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ABSTRACT 
 

 In this work we address the challenge pertinent to guaranties of safety for massive 
engineering structures, both in terms of integrity to failure under extreme conditions and 
durability within their environment. Of particular interest are industrial domains of 
excellence in France, such as energy-production (nuclear power plants, large offshore 
turbines) and air- or land- transportation (large airplanes, high speed trains, cargo 
ships). The main obstacle to overcome pertains to our inability to certify the structural 
safety by performing with real-size and real-time experiments, either due to excessive 
structure size, to excessive cost due to irreplaceable structure component or due to 
inability to reproduce with high fidelity the extreme conditions to which the structure is 
exposed.   
We seek to propose the state-of-the-art advances in computational methods that can 
be brought to bear upon this class of problems, providing the full understanding of the 
potential failure modes of the given system, along with the very detailed simulation of 
extreme conditions brought by man-made and natural hazards (explosion, fire, stormy 
wind, earthquake, tsunami …). We also seek further developments in recently 
proposed approach to coupled mechanics-probability computations that can be 
successfully used to provide a detailed interpretation of structure tests under 
heterogeneous stress field and to identify both model parameters and their probability 
distribution. Finally, we propose to use such a combined approach with probability 
computations for uncertainty propagation, which can offer a clear explanation of the 
size effect influence on dominant failure modes of massive composite structures. 
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1. INTRODUCTION 
 

This paper deals with important challenge on quantifying durability and lifetime 
integrity to guarantee the safety against failure of massive composite structures under 
extreme conditions. The illustrative examples (see Figure 1) come from the application 
domains in energy production systems, with both currently dominant nuclear or 
renewable energy sources (nuclear power plant, offshore wind-turbines or hydro-
turbines), as well as in air- and land-transportation (large airplanes, high speed trains or 
cargo ships). Special attention is given to costly massive structures with ‘irreplaceable’ 
components, which are characterized by a number of different failure modes that 
require the most detailed description and interaction across the scales. We would like 
to significantly improve the currently dominant experimental approach, and thus 
accelerate innovations in this domain.   
 
 

a) b) c)  
 

Fig. 1 Durability of (costly) massive composite structures: a) nuclear power plant 
both existing PWR and new EPR systems - stringent requirement on waterproof 
containment structure of CBFR composites; b) (European answer to) Boeing 787 
Dreamliner, the most fuel-efficient aircraft built of CFRP composites - requirement 
on no-return-to-hub for crack reparation; c) large offshore wind-turbine with CFRP 
composites blades and deep-sea CBRF composites support – requirement of 
operation capabilities for extreme weather conditions 

 
 
2. MAIN OBJECTIVES  
 
     The main objective is development of novel Mesh-in-Element (MIEL) Multiscale 
Method capable of representing strain field heterogeneities induced by evolution (and 
interaction) of localized failure mechanisms in massive structure, pertaining to micro 
scale (FPZ-fracture process zone), macro scale including softening (macro cracks) and 
non-local macro scale (bond-slip for long fiber reinforcement). The objective of MIEL 
Multiscale Method is also to provide capabilities for quantifying the risk of premature 
localized failure through probability description of initial defects (microstructure 
heterogeneity) and uncertainty propagation through scales. The novel scientific concept 
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to be explored pertains to multiscale formulation and solution of coupled nonlinear 
mechanics-probability problem replacing the standard homogenization approach that 
can only provide average (deterministic) properties of heterogeneous composites. This 
concept is of interdisciplinary nature with Mechanics (defining probability distribution) 
and Applied Mathematics (providing uncertainty propagation) combined in order to 
capture the influence of heterogeneities and fine scale defects on premature failure. 
   
 
      The most important challenge concerns the ability to provide the sound, 
probability-based explanation of size effect, with different failure modes observed for 
different size specimens and real structure built of the same composite materials (see 
Figure 2). 
 
 

 
 

Fig. 2 Mesh-In-Element (MIEL) multiscale method – validation of structural integrity of 
giant offshore wind-turbines with carbo-epoxy blades and reinforced concrete support: 
i) left-top row: scales for 3D carbon-epoxy woven composite with fine scale for resin 
constituents, meso-scale warp and weft stuffers and non-local scales for binder; left-
bottom row: scale for cement, concrete and reinforced concrete; ii) right top: off-line 
probability computation for identification by Bayesian updates; right-bottom: on-line 
probability computation for probability-based interpretation of size effect. 

 
 
 
 
3. CONCLUDING REMARKS ON CURRENT AND FUTURE RESEARCH  
 

The biggest potential gain concerns changing the validation procedures for 
massive structures that are beyond the size suitable for testing at present. The 
scientific gains concern providing the Mesh-in-Element (MIEL) Multiscale Method that 
connects computations with design studies (optimization), testing (identification) and 
safety verification (monitoring) of massive composite structures. The scientific gains 
also concern further placing the proposed method within multiphysics framework, along 
with the original use of goal oriented error estimates to provide sufficiently reliable 
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interpretation of extreme conditions (e.g. fluid or heat flow) and the code-coupling 
software implementation to quickly integrate existing simulation codes within such a 
framework. 

 
The main technological gain is in development of the open source 

computational tools that can speed-up testing, innovation and decision-making in 
complex composite systems. Of special interest is the strategy that allows to integrate 
the existing legacy software products that are used to verify and validate safety of 
particular components assembled within such complex systems. There are multiple 
challenges in solving any such problem pertaining to: theoretical formulation, discrete 
approximation, algorithmic stability and robustness, and finally informatics 
developments capable of integrating existing legacy codes. Two model problems of 
composites with great application potentials will be examined. First pertains to cement-
based fiber reinforced (CBFR) composites, which will allow for validation of our method 
against recently completed experimental program in French excellence project ECOBA. 
Second model of carbon fiber reinforced polymers (CFRP) that is validated in 
collaboration with experimentalists at Université de Technologie de Compiègne.  

 
Further details on point of departure in the current research and developments 

to follow are given in our recent works (Ibrahimbegovic et al. 2003a, 2003b, 2003c, 
2003d, 2004, 2005, 2007, 2008, 2009a, 2009b, 2009c, 2010a, 2010b, 2011, 2012, 
2014, 2015, 2016, 2017, 2018). 
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