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An approach for structural health monitoring with smart sensor 
networks based on the random decrement method 

Dirk Mayer, Michael Kauba & Andreas Friedmann 
Fraunhofer Institute for Structural Durability and System Reliability, Darmstadt, Germany 

ABSTRACT: Vibration based structural health monitoring methods have been proven to be well 
suited for objects like bridges, buildings or wind turbines. The considerable size of these struc-
tures leads to long distances between the sensors and the signal processing units. Thus, such 
systems are efficiently implemented with a network of smart sensors. One of the main chal-
lenges is the distribution of signal processing within the network, in order to minimize the 
communication effort. In this paper, the application of decentralized signal analysis to these 
kinds of smart sensor networks with the Random Decrement method is discussed, which offers 
a computationally very efficient estimation of auto- and cross-correlation functions of sensor 
signals. These may serve as a basis e.g. for operational modal analysis methods. The small 
computational effort makes the Random Decrement an interesting candidate for a real-time im-
plementation on the small microcontrollers commonly used in wireless sensing applications.  

1 INTRODUCTION 

Structural health monitoring (SHM) is known as the process of in-service damage detection for 
aerospace, civil, and mechanical engineering infrastructure and is a key element of strategies for 
condition based maintenance and damage prognosis (Farrar et. al. 2003). Especially for moni-
toring of large infrastructure objects like buildings, bridges or wind turbines, vibration based 
damage detection methods have been proven well suited. Most of the methods incorporate the 
identification of structural dynamic characteristics from vibration measurements and have been 
tested in the laboratory as well as with actual structures since many years (Farrar & Doebling 
2004).  

In the last time the transfer of structural health monitoring methods to practical applications 
has drawn more attention, including issues of system integration (Van der Auweraer & Peeters, 
2004). Highly integrated MEMS acceleration sensors as standard off-the-shelf products together 
with the development of miniaturized signal processing platforms for the set up of smart sensor 
networks offer interesting possibilities for the realization of a monitoring system including a 
high number of sensors distributed widespread over a large mechanical structure (Spencer, 
Ruiz-Sandoval & Kurata 2004). This approach should reduce the efforts of cabling a lot, even 
when using wire-connected sensor nodes (Figure 1). However, the use of communication chan-
nels, especially wireless, raises challenges like limited bandwidth for the transmission of data, 
synchronization and reliable data transport (Xu et. al. 2004). Thus it is desirable to use the nodes 
of the sensor network not only for data acquisition and transmission, but also for the local pre-
processing of the data in order to compress the amount of transmitted data. The microcontrollers 
usually applied in wireless sensor platforms are mostly not capable to perform extensive calcu-
lations. Therefore, the algorithms for local processing should possess a low computational ef-
fort. 

 



         
 
Figure 1: SHM system with centralized acquisition and processing unit versus system with smart sensors 
 

In this paper, the Random Decrement (RD) method is evaluated with respect to distributed 
signal processing on sensor nodes, which is a simple, yet effective method for the estimation of 
correlation functions. It was originally invented for the damage detection of aerospace structures 
under random loading (Cole 1973), but can also successfully be applied as a component of a 
structural parameter identification, e.g. in operational modal analysis (Rodrigues and Brincker 
2005). 

The rest of paper is organized as follows: After a short review regarding the theory of the RD 
method, a simple numerical example will be studied and a general concept for the distributed 
signal processing will be derived. The last paragraphs describe the implementation with proto-
typing hardware and tests at hands of a simple mechanical system exposed to actual wind load-
ing. 

2 DESCRIPTION OF THE RANDOM DECREMENT TECHNIQUE 

Most of the structures, which are interesting for SHM, cannot be excited for structural analysis, 
either because they are too large (e.g. infrastructure objects) or it is impractical to apply a vibra-
tion exciter during operation. Thus only the output signals, i.e. the vibrations excited by opera-
tional loads are used in order to estimate auto- and cross-correlation functions. The concept of 
the RD technique is a simple method to estimate the auto-correlation function of a system under 
random input loads by simply averaging time series which are taken when a given trigger condi-
tion is fulfilled. The method can be explained descriptively in the following way. 

At each time instant, the response of the system is composed of three parts: The response to 
an initial displacement, the response to an initial velocity and the response to the random input 
loads during the time span between the initial state and the regarded time instant (Rodrigues and 
Brincker 2005). By averaging many of those time series, the random part will disappear, while 
the result is a scaled estimation of the auto-correlation which may be interpreted as the free de-
cay of the system in case of a white noise excitation. 

The concept may be extended to the estimation of cross-correlation functions between two 
system outputs. This is simply achieved by generating averaged time series by still defining a 
trigger condition for the first output x, but synchronously taking time series of other outputs. If a 
simple level crossing of the signal x is assumed, the mathematical expression of the RD tech-
nique reads: 
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The method should be illustrated with a simple example, a time history of a signal and the defi-
nition of a level crossing trigger (Figure 2). In the lower part of the plot, three examples for re-
corded time series are shown. Some more alternatives exist for the definition of trigger condi-
tions: 

0)()( 21  txatxa   : Local extremum within a defined range (2) 

21 )( atxa  : Positive point within a defined range (3) 



0)(0)(  txtx    : Zero crossing with defined slope (4) 

It is worth notice that the choice of trigger condition and level leads to different scaling of the 
RD estimation. Details may be found in Asmussen (1997). Of course the choice of the trigger 
condition has effects on the number of averaged time series for a given signal. Usually the 
choice of low trigger levels will result in more trigger events, however, the signal recorded 
might be noisy. On the other hand side, if the trigger level is chosen quite high, very few trigger 
events will occur, resulting in a low number of averages. Of course, a positive point triggering 
condition (Equation 3) will lead to more averages than e.g. the local extremum condition (Equa-
tion 2). Thus, trigger condition and level should be carefully chosen with respect to the resulting 
computational effort. 

 

 
 
Figure 2: Example for the calculation of a RD signature with a simple level crossing trigger condition. 
Upper part: time history, lower part: Time sequences (solid) and averaged RD signature (dashed) 

3 APPLICATION TO A SYSTEM SIMULATION 

The properties of the RD method should be studied by a system simulation in order to obtain 
hints for potential implementation with a decentralized sensor network. 

The mechanical structure is represented by a system with two oscillatory degrees of freedom 
(Figure 3). Band-limited Gaussian white noise serves as force excitation, while accelerations are 
used as outputs, since accelerometers are the most common sensors in structural analysis of 
flexible structures. The simulation is set up in time domain using Simulink including the me-
chanical system as a time-continuous model and the RD estimators for auto- and cross-
correlation as discrete-time sub-models at a sampling interval of 0.02 s (Figure 4). Output 1 is 
used as the reference, thus the trigger condition has to be fulfilled for that signal. In case of a 
trigger event, the RD estimator block of output 1 sends a trigger signal to the RD estimator 
block of output 2. Both RD estimator blocks perform the averaging process of the triggered time 
sequences and provide the results at their outputs. Figure 5 depicts a time series of the accelera-
tion signal at output 1. Obviously, the trigger level should be chosen in the range of [0..4].  

To get an impression of the main characteristics of the RD technique, some results obtained 
by simulations with different trigger levels and trigger conditions are compiled in the following. 
Each result is compared with a correlation function computed with the FFT-IFFT-method from 
the same time series of output signals. 

 



 
 
Figure 3: Two degree-of-freedom system for numerical investigations 

 

 
 
Figure 4: Time domain system simulation of a mechanical system and the RD estimation 
 

 
 
Figure 5: Output signal of the mechanical system at output 1 
 

     
 
Figure 6: Estimated RD Signatures (solid) and correlation functions (dotted) and the calculated spectra 

 
 



First, the positive point trigger condition with a1=2 and a2= ∞ is chosen. A time span of 500 s 
was simulated. By appropriate choice of the length of the RD sequence to 512, a precise estima-
tion of the auto- and cross correlation functions is possible (Figure 6, left). Since the RD signa-
tures are scaled versions of the correlation functions (Asmussen 1997), both were normalized 
for better comparability. The spectra calculated from the RD signature by FFT are also fitting 
well to the ones calculated the traditional way (Figure 6, right). 

Obviously, the choice of the trigger level and trigger condition can influence the number of 
averages in a given time span, which is illustrated here by two examples. While the choice of 
the positive point trigger condition with a1=2 and a2= ∞ leads to 800 averages in 500 seconds, a 
decrease to a1=1,5 gives more than 3000 averages. However, if the local extremum condition 
with a1=2 is applied, just about 300 averages are taken. However, as depicted in Figure 7, the 
relative error  
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of the auto RD function with respect to the FFT-IFFT method at sensor 1 remains in the same 
region. Thus, the computational load in terms of averaging processes per second can directly be 
adjusted by the choice of trigger condition and trigger level. 
 

 
 
Figure 7: Error of RD estimation over time 

 
Thus, for the implementation of the RD technique, three main parameters exist: The sampling 
time has to be chosen appropriate in order to get all the necessary information from the signals. 
The length of the RD sequence influences the memory needed for a hardware implementation 
and the computational effort for the averaging process. The choice of the trigger level obviously 
has strong effects on the computational effort as well. 

The RD technique is implemented with very simple computations, compared to FFT based 
estimation methods (Asmussen 1997). The averaging process in general requires just some addi-
tions and a final division. Furthermore, both of the RD estimators include a very effective data 
compression, since the averaged RD signatures may be constructed from very long time series.  

The signatures may serve as input data for model estimation either with time domain or fre-
quency domain methods. If only time-domain methods are considered, the length of the RD se-
quence could even be reduced, resulting in lower computational effort. 

4 SYSTEM LAYOUT FOR A SMART SENSOR NETWORK 

From the system simulation, some basic ideas for decentralized structural analysis with the help 
of the RD technique can be deduced. Obviously, the RD estimators for the auto-correlation need 
just the sensor signal as inputs. Those for cross-correlation need also synchronous information 



about an occurring trigger event as a further input signal. The outputs of these functional units 
are the averaged RD signatures, which may serve for further structural analysis. These do not 
need to be transmitted in real time or synchronously. 

This leads to the idea to implement the RD algorithms on the smart sensor nodes for the re-
alization of a distributed SHM system (Figure 8). The only data transmitted between the nodes 
in real time is the trigger event, thus the communication might be implemented with a very low 
bandwidth. Due to the averaging process directly in the smart sensor, a huge saving of commu-
nication effort is gained compared to the transmission of unprocessed time series. Since the RD 
algorithm is quite simple, the implementation should be possible even with small microcontrol-
lers commonly used for smart sensing or wireless sensor nodes. 
 

 
 
Figure 8: Concept for decentralized signal processing based on the RD technique 

 
Depending to the SHM method, several ways of further data analysis are possible. For signal 
based methods, an RD signature for the healthy state of the structure could be stored and used as 
a reference for the comparison to currently estimated RD signatures. Depending to the chosen 
hardware, these steps might even be implemented on the sensor nodes. This would further re-
duce the communication effort, since only results in terms of a damage index will be transmit-
ted. However, if the RD signatures themselves are sent to a central unit, model based methods 
could be applied including e.g. time or frequency domain based operational modal analysis. 

5 EXPERIMENTAL SETUP 

To test the performance of the decentralized signal analysis, a structure is chosen which is ex-
posed to actual environmental excitations by wind loads. A small model of a wind turbine 
(weight ca. 0.5 kg) is mounted on top of an aluminum beam, which serves as a model for the 
tower. Although quite simple and small, the wind turbine model possesses a gearbox with sev-
eral stages which may serve as a potential noise source during operation. The cross section and 
length of the beam are chosen properly, so that the resonance frequencies of the assembled sys-
tem are in a range similar to those of a full scale structure. Since the cross-section of the beam is 
rectangular, the bending eigenmodes in x and y direction should possess different eigenfrequen-
cies in order to alleviate the structural analysis. For the first tests, the beam is instrumented with 
two MEMS-type accelerometers, one on nearly at the top of the beam (sensor 1) and the other at 



 
 
Figure 9: Mechanical system for experimental investigations  
 
half length (sensor 2) (Figure 9). Since the accelerometers possess two axis each, measurements 
of the tower vibrations in both bending directions are possible. For the first test presented here, 
only the x-axis is used. 

To evaluate the basic functionality of the RD technique, the signal processing algorithm is 
implemented on an embedded PC by automatic code generation from Simulink. Since both sen-
sor signals are processed on one hardware platform, this is considered as a step for functional 
prototyping of the algorithms and the system layout in general. A sampling rate of 200 Hz was 
chosen, high enough to acquire vibrations related to the first few bending modes. The RD signa-
ture length was set to 512. 

6 MEASUREMENT RESULTS 

As a reference for the measurements under operational conditions, a frequency response meas-
urement is conducted in the laboratory. The tower is excited with an impulse hammer at the po-
sition of sensor 2, while the response is acquired with an attached accelerometer at both sensor 
positions. In the regarded x-direction, the first two bending modes occur at 4.5Hz and 34 Hz 
(Figure 10).  

Afterwards, the mechanical structure is positioned on top of a building in order to expose it to 
actual wind loads. First of all, a trigger level has to be found, which gives a reasonable amount 
of averages. During the testing phase, the sensor placed in the middle of the beam was found to 
serve best as the reference sensor, i.e. the triggering condition was evaluated at that sensor.  
 

    
 
Figure 10: Frequency response function measurements  

 



     
 
Figure 11: Experimentally estimated RD signatures and calculated spectra 

 
As an example, the resulting auto RD signature after 1024 averages at sensor 1 and the respec-
tive cross RD signature at sensor 2 is shown (Figure 11, left). Due to the low damping of the 
lower resonance frequency, the signatures do not fully decay. Thus, an exponential window is 
applied to the functions before calculating the spectra (Figure 11, right). Clearly, the both bend-
ing resonance frequencies in x-direction are identified. Also, another resonance near the second 
bending resonance can be observed. By another FRF measurement, it was identified as a bend-
ing resonance in y-direction, which could be observed due to imperfections in mounting of the 
sensors. However, the quality of the averaged RD signatures regarding e.g. signal-to-noise ratio 
would allow a deeper structural analysis either in the time or frequency domain. 

CONCLUSIONS 

In this paper, an approach for the application of the RD method to decentralized structural 
health monitoring was discussed. The RD method has been shown to be a computational effi-
cient method for the estimation of auto- and cross-correlation functions by simply averaging 
triggered time series of signals. By a simulated test case, the proper choice of the trigger condi-
tion and trigger level was shown to be a relevant parameter for the computational effort. A gen-
eral system layout for the implementation on a network of smart sensors could be derived. A 
simple experiment was set up which included two sensors and actual wind loads acting on a 
structure. The functionality of the system could be proved experimentally during a prototyping 
test. The next steps will include the implementation of the RD technique on smart sensor nodes. 
A small 8-bit microcontroller is chosen for the implementation, which will raise the issues of 
limited memory, computational power and limited word-length e.g. of A/D-converters. The 
communication is realized wire-bound by CAN. A further topic is the application of the meas-
ured RD signatures to further signal analysis methods like operational modal analysis.  
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