
ABSTRACT: Alternatively to common modal analysis as tool for detecting changes between a reference and an actual 

(possibly damaged) structural state, the subspace-based damage detection method has been developed in recent years and 

successfully adopted to test application data sets. Characteristic for that method is that instead of analyzing modal parameters, a 

statistical test with respect to changes of a dynamic signature of structural response is introduced. Therefor, a Gaussian residual 

vector is extracted from the subspace of an output only vibration data covariance matrix within the reference state. 

The paper describes the application of this damage detection method within a laboratory fatigue test on a steel frame structure. 

Aim of the investigation was to analyze the usability and efficiency of the detection method for realistic damage on carrying 

structures of wind energy turbines. In a second step, a numerical model of the lab test structure is developed and validated. Thus, 

a comparable numerical simulation of the fatigue damage detection was feasible and the accuracy of the simulation procedure 

could be verified. The present study describes the first step in a two-step approach for quantifying and optimizing fundamental 

characteristics of SHM systems for offshore wind turbine structures concerning a required number of sensors and their optimal 

location. 

KEY WORDS: Damage Detection; Offshore Wind Energy; Subspace-based Detection. 

1 INTRODUCTION 

Offshore wind turbines are generally larger than the 

corresponding onshore plants. They are usually placed far 

from shore and exposed to strong loading as well as to harsh 

weather conditions. Reliable monitoring and assessment of the 

structural condition is therefore of strong interest by the wind 

park investors and operators as well as the insuring 

companies. Besides the recording of loading and stress states 

for verification of design assumption it is primarily the early 

indication of structural damage which effects the benefits of 

online monitoring methodology. For their higher vulnerability 

to mechanical damage but also for their spatial compactness 

and the affiliated ease of sensor application, there are 

commercial solutions on the market for monitoring the 

integrity of machinery components of the turbines but also for 

rotor blades. The part of wind turbines not being monitored 

for early damage identification is by now the load carrying 

structure, consisting of the tower, the support structure and the 

foundation piles including connecting elements between those 

sections. Because of the high failure consequences for 

structural components as well as because of the partial rough 

assumptions of the design process, the interest in permanent 

and online monitoring and assessing of also the load carrying 

structure of wind turbines is immense. 

For that reason, several research activities have been 

performed at BAM Federal Institute for Materials Research 

and Testing to enhance the Stochastic Subspace-based 

Damage Detection method (SSDD) and to optimize 

parameters for an effective and robust SHM application on 

offshore wind turbine structures. Unlike common vibration 

utilizing methods the SSDD methodology does not explicitly 

identify and assess modal properties. Instead a statistical  

χ
2
-type test is used to analyze changes in the dynamic 

response of the system for their significance [1; 2]. Utilizing 

state space models in general, the here used algorithm builds 

matrices of output covariance estimates to achieve the systems 

characteristic. Starting with analyzing a reference state of the 

undamaged structure a residuum is created. For all then 

following check-ups for changes of the structural state the 

residuum is recalculated on the base of the new recorded data 

set and finally tested for significant changes by a statistical 

hypothesis testing. The method has been successfully applied 

to several laboratory and real application from different 

mechanical systems utilizing disciplines [3-5]. 

In the run-up to an application of the SSDD-methodology 

for monitoring wind turbine structures offshore its general 

usability and precision needs to be known. Also information 

about the methods reliability in dependency to sensor and 

signal characteristics but also to boundary conditions and 

other requirements are essential for evaluating the benefit of a 

monitoring systems installation.  

For testing on real offshore wind turbine structures being 

impossible, to fulfill the described task a 2-step strategy 

including numerical simulations is adopted. In the first step a 

steel frame laboratory structure was used to test and verify the 

method in small scale as well as to validate a numerical model 

of the lab structure. With the so obtained modeling parameters 

in a second step a numerical model of real size structures are 

assembled and using transient analysis a monitoring system 

based on the SSDD method can be tested and optimized 

numerically. Within the context of this paper a part of the first 

step, the testing on a lab structure, is covered. 

The mentioned laboratory model structure features the 

possibility to artificially and reversely induce mechanical 
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damage on different locations. Further, different kinds of 

excitation and loading can be applied. In the recent past, 

intensive tests were performed on the lab structure to analyze 

the sensitivity of signal characteristics and procedure inherent 

parameters. After competition of those test series, inducing 

damage by loosening bolts at flanged connections it was in 

question, how the SSDD-based damage indication will 

perform under occurrence of real fatigue damage. For 

displaying a realistic damage scenario, an experimental test 

was planned and conducted to damage the lab structure 

selective by inserting fatigue relevant cyclic loading. The test 

was supposed to clarify to which extend the SSDD-based 

indicator is able to detect real fatigue damage in an early stage 

and also to quantify the relation of the proposed damage 

indicator (χ
2
-test statistics) to the size of the fatigue crack in 

its course of development and enhancement. 

In a second stage of work, a numerical simulation strategy 

is employed to finally transfer the obtained results from the 

lab structure to real-size foundation structures. For that reason 

the lab structure was modeled and analyzed using transient 

FEM calculations. The so generated response data set was 

then processed with the SSDD algorithm. Both, the 

experimentally and numerically generated course of the 

damage indicator have finally been compared.  

This paper is organized as follows: in section 2 the 

theoretical basics of the stochastic subspace based damage 

detection method are introduced. Section 3 describes the 

fatigue test on the laboratory structure and in section 4 the 

numerical analysis of the fatigue test is summarized. The 

paper closes with the conclusions and an outlook for further 

research activities.  

2 SUBSPACE-BASED DAMAGE DETECTION 

The stochastic subspace-based damage detection algorithm as 

used in the here presented studies is generally based on the 

theory of system realization as described in [6]. But instead of 

extracting modal system parameters the investigated approach 

exploits a residual, which uses the left null space of a Hankel 

matrix, describing the system. The theory has been widely 

used in the last years and some different approaches have 

been developed. The introduced work uses covariance-driven 

Hankel matrix estimates and a parametric χ ²-type test for 

damage detection [7].  

2.1 Parameter description 

The dynamic characteristic of a discrete linear time-invariant 

system with n  degrees of freedom (DOF) is defined by the 

matrix-differential equation: 

 ( ) ( ) ( ) ( )M q C q K q vt t t t+ + =ɺɺ ɺ , (1) 

where t denotes the continuous time, , , n nM C K ×∈ ℝ are the 

mass, damping and stiffness matrices and nq ∈ ℝ  comprises 

the displacements at the n  DOF. The external force ( )v t is 

modeled as unmeasured non-stationary white noise. 

By converting and sampling the model of eq. (1) the time-

discrete state space based description in the form of 

 
1k k k

k k k

x Ax v

y C x w

+ = +

= +
 (2) 

is achieved, where n
kx ∈ ℝ  represents the state vector of 

dimension 2n n= and r
ky ∈ ℝ  the measured output vector 

of dimension r , both at time step k . n nA ×∈ ℝ  is the state 

transition matrix and r nC ×∈ ℝ  the observation matrix. The 

vectors kv  and kw  denote the state noise and measurement 

noise processes, which are assumed to be unmeasured 

Gaussian white-noise sequences with zero mean.  

The eigenstructure of the system in eq. (2) is obtained by  

 ( ), det 0, ,A I A I C
λ λ λ λ
φ λ φ λ ϕ φ= − = =  (3) 

where λ  and λφ are the eigenvalues and eigenvectors of the 

state transition matrix A  and λϕ  are the systems mode 

shapes. The eigenstructure ( , )λλ ϕ  is a canonical 

parameterization of the system and therefore considered as the 

system parameter ( 1)r nθ +∈ ℂ with 

 
def

vec( )

Λ
θ

Φ

  =    
, (4) 

where Λ  is the vector containing all n  eigenvalues λ and Φ  

is a matrix containing the corresponding mode shape vectors 

λϕ , which are stacked by the vec -operator.  

2.2 Stochastic subspace-based damage detection  

For determining the system parameter θ  from measured 

output ky  the covariance-driven subspace-based identification 

algorithm [8] is applied. A theoretic block Hankel matrix 

1,p q+
H , filled with output covariances 1( )T

i k kR y y −= E  is 

defined as 
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The indices p +1 and q  define the number of considered time 

shifts and should be chosen in dependence on the assumed 

system order n , i.e. pr n≥ .  

The Hankel matrix features the factorization property  

 1, 1p q p q+ +=H O C . (6) 

where the observability matrix 1p+O  and the controllability 

matrix qC  are defined as 

 
1

1 , q
p q

p

C

CA
G AG A G

CA

−
+

 
 
 
   = =     
 
  

O C ⋯
⋮

. (7) 

For simplification, in the further text the subscripts of 

1, 1, ,p q p q+ +H O C  are skip.  

O  can be obtained by singular value decomposition (SVD) 

and truncation at the desired model order:  
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The system matrices C  and A  could then be recovered from 

the observability matrix O  to finally obtain the eigenstructure 

of the system and the system parameter θ  in eq. (4).  

Though, instead of identifying the systems eigenstructure a 

residual function is introduced, which is based on O  and 

respectively to the in eq. (6) described factorization property 

also onH . 

Denote the system parameter, as defined in (4), for the 

reference state as 0θ . The residual function for a damage 

detection test compares then the system parameter 0θ  to 

measurement data from the current, possibly damaged system 

θ . That requires the identification of 0θ  once from data of the 

structural reference state, though it is not required to identify 

θ  from the currently tested state. From 0θ , the observability 

matrix 0( )θO  is obtained in the modal basis and its left null 

space 0( )θS  is computed, e.g. by a singular value 

decomposition of 0( )θO , such that 

 0 0 0( ) ( )Tθ θ =S O . (10) 

Because of the factorization property in eq. (6) 0( )θO  and H  

in the reference state have the same left null space 0( )θS  

which leads to  

 (0)
0 0( )Tθ =S H . (11) 

For the damage detection algorithm the kernel is computed 

only once from the initial system and is stated as reference 

matrix. In the current, possibly damaged state empirical 

output covariances are then built from measurements ky  

 -

1

1ˆ
-

N

T
i k k i

k i

R y y
N i = +

= ∑  (12) 

to fill a consistent estimate Ĥ of the block Hankel matrix.  

The residual vector Nζ  is defined as function of the 

reference matrix 0( )S θ  and the Hankel matrix Ĥ  of the 

actual system 

 ( )0
ˆvec ( )TN N Sζ θ= H . (13) 

It can be deduced from (4) that Nζ  has zero mean if changes 

of the system do not occur, and non-zero mean in the case of 

changes. Therefore, for the undamaged state the left null space 

of the Hankel matrix can be used as reference for future 

residual analysis.  

Under convenient assumptions, the residual function is 

asymptotically Gaussian. Then, it manifests itself to damage 

by a change in its mean value, also corresponding to an 

increase of the mean of the 2χ -test statistics 

 2 1−= ΣTN Nχ ζ ζ , (14) 

where Σ  is the residual covariance  

  Σ =   
T

N NE ζ ζ . (15) 

The monitoring of the system consists in calculating the  
2χ -test value on the Hankel matrices estimated from newly 

recorded output data and comparing it to a threshold. A 

significant increase in the 2χ value indicates that the system is 

no more in the reference state. 

3 FATIGUE TEST ON LABORATORY STRUCTURE 

3.1 The laboratory test setup and preliminary tests 

Due to the relatively deep sea waters in the German exclusive 

economic zone of the North Sea of approximately 30m first 

choice for support structures are principally framework 

structures such as tripods or jackets [9]. Compared to 

monopiles for shallow water as well as to other structural 

parts like the tower, support structures generally include a 

significant larger number of highly stressed joints and 

therefore possess a higher vulnerability to fatigue damage. In 

addition, those structural components are situated within the 

seawater what makes them very costly to investigate for 

damage. For those reasons, framework-like support structures 

possess a reasonable probability of fatigue damage and a 

jacket structure design is therefore chosen as a model basis for 

studies on the SSDD method.  

The developed model structure out of steel pipe components 

represents a scaled two-dimensional section of a jacket-type 

support structure of an offshore wind turbine as they are 

common for wind park installation within the German North 

Sea. The scale of the general dimensions is approximately 

1:10 of the original values, at which due to the lack of detailed 

information the original design size of a jacket-like support 

structure was estimated. 

The lab model is designed with one and a half diagonal 

bracings between two legs. The upper completion is formed 

by an I-sectional girder. At the lower end the legs end in steel 

foot plates. With exception of the damage sections all 

structural parts of the model are welded. The foot plates are 

screwed via a transition piece to the lab floor. In the third 

direction the structure is held on the head girder by an 

auxiliary construction, whose two fork-like support bars allow 

a horizontal movement of the head girder. Figure 1 shows the 

laboratory test structure in the proof testing facilities at BAM.  

According to the characteristic cyclic stressing which can 

even escalate by resonance effects as well as due to the 

notches in the material from the welding process, the damage 

to be modeled is supposed to represent fatigue cracks. The 

requisition was therefore to model a defined local loss of 

stiffness, which complies with the requirements of realistic 

projection of individual fatigue damage. Further, the 

descriptiveness of the damage in location and quantification 

for comparison of different test series within the study as well 

as reversibility of the inserted damage for the ability to repeat 

test series had to be considered of.  

For the difficulty to design a reversible damage right in the 

joint area of a gusset, the damage areas of the laboratory 

structure were constructed with a shift into the steel tube 

domain. At one K-type gusset of the model structure crack 

like damage can be induced artificially by the loosening of 

bolted flange connection. Four of such flange connections are  
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Figure 1. Laboratory test stand at BAM

 

designed, each at the four ends of the K-type gusset. So there 

were two damage locations at the leg and two at the bracing 

diagonal. In Figure 1 the four flanges at the end of the red 

drawn component on the left side of the model

each end of the red K-type gusset. 

During the test series dynamic excitations 

loading of the laboratory structure had to be 

different excitations the dependency of the detection of 

simulated damage to the frequency and energy input of the 

excitation source was examined.  

The excitation for the tests was provided by an 

electrodynamic shaker. A broadband random acc

signal with a frequency content between 10 Hz and 1000 Hz 

was produced by a shaker control unit and was induced 

amplification via the shaker at the top of the structure. The 

shaker was equipped with a 5 kg excitation mass and the 

excitation direction was horizontal and approximately 30° 

rotated out of the in-plane-direction.  

For testing the sensitivity of the SSDD

indicator in relation to the energy content of the excitation, 

also tests with ambient excitation were conducted. 

3.2 Fatigue Test 

In preparation of the test structural analysis was carried out to 

determine the hot spots, i.e. structural areas with excessive 

stress peaks while loaded cyclically. Typicall

in geometric discontinuity points. The structural a

resulted in the fact, that for horizontal loading all connections 

between the legs and the diagonal braces as well as the 

diagonal cross are stressed with approximately

amplitude. To control the location of occurrence 

expected fatigue crack, an auxiliary K-gusset was constructed 

and assembled on which the welding was done poorly to 

purposely insert a fatigue relevant notch.  

 

Laboratory test stand at BAM. 

type gusset. So there 

two damage locations at the leg and two at the bracing 

the four flanges at the end of the red 

drawn component on the left side of the model can be seen at 

During the test series dynamic excitations as well as cyclic 

had to be deployed. With 

different excitations the dependency of the detection of 

simulated damage to the frequency and energy input of the 

The excitation for the tests was provided by an 

electrodynamic shaker. A broadband random acceleration 

content between 10 Hz and 1000 Hz 

was produced by a shaker control unit and was induced after 

via the shaker at the top of the structure. The 

shaker was equipped with a 5 kg excitation mass and the 

direction was horizontal and approximately 30° 

For testing the sensitivity of the SSDD-based damage 

the energy content of the excitation, 

ent excitation were conducted.  

the test structural analysis was carried out to 

determine the hot spots, i.e. structural areas with excessive 

. Typically, hotspots exist 

points. The structural analysis 

resulted in the fact, that for horizontal loading all connections 

braces as well as the 

approximately similar 

. To control the location of occurrence for the 

gusset was constructed 

the welding was done poorly to 

For detecting the expected fatigue crack in an early stage, a 

stress monitoring system with eight strain gage 

expected neuralgic points was implemented. 

also the structural integrity of the lab structure in 

then the intended area of fatigue damage

Principally, the test procedure consisted out of two g

and alternating tasks, the inserting of the fatigue relevant load 

cycles and the measurement of dynamic response series of the 

structure for determination of the 

detecting structural damage. For its strong influence to the

dynamic behavior of the structure the 

stopped during the periods of data acquisition. 

The cyclic loading consisted out of a 

with a constant alternating horizontal load

was applied to the head girder of the structure

frequency of 3 Hz. Each of the 10 

number of cycles, all in all approximately 1

were applied within the test. In Table 1 the 10 load series are 

listed together with the number of 

which they were conducted. Table 1 is 

section for being near the χ² value test result diagram. 

For the damage detection measurements, 

accelerations of eight sensors with a sampling rate of

fa = 2500 Hz. and a signal length of 

(equates to 1048 sec) were recorded 

Before the start of the cyclic loading, 

measurements were conducted 

record of data of the reference state for 

residual covariance matrix of the SSDD algorithm

Then, in between the loading series

loading, damage detection measurement series 

to monitor the actual structural state.

detection measurement series were conducted for each of the 

two excitation types.  

 

Figure 2. First fatigue crack at jacket foot after 140,000 load 

cycles

 

After approximately 140,000 load cycles with ±50 kN a 

fatigue damage was detected visually in the welding of one of 

the legs to the footplate. At that time the crack had a length of 

approximately 10 cm (Figure 

damage the test series were continued with caution for another 

12,000 load cycles and finally stopped because a second 

fatigue crack occurred, that time in the second leg/footplate 

connection. Obviously, after the first fatigue damage a load 

redistribution occurred, which increased the stressing in the 

second leg considerably. 

For detecting the expected fatigue crack in an early stage, a 

stress monitoring system with eight strain gage sensors on all 

neuralgic points was implemented. According to this 

the structural integrity of the lab structure in most other 

then the intended area of fatigue damage could be monitored. 

ncipally, the test procedure consisted out of two general 

and alternating tasks, the inserting of the fatigue relevant load 

cycles and the measurement of dynamic response series of the 

structure for determination of the χ²-value and therefore for 

detecting structural damage. For its strong influence to the 

dynamic behavior of the structure the cyclic loading was 

periods of data acquisition.  

The cyclic loading consisted out of a number of load series 

alternating horizontal load of ±50 kN, which 

girder of the structure with a 

of the 10 load series varied in their 

number of cycles, all in all approximately 150,000 load cycles 

In Table 1 the 10 load series are 

listed together with the number of the according χ² test, after 

which they were conducted. Table 1 is placed in the result 

² value test result diagram.  

For the damage detection measurements, for each data set 

sensors with a sampling rate of 

and a signal length of s = 2,621,440 data points 

were recorded for each excitation type.  

Before the start of the cyclic loading, damage detection 

were conducted to have a comprehensive 

e reference state for application in the 

residual covariance matrix of the SSDD algorithm (eq. 15). 

series as well as after the final 

loading, damage detection measurement series were executed 

to monitor the actual structural state. All in all 30 damage 

detection measurement series were conducted for each of the 

 

First fatigue crack at jacket foot after 140,000 load 

cycles. 

oximately 140,000 load cycles with ±50 kN a 

fatigue damage was detected visually in the welding of one of 

the legs to the footplate. At that time the crack had a length of 

Figure 2). After investigation of the 

damage the test series were continued with caution for another 

,000 load cycles and finally stopped because a second 

fatigue crack occurred, that time in the second leg/footplate 

Obviously, after the first fatigue damage a load 

redistribution occurred, which increased the stressing in the 
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3.3 Data analysis  

To account for the stochastic characteristic of the χ² value, 

each recorded measurement series was cut into 40 data sets 

each of size of 2
16

 data points (equates to app. 26 sec). Pretest 

investigations have led to the cognition that this is a sufficient 

size of data to determine the dynamic response in an adequate 

resolution. Thus, all in all 440 data sets were existent for the 

reference phase and 720 data sets for the damage test phase.  

Principally, the data of all channels was first normalized. 

The reference state of the undamaged structure was then 

determined by computing and averaging the reference 

matrices from 5 non consecutive datasets. With that approach, 

a possible disturbance by single excitation events is 

minimized. The size of the Hankel matrix depends on the 

number of output channels as well as on the number of time 

lags, to be accounted for computing the output covariance 

matrices. Since the Hankel matrix contains all information 

about the systems behavior it needs to be large enough to 

account for the assumed system order n (see eq. (5)). 

Investigations with reduced numbers of p and q showed, that 

the dynamic system is described sufficiently using only 5 

output covariance matrices in the block Hankel matrix. The 

size of the analyzed null space depends on the order of the 

system and can generally be determined by the rank of the 

matrix. Although, because of noise the singular values won’t 

drop to exactly zero and the system order must be estimated.  

For calculation of the residual covariance matrix as shown 

in eq. (15) it is important to use as much data sets as are 

required for the covariance matrix to have full rank. To 

provide a necessary amount of data sets, it is convenient to 

divide available datasets in a respective number, whereas the 

number of data points within one residual vector should not be 

too small to not lose significance.  

The residual must also be normalized with respect to the 

number of samples used for computing the according Hankel 

matrix as shown in eq. (13) and centralized with the mean 

over all residual vectors. 

Finally, for the χ² - tests, eq. (14) is solved for every data 

set, which leads to an indicator of damage for all analyzed 

datasets. 

3.4 Results and discussion  

The course of the damage indicator for the stochastic signal 

shaker excitation is shown in the Figure 3, where each marker 

is representing one test result.  

The abscissa of the graph displays the consecutive number 

sequence of the test series and the ordinate the calculated  

χ²-test values. The damage indicator course is displayed in 

logarithmic form. The dotted blue line indicates the chosen 

damage threshold value. To assess the calculated χ²-test 

values, a threshold with regard to damage indication is 

introduced. Starting from the assumption, that the χ²-test 

values are Gaussian distributed, the threshold was determined 

on the base of statistical type I error. It is defined as the 98% 

fractile of the χ²-test value sample in the reference state 

multiplied by a factor of 1.5. This corresponds with the 

assertion, that a 1.5 time exceedance of the 98% fractile of χ²-

test value implies the approval of a significant change in the 

dynamic system. The factor was chosen empirically. 

Generally, it needs to be adapted to the specifications of the 

structure as well as to the characteristic of the excitation. 

 

 

Figure 3. Course of χ²-test values as damage  

detection result for shaker excitation. 

 

For associating the timely relation between loading and 

damaging, the 10 load series, their point in time based on the 

χ²-test number, their load cycle number and the accumulated 

load cycle number are shown in Table 1.  

Table 1. Applied load Series. 

Loading 

Series 
χ²-test 

(cp. Fig. 3)  

Additional 

load cycles 

[-] 

Total of load 

cycles 

[-] 

LS I   5000 

LS II 40 1000 6000 

LS III 120 24,063 30063 

LS IV 200 14,819 44882 

LS V 280 9,514 54396 

LS VI 320 26,083 80479 

LS VII 400 39,521 120000 

LS VIII 440 20,008 140,008 

LS IX 560 6000 146,008 

LS X 600 6000 152,008 

 

The structural state in terms of fatigue has changed after each 

load series and therefore, each time a new damage state has 

been obtained. Figure 4 shows the result of the same χ²-test as 

in Figure 3, but here the mean value and the standard 

deviation for each of the 10 damage states are represented. In 

difference to Figure 3 the χ²-value course is here displayed in 

a linear form. 

Despite the indication of changes in the dynamic response 

by the χ²-test values the author was initially neglecting a 

relation to structural damage, since the increase of the test 

value occurred relatively early in the loading scheme and, 

because the strain gages didn't show a sudden increase or 

decrease in any of the strain signals and especially, because 

damage could not be detected visually. It occurred more 

reasonable to presume changes in outside influences like 

temperature, solar irradiation or other, unknown influences 

during the measurements. 
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Figure 4. Mean and standard deviation of χ²- values  

for the 10 damage states. 

 

The course of the χ²-test values in Figure 3 and Figure 4 

admits the following listed assumptions for the damage 

evolution, where three different structural states are 

distinguished: the undamaged state, the damaged state with 

one fatigue crack propagation on the base of the right leg in 

Figure 1 and finally the damaged state with fatigue cracks on 

the bases of both legs. The structural states and their 

association to the χ²-tests and the loading cycles are listed in 

Table 2. 

Table 2. Structural states during damage detection test . 

State No. χ²-test numbers 

(cp. Figure 3) 

Total of load cycles 

 

State I 0 - 120 6000 

State II 121 – 600 146,008 

State III 601 – 720 152,008 

 

State I - Undamaged: The first several loading sequences 

and the related χ²-test series are not shown in Figure 3 for the 

resulting χ²-value commuting around its start value. The 

system is most probably in the undamaged state. The first 

slight increase at test number 81 can be explained by changes 

in the peripheral and ambient conditions, since no loading was 

inserted between the two measurement series. Numerous 

causes are conceivable. For example, the oil temperature in 

the loading unit which is not uncoupled in the load pauses 

could have had an influence. Here the test series before the 

increase was executed immediately after the loading and the 

test series which results in the increase, 12 hours later.  

State II - Fatigue crack propagation in leg 1: After the entry 

of a total of 30,036 load cycles an increase of the indicator is 

apparent. The threshold is exceeded; it is assumed that a 

fatigue crack has formed in the right leg-foot weld connection. 

After further 14,819 load cycles, only a slight increase in the 

χ²-value was ascertained. After a total of N = 54.396 cycles 

another significant increase in the χ²-value is visible. After the 

following load series (corresponding to total N = 140,008) the 

damage indicator at Shaker excitation increased moderate. At 

140,008 load cycles the fatigue crack was detected visually, as 

described above. At this time the crack length has been 

already of lcrack = 102 mm. After notation of the damage the 

test was continued with moderate load cycle increases to 

determine the ratio between the damage development and the 

indicator value. After additional 6000 load cycles 

(Ntotal = 146.008) the current crack length in the right leg 

increased by 20 mm. At the same time the damage indicator 

rose significantly. 

State III - Additional fatigue crack in the left leg: After 

another series of load 6,000 load cycles (N = 152,008), a 

significant decrease of the chi-value was registered. An 

examination of the model structure showed that at the known 

fatigue crack did not propagate, but obviously a second 

fatigue crack, originated at the base of the left leg of the 

structure, occurred. This is most probably a result of stress 

rearrangement. At the time of detecting the length of the crack 

was lcrack_2 = 65 mm. The experiment was then stopped, since 

a complete failure of the model structure could not be 

excluded with sufficient certainty. The significant drop in the 

damage indicator despite a verifiable expansion of the damage 

can be interpreted as follows: the initiation and the growth of 

the first fatigue crack and the associated loss of restraint at the 

fixed support of the leg changed individual modes and thus 

the entire dynamic system response significantly. This relates 

in particular to the modes that include the vibration of the legs 

in the "out-of-plane"-direction of the structure. After the 

formation of the second fatigue crack a reduction of the 

differences of the modal deformations in the supposed 

direction took place. The changes in the dynamic system 

response were thus not that definite anymore. Though, relative 

to the reference state they are still concise.  

Figure 5 shows the result of the same fatigue damage 

experiment with the difference of using the dynamic answer 

of ambient excitations. As described for Figure 3, the dotted 

blue line indicates the threshold value, which is defined as 

described above. 

 

 

Figure 5. Course of χ²-test values as damage  

detection result for ambient excitation. 

 

As principle difference to the test result for shaker excitation a 

much stronger scattering in the χ²-test values is noticeable. 

The obvious reason for that is the clearly higher influence of 

noise and disturbances to the test for the much lower energy 

input of the chosen excitation. 

It is also to notice, that the first significant increase of the 

χ²-test value occurs at test number after load series LS V 

(total N = 54,396), which is clearly later than that for the 

shaker excitation. It is assumed, that before LS V the fatigue 
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damage was already existing but not large enough to be 

activated by the ambient excitation forces. After LS V, due to 

the successive increase of crack length the eigenstructure of 

the system has changed in an extend, that the modified modes 

are excited also with the low energies of the ambient 

excitation, which as result significantly affects the dynamic 

system response. 

Also, the distinctive increase and decrease of the χ²-test 

value before and after the development of the second fatigue 

crack, as seen in the shaker excitation tests cannot be verified 

by the ambient excitation result plot. Here too, the reason is 

seen in the low energy input of ambient excitation and 

therefore in a limited activation of the relevant modes of the 

damaged structure. 

Despite the unexpected location of the damage one was able 

to determine the structural damage and its progression reliable 

with the SSDD method under both types of excitation. 

4 NUMERICAL SIMULATION OF DAMAGE 

DETECTION 

Intention of the numerical studies is to analyze, to which 

extend this methodology is able to reproduce the effects of 

real structural damage to the dynamic response behavior of 

the system and therefore, to which extend the numerical 

simulation is able to test the reliability and the sensitivity of 

the SSDD as well as to configure an optimal measurement 

setup on models of real offshore wind turbine structures.  

The idea within this task is to verify and validate the 

numerical model of the lab structure on the results of the 

laboratory tests to use the gained modeling information for 

modeling a real offshore wind turbine structure.  

4.1 Modeling 

The numerical analysis was carried out using the commercial 

FEM program system ANSYS in version 14.5 [10]. 

Accordingly, the modeling was conducted using the element 

types and meshing algorithms, available within ANSYS.  

Based on preliminary studies for comparison of models with 

beam and shell elements hybrid modeling has been chosen 

utilizing beam as well as shell elements. The use of shell 

elements arose from the necessity for a high resolution 

modeling of the fatigue crack. Due to the high computational 

cost associated with shell elements, the structural parts being 

modeled with this element type needed to be minimized. The 

computational expense has a high influence in particular 

because of the planned transient calculations with several tens 

of thousands load steps within each calculation job. All other 

parts and components of the laboratory structure as well as the 

entire support structure were modeled with beam elements. 

This approach ensures a corresponding limited number of 

degrees of freedom for a sufficiently accurate image of the 

global dynamic behavior of the entire structure as well as of 

individual structural components. The loading unit was not 

modeled explicitly, since it was flanged to the structure in a 

way allowing movement in all directions during loading 

pauses. Concentrated masses (flanges, shaker) were modeled 

as point masses.  

The fatigue crack is modeled by successive erasing of 

neighboring nodal bonds between leg and the footplate. For 

reasons of computational efforts the non-linear crack 

opening/closing behavior could not included in the modeling. 

The added impreciseness related with that simplification is 

well-known to the author, but appraised as not significant for 

the structural dynamic response. Figure 6 shows the region of 

modeled damage with the coupling of the beam and shell 

elements of the leg (magenta) as well the coupling of the leg 

and footplate shell elements (green) which are successively 

eliminated for damage simulation. 

The validation of the numerical model was done by modal 

data. For this the modal data of the numerical model was 

compared with those of an experimental modal analysis 

conducted on the laboratory structure. As comparative 

parameter the Modal Assurance Criteria (MAC) was used. 

First tests showed a general consistency in the modal values. 

A small necessary modification of the numerical structure was 

conducted by the change in the support stiffness at the feet of 

the structure.  

 

 

Figure 6. Model detail of damage simulation area. 

 

4.2 Transient analysis 

For obtaining the structural dynamic response of the system 

time series of accelerations were generated by a transient 

analysis using the described model as well as a time series of 

load values. In each performed analysis 98,304 calculation 

steps were executed. Since the used load step frequency was 

2500 Hz, each response data set consisted out of 39.32 s 

simulated output acceleration data. As input time sequences 

were generated on the base of Gaussian white noise and 

applied within the analysis as external force over time.  

Each transient analysis resulted in a file of output 

acceleration time series at the sensor locations of the fatigue 

damage test. Within the post processing the acceleration 

directions were transformed into the axes of the real sensors 

and finally were used as input in the SSDD algorithm.  

For the high computational effort of the transient analysis 

only a limited number of χ²-test values were calculated for 

each damage state, with the exception of the reference state 

where a considerable number of 30 tests were used to build 

the residual covariance matrix as described in eq. (15).  

4.3 Results 

The resulting sequence of χ²-test values for the simulated 

fatigue damage propagation is shown in Figure 7. The 

modeled length of the two cracks for each simulated damage 

state is listed in Table 3. It corresponds with the columns in 

Figure 7. In a qualitative manner they follow the damage 
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course of the experimental fatigue test. For the damage states 

after visual detection of the fatigue crack this also accounts 

for the measured crack lengths. 

 

 

Figure 7. Simulated course of χ²-test value for 10 damage 

states, partly comparable with those of the fatigue test.  

 

Table 3. Set of simulated damage states. 

Damage 

state 

Crack length 

right leg 

Crack length 

left leg 

1 undamaged 

2 undamaged 

3 45 mm undamaged 

4 60 mm undamaged 

5 75 mm undamaged 

6 90 mm undamaged 

7 104 mm undamaged 

8 119 mm undamaged 

9 134 mm undamaged 

10 134 mm 104 mm 

 

Compared with the results of the real fatigue test as displayed 

in Figure 4 it can be shown, that the χ² values follow the same 

pattern. That applies also to the decrease of the damage 

indicator after ignition of the second fatigue crack, even 

though the decrease is not that distinctive than for the 

experimental fatigue test. 

So all in all it can be stated, that the numerical simulation is 

able to produce structural dynamic responses, comparable to 

those of the real fatigue test.  

5 CONCLUSIONS 

With the overall objective to test the applicability and 

functionality of the stochastic subspace-based damage 

detection method on offshore wind turbine structures a fatigue 

test on a laboratory steel structure was performed.  

Despite the fact that the fatigue crack did not occur at the 

expected location the subspace-based detection of the damage 

in general was feasible. Though, for that reason the time of 

initial crack occurrence could not be determined. For reasons 

of the late discovering of the fatigue crack the relation of the 

course of the damage indicator to the damage processing 

could be analyzed and assessed only for the end stage of the 

experimental test.  

The test illustrated, that it is not an ordinary task to decide 

whether a significant step in the course of the χ²-values is 

originated by damage in an early stage or by changes in 

outside influences like changes in temperature or ambient 

excitation. To avoid that difficulty it is explicitly necessary to 

generate a sufficient amount of data sets in the reference state, 

which imply all potential changes in the outside conditions. 

Associated with that problem is the definition of a threshold 

value which again needs an adequate amount of data sets from 

the reference state as basis. In the here presented test the 

threshold value was adjusted subsequently. 

In a second step the fatigue test was simulated numerically. 

Despite some necessary simplifications within the modeling a 

set of structural dynamic response files could be generated by 

transient analysis, which after processing with the SSDD 

algorithm shows a comparable result in the course of the 

damage indicator.  

Future research activity will focus on questions arising with 

the task of an application of SSDD on offshore wind turbines. 

Since tests on real turbine structures are very costly, the main 

focus will be on numerical simulations and subtasks like the 

consideration of wave and wind induced excitation or the 

specific aerodynamic behavior of such structures.  
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