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Objectives

• To discuss the concept and meaning of strength of a composite
• To try to reach agreement on a definition of strength
• To discuss fundamental issues with measuring strength
• To identify next steps to make progress 



Agenda (UK time)
14:00h – Meeting Introduction and Background - Ramesh Talreja
14:05h – Topic Presentation - Michael Wisnom and Federico Paris
14:20h – 5-min Presentations
15:20h – Break
15:30h – Panel Members Questions/Comments (Live)
15:50h – Open Questions (via Q&A)
16:10h – Open Comments via Zoom Raise-the-hand function
16:30h – General Discussion
16:50h – Conclusions and Suggestions for Next Steps
17.00h– End of meeting
Questions may be asked at any time using the Q&A function, will be answered later
Please direct your question to a specific speaker if appropriate
You can upvote questions which you think are important with the thumbs up button
Can raise your hand in the later sessions if you wish to speak
Chat may be used at any time to make comments or send messages to panel or attendees
Session is being recorded and will be available together with the slides afterwards



Five minute presentations 
Definition of Strength
Defining strength of UD composites based on the 
characteristics of their failure processes

Ramesh Talreja Texas A&M University

Is there a true strength for composite material? Hao Cui University of Cranfield
Strength: not just materials science and not just a number? Silvestre Pinho Imperial College London
Strength of continuous fibre reinforced composites Tony Waas University of Michigan

Strength at Different Scales
Composite Strength in terms of the perspective of 
constituent materials

Young W. Kwon Naval Postgraduate School, 
Monterey

Defining strength in (dis)continuous composites Soraia Pimenta Imperial College London
How does material strength translate to structural scale 
failure?

Stephen Hallett Bristol Composites Institute

Measuring Strength
On the tensile strength of uni-directional carbon fiber-
reinforced composites

Lars Pilgaard Mikkelsen Technical University of Denmark

Proper tensile testing of unidirectional composite materials Yentl Swolfs KU Leuven
Analysis of different standard and innovative tests to 
determine the longitudinal compressive strength of a 
carbon/epoxy UD ply

Frédéric Laurin ONERA The French Aerospace Lab



Group of Elasticity and 
Strength of Materials

Michael Wisnom

Federico París

How do we define and 
measure strength of a 

composite?



Proposed definition of strength
2

• The strength of a unidirectional composite is the maximum stress that 
the material can sustain under uniform uniaxial loading

• Other definitions such as damage initiation stress are more subjective 

• Damage detection depends on monitoring
• SEM and CT show damage before loading 

due to intrinsic defects or residual stresses 
• In-situ strength depends on other factors

• May be useful in design, but not appropriate 
as basic material parameters 

• May be considerable damage before  
maximum stress, but valid as a measure 
of material performance

• Can be applied to all the principal failure modes



Factors affecting strength
3

• Volume of material tested
• Strain rate, temperature, moisture…

Must be specified with value
• Strain gradients
• Stress concentrations
• Other stress components

Need uniaxial loading + uniform stress 
• Maximum stress is useful to show what

may be attained under ideal conditions 
and to compare materials
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Testing challenges
4

• Avoiding stress concentrations
• Reducing other stress components
• Huge amount of research on test 

methods
• Need to synthesise results and agree on 

the best methods
• Testing under combined stresses is even 

more challenging
• More research needed on methods and 

use of results in criteria to predict failure



Strength of laminates
5

• Multiple potential failure modes that 
can interact 

• Transverse cracking and delamination 
can interact with fibre direction 
response, especially at free edges

• Failure stress may depend on the 
stacking sequence and ply thickness

• Presence of other stress components
• Residual thermal stresses
• Constraint from other plies
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Laminate ultimate strength
6

• In principle could measure a laminate 
ultimate strength

• Use tubular specimens to eliminate free edges
• Select stacking sequences, ply thicknesses to 

avoid premature damage
• But would such an ideal laminate strength be 

useful?
• Need allowable laminate stresses rather than 

ultimate strength



Other measures of strength
7

• Notched strength depends on notch size, 
laminate thickness, width to notch ratio 

• Compression after impact depends on 
many factors

• Useful for design but not material 
properties

• Strength of components is a structural 
rather than material phenomenon 

• There are often complex stress distributions 
• May be interactions between through 

thickness and in-plane failure mechanisms



Terminology
8

• “Failure strength” is a contradiction in terms and should be avoided 
• Strength and failure stress should be distinguished
• Strength reserved for basic unidirectional materials 
• Failure stress used elsewhere
• CAI strength and open hole strength should be replaced by CAI or 

open hole failure stress
• Measurement conditions should be specified



Summary
9

• Strength as a material property should only be used for 
unidirectional composites under simple uniaxial stress states

• Strength should be defined as the maximum stress that can be 
attained prior to total failure

• Should be stated together with the volume of material and 
conditions under which it was measured

• Strength should be measured under uniaxial, uniform loading 

• Results of laminate and structural tests should be referred to as 
failure stresses rather than strengths



Proposed next steps
10

• Synthesize the huge amount of work on testing to agree the 
best methods 

• Debate the factors affecting failure to reach a consensus 

What further research is needed to be able to predict laminate and
structural failure from basic material strengths?

• Organise a series of workshops on the primary failure mechanisms

Fibre direction and transverse tension, compression and shear 
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Group of Elasticity and 
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Thanks for your attention!

M.Wisnom@bristol.ac.uk

fparis@us.es
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STRENGTH: Damage or Rupture?
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Defining strength of UD composites based on 
the characteristics of their failure processes

Ramesh Talreja
Texas A&M University



Five basic failure modes – five different failure processes

Measured strengths:
X, X’, Y, Y’, S

Assuming material as
homogeneous and
anisotropic



Why do we need UD composite strengths?

σ2

Interaction, single mechanism

Mechanism 1

Mechanism 2

X

σ1

Y

1. In failure theories to assess failure
under combined loading

2. To enter these in assessment
of laminate failure

Problem:
Questionable
Assumptions of 
Interactive failure

Problems:
• Failure modes of UD plies in
laminates not the same as those
of unconstrained UD composites
(e.g. single vs multiple cracking)
• Failure (cracking) of UD plies
in laminates trigger other failure
modes (e.g. delamination)
• Size effects and effects of defects
different in laminates than in
unconstrained UD composites 



Fibre kinking failure

Are there true strength values for composite material? 

Ref:
R. Gutkin, S.T. Pinho, P. Robinson, 
P.T. Curtis. Composites Science 
and Technology 70 (2010) 1223–
1231
J. Chevalier, P. P. Camanho, F. Lani, 
and T. Pardoen. Compos. Struct., 
vol. 209, 2019, pp. 160–176

Structural dependent?

Transverse compression

Reliability in simple tests? 

Shear between 
fibre and matrix

Hao Cui
School of Civil Aviation,
NWPU, Suzhou, China
School of Aeronautics, 
Transport and Manufacture
Cranfield University, UK
hao.cui@nwpu.edu.cn

mailto:hao.cui@nwpu.edu.cn


Are there true strength values for composite material? 

Pure 
stress

Uniform 
stress

Displacement 
Continuity

Strength

• Are these conditions valid even at 
micro scale?

• What are the consequences of 
homogenization? 

• e.g. shear stress between fibre
and matrix is ignored…

Systematic evaluation of failure stress and its dependence on 
sample size would provide clue. Yet there is a significant material 
volume gap here between testing and modelling

Modelling

All data are from literatures
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Strength:
not just materials science and not just a number?

Strength Workshop | Zoom | 09/10/2020

ST Pinho

mailto:f.pinho@imperial.ac.uk
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“Strength” is not just a concept from materials science
“Strength” does not imply “material property”

Why shouldn’t a structural engineer refer to the “strength” of a structure?
UD laminates are structures

Just one of many possible scales at which we can 
look at “material” “properties” and “strength”



“Strength” for UD laminates: a “number” or a 
“distribution”?

Strength, as a number, depends on geometry (e.g. can decrease with size of specimen).

If it depends on geometry of specimen, is it really a “material property”1? 

Or should the underlying properties that define the distribution be the “material properties”2?

1 Definition of material property? A characteristic that is necessary in the smallest set of 
characteristics measured at the scale of the homogenized material, that are sufficient to define 

its response? 

2 If the underlying properties that define the distribution are the “material properties”, then the 
“strength” value for a given scale depends on a theory (fracture mechanics, Weibull statistics). Is 

this OK if the theories have not been fully accepted for explaining certain failure modes? 



Strength of Continuous Fiber Reinforced Composites 
– Tony Waas

• The Wisnom/Paris definition for UD composites is sufficient but limited to only 
UD composites; Even then, several factors affect this measurement

• Misalignment, packing (proximity of fibers) and details of the cure process 
cycle.

• Extending the definition to laminates is complicated.
• Consider a very simple case; the UD strength and its use to predict  composite 

strength of a [+p/-p/0]s composite
• Failure modes are affected; failure of the UD composite is different than the 

failure of the zero ply within the composite!



A new approach is advocated

A. Definition of strength for the "neat resin" is plausible at the continuum scale. 
Similarly for the fiber. As soon as a lamina is considered, many attributes contaminate a 
linear thinking!  An interface, fiber misalignment, proximity of fibers to one another 
(packing "uniformity or lack thereof") etc. So, lamina strength is a complex quantity that 
depends on a number of factors. Scatter in the maximum load measured 
in UD lamina test data is because of the specimen to specimen variations and the participation of
both fiber and matrix at failure – matrix splits, fibers break. Another important factor is the 
"manufacturing process" (details of the cure cycle). 

B. A fundamental bottom up approach starting at the fiber/matrix scale and moving up 
through a combination of scale dependent experiments and modeling is needed. 
As modeling tools become mature, a combination of test + modeling, will be adopted to 
advance the field through “virtual testing” which will include AI+ML based predictive models.



Composite Strength in Terms of the Perspective of 
Constituent Materials

Young Kwon, Naval Postgraduate School, USA

What do we mean by composite failure?

• Fibrous composite = fibers + matrix material

• Composite failures can have (a) fiber failure, 
(b) matrix failure, and/or (c) their interface 
failure.

• Fiber failure is fiber fracture (Ten) or fiber 
buckling (Comp).

• Fiber fracture is material failure while fiber 
buckling is instability failure.



What influences composite failure?

• Selection of fiber and matrix materials, and their volume fractions.

• Nonuniform shape/size as well as nonuniform distribution of fibers, fiber 
misalignment

• Fiber/matrix interface condition, and initial damage

• hygrothermal residual stress/strain



Defining strength in
(dis)continuous composites

Soraia Pimenta
soraia.pimenta@imperial.ac.uk
www.imperial.ac.uk/people/soraia.pimentamecomposites

@mecomposites



Challenges in defining the strength of (dis)continuous FRPs 
Heterogeneity

 Microstructure  Geometry

 Geometry affects failure

Stochastic variability

 Variability of actual “lay-ups”

 Cannot use classical Solid 
Mechanics theories/models

Influence of manufacturing

 Continuous range of expected
“lay-ups” (fibre orientations)

Feraboli et al (2009)

+23%!
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Why do we need to define “strength”?
 Guide material selection & development

(compare resistance to failure of different materials)
 Guide design of structures 

(how to identify critical value in design / model?)

 Can we adapt principles agreed for UD composites
to non-UD composites?
 How uniform and uniaxial does the stress need to be?

(And at what scale?)
 Is “strength” ok when it depends on specimen dimensions 

significantly (+23%)? 
 How to define a “basic material parameter” with a continuous range of fibre orientations 

and several interacting failure mechanisms?
 Is notched “strength” not ok even with the same failure mechanism (and same remote stress)?

When is “strength” meaningful?

Questions
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How does material 
strength translate to 
structural scale 
failure?

Stephen Hallett



Effect of stress concentrations
2

• Highly localised stresses can lead to specimen failure, or not

• Multi-axial laminate tensile tests: 
local matrix cracks and 
delamination cause local stress 
concentration and sudden 
catastrophic failure, below expected 
net-section stress from CLA

• Notched laminate 
tensile tests: stress 
concentration results 
in locally exceeding 
material strength, 
but not catastrophic 
failure



3

• Bi-axial loading shows a reduction 
in failure stress. How to account 
for this from standardised 
strength data?

Structural applications have more complex stresses and geometries
• Lab test data tends to use simple specimens 

that fail catastrophically, so failure is easier 
to determine

• Real-world structures tend to develop 
gradual damage and alternative load paths



Stephen.Hallett@bristol.ac.uk



How does material strength translate to structural scale failure?
Failure in material tests is often clear, e.g. through sudden fracture or loss of load 
bearing capacity. At larger and more complex structural scale failure is more 
ambiguous and often subjective, depending on application, e.g. first ply failure, loss 
of stiffness etc. To take advantage of a less ambiguous definition of material 
strengths, we need to understand many of the complex mechanisms at play leading 
to structural failure. For example, localised matrix cracking, and delamination can 
lead to stress concentrations, which can give an apparent reduction on fibre failure 
stress, if not accounted for. Stress interactions is another example, such as very high 
and localised contact stresses that cause reduction fibre failure stress. By contrast, 
as structural scale and complexity of stress field increases, some highly localised
failures can be tolerated, as loads are redistributed and find alternative paths. So, at 
component level, it can be the case that service loads can still be maintained, even 
after local material strength has been exceeded.



DTU Wind Energy7 October 2020 1

Mech. grips
Straight Butterfly X-Butterfly

Pre-preg carbon fiber composite
Hydr. grips
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DTU Wind Energy7 October 2020

Pultruded carbon fibre composite: 2 mm thick

2
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Proper tensile testing of unidirectional composite materials

Babak Fazlali, Stepan V. Lomov, Yentl Swolfs



Specimen configurations
End tab materials: E-glass/epoxy cross-ply laminate 

2



Results Material: HS40/736LT
High Modulus Carbon
Data sheet failure strain: 1.05%

3



This project has received funding from the European Union’s Horizon 2020 
research and innovation programme under the Marie Sklodowska-Curie 

grant agreement No 765881. 

babak.fazlali@kuleuven.be

HyFiSyn.eu

@HyFiSyn
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Analysis of different standard and innovative tests  

to determine the longitudinal compressive strength  

of a carbon/epoxy UD ply 
 

 
F. Laurin, F.-X. Irisarri, P. Paulmier, A. Mavel 
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Analysis of standard and innovative tests to determine  
the longitudinal compressive strength of T700GC/M21 UD ply? 
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Analysis of standard and innovative tests to determine  
the longitudinal compressive strength of T700GC/M21 UD ply? 
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Analysis of standard and innovative tests to determine  
the longitudinal compressive strength of T700GC/M21 UD ply? 
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Analysis of standard and innovative tests to determine  
the longitudinal compressive strength of T700GC/M21 UD ply? 
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Analysis of standard and innovative tests to determine  
the longitudinal compressive strength of T700GC/M21 UD ply? 
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Innovative tests 

• Optimization of lay-up 

   [q1/q2/…/ 90o/…/q2/q1] 

   to fail central 90o-ply 

   in longi. compression 

   without any damage 

      

Analysis 

Xc = -1030 MPa (2,4%) 

 Test easy to be perform 

 Low test scattering 

 Easy to analyze 

• Tensile tests on a laminate  

Longitudinal  

compressive 

strength 



w w w . o n e r a . f r 

http://www.onera.fr

	How do we define and measure strength of a composite?
	Objectives
	Agenda (UK time)
	Five minute presentations 
	Slide Number 5
	Briefing for speakers
	Strength of a Composite.pdf
	How do we define and �measure strength of a composite?
	Proposed definition of strength
	Factors affecting strength
	Testing challenges
	Strength of laminates
	Laminate ultimate strength
	Other measures of strength
	Terminology
	Summary
	Proposed next steps
	References
	Thanks for your attention!� 

	Federico v5-Presentation for Workshop on Strength Concept of Composites.pdf
	Slide Number 1

	Talreja Strength workshop.pdf
	������Defining strength of UD composites based on the characteristics of their failure processes� �
	Five basic failure modes – five different failure processes
	Why do we need UD composite strengths?

	Hao Thoughts on Strength_HaoCui.pdf
	Are there true strength values for composite material? 
	Are there true strength values for composite material? 

	Silvestre 20201009-strength workshop-v2.pdf
	Strength:�not just materials science and not just a number?
	“Strength” is not just a concept from materials science�“Strength” does not imply “material property”�Why shouldn’t a structural engineer refer to the “strength” of a structure?�UD laminates are structures
	“Strength” for UD laminates: a “number” or a “distribution”?

	Waas StrengthWorkshop-2 slides - Oct2020.pdf
	Slide Number 1
	Slide Number 2

	Soraia 20201009 - Strength workshop  - Soraia Pimenta.pdf
	 
	Challenges in defining the strength of (dis)continuous FRPs 
	Questions

	Hallett Strength workshop 2020.pdf
	How does material strength translate to structural scale failure?
	Effect of stress concentrations
	Structural applications have more complex stresses and geometries
	Slide Number 4
	How does material strength translate to structural scale failure?

	MikkelsenLP-TensileStrength.pdf
	Slide Number 1
	Pultruded carbon fibre composite: 2 mm thick

	Fazlali-Lomov-Swolfs-Proper tensile testing of unidirectional composite materials.pdf
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4




