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Carrera Unified Formulation

O 1D micromechanics
O Increase efficiency

O Reduce modeling time
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Overview

O Governing equations: Mechanics of Structure Genome (MSG) for
micromechanical analysis

U Modelling procedure: Carrera Unified Formulation (CUF) and higher-
order beam model
U Beam modeling of microstructures

U Numerical results: fiber reinforced and particle reinforced composites

U Conclusions and perspectives
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Mechanics of Structure Genome

v v

1D SG @® s 3D SG

———

[1] Yu W. A unified theory for constitutive modeling of composites. ) Mech Mater Struct (2016);11(4): pp 379-411. MICROMEGCHANICS
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MSG for micromechanical analysis
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Principle of Minimum Information Loss

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

u; = ﬁ,- + 6XL'
&ij = &ij + X))
O Express the energy of the original model as
U(eij) = U(& xa, )
O Using the Variational Asymptotic Method,
minimize the energy to solve the fluctuations

min U (& xwp) —UE))

= No ad-hoc assumptions

= Straightforward numerical
implementation

= Complete set of properties with a
single run

= Different sets of local solutions
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Beam kinematics through the unified formulation

Euler-Bernoulli e
ux(x,y,2) = uy ()

uy(%.5,2) = tyy () =X tny , (V) =2z, () % Timoshenko

u Xy, 2) = uz () ux(%., 2) =ty ()

) >
uy(%,,2) = ty (1) =% ty, (V) ~2tty; () \/

u(x%y, 2) = s ()
Saint Venant @

u(%.y,2) = tn () -2, () K. Washizu: " For a complete removal of the
uy(x, ,2) = ty, (V) =x ty, () —-2zty; () +yp(X,2) ty; (1) :> inconsistency and an improvement of the
_ accuracy of the beam theory" -> enrich beam
u(%5,2) =t () # Xz () kinematics with higher-order terms

Carrera Unified Formulation
ux(x,y, 2) = Fi(x, 2) uy () + F2(x, 2) iy, ) + (% 2) ug ) .+ Fu(x, 2) gy, (0)
uy (%5, 2) = Fi(x,2) uyy (D) + Fa(%, 2) ty, 0) + (%, 2) ty; (1) + ..+ Fur(x, 2) yy ()
u(x,y, 2) = F1(X, 2) uyy ) + Fa(x, 2) uz, () + F3(x, 2) tzy )+ + Fu(x 2) iz, ()

u(xy,x) = Fi(x 2) u(y) t=1L.M
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Refined beam elements for unit cells

X
gi(y) ool F.(x,2)
assica Yy Cross-Section
1D FE x‘/ N Functions
: Displacement field:
X(x,y,2) = Ni(y) F(x, 2) Xui

Fundamental Nucleus:

KIS — 8o [2 F. Fs,dQ f’ NiNidy + ...

O transversestresses

T

o(xz) o(x.z') o(x’z")

= iy

[2] CarreraE., Cinefra M., Petrolo M. and Zappino E. Finite element analysis of structures through unified formulation. John Wiley & Sons; 2014.
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Hierarchical Legendre Expansions, HLE

. vertex expansions
Vertex polynomials - xpans! HLL HL2 HL3 HL4
_ 1
Fe= 47(1 —rer )(1 —s:8) > n
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Internal polynomials c Ny Ny : .
= 5|42 3 2 /_r = = \nfgrnal expansions
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Fo=op (r)ops(s) pr+ ps=p P | | i pr=
G ./ = S o V| S
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® b1 B> by a os * he /b b

O Hierarchical kinematics

O Non-local distribution of unknowns

0O Geometrically exact curved sections using the

blending function method

[3] A. Pagani, A.G. de Miguel and E. Carrera. Cross-sectional mapping for refined beam elements with applications to shell-like structures.
Computational Mechanics (2017) pp 1-18.
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Code* description

Inputs EV (&9,
Geometry: T

- fiber-reinforced

- particle inclusions -
- layups, etc... (

p-order Effective properties

Shape of constituents
- cross-sectional
mapping
Materials

g

3D local fields

Refined beam model

Boundary conditions

p-order

Modeling of the section of the constituents - coarse domains
Discretization of the reference axis

Asignment of the properties for each constituent

Input the order of the expansion of the domains, p
Homogenization -> effective properties

Input the global solutions

Dehomogenization -> local fields

NoukwnNE

*Travel Scholarship and Code Competition at ASC2017
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Numerical results: square pack

Graphite-epoxy composite
- Volume fraction = 0.6

Component £y, Ey Gy Goy 2 vy
Fiber 235 15 28 56 0.2 0.25
Matrix 4.8 1.8 0.34
*E,Gin GPa

Model:

O 1beam element
O 9 HLE expansions
O 957 DOFs, 0.234 s

CARRERA

. 42174
Fiizas

il | 8

Madel

GMC [21]
HFGMC [22]
ECM [23]
SwiftComp

SwiftComp 2D

423050+

+120304
+3507e+

013

Homogenization

E, [GPal By

1426 960 033
143 956 035
143.0 947 0358
1429 961 0,350
143 9% 035
1429 9.61 2 0350
CUF
14317 970 0346
143,16 9.64 0,349
14316 9.62 0,350
14316 9.62 608 0350
Dehomogenization

348e-
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+3551est
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Numerical results: hexagonal pack

Homogenization

Model Ly [ [ M1y Ly

FVDAM 167300 1067 10.67 638 0310 0.310 0,600

HFGMC 167.40 1069 G.58 0.312 0.312 0.603

SwiftComp  167.33 10.67 6.3 0312 0312 0.600

FEA RVE 16733 10.67 638 0,312 0312 0.600
MSG-HLE

HL7 167.65 1068 1068 640 G661 334 0312 0312 0600

*Micromechanics Simulation Challenge

Dehomogenization

+9.561e+09 10
. +8.779e+09
+7.996e+09 9
+7.214e+09
. +6.432e+09 8
Carbon-epoxy composite 125000008 Bk
) I 44086e+09 =
- Volume fraction = 0.6 +3.3036+09 g s
+2.5216+09 )
b et E
Component  Ey, By G Gam 1 v 7470408 g 4
Fiber 276 195 70 574 028 0.7 P 3
Matrix 4.76 1.74 0.37 13 2 i
e
*E,Gin GPa ! MSGRUF
00 02 04 06 08
Model: iz
O 1 beam element Computational time
i Madel FVDAM HFGMC  SwiftComp MSG-HLE FEA RVE
15 HLE expansions
O 1206 DO Homogenization 4 - 0.26 .19
DOFs Localization 088 - 0.93 0.73
Total 188 1.151 1.19 .02 12.00
[4] A.G. de Miguel A. Pagani, W.Yu and E. Carrera. A. Pagani, Micrc hanics of periodically heter aterials using higher-order beam

theories and the mechanics of structure genome. Composite Structures (2017) 180: pp 484-496.
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Numerical results: particle inclusion

Homogenization
03

120
SwifiComp —e—
MHT —a—
ECM 37 order 0.295
10 1 ECM 5" order
CUF-MSG —— 020
E 100 0.285
& >
w 90 0.28
0275 SwiftComp —e—
& MHT —a—
027 | ECM 3% order
ECM 5" order
0265 CUF-MSG ——
0 005 01 015 0.2 0.25 0.3 0 005 0.1 015 02 025 03
Particle volume fraction Particle volume fraction

Dehomogenization
400

i SSCCredl —
md  ~
Part 0.3 350 SC coarse
Matrix 0.3 i Ciate .*
*E,GinGPa _ 3o I
&
Model: L =
O 6 cubic beam elements = 200
O 9 HLE expansions 150 i = J
O 2160- 17226 DOFs A‘
100 fupunme® .
0 02040608 1 1214 16
Challenges: $57¥2 =Y,
»  Variation of phases in all directions Tored SC il SC comee HLI HLS
»  Stress concentration in corners "‘“ f\i:‘ _'”'H" “‘{I-‘
59,31 17.82 a13 0 1749
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Conclusions and future work

O Assessment of the model: MSG/CUF coupling can be a highly efficient tool for the micromechanics
analysis of periodically heterogeneous materials

O The accuracy of the micromechanic analysis is controlled by the polynomial order of the expansions:
no need of iterative refinements of the mesh

O Mapping of the exact geometry of the components through the bending function method

O Fibers and inclusions can be modelled by only a single domain over the cross-section of the beam:
great reduction of the complexity of the model with no loss of accuracy

O Multiscale analysis: high-order beams for macro, meso and micro scales

O Future developments: more complex SG, woven fabrics, multifield analysis (electric, thermal,
magnetic), damage.

*e-Xstream
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