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• A look into the microstructure:

– Non determinisms affect the SVE response  Each SVE has a different behavior

• Geometrical

• Fibre-matrix bonding

• …

Motivation

 𝝈

 𝜺

𝐺𝑐 = 0.089
𝐺𝑐 = 0.12

𝐺𝑐 = 0.93
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• A look into the microstructure:

– Need of a stochastic model in order to scale these uncertainties to the macroscale

– Efficient model for the simulation is needed

• Full-Field macro-scale simulations are prohibitive

High computational cost

Motivation
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• Methodology scheme: From SEM images to efficient stochastic simulations

• Damaged elastic tensor  𝑪 𝒆𝒍𝑫

•  𝜀 −  𝜎 evolution

• Energy release rate (Gc)

• Fiber volume fraction

Methodology Overview: Stochastic MF-ROM
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Methodology Overview: Stochastic MF-ROM
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• Methodology scheme: From SEM images to efficient stochastic simulations

Built from 

random material 

parameters
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• UD Composites with RTM6 epoxy matrix

– Full-field simulations performed with identified matrix material behaviors

• Hyperelastic viscoelastic-viscoplastic constitutive model enhanced by a multi-

mechanism non-local damage model 

• Capable of accurately represent the 

behavior of the high crosslinked epoxy 

• Represents the epoxy behavior up to its

complete failure thanks to 𝐺𝑐 calibration

after the localization onset
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Full-Field Realizations: Large Strain Matrix Model

V.-D. Nguyen, L. Wu, L. Noels, A micro-mechanical model of reinforced polymer failure with length scale effects and 

predictive capabilities. Validation on carbon fiber reinforced high-crosslinked RTM6 epoxy resin
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• Elastic Stage

– Where the Mori-Tanaka assumption    

is used for 𝑩𝜖

– How do we identify the elastic 

random vectors?

Incremental Secant MFH Scheme: Elasticity

Linear

inclusions

composite

matrix

𝛆I

𝛔

𝛆

𝑪0
𝑒𝑙

 𝛆 𝛆0

𝑪I
𝑒𝑙

 𝜺 = 𝜐0𝜺0 + 𝜐𝐼𝜺0

 𝝈 = 𝜐0𝝈0 + 𝜐𝐼𝝈𝐼

𝜺𝐼 = 𝑩𝜖(𝐼, 𝑪0, 𝑪𝐼, 𝜐𝐼): 𝜺0

𝑪0𝑪I

 𝑪I
el

 𝜃

𝑎

𝑏

min
 𝐼, 𝜃,  𝐸0, 𝜐0

  𝑪𝑒𝑙(  𝐼,  𝜃,  𝑪0
𝑒𝑙  𝐸0,  𝜐0 −  𝑪𝑒𝑙
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• Damage-enhanced plasticity

– Use of the incremental-secant MFH

– Virtual elastic unloading from the 

previous state

• Composite material unloaded to 

reach the stress-free state

• Residual stress in components

• Damage is taken into account in the 

matrix phase

Incremental Secant MFH Scheme: Plasticity

Linear Non-linear

inclusions

composite

matrix

𝚫𝛆I
unload

𝛔

𝛆
𝚫𝛆M

unload
𝚫𝛆0

unload

ℂI
el

(1 − 𝐷0)ℂ0
el

effective 

matrix
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• Damage-enhanced plasticity

– Use of the incremental-secant MFH

– Virtual elastic unloading from the 

previous state

• Composite material unloaded to 

reach the stress-free state

• Residual stress in components

• Damage is taken into account in the 

matrix phase

Incremental Secant MFH Scheme: Plasticity

Linear Non-linear

inclusions

composite

matrix

𝚫𝛆I
unload

𝛔

𝛆
𝚫𝛆M

unload
𝚫𝛆0

unload

ℂI
el

(1 − 𝐷0)ℂ0
el

effective

matrix

•  𝑪𝑛
𝑒𝑙𝐷 is extracted from full-field SVE 

realizations

–  𝐷0𝑛
can be identified through a 

minimization process:

–  𝐷0 is then fitted through a dedicated 

damage evolution law

min
 𝐷0𝑛

 𝑪𝑛
𝑒𝑙𝐷  𝑪0

𝑒𝑙𝐷  𝐷0𝑛 −  𝑪𝑛
𝑒𝑙𝐷
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• Damage-enhanced plasticity

– Use of the incremental-secant MFH

– Reload of the composite:

• The composite material is reloaded 

to reach the next stress-strain state

• Definition of the LCC

• Damage is taken into account in the 

matrix phase

Incremental Secant MFH Scheme: Plasticity

Linear Non-linear

LCC: Linear Comparison Composite

inclusions

composite

matrix

𝚫𝛆I
r

𝛔

𝛆
𝚫 𝛆r

𝚫𝛆0
r

𝑪I
S

1 − 𝐷0 𝑪0
S

effective matrix

 𝑪SD

∆ 𝜺𝑛+1
𝑟 = 𝜐0∆𝜺0𝑛+1

𝑟 + 𝜐𝐼∆𝜺𝐼𝑛+1

𝑟

 𝝈𝑛+1 = 𝜐0𝝈0𝑛+1
+ 𝜐𝐼𝝈𝐼𝑛+1

∆𝜺𝐼𝑛+1

𝑟 = 𝑩𝜖: ∆𝜺𝑂𝑛+1

𝑟

• Incremental secant operator

 𝝈𝑛+1 =  𝝈𝒓𝒆𝒔
𝑛 +  𝑪𝑆𝐷 𝐼, 1 − 𝐷0 𝐶0

𝑆, 𝐶𝐼
𝑆, 𝜐𝐼 :Δ 𝜺r
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• Enhanced Drucker-Prager yield function with non-associated 

plastic flow:

• 𝐶𝑆𝑟 is found to be isotropic, being possible to write it in terms of 𝜇𝑠
𝑟 and 𝜅𝑠

𝑟 as:

– Where

𝑓( 𝝈𝑛+1, 𝑝𝑛) =
(  𝝈𝑛+1

𝑒𝑞
)
𝛼

𝜎𝑐
𝛼 − 3

𝑚𝛼 − 1

𝑚 + 1 𝜎𝑐

 𝜙𝑛+1 −
𝑚𝛼 + 𝑚

𝑚 + 1
≤ 0

 𝜙 =
1

3𝑡𝑟  𝝈
𝝈𝑐 = 𝝈𝑐

0 + 𝑅 𝑝

𝑪𝑆𝑟 = 3𝜅𝑠
𝑟𝐼𝑣𝑜𝑙 + 2𝜇𝑠

𝑟𝐼𝑑𝑒𝑣

𝜅𝑠
𝑟 = 𝜅𝑠

𝑟(𝜅𝑒𝑙 , 𝛽, Γ)

Incremental Secant MFH Scheme: Plasticity

𝜇𝑠
𝑟 = 𝜇𝑠

𝑟(𝜇𝑒𝑙 , Γ)
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• 16 random material parameters needed to describe the composite:

• In order to fully describe the pressure-dependent model: 

- 3 full-field tests are needed for each SVE 

- Uniaxial tension, uniaxial compression and biaxial tests are used

Stochastic MF-ROM: Parameter identification

[  𝑣𝐼,  𝐼,  𝜃,  𝐸0,  𝜈,  𝜎𝑦,  ℎ0,  ℎ1,  𝑚0 ,  𝑚,  𝜈𝑝,  𝛼,  𝑝𝑜𝑛𝑠𝑒𝑡,  𝐷𝑜𝑛𝑠𝑒𝑡,  𝛼𝑑𝑎𝑚,  𝛽]

Elastic Hardening Pressure Damage

Already identified! 
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• Once the matrix stress-state is computed at the plasticity onset:

– The accumulated plastic strain is supposed to be zero at this state

– Solving the yield surface for the 3 tests allows to obtain the 3 parameters 

involved in its definition

•  𝜎𝑦,  𝑚,  𝛼

– Only one of the tests is needed for the remaining of the identification process

• Uniaxial tension is used

Stochastic MF-ROM: Parameter identification

min
𝛼,𝑚,𝜎𝑦

   𝑓(𝛼,𝑚, 𝜎𝑦)
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• The matrix secant tensor is optimized at each step

– The bulk and shear moduli remain the only unknown in its definition

• The plastic multiplier allows then to compute the plastic strain evolution at each 

iteration

Stochastic MF-ROM: Parameter identification

inclusions

composite

matrix

𝚫𝛆I
r

𝛔

𝛆
𝚫 𝛆r 𝚫𝛆0

r

𝑪I
S

1 − 𝐷0 𝑪0
S

effective matrix

 𝑪SD

min
 𝜇𝑠
𝐷𝑟;  𝜅𝑠

𝐷𝑟
    𝑪𝑆𝐷  𝑪0

𝑆𝐷  𝜇𝑠
𝐷𝑟;  𝜅𝑠

𝐷𝑟 : Δ 𝜺𝑛
𝑟 −  𝝈𝑛+1

𝜇𝑠
𝑟 = 𝜇𝑠

𝑟(𝜇𝑒𝑙 , Γ) 𝜅𝑠
𝑟 = 𝜅𝑠

𝑟(𝜅𝑒𝑙 , 𝛽, Γ)
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• With  𝜎𝑦,  𝑚 and  𝛼 identified,  𝑝0𝑛
and 𝜎0𝑛

computed:

– 𝑅𝑛 remains the only unknown in the yield surface definition

– During plasticity 𝑓 = 0. 𝑅𝑛 can be identified by the minimization problem:

• A curve fitting process is used to identify the dedicated linear exponential 

hardening law parameters:  ℎ0,  ℎ1,  𝑚0

Stochastic MF-ROM: Parameter identification

min
𝑅𝑛

  𝑓𝑛(𝑅𝑛)
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• Failure stage

– Last stage in the MFH inverse analysis

• Failure  Loss of size objectivity 

• Use of the energy release rate Gc as 

quantity that allows to recover the size 

objectivity

– L >> l ;  W << l cylinder to obtain MFH        

non-dimensional 𝐺𝑐

– Optimization problem to recover SVE 

Gc value 

Stochastic MF-ROM: Parameter identification

Total failure

Unloading paths

Loading path

Localization 

onset

Dissipation onset

𝜎

Υ

Υloc

Υend

𝐺𝑐 =
𝒟𝑉0

𝑒𝑛𝑑 − 𝒟𝑉0
𝑙𝑜𝑐

𝐴0

Linear Non-linear Failure

W
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• Parameters are identified for 1050 SVE

• New data is generated using a Markov chain Monte Carlo (MCMC) process in 

order to obtain proper random fields

Stochastic MF-ROM



CM3 31 August 2022 ACOMEN - Liège 18

• Parameters are identified for 1050 SVE
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• Parameters are identified for 1050 SVE

• New data is generated using a Markov chain Monte Carlo (MCMC) process in 

order to obtain proper random fields

Stochastic MF-ROM
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• The identified parameters yield good results for the wide range of SVE used

Stochastic MF-ROM

Uniaxial Tension Uniaxial Compression

Biaxial
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• Tensile tests on 500 x 250 μm composite ply are performed using full-field and 

stochastic MFH simulations

Stochastic MF-ROM Verification
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Stochastic MF-ROM Verification
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stochastic MFH simulations
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Stochastic MF-ROM Verification
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• Tensile tests on 500 x 250 μm composite ply are performed using full-field and 
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• Tensile tests on 500 x 250 μm composite ply are performed using full-field and 

stochastic MFH simulations

Stochastic MF-ROM Verification
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Conclusion and Future Work

• The MFH implementation of the pressure dependent plasticity model shows good 

agreement between the full-field simulations and the MFH simulations for all test cases
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Conclusion and Future Work

• The MFH implementation of the pressure dependent plasticity model shows good 

agreement between the full-field simulations and the MFH simulations for all test cases

• The parameter identification process is robust and is capable of successfully represent 

a wide variety of SVE up to their total failure
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Conclusion and Future Work

• The MFH implementation of the pressure dependent plasticity model shows good 

agreement between the full-field simulations and the MFH simulations for all test cases

• The parameter identification process is robust and is capable of successfully represent 

a wide variety of SVE up to their total failure

• The build process of the stochastic MF-ROM offers high flexibility, allowing to further 

enrich it in future works with more complex hardening and damage evolution laws

• This MF-ROM could be used in the modelling of multiscale woven composites
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Special thanks to: 

STOMMMAC project
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• The plastic correction reads:

• It is then possible to define 𝐶𝑠𝑟, which writes:

• 𝐶𝑠𝑟 is found to be isotropic, being possible to identify 𝜇𝑠
𝑟 and 𝜅𝑠

𝑟 as:

Enhanced Drucker-Prager: Incremental Secant Implementation

∆𝑝 = 𝑘Γ 𝑵:𝑵 = 𝑘Γ 6  𝝈𝑛+1 −  𝝈𝑛
𝑟𝑒𝑠 𝑒𝑞 2

+
4

3
𝛽2  𝝓𝑛+1 −  𝝓𝑛

𝑟𝑒𝑠 2

 𝝈𝑛+1 −  𝝈𝑛
𝑟𝑒𝑠 𝑑𝑒𝑣

=  𝝈𝑛+1
𝑡𝑟 −  𝝈𝑛

𝑟𝑒𝑠 𝑑𝑒𝑣
− 2𝜇𝑒𝑙Γ(3  𝝈𝑛+1 −  𝝈𝑛

𝑟𝑒𝑠 𝑑𝑒𝑣
) =

 𝝈𝑛+1
𝑡𝑟 −  𝝈𝑛

𝑟𝑒𝑠 𝑑𝑒𝑣

1 + 6𝜇𝑒𝑙Γ

 𝝈𝑛+1 −  𝝈𝑛
𝑟𝑒𝑠 𝑣𝑜𝑙

=  𝝈𝑛+1
𝑡𝑟 −  𝝈𝑛

𝑟𝑒𝑠 𝑣𝑜𝑙
− 3𝜅𝑒𝑙Γ

2𝛽

3
 𝝈𝑛+1 −  𝝈𝑛

𝑟𝑒𝑠 𝑣𝑜𝑙
=

 𝝈𝑛+1
𝑡𝑟 −  𝝈𝑛

𝑟𝑒𝑠 𝑣𝑜𝑙

(1 + 2𝜅𝑒𝑙Γ𝛽)

 𝝈𝑣𝑜𝑙 =  𝜙𝑰 𝜈𝑝 =
9 − 2𝛽

18 + 2𝛽

𝑪𝑆𝑟 = 𝑪𝑒𝑙 −
6𝜇𝑒𝑙Γ

1 + 6𝜇𝑒𝑙Γ
(𝑰𝑑𝑒𝑣: 𝑪𝑒𝑙) −

2𝛽𝜅𝑒𝑙Γ

1 + 2𝜅𝑒𝑙Γ𝛽
(𝑰𝑣𝑜𝑙: 𝑪𝑒𝑙)

𝜅𝑠
𝑟 = 𝜅𝑒𝑙 −

2𝛽𝜅𝑒𝑙2Γ

1 + 2𝜅𝑒𝑙Γ𝛽
𝜇𝑠
𝑟 = 𝜇𝑒𝑙 −

6𝜇𝑒𝑙2Γ

1 + 6𝜇𝑒𝑙Γ
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• It is then possible to compute the damage-enhanced residual-incremental 

secant operator and the final stress as:

• Consequently, the damaged bulk and shear moduli read:

Enhanced Drucker-Prager: Incremental Secant Implementation

𝑪𝑆𝐷𝑟 = 1 − 𝐷𝑛+1 𝑪𝑆𝑟

𝝈𝑛+1 = 1 − 𝐷𝑛+1  𝝈𝑛
𝑟𝑒𝑠 + 𝑪𝑆𝐷𝑟: ∆𝜺𝑛+1

𝑟

𝜅𝑠
𝐷𝑟 = (1 − 𝐷𝑛+1) 𝜅𝑒𝑙 −

2𝛽𝜅𝑒𝑙2Γ

1 + 2𝛽𝜅𝑒𝑙Γ

𝜇𝑠
𝐷𝑟 = (1 − 𝐷𝑛+1) 𝜇𝑒𝑙 −

6𝜇𝑒𝑙2Γ

1 + 6𝜇𝑒𝑙Γ
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MFH verification

• The MFH scheme was tested using Uni-Directional (UD) composite 

and spherical inclusions-reinforced matrix using periodic BC

– 150x150 μm UD RVE 18, 28 and 40% fiber volume fraction 

– 100x100x100 μm spherical inclusions-reinforced RVE 20% fiber volume fraction
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MFH verification : No damage

• Pressure Dependency:

Tension  Compression Compression Tension

18% 

Volume

Fraction
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MFH verification : No damage

• Volume Fraction Dependency: Uniaxial Example

Phases

18% 

Volume

Fraction

40% 

Volume

Fraction
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MFH verification : No damage

• Non-Proportional Loading

18% and 40% Volume Fractions
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40% 

Volume

Fraction

MFH verification : No damage

Phases

18% 

Volume

Fraction

• Non-Proportional Loading
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• 40% Composite

MFH verification : Damage

Uniaxial Tension Shear Tension

Composite
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• 40% Composite

MFH verification : Damage

Phases

Uniaxial Tension Shear Tension
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MFH verification: 3D

• Spherical inclusions-reinforced matrix

• 100x100x100 μm RVE 20% fiber volume fraction

• Periodic boundary conditions under different loadings including uniaxial, 

triaxial, non-proportional and shear
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• Shear Loading

MFH verification : No damage

20% Volume Fraction

Composite Phases
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MFH verification: Experimental Compression Test

• Experimental test carried out  in J. Chevalier et al. on UD composite

• 10x10x10 mm cubic sample with 40% fiber volume fraction

• Transverse compression test at a loading rate of 1-4s-1

Chevalier J, Camanho P, Pardoen T. Multi-scale characterization and modelling of the transverse 

compression response of unidirectional carbon fiber reinforced epoxy. Comp. Struct. 2019
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• Experimental test carried out  in J. Chevalier et al. on UD composite

• 10x10x10 mm cubic sample with 40% fiber volume fraction

• Transverse compression test at a loading rate of 1-4s-1

MFH verification: Experimental Compression Test

Chevalier J, Camanho P, Pardoen T. Multi-scale characterization and modelling of the transverse 

compression response of unidirectional carbon fiber reinforced epoxy. Comp. Struct. 2019
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• Experimental test carried out  in J. Chevalier et al. on UD composite

• 10x10x10 mm cubic sample with 40% fiber volume fraction

• Transverse compression test at a loading rate of 1-4s-1

MFH verification: Experimental Compression Test

Damage [-]

Chevalier J, Camanho P, Pardoen T. Multi-scale characterization and modelling of the transverse 

compression response of unidirectional carbon fiber reinforced epoxy. Comp. Struct. 2019
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• Parameter identification of the two-part function damage model 

(  𝑝𝑜𝑛𝑠𝑒𝑡,  𝐷𝑜𝑛𝑠𝑒𝑡,  𝛼𝑑𝑎𝑚,  𝛽𝑑𝑎𝑚):

– Linear increase of damage up to the softening onset point

• Rate of the damage evolution depends on the damage and the accumulated plastic strain at 

onset point   𝑝𝑜𝑛𝑠𝑒𝑡 , and  𝐷𝑜𝑛𝑠𝑒𝑡 obtained directly from the identified values at the softening 

onset

– After the softening onset, the parameters are identified to recover the SVE energy 

release (𝐺𝑐), as it becomes the only objective value

– min
 𝑓𝐷𝑎𝑚

  Δ𝐺𝑐𝑀𝐹𝐻
(  𝑓𝐷𝑎𝑚) where Δ𝐺𝑐𝑀𝐹𝐻

(  𝑓𝐷𝑎𝑚) = 𝐺𝑐𝑀𝐹𝐻
(  𝑓𝐷𝑎𝑚) − 𝐺𝑐𝑆𝑉𝐸

– At each minimization step, an MFH simulation is performed in order to obtain this value

Damage-Enhanced Elasto-Plastic Identification

  𝐷0 =
 𝐷𝑂𝑛𝑠𝑒𝑡

 𝑝𝑂𝑛𝑠𝑒𝑡
Δ  𝑝0
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• In order to recover the equivalent MFH SVE Gc

– L >> l ;  W << l to obtain non-dimensional Gc

– This optimization problem allows to identify the damage model parameters (  𝛼𝑑𝑎𝑚,  𝛽)  

of the new definition of the two-part function:

– Less than 1% difference between full field and homogenized Gc  Good 

representation of SVE behavior up to total failure

Damage-Enhanced Elasto-Plastic Identification

W

Total failure

Unloading paths

Loading path

Localization 

onset

Dissipation onset

𝜎

Υ

Υloc

Υend

𝐺𝑐 =
𝒟𝑉0

𝑒𝑛𝑑 − 𝒟𝑉0
𝑙𝑜𝑐

𝐴0

  𝐷0 =  𝛼𝑑𝑎𝑚  𝑝0 + Δ  𝑝0 −  𝑝𝑂𝑛𝑠𝑒𝑡
 𝛽Δ  𝑝0


