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• A brief overview of H2E research program

• Technological background, advantages of distributed measurements for COPV

• Optical fibre in COPV: is it safe or not?
• Some experimental results – Towards a first criterion

• In situ OFDR Rayleigh measurements

• Differential strain profiles analysis principle

• Low pressure, and residual differential strain analysis

• Additional SHM criteria: differential strain sensitivity and damage assessment

• One page key results
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• A response to an energy challenge
• Durable mobility

• Greenhouse gas reduction

• Petroleum dependence reduction

• Hydrogen is a short term answer to these challenges

• Main markets
• Uninterruptible power supply in isolated areas

• Emergency power supply (telecom, hospitals, data centres…)

• On-board vehicle electrical energy production for a clean and silent propulsion

• Technologies: fuel cell, high pressure storage vessels, …

• Technological research program co-funded by OSEO for 67,6 M€, for a global 

investment close to 200 M€ during 7 years (started on the 8th of October, 2008)

• This research program ended in 2015

H2E RESEARCH PROGRAM

website : http://www.planete-hydrogene.com/
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• type IV pressure vessel: composite materials structure with polymer liner

TYPE IV HIGH PRESSURE STORAGE VESSELS

source: EADS Composites Aquitaine™

fireman’s vessel

• H2E research program: type IV Composite Overwrapped

Pressure Vessels (COPV)

• storage: 700 bar (security factor: 2.25)

• transportable: 525 bar (security factor: 3)

• regulation: directive 97/23/EC of the European Parliament and the

Council of 29 May 1997 and the approximation of the

laws of the Member States concerning pressure

equipment. OJ L 181 (1997)

• project goal: to set-up a new inspection method capable to:

• Determine whether the vessel is safe or not

• Raise vessel lifetime thanks to a better Structural Health Monitoring

• ISO 11623: “Transportable gas cylinders – Periodic inspection and testing of composite gas 

cylinders”

STANDARDS
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• Impact detection demonstration (surface sensors)

• What about the detection of internal defects?

• High speed, but expensive (several FBGs)

• Complicated for high volume storage vessels

OPTICAL FIBRE SENSORS FOR SHM OF COMPOSITE VESSELS (1/3)

Eddy current

acoustic emission

sources: Blue Road Research™ (Eric Udd)
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• ZEM project (FP5) : SOFO – SMARTape™ (Smartec™ – Branko Glisic)

• Flaw detection with strain sensitivity variation vs. pressure

OPTICAL FIBRE SENSORS FOR SHM OF COMPOSITE VESSELS (2/3)

sources: Smartec™, ZEM project

• Global inspection method via a global sensitivity parameter

• Sensor intrusivity questionable in case of in situ measurements

http://www-list.cea.fr/
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• Optical fibre sensors for pressure vessel inspection is not new …

OPTICAL FIBRE SENSORS FOR SHM OF COMPOSITE VESSELS (3/3)

Morgan Research Corp. (2005)

FIAT (1998)Philips (1982) Boeing (2004)

Lockheed Martin (2005)
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• Based on OFDR Rayleigh with optical fibre(s) embedded into the composite structure 

during the manufacturing process

• A distributed measurement / precision & accuracy: a few µm/m
• Same sensors during the vessel lifetime

• In the same carbon reinforcement fibres orientation

• Close to internal defects (if any …)

• Thermo-mechanical information (in our case, only mechanical since the temperature is controlled)

• Internal defects are precisely located along the optical fibre (typ.: 2 cm sampling)

DISTRIBUTED MEASUREMENT TECHNIQUE AND INTERESTS

OPEN QUESTIONS

• Intrusive effect of the optical fibre on the mechanical performances (Pressure 

Equipment directive and ISO standards)
• Tests on flat samples → up to their ultimate tensile strength

• Tests on NOL rings → fatigue tests

• Structural defects highlighting ?
• A proposal for 4 new SHM criteria, including a Damage Assessment Parameter

http://www-list.cea.fr/
http://www.cea-tech.fr/
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• 5 series within a same mould
• 24 sets x 5 samples → 120 samples manufactured and tested

• 10 plies/sample

• Plies orientations: 0°, 10°, 30°, 45°, 70°, 85°, 90°

FLAT SAMPLES MANUFACTURING

1. pre-preg carbon-expoxy with 

optical fibres laid on surface

2. flat samples cut at required 

dimensions

3. plies stacked one on 

another

4. vacuum mouldingoptical fibres are aligned in the 

direction of the reinforcement 

carbon fibres

optical fibres embedded quantity ⋙ planned in pressure vessels

⇓
expected impact on mechanical performances is maximised 

http://www-list.cea.fr/
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• 3 kinds optical fibres tested (A, B and C)

• Uniaxial tensile tests (250 kN testing machine)

• Tests up to the samples ultimate tensile strength

• In situ FBG strain measurements

• Strain and stress statistical analysis → no significant influence on the ultimate tensile strength
• Therefore, expected impact on pressure vessels should not be significant

ULTIMATE TENSILE STRENGTH PERFORMANCE ANALYSIS

flat sample after test

250 kN tensile test 

machine

http://www-list.cea.fr/
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• In situ measurements depend on carbon fibre orientation vs. tensile force direction 

• Matrix debonding appears sooner when the angle between the tensile force and the 

reinforcement carbon fibres is greater

• Debonding can be interpreted as a structural defect outlined by the strain (FBG) measurement

As soon as debonding appears, FBG strain measurement deviates from sample average strain 

FIRST BASIS FOR A STRUCTURAL DEFECT DETECTION CRITERION

IN SITU FBG STRAIN MEASUREMENTS vs. TENSILE FORCE

initial matrix decohesion

ply direction oriented at 30.5° with tensile force
initial matrix decohesion

ply direction oriented at 70° with tensile force

http://www-list.cea.fr/
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• ASTM D2290-08 standards: “ Standard Test Method for Apparent Hoop Tensile Strength of 

Plastic or Reinforced Plastic Pipe by Split Disk Method ”

• NOL ring geometry more representative of cylindrical shells

• The optical fibre also acts as a reinforcement fibre

• 4 different NOL rings series were machined in the same cylinders

• 30 NOL rings tested with different plies orientations

• Fatigue cycles monitored in displacements

• 15000 cycles according to EIHP standards (-10% +70% amplitude to ultimate tensile strength)

NOL RING FATIGUE TESTS (1/4)

NOL rings

NOL ring installed on the testing 

machine

NOL ring after fatigue cycles

http://www-list.cea.fr/
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• ∆𝐹 = 30 𝑘𝑁 and ∆ℎ < 2 𝑚𝑚
• Frequency: 0.4 Hz (40000 cycles ↔ 28 hours)

• Displacement accuracy: better than 1 µm

• Force and displacements continuously recorded
• Access to strain cycle energy 𝐸𝑐𝑦𝑐𝑙𝑒

NOL RING FATIGUE TESTS (2/4)

𝐸𝑐𝑦𝑐𝑙𝑒 = 𝐸ℎ𝑎𝑙𝑓−𝑐𝑦𝑐𝑙𝑒


+ 𝐸ℎ𝑎𝑙𝑓−𝑐𝑦𝑐𝑙𝑒


• The energy parameter is the most relevant, especially during the first cycles
• Strain energy 𝐸𝑐𝑦𝑐𝑙𝑒 always decreases, whereas the force amplitude may increase

• Energy parameter better describes the sample average resistance 𝐹 to strain

𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆 𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆

𝑖𝑛𝑡𝑒𝑟𝑝𝑟𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡𝑒𝑟𝑚𝑠 𝑜𝑓 𝒇𝒐𝒓𝒄𝒆 𝑖𝑛𝑡𝑒𝑟𝑝𝑟𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡𝑒𝑟𝑚𝑠 𝑜𝑓 𝒆𝒏𝒆𝒓𝒈𝒚

𝑭 =
𝑬𝒄𝒚𝒄𝒍𝒆

𝟐 ∆𝒉

𝑭 : average force

typical fatigue cycle

force & displacement almost superimposed

cycle

http://www-list.cea.fr/
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• Moreover, analysis of the energy parameter, based on first cycles dispersion, 

demonstrates that number of cycles to failure 𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆 is not relevant

• Energy dispersion during the first fatigue cycles is the main reason for the dispersion of the 

numbers of cycles to failure

NOL RING FATIGUE TESTS (3/4)

𝑺
[J/Mcycle]

𝑬
[J]

∆𝐸𝑁=0
[J]

∆𝒉
[mm]

position 

reproducibility

𝜹𝑵𝜹𝒉
[cycle/µm]

first cycles strain

energy dispersion 

𝜹𝑵∆𝑬𝑵=𝟎
[cycle/J]

#1 w/ 484,64 45 20,9 1,92 48,36 2063
#1 w/o 378,58 40 9,5 1,92 55,03 2641
#2 w/ 77,71 34 9,9 1,65 265,16 12868

#2 w/o 121,2 34 6,6 1,65 170,02 8251

• Number of cycles to failure due to:
• sample position reproducibility 𝛿𝑁𝛿ℎ

• first cycles energy dispersion 𝛿𝑁∆𝐸𝑁=0

𝛿𝑁𝛿ℎ =
1

𝑆

𝐸

∆ℎ
𝛿ℎ

𝛿𝑁∆𝐸𝑁=0 =
∆𝐸𝑁=0
𝑆

Not possible to conclude about any 

significant impact of embedded 

optical fibres on mechanical 

performances
First cycles strain energy has first to be 

better controlled

http://www-list.cea.fr/
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• Microscope post mortem analyses: 
• No debonding in the optical fibre vicinity

• Optical fibre perfect integration into the carbon composite structure

NOL RING FATIGUE TESTS (4/4)

no structural defect in the optical fibre vicinity

structural defects appear between two plies

optical fibre

Not enough reasons to conclude about any significant impact of optical fibres on 

the samples mechanical performances [compliant with previous results: Sansonetti et al. 1991]

http://www-list.cea.fr/
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• Experimental set-up
• Semi-automated measurement loop (Luna™OBR-4600  instrument remotely controlled)

• 46 pressure steps up to burst pressure

• Small pressure steps enable more complete analyses

IN SITU PRESSURE VESSELS MEASUREMENTS

Composites Aquitaine™ burst test facility

surface impactpressure vessel initial failure (burst test)

∆𝜺𝑷𝟎→𝑷𝒏 𝒔 =

𝒊=𝟏

𝒊=𝒏

∆𝜺𝑷𝒊−𝟏→𝑷𝒊 𝒔• Strain profile analysis

http://www-list.cea.fr/
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Defect detection criterion relies on flat samples FBG observations

DIFFERENTIAL STRAIN PROFILE PRINCIPLE

One hypothesis amongst others is to consider internal defects as structural 

weaknesses resulting, in their vicinity, in local strains different from the rest of the 

structure supposed undamaged.

With a set of appropriate differences between strain profiles, it must be possible to 

reveal these defects.

A proposal is to compute a “differential strain profile” between 2 pressure states at 𝑃𝑟𝑒𝑓 and 𝑃

𝜹𝑲∆𝜺 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷
𝒔 = ∆𝜺𝑷𝟎→𝑷 𝒔 − 𝑲 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷

× ∆𝜺𝑷𝟎→𝑷𝒓𝒆𝒇 𝒔

𝑲 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷
calculated by least-squares minimisation of 𝜹𝑲∆𝜺

→ 𝛿𝐾∆𝜀 is always centered on zero

→ any significant deviation from zero points out local abnormal strains → defect occurrence probability

http://www-list.cea.fr/
http://www.cea-tech.fr/
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• Pressure vessels with embedded optical fibres, manufactured by

Composites Aquitaine™

DIFFERENTIAL STRAIN ANALYSES TO HIGHLIGHT INTERNAL DEFECTS

surface defectComposites Aquitaine™ pressure vessels

• Water-filling procedure / no temperature crosstalk effect

• High signal / noise ratio

http://www-list.cea.fr/
http://www.cea-tech.fr/


PHASE 2018 Convention – Tours – the 15th of May, 2018 | L. Maurin

• High signal / noise ratio enables low pressure analyses
→ No additional damage due to the inspection method

→ Residual differential strain profile gives relevant and complementary information

LOW PRESSURE AND RESIDUAL STRAINS DIFFERENTIAL ANALYSIS

″low pressure″ (40 bar)

differential strain profile

residual
differential strain profile

http://www-list.cea.fr/
http://www.cea-tech.fr/
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• Strains profiles ∆𝜺𝑷𝟎→𝑷𝒏
• Highlights pressure vessel mechanical behaviour vs. inflating pressure

∆𝜺𝑷𝟎→𝑷𝒏 𝒔 =

𝒊=𝟏

𝒊=𝒏

∆𝜺𝑷𝒊−𝟏→𝑷𝒊 𝒔

• Differential strain profiles 𝜹𝑲∆𝜺
• Early defect detection and localisation along the optical fibre

𝜹𝑲∆𝜺 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷
𝒔 = ∆𝜺𝑷𝟎→𝑷 𝒔 − 𝑲 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷

× ∆𝜺𝑷𝟎→𝑷𝒓𝒆𝒇 𝒔

• Differential strain profile sensitivity 𝓢 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷
vs. inflating pressure 𝑷

• Highlights structural damage acceleration (requires simultaneous pressure measurement)

𝓢 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷
𝒔 =

𝝏𝜹𝑲∆𝜺 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷
𝒔

𝝏𝑷

• Damage Assessment Parameter 𝓓 𝑷𝟎,𝑷𝒓𝒆𝒇

• Global damage parameter

𝓓 𝑷𝟎,𝑷𝒓𝒆𝒇
𝑷 =

𝑷 𝑲𝟎 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷
− 𝑷 𝑲 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷

𝑷𝒃𝒖𝒓𝒔𝒕

ADDITIONAL SHM CRITERIA

http://www-list.cea.fr/
http://www.cea-tech.fr/
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• Highlights instantaneous structural damage during filling pressure

DIFFERENTIAL STRAIN PROFILE SENSITIVITY 𝓢

differential strain profile 

sensitivity 𝓢

strain profile 𝚫𝜺

differential strain profile 

𝜹𝚫𝜺

animated GIF
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• Highlights structural damage

• Global and robust parameter: relevant even in case of optical fibre break

DAMAGE ASSESSMENT PARAMETER 𝓓

𝓓 𝑷𝟎,𝑷𝒓𝒆𝒇
𝑷 =

𝑷 𝑲𝟎 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷
− 𝑷 𝑲 𝑷𝟎,𝑷𝒓𝒆𝒇,𝑷

𝑷𝒃𝒖𝒓𝒔𝒕

theoretical undamaged behaviour actual behaviour

http://www-list.cea.fr/
http://www.cea-tech.fr/


• Distributed measurements based on optical fibre in situ strain measurements

• Global structural damage assessment based on differential analysis

• No additional damage due to the inspection method
• Validated in isothermal conditions on 700 bar H2 pressure vessels

• Early damage detection starting from 40 bar

• ATEX compatible measurement

EMBEDDED SHM SOLUTION THROUGHOUT VESSEL LIFETIME

safe unsafe

PRESSURE VESSEL DAMAGE ASSESSMENT

Composites Aquitaine™ pressure vessels

H2E project

https://hal.inria.fr/hal-01021252/PDF/0192.pdf
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