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        Delamination  

(Crack between fiber layers)

Laminated composite material

In-service stress-time history of transport aircraft wing root (Heuler & Klätschke, 2005)

Background and research objective

• Delaminations in FRPs may propagate 

under VA fatigue during operation

• In crack growth rate (CGR) models the 

loads are expressed in energy release 

rate (ERR) values:

𝑡1

𝐻(𝑡1)

𝑑𝑎

𝑑𝑁
(𝑡1) = 𝑓(𝐺𝑚𝑎𝑥(𝑡1), 𝑅(𝑡1))

𝑑𝑎

𝑑𝑁
(𝑡1) = 𝑓(𝐺𝑚𝑎𝑥 𝑡1 , 𝑅 𝑡1 , 𝐻(𝑡1))

?

Non-interaction model 

2

VA example:

𝐺𝑚𝑎𝑥 𝑡1 , 𝑅(𝑡1)

• How is the crack growth rate (𝑑𝑎/𝑑𝑁) 

affected by the load history (𝐻)?
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Background and research objective

• Concentrate on the crack growth following 
amplitude step changes because of 
interesting phenomenological behaviors

Amplitude 
step change

zoom-in

Nonlinear 
response

zoom-in ------
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Background and research objective

• Can the nonlinear experimental response be 
decomposed into a steady-state and transient
response? 

• A new CGR model:

• Questions: How…
– can the responses (ss, tr) be characterized?

– to formulate these with CGR functions?

– will the new model perform under VA fatigue?

Amplitude step change

𝑑𝑎

𝑑𝑁
=

𝑑𝑎

𝑑𝑁𝑠𝑠
+

𝑑𝑎

𝑑𝑁𝑡𝑟

Steady-state transient
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Cyclic steady-state crack growth

Moment, M

time, t

Pure moment loaded DCB specimen:

• ERR-controlled testing is possible

• Constant amplitude (CA) ERR-testing 

enables “cyclic steady-state crack growth”

• Constant crack growth rate

Test rig

FOV

5

crack front

𝐺 =
𝑀2

𝑏𝐸𝐼

Crack growth rate,
𝑑𝑎/𝑑𝑁

time, t

ERR, G

time, t
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Cyclic steady-state crack growth characterization

• Use the CA ERR-tests to characterize the steady-state term:

• Multiple CA tests are conducted at different levels of 𝐺𝑚𝑎𝑥

• A Paris’ law like relation: 
𝑑𝑎

𝑑𝑁𝑠𝑠
= 𝐹𝑠𝑠(𝐺𝑚𝑎𝑥 , 𝑅)
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ERR, G

time, t

ERR, G

time, t

𝐺𝑚𝑎𝑥,2

𝐺𝑚𝑎𝑥,1

𝑑𝑎

𝑑𝑁
=

𝑑𝑎

𝑑𝑁𝑠𝑠
+

𝑑𝑎

𝑑𝑁𝑡𝑟

Identical to conventional CGR models 
and neglects the load history 
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Cyclic transient crack growth

-

ERR, 𝐺

time, t

TransientSteady-state

1

• The same setup is convenient to analyze transient crack growth (see example)

• Transient phenomena have been identified (Jensen et al., 2021) and proved significant

• Current focus: Find CGR functions to describe the transient phenomena

High-to-low 
(HL) step change

𝑡1 𝑡1 time, t

Crack growth rate,
𝑑𝑎/𝑑𝑁𝑉𝐴

𝑑𝑎/𝑑𝑁𝐶𝐴

delamination growth in GFRP laminates 
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overshoot

duration
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Characterize cyclic transient crack growth

• Apply two-level block loading to DCB specimens in ERR-control

• To characterize the transient CGR following HL step changes:
– Measure CGR following every HL step change and generate (∆Ni , da/dN)-curves 

– Superimpose results

– Generate curve fit

• Transient CGR is well-described by an exponential decay function

8

𝐺𝑚𝑎𝑥,𝐻

𝐺𝑚𝑎𝑥,𝐿

𝑛𝐿 𝑛𝐻

ERR, G

cycles, N

High-to-low (HL) 
step change

Low-to-high (LH) 
step change

Δ𝑁1 Δ𝑁2 Δ𝑁3 Δ𝑁4

𝐺𝑚𝑖𝑛,𝐻

𝐺𝑚𝑖𝑛,𝐿
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Transient CGR functions

• Investigate how the transient responses vary with
fatigue load parameters, for example Δ𝐺𝑚𝑎𝑥
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High-to-low (HL) 
step change

Low-to-high (LH) 
step change

Δ𝐺𝑚𝑎𝑥

ERR, G

cycles, N

tr
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t

• Note: The model only includes transient responses 
following HL step changes. Transient effects due to 
LH step changes are neglected.

• The transient term in the CGR model will be 
described by an exponential decay function, Ftr:

𝑑𝑎

𝑑𝑁
=

𝑑𝑎

𝑑𝑁𝑠𝑠
+

𝑑𝑎

𝑑𝑁𝑡𝑟

In:

𝑑𝑎

𝑑𝑁𝑡𝑟
= 𝐹𝑡𝑟 𝐺𝑚𝑎𝑥 , Δ𝑁, Δ𝐺𝑚𝑎𝑥

Instantaneous Load history

Δ𝑁(𝑡1)
𝑡1

𝐺𝑚𝑎𝑥(𝑡1)
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• How will the model perform in the multi-level block loading test? It depends… 

• Good results for Region 2: Total crack extension and transient phenomenological behaviors

Multi-level block loading benchmark: Region 2

10

Region 2Region 1
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Multi-level block loading benchmark: Full
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Error 
reduction

Region 2Region 1

• An error remains – partly due to the neglected transient effects following LH step changes

• The experimental CGR is clearly different from the non-interaction model 

• The new CGR model captures exponential decay-type responses at HL step changes

1
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Conclusions

• The CGR following amplitude step changes can be 
decomposed into a steady-state and transient
response

• A method to characterize steady-state and transient 
CGR functions is proposed using ERR-controlled DCB 
tests

• A new CGR model with load history effects is 
formulated

• The model can predict delamination in a significant 
portion of a new multi-level block loading 
benchmark test
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𝑑𝑎

𝑑𝑁
=

𝑑𝑎

𝑑𝑁𝑠𝑠
+

𝑑𝑎

𝑑𝑁𝑡𝑟



A A L B O R G  U N I V E R S I T Y

D E N M A R K

Simon Mosbjerg Jensen

smj@mp.aau.dk 

EFFECTS OF VARIABLE AMPLITUDE FATIGUE ON 
DELAMINATION AND CRACK GROWTH RATE MODELS

Simon Mosbjerg Jensen

smj@mp.aau.dk 

A A L B O R G  U N I V E R S I T Y

D E N M A R K

13

Student assist. 
Frederik J. G.

Student assist. 
Jan Thuesen

Ph.D. Student 
Asbjørn M. Olesen

Ph.D. Student 
Peter H. Broberg

Assoc. Prof. 
Esben Lindgaard

Assoc. Prof. 
Brian L. V. Bak

Postdoc
Simon M. Jensen

Ph.D. Student
Guillem T. Gall

Postdoc
Jens Bender

THANK YOU FOR YOUR ATTENTION

Prediction of damage 
in real laminated 

composite structures

Application and 
demonstration

Cohesive zone models and 
finite element formulations

Experimental 
characterization

Analytical 
methods

2H

M1+M2M1

M2

Bridging zone

        Delamination  

(Crack between fiber layers)

Laminated composite material

Project partners:

The CraCS team:

Ph.D. Student 
Alexander F. Thai

13

Ph.D. Student
Iñigo U. Oca



A A L B O R G  U N I V E R S I T Y

D E N M A R K

Simon Mosbjerg Jensen

smj@mp.aau.dk 

A A L B O R G  U N I V E R S I T Y

D E N M A R K

EFFECTS OF VARIABLE AMPLITUDE FATIGUE ON DELAMINATION AND 
CRACK GROWTH RATE MODELS

S.M.  JENSEN 1,  L .  CARRERAS 2,1,  B .L .V.  BAK 1,  C .  LEQUESNE 3,  E .  L INDGAARD 1

1 S O L I D  A N D  C O M P U T A T I O N A L  M E C H A N I C S ,  A A L B O R G  U N I V E R S I T Y ,  D E N M A R K ;

2 A M A D E ,  U N I V E R S I T Y  O F  G I R O N A ,  S P A I N ;  3 S I E M E N S  D I G I T A L  I N D U S T R I E S  S O F T W A R E ,  S I M U L A T I O N  A N D  T E S T  

S O L U T I O N S ,  A N G L E U R ,  B E L G I U M

E M A I L :  S M J @ M P . A A U . D K

C O M P T E S T 2 0 2 3  1 1 T H I N T E R N A T I O N A L  C O N F E R E N C E  O N  C O M P O S I T E  T E S T I N G  A N D  M O D E L  I D E N T I F I C A T I O N ,  G I R O N A ,  S P A I N M A Y  

3 1  – J U N E  2

Jensen SM, Carreras L, Bak BLV, 
Lequesne C & Lindgaard E (2023) A 
crack growth rate model with load 
history effects for mode I fatigue-
driven delamination under multi-
level block loading, International 
Journal of Fatigue 172(4): 107595

Jensen SM, Bak BLV, Bender JJ, 
Carreras L & Lindgaard E (2021) 
Transient delamination growth in 
GFRP laminates with fibre bridging 
under variable amplitude loading 
in G-control, Composites Part B: 
Engineering 225: 109296



A A L B O R G  U N I V E R S I T Y

D E N M A R K

Simon Mosbjerg Jensen

smj@mp.aau.dk 

A A L B O R G  U N I V E R S I T Y

D E N M A R K

BONUS SLIDES



A A L B O R G  U N I V E R S I T Y

D E N M A R K

Simon Mosbjerg Jensen

smj@mp.aau.dk 

EFFECTS OF VARIABLE AMPLITUDE FATIGUE ON 
DELAMINATION AND CRACK GROWTH RATE MODELS

Simon Mosbjerg Jensen

smj@mp.aau.dk 

A A L B O R G  U N I V E R S I T Y

D E N M A R K

Bonus slides 01



A A L B O R G  U N I V E R S I T Y

D E N M A R K

Simon Mosbjerg Jensen

smj@mp.aau.dk 

EFFECTS OF VARIABLE AMPLITUDE FATIGUE ON 
DELAMINATION AND CRACK GROWTH RATE MODELS

Simon Mosbjerg Jensen

smj@mp.aau.dk 

A A L B O R G  U N I V E R S I T Y

D E N M A R K

Bonus slide 02

• A phenomenological model: Transient responses 
are not derived from the actual physical processes 
on meso-/micro-scale

• The model ignores the underlying mechanisms and 
concentrate on the gross macroscopic crack tip 
propagation using empirical relations, 𝑓𝑡𝑟(𝐸𝑅𝑅)

• Physical-based models of governing mechanisms 
in the FPZ and their interaction are necessary

• How are the crack tip shielding effect of bridging 
fibers other underlying mechanisms affected by 
VA loading?

17

G
e
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t

time, t

Jensen SM, Bak BLV, Lindgaard E & Renart J (2021) Micromechanisms of 
load history effects in fatigue-driven delamination growth, 8th ECCOMAS 
thematic conference on the mechanical response of composites 2021, 
Gothenburg, Sweden.

transient
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Bonus slide 03

• Crack length measurements: A camera records the top 
surface of the DCB specimen (FOV). 

• A fully automated and continuous process.

• Low noise and high resolution in crack front identification.

• Important when detecting small crack increments due to 
load interactions.
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Digital-image based technique and image processing operations:

Image division Contrast scaling Binary output Crack front (red)

0.01 mm

Crack propagation 

direction

ROI

BLV Bak and
E. Lindgaard 

(2020):

SM Jensen et al. 
(2021)
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Bonus slide 04

• A highly capable test setup for detecting small Δ𝑎 due to the 
isolated effect of load interactions is a prerequisite.

• Highlight two features which are especially important here: 

– G-controlled cyclic testing using  the pure moment loaded DCB 
test configuration.

– Automated digital image-based technique for tracking of the 
delamination front.

19

Crack propagation 

direction

ROI

1: Servo-hydraulic test machine. 2: 
Piston extension piece. 3: Frame 
structure. 4: DCB specimen. 5: 

Moment arm. 6: Camera. 7: White 
light source.

1: DCB
2: Moment arm
3-6: Strain 
gauges (SG)
7: SG cables
8: Rope
9: Rope guide 
roller


