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demand. Even sub-modeling (breaking up large structures into 

simultaneous modeling of substructures) hardly manages to tip 

the balance. Such highly discretized models are manageable for 

monotonic loading, where the load is applied in one direction and 

increased to determine yield and failure such as in tension and 

compression testing. But this falls short for analysis of high-cycle 

fatigue loading, where classic “update-and-rerun” approaches 

require that the crack tip be consecutively updated (e.g., adaptive 

re-meshing), followed by a re-run of the D model for a consider-

able number of load cycles, N. With N approaching several million, 

computation times become impractical. � us, despite the avail-

ability of advanced discrete fatigue simulation models, their appli-

cation to large composite structures is largely unfeasible.

FASTIGUE resolves heavy computational demands
� is, then, is the problem: fatigue analysis of large structures 

presents a � delity-versus-speed dilemma. In pursuit of a solution, 

Dr. Martin Eder and Dr. Xiao Chen, researchers at Technical 

University of Denmark (DTU, Risø Campus), have recently 

FASTIGUE: 
Empowering digital 
twins of large-scale 
composite structures

 FIG. 1   Flow chart of the proposed FASTIGUE approach comprising an FEA 
pre-processing module (top) and a crack growth analysis module (bottom). Gray 
arrows indicate the computational fl ow, showing that feedback between the FEA 
pre-processing module and the crack growth analysis module is avoided, resolving 
heavy computational demands of fatigue crack simulation for large structures such 
as composite wind turbine blades.  Source | Martin Eder, Xiao Chen, DTU Risø 

» As wind farms evolve into systems with soaring 

complexity, digital twins of the individual composite 

rotor blades will revolutionize the industry by providing 

real-time performance predictions coupled to a struc-

tural health monitoring feedback loop. � is is especially 

important for high-growth o� shore wind turbines, where 

maintenance is challenging and expensive.

Fatigue prediction makes digital twins 
computationally demanding
A prominent challenge for such digital twins, and their ability to 

improve the operation of large-scale composite structures, is the 

prediction of fatigue failure. Typically, this failure is caused by 

progressive material degradation induced by the millions of recur-

ring mechanical and thermal load cycles a composite blade experi-

ences during its 20- to 25-year life. � e integration of such fatigue 

prediction capabilities into digital twins increases the computa-

tional load and, thus, the need for computational speed — prefer-

ably without compromising accuracy. However, the nemeses of 

real-time fatigue-life prediction methods for large structures are 

numerous, including highly dynamic (quasi-stochastic) loading 

conditions, intricate component geometries, anisotropic material 

behavior and structural nonlinearities. All of these increase 

complexity and decrease computational speed.

Appropriate consideration of these important e� ects and their 

interplay, then, compels the use of full-scale, D � nite element 

models. � e next hurdle is to bridge several orders of magnitude 

between characteristic length scales. At the macroscopic level, 

for such analysis to be e�  cient, it must discretize (break up into 

smaller elements) blades with a characteristic length of  (×)

meters. And yet, the physical damage process must be resolved on 

a microscopic level with a characteristic length of <×- meters. 

Continuum damage-based fatigue models do bridge this gap 

by smearing over these scales using phenomenological consid-

erations — in other words, where responses are prescribed by 

force and deformation relationships and related to geometry. 

In contrast, fracture-based fatigue models are renowned for 

providing both more information (e.g., discrete cracks comply 

better with damage inspection) and a higher degree of accuracy. 

� us, they are often the preferred choice.

However, these fracture-based models require discrete crack 

modeling approaches, which necessitate high mesh discretization 

levels at the crack tip, resulting in models with high computational 
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developed a super-e�  cient discrete fatigue crack growth simula-

tion approach, coined FASTIGUE, for large-scale structures such 

as composite wind turbine blades. FASTIGUE is based within the 

classic realm of fracture-based fatigue analysis, but trades some 

general applicability for a signi� cant gain in computational speed. 

� e specialized approach puts forth a set of empirically corrobo-

rated assumptions that facilitate the decoupling of the � nite 

element analysis from the crack-growth analysis procedure. In 

other words, the computationally demanding fracture analysis is 

outsourced into a pre-processing module while the crack-growth 

simulation is conducted subsequently and independently in a 

separate fatigue analysis module (Fig. 1, opposite page).

� is approach pertains to speci� c situations in which () the 

crack propagation path is prede� ned and () the variation of the 

fracture parameters is quasi-uniform along the crack front. Cracks 

in the adhesive bondline along the trailing edge of composite wind 

blades provide a good example — indeed, they propagate along 

the bondline in a fairly uniform manner. � is has been empirically 

corroborated by small-scale fracture tests as well as large-scale 

blade tests and is explained by the large bondline width-to-length 

aspect ratio of : (or larger).

Upon introducing an initial through-crack into an arbitrary 

location along the bondline of the structure, the fracture param-

eters (e.g., the stress intensity factor, K) can be computed in both 

crack tips for a number of user-de� ned crack lengths on both sides 

denoted as a and a (Fig. ), allowing an entire possible solution 

domain to be constructed by surface � tting in a pre-processing 

step (Fig. ).

Since the fracture parameters between the two crack tips in� u-

ence each other, the fracture analysis in this pre-processing step 

ought to be conducted for all linear combinations of the number 

of auxiliary crack tip positions chosen. Still, the number of runs in 

this step is signi� cantly smaller than the number of runs involved 

in the classic fatigue analysis scheme. � us, this approach requires 

signi� cantly less computation time. Also, it is straightforward to � t 

a smooth D interpolation surface through these auxiliary points, 

providing the fracture parameter as a continuous function of the 

crack tip positions denoted as Ka,a.  It needs to be emphasized 

that the spacing between these auxiliary crack tip positions is 

independent of the fatigue growth analysis. Any desired discrete 

crack growth within the possible solution domain de� ned by the 

� tted surface can be analyzed.

Once the surface-� tting functions of Ka,a are established, 

the actual crack growth analysis is performed independently by 

adopting any suitable discrete crack growth law de� ning the crack 

growth speed as a function of the prevailing fracture parameter state 

in both crack tips. In essence, under the proviso of the assumptions 

posited, a per-se demanding D fracture problem is reduced into 

a pseudo D problem described by a set of two coupled � rst-order 

ordinary di� erential equations (ODEs) of the generic form da,/

dN=CK(a,a)m where C and m are the well-known empirical growth 

parameters. � ese ODEs can be solved rather e�  ciently using any 

Runge-Kutta type time integration scheme.

Since the function Ka,a is already established for the entire 

 FIG. 2   In FASTIGUE, an initial through-crack is introduced at an arbitrary 
location along the bondline of a 3D fi nite element wind blade model. The crack 
proceeds away from this point in both directions along the bondline at the blade’s 
trailing edge. The fracture parameters (e.g., the stress intensity factor, K) can be 
computed in both crack tips for a number of user-defi ned crack lengths on both 
sides denoted as a1 and a2.  Source | Martin Eder, Xiao Chen, DTU Risø 
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parameters and initial � aw sizes. � is shows just the beginning of its 

potential for application in large-scale structures such as composite 

wind turbine blades and beyond.

� is research is published in the Digital Twin Special Issue of 

Engineering Fracture Mechanics, vol. , June . It is supported 

by DARWIN: Drone Application for pioneering Reporting in Wind 

turbine blade Inspections, Innovation Fund Denmark (-B), 

and RELIABLADE: Improving Blade Reliability through Application 

of Digital Twins over Entire Life Cycle, EUDP (-).  

growth domain, the fatigue growth analysis no longer involves 

� nite element analysis and the computational e� ort boils down to 

solving a coupled initial value problem for an arbitrary initial crack 

length con� guration. Owing to the computational e�  ciency of the 

adopted explicit time integration schemes, crack growth analyses 

can be conducted in a fraction of the computation time required 

for classic “update-and-re-run” schemes.

Flexibility and validation of FASTIGUE approach
FASTIGUE was validated against a crack-in-a-rod analytical 

solution with good agreement between its predictions compared 

to those obtained from a high-� delity � nite element analysis. It 

was demonstrated that FASTIGUE o� ers a robust and e�  cient tool 

for predicting the fatigue crack propagation in the trailing edge 

adhesive joint of a full 3D � nite element wind turbine blade model.

FASTIGUE can be run in two di� erent modes: it provides the 

crack extension of the crack tips for a given cycle number and, 

conversely, provides the cycle number for a given crack extension. 

It is noteworthy to mention that FASTIGUE can be endowed with 

any desired discrete crack growth law. Moreover, the growth of 

multiple cracks present in the structure can be considered.

� is tool was speci� cally developed for its integration into 

digital twin systems and particularly lends itself for use in reli-

ability-based inspection planning schemes and Monte Carlo simu-

lations, which can be conducted for a large variation of growth 


