiting scholar at Purdue University (Aug — Dec 2016)
« Visiting PhD student at Thales Alenia Space (July 2018)
» Visiting scholar at CALTECH (Jan — Feb 2019)

Projects

» Joint Project PoliTO — Embraer ‘Global-Local
Analysis of Composite Wing Structures’

« Joint Project PoliTO — Embraer ‘Validation Project’

45
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Curved beams

Membrane locking MITC for membrane and shear locking

Numerical stiffening due to the coupling of membrane and bending effects in * Equations written in the Frenet-Serret system:
curved structures

*  Geometrical relations: L] (Ms » )
R p - I
N Js )
«  Arch finite elements g’ ‘
g
D Fried, |. “Shape functions and the accuracy of arch finite elements”, b5t = AE "’
iy
Eqy = an
. q dug  duy,
* Reduced integration o= 5 T o
D Noor, A. K. and Peters, J. M. “Mixed models and reduced/selective integration ey = 1 (Du,ﬂ> n i)us‘
H \ s an

displacement models for nonlinear analysis of curved beams”,

1 [ Oug RIT
fe =g\ Gy TR )t e

* Use of assumed membrane and shear strains

« MITC

Ij Huang, H. C. and Hinton, E. “4 new nine node degenerated shell element with
enhanced membrane and shear interpolation”,
utj .

m

£c = NyFr(DuNilz)tti + NpyFr(Ds Nilz ) ttei + Ny (Ds, FI3)N;

De Miguel, A., Pietro, G. D., Carrera, E., Giunta, G., and Pagani, Locking-free curved elements with refined kinematics for the analysis of composite structures. CMAME 2018, 337:481 — 500. 48
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Stress concentrations: RMV
| |
m*SigmafZZ
|~ Sigma_xZ
| —Sigma_YZ
Sigma_ZZ|
Sigma_XZ
—Sigma_YZ
W*Sigma_ZZ
|~ Sigma_xzZ ‘
*|—Sigma_YZ ‘
204
\
|
3 | |
o o104 | \
E ‘I ‘\
© ﬁﬁ A * A.G. de Miguel, M. Nagaraj, |. Kaleel, M.
//3 ——CUF-LW W Petrolo, A. Pagani and E. Carrera. Accurate
04 —e— ABQ 3D - Coarse : . . . . . -
d —c— ABQ 3D - Medium N ¥ evaluation of failure indices of composite “Soma.22
\/ —=_ABQ 3D - Refined \ /| layered structures via various FE models. e “SigmaYZ
! , , , ! Submitted.
0.0 0.5 1.0 1.5 2.0 25
z [mm]
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HLE for composite analysis

Micro-scale Meso-scale Macro-scale

- 3D (RVE) « 3D FEM, 2D plane strain * First-order shear deformation
& sun, C.and vaidya, R. (1996) G Atix, 0. etal. (2013) theories (FSDT)

+ Mathematical Homogenization (MHT) * Layer-wise theories @ Mindlin, R.D. (1951)
& Mori, T. and Tanaka, K. (1973) & Reddy, J.N. (1989)

* Method of cells (GMC, HFGMC) «  Stress recovery methods
B Aboudi, J. (1982) & whitney, 3. (1972)
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