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Composite materials are widely used

thanks to their specific properties:

 High mechanical performance

 Low density
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Material used in the aircraft Boeing 787
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Composite materials are widely used

thanks to their specific properties:

 High mechanical performance

 Low density

However, the anisotropy behavior of

composite structures make their design a

complex process.

Moreover, the brittle nature of polymer

composites means that failure initiates

from a stress raiser.
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Material used in the aircraft Boeing 787

Laminate [0º, 90º, 0º]

𝐸1

𝐸2

𝐸3

Damage on an open hole specimen
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Uncertainties related to composite structures:
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- Loads

- Material

- Geometry

- Manufacturing

deffects

…

Mean, CoV
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Design of composite structures:
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Pyramid of certification

[Composite Material Handbook, CMH-17]

↓ Design time

↓ Experimental test campaigns

↑ Simulations



On the generation of design allowables taking into account the material variability, 

the presence of defects and the random spatial distribution of the FRP

Introduction

27/01/2023

Composite structures:

 Excellent specific mechanical properties

 High effect by uncertainties
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“In practice, today’s simulation are providing a single result.

In front of the authorities, we wish to provide an envelop of uncertainty associated to the results

accounting for variations of specimens (material, manufacturing artefacts, assemblies build stress,

loading....)“
(M. Fouinneteau, ECOMASS-Composites 2019, Eindhoven)
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Loads

Material

Geometry

Manufacturing

deffects

…

Analysis 

method

Maximum strength

Mean, CoV

Design 
allowable

Analytical Numerical
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Objective 1: How to determine the design allowables of different stress raisers?

Geometrical feature: Open Hole

Damage: impact on a surface

Presence of defects: fiber misalignment
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Objective 1: How to determine the design allowables of different stress raisers?

Geoemtrical feature: Open Hole

Damage: impact on a surface

Presence of defects: fiber misalignment

Objective 2: How to determine the material variability with the presence of

defects?
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Design allowables

B-value as a design allowable
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10th percentile
B-value

B-basis: a value that at least 90% of the population of material values is 
expected to equal or exceed this tolerance bound with a 95% of confidence.
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Laminate 
strengths

Laminate elastic 
properties

Laminate 
toughness

Camanho et al. 2012
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Laminate 
strengths

Laminate elastic 
properties

Laminate 
R-curve              

Trace Theory and 

Master ply concept

Omni strain and 

Unit circle

Analytical model based 

on fracture toughness

𝑇𝑟 =
𝐸1
0.88

Lay-up
𝑬𝟏
𝑻𝒓

𝑬𝟐
𝑻𝒓

𝑮𝟏𝟐

𝑻𝒓
𝒗𝟏𝟐

Master ply [0º] 0,88 0,052 0,031 0,32

𝒦𝐼𝐶
(𝑖)

= 𝒦𝐼𝐶
0
𝒳(𝑖)𝛺0

(𝑖)

𝒳0

𝑬𝟏 𝑿𝟏,𝑻 𝓡𝒔𝒔
(𝟎)

Camanho et al. 2012

Furtado et al. 2017

Tsai and Melo 2014

Camanho et al. 2007

Catalanotti et al. 2014
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Design allowables. Analytical

Limitations:

Balanced laminates

Inter-laminar damage is not considered

Failure mechanism?
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Design allowables. FEM

Determination of the CAI after the LVI:
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Uncertainty of 

the geometry

Uncertainty of the 

material properties

Uncertainty of the 

defects: misalignment
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Uncertainty of 

the geometry

Uncertainty of the 

material properties

Uncertainty of the 

defects: misalignment
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- B-value

- Knock-down factor
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Low fidelity model:

Analytical

Uncertainty of 

the geometry

Uncertainty of the 

material properties

Uncertainty of the 

defects: misalignment

Effect of the intrinsic material 

variabilities and defects 

(misalignment) on the OH strength

High fidelity model:

FEM

- B-value

- Knock-down factor

- …

- Failure mechanisms

- Damage

- …
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Input parameters of the case study:

Material: IM7-8552

Different diameters (𝐷) are considered: 2, 4, 6, 8 and 10 mm

Same diameter-width ratio:
𝐷

𝑊
=

1

6

Misalignment is considered as:

• Uniform distribution: 𝜃º = 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 −3º, 3º

• Normal distribution: 𝜃º = 𝑛𝑜𝑟𝑚𝑎𝑙 𝜇 = 0º, 𝑠 = 3º
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Results:
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Results:
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Objective 1: How to determine the design allowables of different stress raisers?

Geometrical feature: Open Hole

Damage: impact on a surface

Presence of defects: fiber misalignment

Objective 2: How to determine the material variability with the presence of

defects?
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Microstructural analysis are useful to determine the properties that feed meso-scale 

models (eg: OH) from the properties of the constituents and their distribution:

Fibers

Matrix

Fiber/matrix interface



On the generation of design allowables taking into account the material variability, 

the presence of defects and the random spatial distribution of the FRP

Material uncertainty: microscale analysis

27/01/2023

41

The variability of the constituents, the presence of defects and their random spatial 

distribution are the main sources of uncertainty:

𝐸11(𝑚𝑒𝑎𝑛, 𝑆𝑇𝐷𝑉)

𝑣12 𝑚𝑒𝑎𝑛

𝐸22(𝑚𝑒𝑎𝑛, 𝑆𝑇𝐷𝑉)

𝐺12(𝑚𝑒𝑎𝑛, 𝑆𝑇𝐷𝑉)

𝐺23(𝑚𝑒𝑎𝑛, 𝑆𝑇𝐷𝑉)

𝑣23(𝑚𝑒𝑎𝑛)
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Input parameters of the case study:
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Methodology:
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Results:
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A new methodology to calculate design allowables

Analytically

Numerical (FEM)

A new methodology to determine the uncertainty on the material properties
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