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Abstract

Distributed and quasi-continuous strain data acquisition are gaining increasing importance in the field

of experimental strain analysis and structural health monitoring. Particularly distributed strain mea-

surement by Rayleigh OFDR technology offers high sensitivity and an outstanding spatial resolution,

which makes it an efficient tool for detection of discontinuities e.g. cracks or perturbations appearing

inside structural elements. Due to their small scale, optical fiber sensors are also advantageous in terms

of integration into structures.

However, if SHM represents a comprehensive methodology for the assessment of structures, it is valuable

to use the measurement data for more than pure inspection of the obtained signal. Linking measurement

results to an appropriate parametric structural model allows for deeper insight into the mechanisms of

damage and the extent of degradation and thus a better estimate of remaining structural capacity.

In this study, a procedure for parameter identification by a stepwise approach is introduced. It is based

on a parametric finite-element-model, which allows for the prognosis of the effects of structural changes.

In the first step, global parameters contributing to the overall structural behavior are determined, while

in the second step local parameters representing discontinuities, e.g. manufacturing faults or damage,

are identified.

A Rayleigh backscatter optical frequency reflectometer (OFDR), which gives strain data in high spa-

tial resolution in the mm range, has been used in the testing. The specimen used is a representative

beam-substructure of a rotor blade of wind energy plants, which is composed of GFRP composite parts

connected by glue layers. It contains both artificial manufacturing faults as well as inevitable imper-

fections. The stepwise parameter identification procedure is used to determine the global properties

of the beam and to relate the strain effects of these discontinuities to the appropriate local structural

parameters.

The objective of the paper is to show how up-to-date measurement technology combined with current

computational mechanics methodology helps to enhance SHM. It shows the procedure concisely from

the application of the fiber sensor to the evaluation of the results.

INTRODUCTION

In the context of this conference, the principles of SHM can be assumed to be well known. Refer-

ring to the preface on the homepage of this 8th EWSHM, what essentially distinguishes SHM from

Non-Destructive Testing (NDT) are embedded or permanently attached sensors in combination with

an automated inspection process, providing high benefit in terms of maintenance cost. Beyond that, the

authors want to emphasize that a comprehensive SHM methodology should contain more than pure mea-

surement and subsequent inspection of the acquired data, even if this task is processed automatically.

Linking advanced sensing technology to parameter identification by adequate, physically meaningful

models helps to bridge the gap between mere detection of structural changes and the insight into the

corresponding mechanisms. However, consequences of structural degradation (e.g. cracks in RC mem-

bers) as well as imperfections (e.g. voids in laminates) are, at least in the early stage at which SHM
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should be applied, spatially limited. Therefore, they are hard to detect by use of measurement principles

capturing rather global structural characteristics, such as modal analysis. Potential locations of occur-

rence of the above mentioned phenomena are unknown, posing the question, where to apply locally

sensitive measurement devices, e.g. strain gauges or fiber-bragg gratings. The probable existence of

initial defects makes the whole task even more challenging, because in this case no reference state is

available to qualify changes in structural load bearing behavior.

The objective of the present work is to complement up-to-date SHM technology by the identifica-

tion of both global as well as local parameters of a structural system in a strategic approach based on

quasi-continuous strain data. The strain signals are gained with high-definition sensing technology using

the effect of Rayleigh backscattering of light waves propagating through optical fibers. These enable

the capturing of strain signals along the fiber’s path over a length of up to 50 m with a spatial resolution

down to around 1 mm. A parametric structural model is calibrated by processing the measurement data

in a parameter identification procedure, in which the parameters are grouped into global and local sets.

Global parameters hereby pertain to properties affecting the overall structural behavior, whereas local

parameters characterize spatially limited discontinuities. The identification problem is solved using a

two step approach, in which firstly parameters of a global reference state are determined. In a second

step, the parameters of local discontinuities are identified in an iterative procedure. The approach is

demonstrated on a test structure representing the load carrying component of rotor blades of wind en-

ergy plants and consisting of several GFRP-laminate parts. During assembly, these are bonded to each

other by glue layers, which in industrial practice turns out to be prone to imperfections, particularly air

inclusions.

1. PARAMETER IDENTIFICATION

The large field of system identification can be divided into the domains of model-free black box systems

and model-based gray box systems. While black box systems, as described in detail in [1], are repre-

sented by a set of mathematical expressions, gray box systems, see e.g. [2] for a current overview, consist

of a model containing a set of physically meaningful parameters. Their determination in a model-based

system is called parameter identification or parameter update. In the field of SHM applications, this

procedure enables investigating causes of changes in structural characteristics such as damage, initial

faults or any loss of strength, rather than to merely detect their presence. Basically, the identification

process is an iterative minimization of a vector of residuals εεε which contains the deviations between

measured output variables um of a structure S and corresponding computed outputs ur (Equation 1) of a

model SM(P) due to an input f, where f in case of mechanical systems represents the structural load and

P the parameter vector of the system (Figure 1). The set P of parameters Pi is determined by minimizing

Figure 1 : Structure S and structural model SM under load f with responses um and ur



the objective function J with respect to the vector of deviations εεε according to Equation 2:

εεε(P) = um −ur(P) (1)

J(PPP) = εεε
T

εεε → MIN (2)

The objective function is in many cases defined by the popular least squares regression method and

its minimization represents an optimization task that can be performed by use of a variety of different

optimization methodologies.

Modal properties as natural frequencies and mode shapes are comparatively easy to gain and offer

high information density about a structure’s global behavior. Therefore, in the majority of applications,

dynamic properties of systems are used for parameter identification. Static answers are usually more

elaborate concerning instrumentation and application of test loads. Local discontinuities, such as cracks

or initial defects, have only little or even hardly any measurable effect on the global outputs of structural

systems, independently from being of dynamic or static nature.

Several scientific contributions therefore focus on implementing discrete damage models into pa-

rameter identification methods, such as Eilbracht and Link [3] with a simplified crack model consisting

of a parametric parabolic function for the cracked area in a bridge structure or Dharmaraju et al. [4] by

the setup of a discrete spring element representing the compliance of the crack zone. Both authors use

modal properties for their approaches. Basic aspects of damage detection with static parameter identifi-

cation are discussed in the comprehensive studies of Banan et al. [5], [6], where they propose the use of

an objective function based on the equilibrium of internal forces and measured displacement curves.

Obviously, a promising approach is to connect dynamic and static parameter identification ap-

proaches. Sanayei et al. [7] propose a method where the objective function consists of a combination of

error functions based on static compliance and strain as well as dynamic compliance. Chisari et al. [8]

carry out separate identification runs for modal and static responses enabling them to determine support

stiffness and Young’s modulus of a bridge deck.

By understanding every structure’s properties to be rather of global or local nature, it seems promis-

ing to separate parameter identification into steps, which firstly focus on global characteristics and are

aimed in a second step to identify local properties such as damage. Teughels and De Roeck [9] devel-

oped a two stage method, identifying the structure’s undamaged reference state based on modal data in

the first step and local damage by use of predefined damage functions in the second step. The latter

method contributed to the approach developed within the scope of this work.

2. RAYLEIGH-BASED FIBRE OPTIC SENSING

Fiber optic sensors have intrinsic properties which make them ideally suited for applications in the field

of SHM. Single, multiple or a great many sensors can be realized in a single fiber of diameter around

200 microns or less. They immune to rough environmental conditions such as strong magnetic fields,

chemical aggressive media as well as high temperature or radioactive radiation. Beyond that, their small

scale qualifies them both for installation inside and on surface of components. Besides, the possibility

of realizing many sensors in a single fiber helps reduce cost. A variety of sensing technologies based on

optical fibers is commercially available and are discussed in detail e.g. by Glisić [10].

2.1 Fibre optic sensing topologies

Fiber optic sensing systems may be categorized on the basis of their topology as shown in Figure 2,

following definitions by Glisic [10] and Peters and Inaudi [11]. In the present work, strain sensing based

on Rayleigh backscattering evaluated by coherent optical frequency domain reflectometry (c-OFDR)

was used. This technology allows for the definition of a very large number of sensors in the fiber, leading

to extremely high spatial resolution of the captured strain signal. In the sense of digital (discrete) data

processing, the signal can be regarded as continuous, although this is not correct in a strict mathematical

sense. Therefore the designation quasi-continuous is proposed by the authors.



Figure 2 : Outline on sensor topologies (diagram following [10], images following [11]

2.2 Rayleigh OFDR strain measurement

Figure 3 : Analysis of Rayleigh scattering (source: Luna Innovations Inc. [12])

Sensors in a c-OFDR system can be created in commercially available telecom fibres without any

special adaption such as writing bragg gratings. The measurement principle is based on the analysis of

the backscattered portion of light sent into a fiber, which occurs due to inevitable disturbances. These

appear in every material including optical fibers. Quantity, length and position of sensors are determined

in the measurement unit, dividing the length of the sensing fiber into a number of equally spaced seg-

ments (Figure 3, top), each of which being one sensor. A light pulse sent into the fiber by a tuneable laser

source is superimposed with a reference signal in a Mach-Zehnder interferometer and the interference

of measurement and reference signal is evaluated in the measurement unit for each of the segments. It

is beyond the scope of this contribution to go into further detail, however a more elaborate description



Figure 4 : Shape functions a) according to [9] and b) used in the stepwise approach; upper figures: shape functions,

lower figures structure; sensor path highlighted in red; load represented by bending moment

of the principle by Samiec [13] is publicly available. From the user’s perspective it is of interest, that

applied strain only results in a shift of the signals frequency and neither in alteration of its pattern nor

its intensity (see Figure 3, bottom). This can be imagined as a characteristic fingerprint and allows for

measuring strain compared to a permanently valid reference state at points in time over years, even if

the measuring unit is meanwhile disconnected from the fiber. Accuracy and Sensitivity as well as noise

level are comparable to strain gauges or fiber bragg gratings, although the dynamically usable frequency

range is (to date) rather limited.

2.3 Application

Although having arrived quite recently on the market, the technology is already applied in many in-

dustrial and scientific applications. Henault et al. integrated high-resolution fiber sensors into rein-

forced concrete beams for determination of cracks [14] and monitoring of their development under

rising load [15]. Pedrazzani et al. [16] used a OFDR-system to measure strain and detect manufacturing

defects and damage respectively on a rotor blade specimen during failure and fatigue tests. The fibers

were integrated into the laminate as well as bonded to the surface.

In every case, special attention should be paid to the mechanism of shear transfer from the substrate

(i.e. the material the fiber is bonded to or embedded in) as it is strongly affected by the characteristics

of the fibers coating, glue material and thickness and, in case of use of cables, other surrounding layers.

Beyond being subject of studies of deeper investigations such as by Ansari and Libo [17] or by Duck

and LeBlanc [18], it is the author’s practical experience as well, that the specific fiber type affects to

a high degree the measurability particularly of short-wave strain signals e.g. in presence of defects or

cracks. However, discussing this complex exceeds the scope of this contribution and for a comparative

study on different analytical models for shear lag effects reference is made to Wang and Zhou [19].

3. PARAMETER IDENTIFICATION ON QUASI-CONTINUOUS STRAIN DATA

In the present work, a method for parameter identification is proposed, which, due to a two step ap-

proach, is able to determine global parameters belonging to a reference state as well as local parameters

of discontinuities e.g. initial defects. Obviously, in the case of initial defects no intact state is measur-

able but fortunately, quasi-continuous strain data offers enough information to recover a state without

influence of local defects which can be regarded as a reference.



Figure 5 : Simplified scheme of the stepwise approach

3.1 Stepwise Approach

Stepwise approaches aiming at the identification of local effects, such as damage, have already been

mentioned above. Teughels and De Roeck [9] proposed the use of a predefined damage function, which

characterizes the influence of cracked areas in reinforced concrete beam with respect to stiffness reduc-

tion. First step is the identification of an undamaged reference state, followed by the identification of

damage parameters in the second step. A set of 3 parameters (location t1, width t2 and amplitude p) is

used to describe a parabolic damage function N as can be seen in Figure 4 a and written in Equation 3.

N = f (t1, t2, p) (3)

In contrast, the damage function can also be formulated by a finite element model, in which, at certain

locations inside the structure, a number of i discontinuities in the form of e.g. air inclusions is present,

see Figure 4 b. A discontinuity is characterized by the parameters of location f x, depth under surface

f y and length dx, but basically any other cluster of parameters describing any type of discontinuity is

possible. The parameters are grouped to sets Pi as stated in Equation 4.

Pi =





f xi

f yi

dxi



 (4)

The scalar shape function, i.e. the strain signal, can be written according to Equation 5, taking into

account that the relationship inside the function is represented by the finite-element model. The model

should allow for covering a number of i discontinuities, so that the final shape function N is a linear

combination of N1,N2 . . .Nn.

Ni = Ni(Pi) = Ni( f xi, f yi,dxi) (5)

Loading the structure consequently yields to the formation of a peak in the strain signal whose shape

is linked with the parameters of location and extent of the discontinuity. So, in contrast to the closed-

form damage function of Teughels and De Roeck, the local signal shape is defined indirectly based on

parameters of the finite element model. This, in turn, implies that the character of the discontinuity has

to be known to a certain degree, which applies for both methods and provides for physical meaningful

results.

3.2 Procedure

The identification process is divided into a global step and a local step, in the following called step A

and step B respectively, see Figure 5. The result of step A, i.e. set A, containing the identified global

parameters, is passed to step B and is fixed in the subsequent identification of the local parameters. The

method should not be limited with respect to the number of discontinuities and therefore step B runs

iteratively with substeps B1,B2, . . .Bn until reaching an exit condition. At the end of step B, global and

local parameters are identified. In both steps the sum of least squares of all support points (i.e. strain

values of all sensors) is used as objective function.



Roughly speaking, the computational effort of solving an optimization problem depends exponen-

tially on the number of parameters. Grouping parameters into physically consistent sets in the way

shown above is therefore not only advantageous in terms of meaningfulness of the solution but also with

respect to efficiency. In the method presented here, the parameter space is divided into independent

subspaces allowing for the solution of several small optimization problems instead of one large task.

3.3 Simulation example

The process should be demonstrated in this section by use of a simulation example. It consists of a

simply supported beam which is loaded at two points by equal forces, as shown in Figure 6. Global

parameters of the system are the distance len1 between one of the load points and the adjacent support,

the Young’s modulus E and the Poisson’s ratio ν of the material. Local parameters are the location

index nxi in longitudinal direction, the location f yi in the cross-section in direction of the load and

f zi in the cross-section in direction perpendicular to the load direction. This test setup generates

Figure 6 : Simulation example simple beam in 4-point bending test; yellow - global parameters, red - local

parameters

Figure 7 : Strain curves due to global and local parameters

in the (virtual) sensor a strain state as depicted as reference in Figure 7. It can be divided due to

its causes into a signal of global and local strain respectively. Evaluating the objective function in

a sensitivity analysis and subsequently generating a response surface, the fundamental difference in

character of global and local signals is clearly visible. The response surface for step A is showing

a smooth, monotonic and convex shape with a well defined minimum as can be seen in Figure 8a

while it shows a single, sharply bounded minimum in within an area of low gradient (Figure 8b). This



determines the kind of optimization algorithm to be used for the minimization of the objective function.

For step A, basically any algorithm is able to deliver a sufficient solution, although gradient based or

simplex optimizers show better performance. For step B, random sampling based optimizers such as

evolutionary algorithms are preferable. In this work, performance aspects were elaborately investigated.

However, their discussion goes beyond the scope of this paper.

Figure 8 : Response surfaces for step A parameters (left) and step B parameters (right)

All parameters, global as well as local, were identified properly by the application of the method

proposed here whereas a one-step approach only delivered the global parameters which can be explained

by the low impact of the local peaks in the strain signal on the objective function.

4. EXPERIMENTAL APPLICATION

The stepwise method was applied to the test of a subcomponent of rotor blades of wind energy plants

shown in Figure 9. Development and use of this component is described in detail by Sayer et al. [20].

It consists of GFRP-laminated spar caps and a sandwich web structure bonded to each other by epoxy-

based glue. The objective of the investigation shown here was to detect representative voids inside the

glue layer which appear during manufacture. For this purpose, optical fibers were integrated into the

bondline by mounting the fiber to the surface of the web as shown in Figure 9.

The component is supported and loaded as can be seen in Figure 10. Due to variation of the number

of layers of the spar caps, a partly constant strain signal is generated which allows for the investigation

Figure 9 : Test specimen: Subcomponent of rotor blade of wind energy plants and its assembly: air inclusions are

simulated using foam bodies



Figure 10 : Test setup for rotor blade component; shape of strain signal in blue

of the effect of disturbances in the bondline. Global parameters to be identified were the stiffness

of the unidirectional and biaxial layers of the composite components, the Young’s modulus of the glue

material and a variation in thickness of the spar caps. The location of inclusions in longitudinal direction

as well as their location in the cross-section of the glue layer on the tension side were defined as local

parameters.

In a total of 10 iterations in step B, all larger artificial voids could be identified in location and

extent. As can be seen, some deviations of the simulated signal to the measured strain signal remain.

Reason is, that not all details of the rather complex inner structure could be integrated into the finite-

element model. However, also the identified global stiffness parameters are showing reasonable values.

As effect of a number of smaller (unintended) discontinuities also visible in CT-scans (but not docu-

mented here) a lot of smaller peaks in the strain signal can be recognized.

Figure 11 : Results of identification; comparison to CT-scan data

5. CONCLUSIONS

A stepwise static parameter identification method based on high-resolution quasi-continuous fiber optic

strain sensing is used to identify global and local structural parameters. The approach allows for the

determination of an intact reference state and local discontinuities as well. Being based on a proper

structural model, these can not only be detected but also quantified. Grouping parameters belonging

together in a physical sense into sets supports efficient optimization of the objective function and leads

to physically meaningful results. The proposed method is applied to a specimen representing the load-



bearing component of rotor blades of wind energy plants in a bending test. Initial defects in form of air

inclusions in the bond line are identified with respect to location and extent. In near future, the method

should be extended to dynamic applications, too. Future research work will also cover enhancement of

efficiency and appropriate optimization algorithms as well as further investigations on shear transfer.
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