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The problem (s)

1. Long term performance of composites in non-linear

2. Lack of understanding of underlying degradation mechanisms 

3. No tools to predict accurately lifetime

4. Yet a Eurocode to design civil engineering structures with polymer composites

Lifetime

Production Service/operation End-of-life

Extend

Cost
Safety
Weight
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Civil engineering FRP structures

Kolding, Denmark. 
Pedestrian and cycle 
bridge from
100% pultruded GFRP 
profile, 1992

Plessis Robinson (92) France. 
Helipad made with
pultruded GFRP profiles

Klipphausen (Dresden), 
Germany. It is the first 
road
bridge built from 100 % 
GFRP pultruded beams 
and deck, 2002

‘Bronlibelle’ Bridge in 
Harderwijk, the Netherlands. 
A 6.3 m wide, 22 m long GFRP 
bicycle / footbridge
connecting two new districts 
of Harderwijk.

Lock gates, GFRPs made 
with VARTM, 2000

Pultruded GFRPs, Italy, 
pedestrian bridge, 2004.

Train station, Pultruded 
GFRPs, Moscow, Russia, 
2004

Golf Club in Aberfeldy bridge, UK, 
1992
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Besides nearly a century of work – lifetime prediction 
is still a bottleneck

vs.
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Design guidelines with FRPs missing

2016 2018
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Why preparing standards takes so long?

• relatively short polymer/FRP history: 

• continual development of new composites

• engineering judgment’ remains paramount

Toby Mottram 
Warwick University
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Weaknesses with published research

• no clear definition of the domain of applicability of the work 

• no critical review of previous research

• test results that omit crucial data on properties of specimens 

• testing of non-representative specimens 

Toby Mottram 
Warwick University
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Why is it so hard?

• 2019 testing and assessment is similar to 1926

• Engineers and companies need accurate predictions to avoid risks

• Academia tests for ranking & qualification of materials – no lifetime output

• A disconnect arises between what specifying engineers want, need, and expect when qualifying materials 
and how materials degrade. 

• Engineers want fast answers – they are property-centric but material agnostic

• Most structural degradation is due to chemistry, a topic that is outside the traditional focus of most 
engineers

• Many standard tests protocols but they do not adhere to service life prediction

Survey of Long-Term Durability Testing of Composites, Adhesives and Polymers Issue 2, NPL 2017, UK
Service Life Prediction of Polymers and Plastics Exposed to Outdoor Weathering, Elsevier, 2018
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Main factors that affect structural performance 

•Mechanical loads 

•Solar irradiation

•Thermal changes

•Elevated temperatures

•Moisture 

•Weathering (UV+erosion)

•Chemicals

•etc.

•Residual curing

•Plasticization

•Oxidation

•Chain-scission 

•Decomposition

•etc.

Structural 
degradation & 
failures difficult to 
predict

•Over-design

•Early decommission

•Over maintenance

Everyone is talking about the effects of aging but few about lifetime prediction

Composites are resistant to degradation, but 
over time..

Cost
Environmental 

impact

Safety

Weight
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How to investigate the effects of aging exposure on the 
performance of composites

Accelerated aging Natural/real aging

Fast Unrealistic sometimes Slow Realistic

• Heat

• Heat & moisture

• Pressure & moisture

• Chemical agents 

• etc.

• Leave in real 
service conditionsvs.

Combination of 
accelerated aging and 
real aging

IdealRare
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Effects of accelerated aging

1. Physical aging is a reversible process (below the polymer’s Tg). Leads to changes

in stiffness, yield stress, density (swelling), viscosity, diffusivity, fracture energy etc.

2. Chemical aging is irreversible. It includes chain scission reactions and/or additional

crosslinking, hydrolysis, depolymerization, softening, plasticization and

decomposition (leaching species in the water medium).
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Moisture uptake behaviour

Veil 

Cross-section edge 

Fick's 2nd law

Side dimensions 

(mm3)
M∞ (%) D (10-6 mm2/s) Mass loss (%)

Veil /cross 

section

ratio

25oC 40oC 60oC 80oC 25oC 40oC 60oC 80oC 25oC 40oC 60oC 80oC

40×40×6.4 1.85 2.04 2.34 2.49 0.47 0.77 1.60 4.25 0.241 0.335 1.03 5.31 3.12

80×80×6.4 1.20 1.58 1.85 1.80 0.81 0.19 2.34 6.60 0.257 0.291 0.862 4.03 6.25

200×200×6.4 0.98 1.27 1.82 1.89 0.42 0.52 1.15 3.26 0.270 0.982 0.788 3.69 15.6

significant decomposition masks the moisture uptake data !! 
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Anomalous mechanical behaviour due to aging 
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Difficult to model the reality

Z. Ullah, L. Kaczmarczyk, S.A. Grammatikos, M.C. Evernden, C.J. Pearce. Multi-scale computational homogenisation to predict the long-term durability of composite structures. Computers and Structures. 2017;181:21-31.

• Complicated impractical models 

• Unknown nature of data

• Mostly projections for rough 
estimations of lifetime
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Effects of hygrothermal aging

plasticizationreversible irreversible

residual curing/additional cross-linking (anti-plasticization)

leaching of low-molecular weight segments

aging time

hydrolysis 

effect of pH

reversible irreversible

durability

swelling (material in tension -> possible partial desorption

changes in viscosity
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Still unknown how material degradation relates to 
structural degradation

vs.

https://theconstructor.org/structures/causes-failure-of-bridge-structures/20853/
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How to bridge the gap?

Accelerate degradation but maintain realism – ‘cheat the physics’

Dr. James Pickett, General Electric Polymer Expert

Empirical

In-service 
aging

Accelerated 
aging

Prediction 
modelling

Prediction from 
accelerated aging

Prediction from real 
aging

Ideal scenario

Survey of Long-Term Durability Testing of Composites, Adhesives and Polymers Issue 2, NPL 2017, UK
Service Life Prediction of Polymers and Plastics Exposed to Outdoor Weathering, Elsevier, 2018
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What is the solution?

Develop 
custom-made 

& realistic 
accelerated 
aging tools

Test real 
aged 

structures

Combine 
material & 
structural 

tests

Predictive 
tools from 
physico-

chemical laws 
and multi-

scale 
modelling

Optimize tools 
with 

experimental 
data

• Focus on one product each time

• Create re-producible tests 
routines

• Test representative samples to 
generate useful data for designers

• Avoid getting lost with modelling!
• Tweak accepted laws
• Employ empirical laws

• Mechanical test
• Physicochemical tests
• Advanced NDT
• Sensors
• ..
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• DuraComp project, EPSRC/UK, 
Ref:EP/K026925/1 (Providing Confidence in 
Durable Composites, 2013-2016) 

• IAPETUS project, EU/FP7, Ref: ACP8-GA-
2009-234333 (Innovative repair of 
aerospace structures with curing 
optimization and life cycle monitoring 
abilities, 2009-2012) 

• PREDICT project – Norwegian Research 
Council, Ref: 297069 (Prediction of service 
life of fibre-reinforced polymer composites 
used for gas cylinders, 2019-2020)

• LightSURF project – LIGHTER, 
Vinnova, Ref: 2019-02623 (Lighter 
through surface protection, 2019-
2021)

• MEGAMOULD project – Norwegian 
Research Council, Ref: 256819 (Extra 
large injection molded components, 
2018-2020)
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Thank you!
Contact:

Sotirios Grammatikos
E-mail: sotirios.grammatikos@ntnu.no

Phone: +47 90577561

Advanced & Sustainable Engineering Materials Laboratory 
www.asemlab.no

Research Group of Sustainable Composites
Department of Manufacturing & Civil Engineering

NTNU - Norwegian University of Science and Technology, Norway 

Group of Infrastructure Physics
Department of Architecture & Civil Engineering

Chalmers University of Technology

118 km 
to Oslo

400 km to 
Gothenburg

mailto:sotirios.grammatikos@ntnu.no
http://www.asemlab.no/

