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– Damage analysis 
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• CT scan and thermal field 
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Tested material 

1 mm 
y 

x 

Composite: 

 - 7 layers of plain weave fabric hemp 

 - epoxy resin 

fiber volume fraction = 38 ± 5%  

x 

z 

Fabric weight = 267 g/m² 

Density = 1.2 g/cm3 

Tg = 100 °C 
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Tested specimens 

Two orientations related to the 

tensile axis: [0o/90o]7 and 

[±45o]7 

Dimensions: 150x20x3 mm3  

[0o/90o]7 [±45o]7 

y 

x 

1 mm 
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Testing methods 
Cyclic Fatigue σ 

t 

σmax 

σmin 

Frequency = 1 Hz 

R (σmin/σmax) = 0.01 
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Testing methods 
Cyclic Fatigue σ 

t 

σmax 

σmin 

Frequency = 1 Hz 

R (σmin/σmax) = 0.01 
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Testing measurements 
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Testing measurements 

1) Acoustic Emission (AE) 
• Physical Acoustics SA 

• 80 mm distance between sensors 
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2) Thermal field  

Testing measurements 

1) Acoustic Emission (AE) 
• Physical Acoustics SA 

• 80 mm distance between sensors 

• Infrared camera 
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2) Thermal field  

Testing measurements 

1) Acoustic Emission (AE) 

3) X-ray 3D CT-scan 

• Jean Lamour Institute at Ecole des Mines 

de Nancy, France. 

• 20x20 mm2 zone near the failure. 

• resolution of 14.8 μm/pixel 

 5 mm 

• Physical Acoustics SA 

• 80 mm distance between sensors 

• Infrared camera 
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Results – Fatigue behavior 
S-N Curves 

quasi-static tensile test [0°/90°]7
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* Sigma ratio is used to take into account tensile strength variations between different composite plates 
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Results – Fatigue behavior 
S-N Curves 

quasi-static tensile test [0°/90°]7
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* Sigma ratio is used to take into account tensile strength variations between different composite plates 

 Higher dispersion for [0o/90o]7  Yarns (natural aspect) on tensile direction 
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Results – Fatigue behavior 
S-N Curves 

 Adapted Wöhler model in accordance with experimental points: 

lurestatic_fai

xfatigue_ma
)(




BANLog f 
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 Higher dispersion for [0o/90o]7  Yarns (natural aspect) on tensile direction 
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Results – Damage analysis 
Damage evolution 

quasi-static tensile test [0°/90°]7
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Results – Damage analysis 
Damage evolution 

quasi-static tensile test [0°/90°]7
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σmax 
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Results – Damage analysis 
Damage evolution 

quasi-static tensile test [0°/90°]7
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Results – Damage analysis 
Damage evolution 

quasi-static tensile test [0°/90°]7
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Results – Damage analysis 
Damage evolution 

quasi-static tensile test [0°/90°]7
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Results – Damage analysis 
Damage evolution 

Influence of higher stress levels 

More influenced by the number of fatigue cycles 

quasi-static tensile test [0°/90°]7
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Results – Damage analysis 
Damage evolution 

More influenced by 

the number of fatigue 

cycles 
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Results – Damage analysis 
Damage evolution 

More influenced by 

the number of fatigue 

cycles 
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Results – Damage analysis 
Damage evolution 
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Results – Damage analysis 
Damage evolution 

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

[0°/90°]7

0%

1%

2%

3%

4%

5%

6%

0.0 0.2 0.4 0.6 0.8 1.0

cycle ratio (N/Nf)

R
e
s
id

u
a
l 
n

o
m

in
a
l 
s
tr

a
in

σ = 40% σstatic_max

σ = 60% σstatic_max

σ = 80% σstatic_max

[±45°]7

0%

1%

2%

3%

4%

5%

6%

0.0 0.2 0.4 0.6 0.8 1.0

cycle ratio (N/Nf)

R
e
s
id

u
a
l 
n

o
m

in
a
l 
s
tr

a
in

σ = 60% σstatic_max

σ = 75% σstatic_max

σ = 90% σstatic_max

[±45°]7

0%

20%

40%

60%

80%

100%

0.0 0.2 0.4 0.6 0.8 1.0

cycle ratio (N/Nf)

N
o

rm
a
li

z
e
d

 r
e
s
id

u
a
l 

s
e
c
a
n

t 
m

o
d

u
lu

s

σ = 60% σstatic_max

σ = 75% σstatic_max

σ = 90% σstatic_max

[0°/90°]7

0%

20%

40%

60%

80%

100%

0.0 0.2 0.4 0.6 0.8 1.0

cycle ratio (N/Nf)

N
o

rm
a
li

z
e

d
 r

e
s

id
u

a
l 

s
e
c
a
n

t 
m

o
d

u
lu

s

σ = 40% σstatic_max

σ = 60% σstatic_max

σ = 80% σstatic_max

[0°/90°]7

0%

1%

2%

3%

4%

5%

6%

0.0 0.2 0.4 0.6 0.8 1.0

cycle ratio (N/Nf)

M
a
x

im
u

m
 n

o
m

in
a
l 
s

tr
a

in

σ = 40% σstatic_max

σ = 60% σstatic_max

σ = 80% σstatic_max

[±45°]7

0%

1%

2%

3%

4%

5%

6%

0.0 0.2 0.4 0.6 0.8 1.0

cycle ratio (N/Nf)

M
a

x
im

u
m

 n
o

m
in

a
l 
s
tr

a
in

σ = 60% σstatic_max

σ = 75% σstatic_max

σ = 90% σstatic_max

εmax εres 

 Three marked phases 

1

secsec / EE



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

10 

Results – Damage analysis 
Acoustic Emission 

  

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

Composite specimen 

AE sensors 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

10 

Results – Damage analysis 
Acoustic Emission 

  

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

Composite specimen 

AE sensors 

Final failure 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

10 

Results – Damage analysis 
Acoustic Emission 

  

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

N/Nf 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

10 

Results – Damage analysis 
Acoustic Emission 

  

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

N/Nf 

35 – 42 dB 42 – 49 dB 49 – 56 dB 56 – 63 dB 63 – 70 dB 70 – 100 dB35 – 42 dB 42 – 49 dB 49 – 56 dB 56 – 63 dB 63 – 70 dB 70 – 100 dB  



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

 AE events distributed all along the specimen and throughout the fatigue lifetime 

 tendency to localize at failure zone 
11 

Results – Damage analysis 
Acoustic Emission 

35 – 42 dB 42 – 49 dB 49 – 56 dB 56 – 63 dB 63 – 70 dB 70 – 100 dB35 – 42 dB 42 – 49 dB 49 – 56 dB 56 – 63 dB 63 – 70 dB 70 – 100 dB  

[0o/90o]7 

σ = 60% σstatic_failure  

σ = 60% σstatic_failure  

σ = 75% σstatic_failure  σ = 90% σstatic_failure  

σ = 80% σstatic_failure  σ = 40% σstatic_failure  

[±45o]7 

      

      

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

12 

Results – Damage analysis 
Acoustic Emission 

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

σ = 60%

σ = 80%

σ = 60%

σ = 75%

σ = 40%

σ = 90%

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

n
u

m
b

e
r 

o
f 

a
c

o
u

s
ti

c
 e

v
e

n
ts

 b
y

 c
y

c
le

 o
f 

fa
ti

g
u

e

[±45°]7[0°/90°]7
Graph represents: AE events total number 

total fatigue cycles 

 Influence of fatigue stress levels 

 Significant difference for the lowest stress 

level in [±45o]7 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

12 

Results – Damage analysis 
Acoustic Emission 

Specimen 
σfatigue_max/ 

σstatic_failure 

Mean 

amplitude 

[dB] 

Standard 

deviation 

[dB] 

[0o/90o]7 

40 % 43 3 

60 % 40 6 

80 % 41 6 

[±45o]7 

60 % 40 5 

75 % 40 5 

90 % 40 5 

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

σ = 60%

σ = 80%

σ = 60%

σ = 75%

σ = 40%

σ = 90%

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

n
u

m
b

e
r 

o
f 

a
c

o
u

s
ti

c
 e

v
e

n
ts

 b
y

 c
y

c
le

 o
f 

fa
ti

g
u

e

[±45°]7[0°/90°]7
Graph represents: AE events total number 

total fatigue cycles 

 Influence of fatigue stress levels 

 Significant difference for the lowest stress 

level in [±45o]7 

 Predominance of low amplitudes 

(35 to 45 dB) for all stress levels 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

12 

Results – Damage analysis 
Acoustic Emission 

Specimen 
σfatigue_max/ 

σstatic_failure 

Mean 

amplitude 

[dB] 

Standard 

deviation 

[dB] 

[0o/90o]7 

40 % 43 3 

60 % 40 6 

80 % 41 6 

[±45o]7 

60 % 40 5 

75 % 40 5 

90 % 40 5 

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

σ = 60%

σ = 80%

σ = 60%

σ = 75%

σ = 40%

σ = 90%

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

n
u

m
b

e
r 

o
f 

a
c

o
u

s
ti

c
 e

v
e

n
ts

 b
y

 c
y

c
le

 o
f 

fa
ti

g
u

e

[±45°]7[0°/90°]7
Graph represents: AE events total number 

total fatigue cycles 

 Influence of fatigue stress levels 

 Predominance of low amplitudes 

(35 to 45 dB) for all stress levels 

Matrix cracks? 

 Significant difference for the lowest stress 

level in [±45o]7 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

13 

Results – Damage analysis 
Acoustic Emission 

σ 

cycle time 

σmax 

σmin 

Each cycle: 

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

13 

Results – Damage analysis 
Acoustic Emission 

σ 

cycle time 

σmax 

σmin 

Each cycle: 

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

upward downward 

AE events 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

13 

Results – Damage analysis 
Acoustic Emission 

[0°/90°]7 σ = 80% σstatic_max

0.0 0.2 0.4 0.6 0.8 1.0

cycle ratio (N/Nf)

σmax

σmin

σmin

Each cycle: During fatigue lifetime: 

σ 

cycle time 

σmax 

σmin 

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%

upward downward 

upward 

downward 

AE events 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

14 

Results – Damage analysis 
Acoustic Emission 

[0°/90°]7 σ = 80% σstatic_max

0.0 0.2 0.4 0.6 0.8 1.0

cycle ratio (N/Nf)

σmax

σmin

σmin
[±45°]7 σ = 90% σstatic_max

0.0 0.2 0.4 0.6 0.8 1.0
cycle ratio (N/Nf)

σmax

σmin

σmin

 Concentrated around maximum stress value 

 Mostly in the upward region 

 No acoustic event near minimum stresses 

quasi-static tensile test [0°/90°]7

0

20

40

60

80

100

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%

Nominal strain

N
o

m
in

a
l 

s
tr

e
s

s
 (

M
P

a
)

40%

60%

80%

quasi-static tensile test [±45°]7

0

20

40

60

80

0,0% 2,0% 4,0% 6,0%

Nominal strain

N
o

m
in

a
l 
s

tr
e

s
s
 (

M
P

a
)

60%

75%

90%



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

15 

Results – Damage analysis 
Microtomography and thermal field 

1 mm1 mm

   
1 mm 

1 mm1 mm

  
1 mm 

y 

x 

[0o/90o]7 [±45o]7 

 Matrix cracks mainly at the interface 

 tend to be perpendicular to tensile axis (x) 

 tend to follow interface 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

15 

Results – Damage analysis 
Microtomography and thermal field 

1 mm1 mm

   
1 mm 

1 mm1 mm

  
1 mm 

y 

x 

[0o/90o]7 [±45o]7 

 Matrix cracks mainly at the interface 

 confirms AE results (low amplitude  matrix 

cracks) 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

15 

Results – Damage analysis 
Microtomography and thermal field 

1 mm1 mm

   
1 mm 

1 mm1 mm

  
1 mm 

10 mm 

x 

y 

[0o/90o]7 [±45o]7 

Thermal field:  

 Matrix cracks mainly at the interface 

 Friction of crack surface can increase material 

temperature and could explain heat concentration 

y 

x 

 confirms AE results (low amplitude  matrix 

cracks) 



ECCM 15 - Cyclic fatigue behavior of woven 

hemp/epoxy composite: Damage analysis 

16 

Conclusions 
Determination of the cyclic fatigue behavior of a woven fabric hemp/epoxy composite 

for two types of laminates: [0o/90o]7 and [±45o]7 

 Significant dispersion due to the natural aspect of hemp yarns 

 Significant loss of the secant modulus during fatigue life 

 Acoustic events are distributed throughout the specimen gauge and the fatigue life 

 There is a predominance of low amplitude events (35 to 45 dB) 

 Those events probably correspond to matrix cracks development, mainly at the 

interface, as observed by CT-scan 

 Internal frictions of crack surfaces are probably the cause of heat concentration observed 

by infrared camera. 
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