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Research experience
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Senior researcher at INEGI

2013 — MSc in Mechanical Engineering (FEUP)
» Multi-scale analysis of porous materials

2014-2019 — PhD in Mechanical Engineering (FEUP)
= Second-order computational homogenization (strain-gradients)
» Implementation of FE2 analyses in in-house code
= Parallel computing
= Lagrange multiplier method for more efficient multi-scale analysis

2020-2022 — TREAL - CleanSky2 project (FEUP)
= Finite strain visco-elastic — visco-plastic model for composites
» Finite strain smeared crack model for composites

2022-2026 — DIDEAROT - HORIZON project (INEGI) @

= Damage models for composites (micro and meso-scales)
= Surrogate models for composites

Other Interests
= Multi-scale modelling of fracture
= Second-order homogenization for metamaterials and damage

© INEGI all rights reserved
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Constitutive modelling

of deformation

Ductile metallic materials
Amorphous polymeric materials
Hexagonal compact packed materials

Fibre reinforced polymeric materials

CM2S [APORTO

. . FACULDADE DE ENGENHARIA
Computational Multi-Scale FEUP UNIVERSIDADE DO PORTO

Modeling of Solids and Structures

—

)
Links

Large Strain Implicit Non-Linear
Analysis of Solids Linking Scales
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Multiscale modelling
Rough contact interfaces
Micromechanical analysis
Polycrystalline alloys
Second-order effects

Coupled analysis

Computational methods
Contact modelling
Incompressible deformation
Non-local ductile damage

High performance computing






COMPUTATIONAL HOMOGENISATION
CONCEPT
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Equilibrium

A computationally efficient solution of the RVE problem is
critical in these applications, since all of them rely on a large
number of micro-scale simulations!

© INEGI all rights reserved

A Representative Volume Element (RVE) is used to model the
microstructure.

Only constitutive models for individual micro-constituents are
needed. The resulting compound response is naturally
accounted for.

Suitable for arbitrary material behaviour and geometrical
evolution of the microstructure.

Enables the incorporation of complex microstructural
geometries together with large deformations.
Applications:

- FE2 simulations

- Parametric studies (for instance, to generate macroscopic
yield surfaces)

- Topology optimization

- Response database to build reduced-order models or to
apply in data-driven frameworks



COMPUTATIONAL HOMOGENISATION ©meqiizis
KINEMATIC CONSTRAINTS

Following the Method of Multi-Scale Virtual Power
[Blanco et al. (2016), Arch Computat Methods Eng 23(2) 191-253] Minimal constraint (boundary uniform traction condition)
Kinematic insertion /a 5 u®@NdA=0
u, = (F-I)Y | Periodic boundary condition
RVE problem unknown w(YT)=a(Y")
N(Y*) =-N(Y )
Kinematic homogenization —

Linear boundary condition

1
F=— F,d} =
V. ‘/Qu PR Ep u =0, on 09},

ALNIFILVdINOD

Kinematic admissibility

f VyﬁdeO#f @@ NdA=0 < . .
Q, 99, Spaces of admissible solutions:

f}linear C )}periodic C ]}u.traction

© INEGI all rights reserved



COMPUTATIONAL HOMOGENISATION ©meqiizis
MICRO-SCALE EQUILIBRIUM PROBLEM — CONDENSATION METHOD

Linear boundary condition

[ k" J{Aa} = —{f'}

1
P:oF =7/ P,:(0F + Vyéu)dV (boundary dofs elimination)
o JSQ,

Hill-Mandel Principle

T, W E O gl e U Periodic boundary condition

(conform mesh)

‘ SF —0 kit kit + ki~ Aat [ f
kT 4+ k" Tkt +k T+ kT 4k | |Aat [ T | fP 4

Micro-Scale Weak Equilibrium (boundary dofs standard condensation)

Uniform traction condition

fn# By s Vyoady =10, vit € V (results in multi-point constraints)

A’
. N 8 Aua’ N g L
U@ NIA=0=Cu=0 Au = At Au” =0 Au” = aAun
- AwP a=[c "cf
Finite Element Solution kit | ki + kid Au') f?
k't + o«Tk¥ kI + ok + kM + ok o Aaf [T 1+ &Tfd

KA = —r
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COMPUTATIONAL HOMOGENISATION
MICRO-SCALE EQUILIBRIUM PROBLEM - LAGRANGE MULTIPLIER METHOD

P:F

Q,

|

_1
Vv,

m

— 0L : (/mMﬂJ@NdA) —L: (jz;npéﬁ@)NdA)]

YV (6F, 54, 6L

ki ki 0 A’ i
ki kff CT Aal 3 = (ff —CTA,
0 C;, 0 AAp Cc;uf

P,:VydéudV — 4L : (/ u @ NdA)
A, _

Hill-Mandel Principle

f P, : (6F + Vyda)dV
Q,

)
'55‘:0

Micro-Scale Weak Equilibrium

—L: (/myéz},@NdA) =0
b |

Finite Element Solution

k/i

1
Vi Jo, "

ki
kfr

CL
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Homogenised Stress
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Macroscopic consistent tangent

A= -

ot |

JF

AR

oM,
oF

oP

OF |

g

oM,
OF

kii kz’f kip
kit kff kfp [Di D/ DPJ
0 0 0

I. A. Rodrigues Lopes, B. P. Ferreira, and F. M. Andrade Pires (2021),
Comput. Methods Appl. Mech. Eng., vol. 384, p. 113930



COMPUTATIONAL HOMOGENISATION ©megqi:i
MORTAR PERIODIC BOUNDARY CONDITION

I. A. Rodrigues Lopes, B. P. Ferreira, and F. M. Andrade Pires (2021), Comput. Methods Appl. Mech. Eng., vol. 384, p. 113930

£
—
To Ty
Epr T
0 Qr :
—e & *—>
“p, w
* Qp Iy CL>
G L
I ¢
e Mortar segment
1 I
k
I, 4 P
Intermediate plane
projection
Micro-Scale Weak Equilibrium Finite Element Solution
f P, : VydudV + [ SA- (@t —a~)dA kit kT kT 0 AW !
Q, 1) k' k— k*t —[A"" | Jaa- | _ | £ —[am"A
- o k+'i kt— kt++ Dnm Ant - £+ 4+ D
+ ot )\ 2 (6“ — 5’1& ) dA =0 0 _A™ pDnm 0 AA DYt — A™Mia
"
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COMPUTATIONAL HOMOGENISATION
EFFICIENCY OF THE LAGRANGE MULTIPLIER APPROACH

250 grains
62248 tetra 4 elements
11908 nodes

Anisotropic Saint Venant-Kirchhoff hyperelasticity:
D11 = 168.4 GPa, D12 = 121.4 GPa, and Dyy = 75.4 GPa

DE

(D11 D12

sym.

(1.0 0.5 0.0
00 12 0.0
0.0 00 1.0

o O O

[en i e B e B en

Dyy

[en i en i an i an B an)

Dy |

180.00

70.00 125.00

! re—

U(,q

served
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Time (s)

Cond. L.M. Speedup

solver  140.44 3.45 40.71

Uniform traction  iteration  146.90 3.96 37.10
| total 7647 232 32.90 |

solver 10.67 13.03 0.82

Mortar periodic iteration 99.79 13.29 7.51
| total 4812 669 7.19 |

Mem. peak (MB)

Savings (%)

Cond. L.M.
Uniform traction 9492 761 92.0
Mortar periodic 6046 1238 79.5

I. A. Rodrigues Lopes, B. P. Ferreira, and F. M. Andrade Pires (2021),

Comput. Methods Appl. Mech. Eng., vol. 384, p. 113930



COMPUTATIONAL HOMOGENISATION
EFFICIENCY OF THE LAGRANGE MULTIPLIER APPROACH

Sparsity (%)
Cond. L.M.

Uniform traction 7.8075 0.7037
Mortar periodic 0.9994 0.5526

I. A. Rodrigues Lopes, B. P. Ferreira, and F. M. Andrade Pires (2021),
Comput. Methods Appl. Mech. Eng., vol. 384, p. 113930

(a) Uniform traction, condensation

(c) Mortar periodic, condensation

© INEGI all rights reserved

Skl f

&1neqi

driving science
&innovation

pnm

(b) Uniform traction, Lagrange multipliers
e ]
e W 0
K- e %

- pnm /

i 4
oa
5
" [z

(d) Mortar periodic, Lagrange multipliers
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COMPUTATIONAL HOMOGENISATION

EFFICIENCY OF THE LAGRANGE MULTIPLIER APPROACH

Matrix Inclusions

Young modulus (E) [GPa] 2.0 74.0
Poisson ratio (v) 0.4 0.2
RVE Matrix
896 quad8 elements .
Fibers
2793 nodes
&
< X Microscale
Time (s) Speedup
Cond. L.M.
solver  0.097  0.067 1.45
Uniform traction  iteration 0.132 0.089
total 5.54 3.74 1.48
solver  0.063  0.083 0.76
Mortar periodic iteration  0.126  0.104
total 5.16 4.20 1.22

I. A. Rodrigues Lopes, B. P. Ferreira, and F. M. Andrade Pires (2021),
Comput. Methods Appl. Mech. Eng., vol. 384, p. 113930

Microscale

&1neqi

200 elements with 4 Gauss points: 800 RVE simulations in each macro-iteration

(a) Uniform traction

020 024

Parallelization with 16 CPUs [Rodrigues Lopes et al. (2018) Comp.Mech. 61 (1-2) 157-180]

| !

|

(b) Mortar periodic

Time (s)
Cond. L.M. Speedup
. . iteration 37.3 15.3 2.44
Uniform Traction total 5039 2007 2.51
. iteration 31.5 17.1 1.84
Periodic Mortar total 4371 2280 | 1.92 |

© INEGI all rights reserved
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COMPUTATIONAL HOMOGENISATION @ neqgi:is

PARALLEL COMPUTING

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

MACRO
\ ;In, 3.
micro
-

tlanticus

: BEOWULF CLUSTER
l """"""""" ry y
____________________________________ N

: i) Receive : '—. o ‘ ’i |
- o e

i K. #. r .
RVE data: (g, 8. )01 P.a !

. . : g
N ] # D . B
. N ' =z
. . : e
. -
') Assembles £, K «— £, K, ' : g b Networked Disk
. N : S — Storage

i) Send a new element i # .
L} . N
. L) .
. . .
L} . '
L} . N
: .

' U,

f

[Rodrigues Lopes et al. (2018) Comp.Mech. 61 (1-2) 157-180] © INEGI all rights reserved
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COMPUTATIONAL HOMOGENISATION

PARALLEL COMPUTING

MACRO

xfr v [

84 HexaZ20 light grey elements
224 Hexa20 dark grey elements

[Rodrigues Lopes et al. (2018) Comp.Mech. 61 (1-2) 157-180]

MICRO

Time (s)

10°

10*

1

2

4 8 1216 24

nCPU

© INEGI all rights reserved
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] -
/
a7 Equm'm:asz““ ‘0-21_533 ;[.’- [ DI:DI‘?("‘:"H En; }E,v
: | 7 | LT °
5 71 Relati® residual |
# iteration 2 o
/o c narm (%)
S5 5 7.906
5 /("" 20+
v 2 0.432
0 ~n =, | 4 N 2
24 8 121 24 0'“544’( " 2 16 2400
Need 0.311x10°7 "cpu .




COMPUTATIONAL HOMOGENISATION
PARALLEL COMPUTING

[Rui Coelho (2021), Internal Report]

© INEGI all rights reserve
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[ Start J
Partition .
Domain .
Receive Receive
MaCroscopic MACTOSCOPHC
displacements displacement
Evaluate Evaluate
KU9* and £° Kit* and £
for subdomain 2 for subdomain 3
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COMPUTATIONAL HOMOGENISATION
WITH STRAIN GRADIENTS

nnnnnnnnnnn
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION

CONCEPT

Homogenisation

RVE
Equilibrium

\ shear

tension/compression

J

Second-order homogenisation:

&1neqi

extensional

\ trapezoidal

curvature

twisting )

Second-gradient continuum at the macro-scale

Linear variation of the macro-deformation gradient

Second-order deformation modes at the RVE

The RVE length results in a length scale parameter

Captures size effects

© INEGI all rights reserved
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION
POTENTIAL APPLICATIONS

m Interesting applications for second-order homogenisation:

Analysis and design of structures subjected to
deformations with high curvatures

Ine I driving science
q &innovation

Metal sheet forming

Design of actuators based on phase transformation

Deformation of woven composites

Modelling the behaviour meta-materials

1st gradient model (a = 0 N) a=01N

a=10N

Displocemeant Mognitude
00400 006 01 1380
-_— T

20




SECOND-ORDER COMPUTATIONAL HOMOGENISATION

FORMULATION

&1neqi

Formulation detailed in: Rodrigues Lopes, I. A., & Andrade Pires, F. M. (2022). Comput. Methods in Appl. Mech. Engrg, 392, 114714.
Review in: Rodrigues Lopes, I. A., & Andrade Pires, F. M. (2022). Arch. Comput. Methods Eng., 29(3), pp. 1339-1393

Macro 21 gradient continuum

2

Micro 15t gradient continuum

POSTULATED

Kinematic insertion

Kinematic homogenisation

1
F:—/ F,dQ
V,u Q,,L H H

uy—(F—I)Y—I—%G:(Y@Y)—I—a

1
G:—/ (Vyu,®Y) -J1dQ,
Vi Ja,

Kinematic admissibility

1st Constraint: / VyudV =0 = / u@NdA=0
Q, 89,

2nd Constraint: f
Q.U'

© INEGI all rights reserved

(Vya®Y)-J 'dV =0
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION
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MICRO-SCALE EQUILIBRIUM PROBLEM - LAGRANGE MULTIPLIERS

Principle of Multi-Scale Virtual Power

5 1
P :6F + QG =V,
—_—

Macro

P,: (6F +6G-Y + Vydu)dV

Q,
—L: f du® NdA
aa,

Vya®@Y)- Jldv)

oL ( fd e NdA)
EIVE (]Q (
{

(Vysa®Y)- J—ldv) ,
Q,

Lagrange multiplier method is used to enforce the
micro-scale kinematical constraints:

@ NdA=0
Joq,

L enforces 15t constraint:

M enforces 2" constraint:f (Vya@Y) - J 'V =0
Q

YV (6F,5G, 54, 5L, 5M) .

Micro-Scale Weak Equilibrium: 6 F =0, 6G =0

-/ P, :VydudV — L : ([ '&®NdA)
Q, a0,

—L: ou® NdA
a8,

6M( (Vya®Y) - J‘ldV)
QH

( (Vydu®Y)- J‘ldV) =0
Q,

FEM discretisation
and linearisation

Kbi
Ci

K —ci' 1 0 At fi— CLT Ay
b, T ~b b, T
K ! —CMr : —CE Au _ - CM’ AM;— C%?\L
CM \ 0O O Ay Cuyu
C.' 0o ' o0 AAL Ccru’

© INEGI all rights reserved
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION

MACRO-SCALE CONSISTENT TANGENTS

The macroscopic consistent tangents are needed in a FE2 framework

or

aT?_O
Of|_ of ou
OF|  Ou OF
K -CT
C 0

:K(DT+

=0

uu—(F—I)~Y+%G:(Y®Y)+a

!

u, =DT(F-{I}) + VIG +u

(insertion discretisation)

Ine I driving science
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2
or - CT
or G| —
G Of’[caﬁ- =t
G

e —

of|  Of Ou . [on
%‘%%‘K(VJF )

© INEGI all rights reserve

d

_oP A AP _ A
T OF  OF T 9G ~ 0G
_0Q _ OAys L 0Q Oy

OF OF T I9G  0G
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION ©meqi:i
NUMERICAL EXAMPLE - SIZE EFFECTS IN ABOUNDARY SHEAR LAYER

) . .
FE®3D boundary shear layer simulation The macro-scale second-gradient continuum must be

u = up=u3 =0, F=T  5=02mm discretized with elements that guarantee C* continuity:
1 Mixed Finite Elements
g
B ® ® *
il .
= <> F
\
wu=0, F=1 ® ® Ag
Q8F4L1 H20F8L1

Matrix PsF+QvisE—sIn: (F—F))av to-dudA+ [ Ro:dFdA
E,, =70 GPa fg( HOF A+ QVROE - { ( - )D fm ORI
vy = 0.3

Kuu KuF Ku)\
KFu KFF KF)\
K)\u KAF K,\)\

2410 Hexa20 elements
8 Gauss points
11088 nodes

) ¢ Ay D Ly O
AF =L
AX r

24
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION

NUMERICAL EXAMPLE - SIZE EFFECTS IN ABOUNDARY SHEAR LAYER

lRVE‘ = 0.1 mm lRVE = 0.2 mm lRVE = 0.3 mm

[ 1.5e+02 [ 2.6e+02

— 0.0e+00 — 0.0e+00

[ 5.7e+01

— 0.0e+00

Norm2 Q
Norm2 Q

[ 4. 4(‘+(H

— 0.0e400

[ 4.3e4+04

— 0.0e+00

[ 4.2e4+04

— 0.0e+00

Equivnlcm stre:
Equivalent stress

Equivalent sn SS

© INEGI all rights reserved

Ez/h
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Numerical Igyg =01 O
Analytical I[rpyp = 0.1 -
Numerical gy g = 0.2  +
Analytical gy g =02 -----
Numerical lgyg =03 ¢
Analytical lgpy g =03 —-—-
tme g
Tl O
0.2 B% i
i
. \
L
0.4 +? -
Sad
=y
0.6 S
. Ll ‘,
0.8 /Dg i
P
/0 0
1 —-—""Q : + D |
0.02 0.04 0.06
F12



SECOND-ORDER COMPUTATIONAL HOMOGENISATION ©meqi:i
NUMERICAL EXAMPLE — POLYCRYSTALLINE MATERIALS

M. Vieira de Carvalho, R. P. Cardoso Coelho, and F. M. A. Pires (2022), Int. J. Numer. Methods Eng., 23, 21, 5155-5200 .
I. A. Rodrigues Lopes, et al (2023), Eur. J. Mech. - A/Solids, 102, 105104. Sandvik Nanoflex

lpve = 0.8 mm Austenitic stainless steel

1000 grains Ci1 282.69 [GPa]
lrve = 0.4 mm y C, 12115  [GPa]
lpve = 0.2 mm 250 grains Cys 80.769 [GPa]
65 grains P? 0.01 -
e 10 -
Tvisco 8 -
Mdepth 4 .

7, 0.088 [GPal]
K 0.195 [GPa]
Yo 0.01 -

[ : — — _
5 realizations for each RVE type

Nadai-Ludwik power-law:
Ty(’}’) =Ty + K (7o + 'Y)m

© INEGI all rights reserved



SECOND-ORDER COMPUTATIONAL HOMOGENISATION
NUMERICAL EXAMPLE - POLYCRYSTALLINE MATERIALS

Equivalent strain

Ine I driving science
q &innovation

0.0e+00 1.56-01
| QR —
F.G
&Y
o X

I. A. Rodrigues Lopes, et al (2023), Eur. J. Mech. - A/Solids, 102, 105104.

© INEGI all rights reserved
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION ©meqi:i
NUMERICAL EXAMPLE — POLYCRYSTALLINE MATERIALS

1%t order lrvE = 0.2 mm lpve = 0.4 mm lpve = 0.8 mm

T
VAT QY AV g
AR

KN

Effective Cauchy stress
0.0e+00 9.1e-01

| .

I. A. Rodrigues Lopes, et al (2023), Eur. J. Mech. - A/Solids, 102, 105104. 28
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION @ neqi:::i
NUMERICAL EXAMPLE — MARTENSITIC TRANSFORMATION

ZRVE = 0.8 mm
1%'-order 27_order

vol. fraction Martensite
1.0e-02 9.3e-01

—

I. A. Rodrigues Lopes, et al (2023), Eur. J. Mech. - A/Solids, 102, 105104.

© INEGI all rights reserved
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION
NUMERICAL EXAMPLE - STRAIN GRADIENTS AT CRACK TIP

uy = 0.4 mm

SATLITIL
- Equivalent strain Equivalent strain
B 0.00 0.20 0.00 0.20
2 mm il | — —
<> g
g (a) DNS (a) DNS
Tl B
5 mm
(b) Unit cell
Y
R

Equivalent strain Equivalent strain
0.00 0.20 0.00 0.20

! — l —

Rodrigues Lopes, I. A., & Andrade Pires, F. M. (2022). o .
Comput. Methods in Appl. Mech. Engrg, 392, 114714. (c) Periodic (c) Periodic (c) Periodic 30



SECOND-ORDER COMPUTATIONAL HOMOGENISATION
METAMATERIALS

Ine I driving science
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W. F. dos Santos, |. A. Rodrigues Lopes, F. M. Andrade Pires, and S. P. B. Proenga (2023), Comput. Methods Appl. Mech. Eng., 416, 16374.

g
]
=
]
.
M
R
¥

BAYERYEYE\
IMYEYEYE\
w.,.Ww.,w.,wi
IYERYEYE\
W, Ww.,w.,wi
HYERYEE
W, Ww.,w,.,wi
IYERYEYE\
W, Ww,w.,w,
IYEYEE\
wW.Ww.Ww.Ww.i

02,

02,

0.41

0.11

Material 2

0.2,

Material 1

0.5251,

0.1, 0.4, [)_2{'\L 0.4,

L, 010,

by

Displacement Y

Deplacement Y
-1.6e-02 001 -0.005 0.0e+00

|

(c) Second-order: Periodic.

——DNS model 1 (10x4) B 2nd-order: Periodic - Mesh 1

@ 2nd-order: Periodic - Mesh 2 ¢ 2nd-order: Periodic - Mesh 3

0.60 0.50

050 040

E 040 é 0.30

Z 0.30 >
& < 0.20

5 0.20 =

0.10 0.10

0.00 T T T T T T 0.00

0.10 020 030 040 0.50 060  0.70 000 010 020 030 040 050 060 0.0

u (mm)

(¢) Second-order: Periodic.

002 -001 05.3e-03
| |

Displacement Y
-5.4e-03 0002 0 0.002 5.48-03

(d) First-order: Periodic.

——DNS model 1 (10x4) B Ist-order: Periodic - Mesh 1

@ lst-order: Periodic - Mesh 2 ¢ 1st-order: Periodic - Mesh 3

u (mm)

31

(d) First-order: Periodic. .



SECOND-ORDER COMPUTATIONAL HOMOGENISATION @ mequ:i

METAMATERIALS
W. F. dos Santos, I. A. Rodrigues Lopes, F. M. Andrade Pires, and S. P. B. Proenga (2024), Int. J. Solids Struc.

2y

— L, =
Ly
Displacamend ¥ _
sle0 0@ 0 0@ Slel ey TNECCTRCY
—-— —
(B) Recond-orge: periodic. (e) First-order: periodic.

32
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SECOND-ORDER COMPUTATIONAL HOMOGENISATION

METAMATERIALS
W. F. dos Santos, I. A. Rodrigues Lopes, F. M. Andrade Pires, and S. P. B. Proenga (2024), Int. J. Solids Struc.

Displocemant Mognituge
00s+00 006 01 1380

——DNS —@—2nd-order - Minimal: Mesh 1 @ 1lst-order - Traction: Mesh 1

12.00
10.00 1
8.00 |
< 6.00 {
= 100 //.
2.00 |
Displacement Magnitude 0.00 +——mooo0—0oO— 0 — T 0
00e+00 005 01 ~ 14e0l 0.00 0.10 0.20 0.30 0.40 0.50 0.60
[ C e
RVE length (mm) 33
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FULLY SECOND-ORDER COMPUTATIONAL HOMOGENISATION

CONCEPT
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I. A. Rodrigues Lopes and F. M. Andrade Pires (2022), /nt. J. Numer. Methods Eng., 123(21), 5274-5318

Macro 2"d gradient continuum

[

Micro 2™ gradient continuum

POSTULATED

u,,,:(F—I)YJr%G;(Y@Y)Jra

Kinematic insertion

F,=F+G-

Y + F —_

Kinematic homogenisation

1

1

F——f F,d
V;L Q, H K
1

G:—/GdQ
Vildo, “ "

Kinematic admissibility

1st Constraint: / VyudV =0 = / @ NdA=0
Q 82,

2nd Constraint: / G,dV =0= f S FdV =
Q, Q,

~ S
fm“ (F@N) dA =0

© INEGI all rights reserved
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FULLY SECOND-ORDER COMPUTATIONAL HOMOGENISATION ©meqi::i
ILLUSTRATION OF SIZE EFFECTS FROM THE MICRO-CONSTITUENTS

Lpyge =0.828 4 fibres
LRVE =0.414 16 fibres
FE2boundary shear layer simulation Lrve = 0207 ——
1 T T T T
u= (4,00, F=1I i = 0.04 ! 5
; - i i r 0.26 | T
9 - " & N
5 E The irLoﬁlé forma ion grad|en1 D) J) SRR SRS SRS MR S —
< ! o sheallcompdi@int is.associated with N
N the resultin cr scoplc length
w—0, F=1 | scale param g 54 Y
< A1) |2
> S
g 4
— 2731
0.4 4
@)
(a4
O
>
m 0.2 b A N
(c) L,
0 I ‘\ ----- | | i
I. A. Rodrigues Lopes and F. M. Andrade Pires (2022), 0 001 002 003 004 005 006

Int. J. Numer. Methods Eng., 123(21), 5274-5318 ) INEGIal righie reserved Fia



FULLY SECOND-ORDER COMPUTATIONAL HOMOGENISATION ©meaqi:i
3D MIXED ELEMENTS AT BOTH SCALES

1000 MPa

IRERARAI

O

L

Iteration Relative residual (%)

1 5.86
2 0.53x 1072

6 I. A. Rodrigues Lopes and F. M. Andrade Pires (2022),
3 0.21x10 Int. J. Numer. Methods Eng., 123(21), 5274-5318 36
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COMPUTATIONAL HOMOGENISATION
WITH FRACTURE




COMPUTATIONAL HOMOGENISATION WITH COHESIVE ELEMENTS
APPLICATION TO INTERGRANULAR FRACTURE

First-order computational homogenisation is enhanced with the presence of strong discontinuities

1 1 - _r
F = F _dv A
2 /g g [gﬂ"“]]@"“d

ul ul

An equivalent macroscopic crack is determined from the micro-cracks orientation

Macroscopic cohesive traction determined as the projection of the macro-stress on the macro-crack

t=Pnl

© INEGI all rights reserved
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COMPUTATIONAL HOMOGENISATION WITH COHESIVE ELEMENTS @ mequ:i
APPLICATION TO INTERGRANULAR FRACTURE

M. Vieira de Carvalho, I. A. Rodrigues Lopes, and F. M. Andrade Pires (2023), /nt. J. Plast., 71, 103780.

5.84 nm
8.43 pm o
« Ll
11.69 pm
25 grains 75 grains 200 grains
1800 1800
1600 1600 1 .
1400 1400 [P =
1200 1200 A
= =
= 1000 E 1000 [
i 800 'E 800 |
600 600 |-
400 400 |
200 200 .
0 . = 0 = '
0 001 0.02 003 004 005 006 0.07 0.08 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

|F— 1| ([l [pm]



(d) Non-periodic cohesive elements.

(@) F,, = 1.01.

(a) Fracture surface.

© INEGI all rights reserved

COMPUTATIONAL HOMOGENISATION WITH COHESIVE ELEMENTS
APPLICATION TO INTERGRANULAR FRACTURE

(b) F,, = 1.05.

Ine I driving science
q &innovation

222938
- 2000.00

1500.00
||P|| [MPa)
1000.00 -

500.00

0.00

1.0
08
0.6

D
0.4

02

0.0

(b) Fracture surface highlighted.
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MESO-SCALE MODELLING OF
COMPOSITES




MODELLING COMPOSITES AT THE MESO-SCALE @ neqgi:is
CONCEPT

Rad et al. (2019)

Meso-scale models
(at the ply level)

© INEGI all rights reserved



MODELLING COMPOSITES AT THE MESO-SCALE
REQUIREMENTS

@ What effects to be included in the models?

Transverse isotropy (elastic and plastic domains)

Ine I driving science
q &innovation

. -
Damage Mechanisms Matrix X
cracks
Matrix
Fibres
H. Koerber et al.{ Mechanics of Materials 42 (2010) 1004-1019
. L. 157 off-axis compression 30° off-axis compression
Visco-elasticity 600 . o P
LT -
g 450 2 ¥ g 300 {,"a
i - i ‘@ " K4
Visco-plasticity 8 o0o 8 200
= s Y
& 150 . & 100} .
. . . — — — dynamic — — — dynamic
Flnlte Stralns quasi-static quasi-static
00 0.4 0.8 1.2 16 00 1 2 3 4 5

axial strain [%)]

© INEGI all rights reserved

axial strain [%]

43



3D INVARIANT-BASED VISCO-ELASTIC - VISCO-PLASTIC MODEL
TRANSVERSE ISOTROPIC STRESS-STRAIN RELATIONSHIP AND VISCO-ELASTICITY

Elastic stress-strain relationship

Sy = Atr (Ee) I+2urE +a [tr (Af:e) +tr (Ee) A] I

2y — pir) (Eeji n AE'E) + Btr (AEE) A

Structural Tensor: A =a® a

- 1 /=
Elastic Green-Lagrange: E° = 3 (Ce - I)

(8% E22
Elastic Parameters: G p < G
Hr V12
KL Va3

Rodrigues Lopes, et al. (2022). /nternational Journal of Solids and Structures, 236, 111292.

Ine I dI'IVII'Ig science
q & innovation

Rheological model: 1 Hooke element and 1 Maxwell element

(Gerbaud et al., 2019)

Co

W

| S

1]

W\
Ch

Finite strain theory of visco-elasticity

(Kaliske, 2000)

T1

—n
C

S=5,+5

At

At
s = @8+ 5 O s, - s)

© INEGI all rights reserved
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3D INVARIANT-BASED VISCO-ELASTIC — VISCO-PLASTIC MODEL @ mneqiii
TRANSVERSELY ISOTROPIC YIELD FUNCTION AND PLASTIC POTENTIAL

Yield function based on invariants

o Non-associative visco-plastic potential
f (ZS,A,ép) = a1y + sl + asls + 0532132 —1<0

- 1 - -
9 (237A) = il +ﬁ212+53219? —-1= 523 M3,

ffu ' TrJJ Paranc/etelrs By lcag%qa?’:ed to obtained a given plastic Poisson’s
VI \ VI ratio (Vogler et al., )
< Flow tensor and rate of plastic deformation:
n%u
vh 09 (.. A) ]
Ny=—=—>=M:%;
1 L N2 . 12 03,
I = (tr z:gmd) — tr (A [zgmd] ) : H
2 DP = 4N,
- [~ . 2
IQ =tr (A [Eglnd] ) )
Perzyna model employed to describe the evolution of the
I =tr¥, —tr (Aﬁg) plastic multiplier rate
Hardening parameters, «;, determined from experimental curves < fm (5”;57 A, E—p) >
obtained for different stress states

fy:
. 1 -~ ~
a1 (&), a2 (), a3 (&), sz (&), & = \/5Dv: Dv "

Rodrigues Lopes, et al. (2022). /nternational Journal of Solids and Structures, 236, 111292. © INEGI all rights reserved 45



3D INVARIANT-BASED VISCO-ELASTIC - VISCO-PLASTIC MODEL
NNUMERICAL EXAMPLES - OFF-AXIS COMPRESSION

HexPly IM7-8552 (carbon fibre in epoxy matrix)
Constitutive parameters calibrated by

[Vogler et al., 2013; Koerber, et al., 2018, Gerbaud et al. 2019]

Quasi-static tests (10~* s~1) and dynamic tests (100 s~ 1)

[Koerber, et al., 2010].

IM7 8552 off-axis compression 157

600 P
-
__,::.—!,”
—3_‘{—3’;\_-———
500 P
7 2
/,’ L7557
B
) £
400 ‘rad
lllfl",
= £50,0
& A vl,
=L 300 %
S i//
4/ 7
200 7
7
100 4 —— Experimental ~ —— £=10""s"" |
—— Numerical ——= 2=100s"!
0 T T T
T r

\
0.75 1.00 1.25
= [%]

0.00 0.25 0.50

== = e = e e = = = e

e e e e - -

IM7 8552 off-axis compressit$ 45°

S, Mises

(Avg: 75%)
+4.999e+02
+4.754e+02

350 e
300 ’,‘,&zi
.
; /
250 %/
5
= 4 ____——'_“‘ﬁ
& 200 :’l/ e
=
(<)
150 1
100
50 —— Experimental ~——— £=10"1s"" |
—— Numerical ——= £=100s""
0 . : : :
0 2 4 G 8 10
e %]

Rodrigues Lopes, et al. (2022). /nternational Journal of Solids and Structures, 236, 111292. © INEGI all rights reserved
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S, Mises
(Avg: 75%)
+3.463e+02
+3.218e+02
+2.973e+02
+2.729e402
+2.484e+02
+21239e+02
+1.994e+02
+1.749e+02
+1.504e+02
+1.259e+02
+1.014e+02
+7.696e+01
+5.247e+01
IM7 8552 off-axis compression 90°
" /’ -
350 ?ﬁ__.:—_-,
-
- "
300 S
i L —
250 7
',—"’{ / —
=
& 200 w ==
2 / ///
(<)
150 7~z
100
50 —— Experimental ~—— £=10"1s" |
—— Numerical ——= £=100s""
0 . : . T
0 2 3 4 5
e %]
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FINITE STRAIN SMEARED-CRACK MODEL @ neqgi:is

CONCEPT

4 er \‘ej‘\{

(A

au/

Matrix
cracks

Iy

Transverse failure criterion [Camanho et al., 2015]
fr(o,A) =G+ Colo + (I3 + (3215 — 1 <0

Cohesive law - defines cohesive tractions on the crack

™ = (lfd) |7_-N|7 if Wy waar T
= WN ) A
g ™ = (1-4d) |fN|W, if 0 <wy <wy™® _
c

™ :kNwN, iwaSO
s =(1—-d)Ts, ifws = w”
©
8 \r =(1-d)n—"" ifw, <wmoe

s Sw;na:t:’ s s

N\ N
-
S

s \\‘
V4 >

Additive Deformation Gradient Decomposition [Leone, 2015]
Fpg —|—IV‘U,C = F

Based on homogenisation considerations...

Fg=F — |P|Raw®€]\1

Vi

Non-linear equilibrium between bulk stress and cohesive
tractions:

P(Fp)-exy =R, T (w)

Rodrigues Lopes, et al. (2023). /nternational Journal of Solids and Structures, 282, 112449. © INEGI all rights reserved 47



LONGITUDINAL FAILURE & Inegi:i
A CONTINUUM DAMAGE APPROACH

Longitudinal failure criterion

fo=0¢r—7rL <0

£y Epi1, if g4 >0 Evolution of the damage variable
bp = Xp T Crack band model [Bazant, 1983]
) E
—1EB’11, if EB,ll <0 Sty
Xc
. ¢ m—
rp = max (1, max (¢r))
Damaged stress-strain relationship [Maimi, 2007] gr
Ez; =HS = S=H 'Ej; XPO| e
- 1 - gro
P, 0 0 o
Eqp(1 J1E22 Ea gcp v 511
Va3 cP
—_— ——= 0 0 0
E22 E22
— 0 0 0
H= Eoao )
— 0 0 1 Xe
G ‘
sym — 0
Y Gas
€
- G2

Rodrigues Lopes, et al. (2023). /nternational Journal of Solids and Structures, 282, 112449. © INEGI all rights reserved



FINITE STRAIN SMEARED-CRACK MODEL

NUMERICAL RESULTS - QI-OPEN-HOLE

Quasi-isotropic [90/0/+-45],< open-hole tension
HexPly IM7-8552

Ine I drlwng science
q & innovation

Transverse

Numerical Curves

500 — D =2mm
— D =4 mm .
100 1 - [) =G mm S| ye eﬁ:ect
= — D =8mm
& — _
2,300 1 D =10 mm
@ 200

100

(a) =

0 T T " " T
0.000  0.002 0.004 0.006 0.008 0.010 0.012
Strain

Strength comparison with experimental data (Camanho et al., 2007)

gamage

(b) +45°

Hole diameter (mm) Strength (MPa)
Experimental Numerical
2 555.7 5247  -5.6%
4 480.6 4221 -12.2% (©) 0° (d) 90°
6 438.7 402.1  -8.3%
8 375.7 3782 0.7% Longitudinal
10 373.7 375.3  04% damage

Rodrigues Lopes, et al. (2023). /nternational Journal of Solids and Structures, 282, 112449.
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FINITE STRAIN SMEARED-CRACK MODEL
COUPLING WITH VISCO-ELASTIC - VISCO-PLASTIC MODEL

100
90
80
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60
50
40
30
20
10

0

Longitudinal Shear

T T

1 1 | 1 1 L | |

0 0.020.040.060.08 0.1 0.120.140.160.18 0.2

£12

Transverse Tension

70 T T T T T

a22

0 I I 1 L I | I \

0 0.010.020.030.04 0.05 0.06 0.07 0.08 0.09
£22
100+
0 -
g 100}
£
5: —-200+
—VYielding
—300¢ — 5 _pp = cont.
— 8 = 350
—400 t, ) . ; )
-400 -200 0 200 400
o,, (MPa)

© INEGI all rights reserved
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Transverse Compression

0.010.020.030.040.050.060.070.080.09 0.1

—E£22

[==]
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