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ABSTRACT: The need for reliable non-destructive evaluation techniques and detection of damage at the earliest possible stage has been pervasive throughout the civil engineering community
in recent years. The so-called vibration-based health monitoring techniques rely on the fact that
damage causes changes in the local structural damping (energy dissipation). Thus, studying the
damping (and its evolution) might yield to a reasonable way of damage detection.
There are several methods of damping estimation known today. In this paper, the authors
compare four different approaches – half-power bandwidth, two forms of random decrement
technique and stochastic subspace identification. The basis for the analyses was provided by two
different types of real civil structures.
Furthermore, possible problems occurring in practice and suggested solutions will be discussed. As the available measurement data lent itself to a straight comparison between damaged
and undamaged structures, the authors were able to derive recommendations for damage detection via damping estimation.
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1 INTRODUCTION
The design of civil engineering structures is characterized by two main features: load carrying
capacity and serviceability. However, each structural system undergoes various environmental
and loading influences during its service life, which can cause a significant damage accumulation. Consequently, the structural carrying capacity and serviceability are enormously affected.
Therefore, the need for reliable non-destructive evaluation techniques and detection of damages
at the earliest possible stage has been pervasive throughout the civil engineering community in
the last decade. The process of implementing damage detection strategies can be referred to as
“structural health monitoring”. The so-called vibration-based health monitoring techniques rely
on the fact that damage causes changes in the local structural damping (energy dissipation) and
stiffness. As a consequence, the global dynamic properties of the structure, e.g. eigenfrequencies, mode shapes, modal damping etc., should be influenced.
Several methods of damping estimation are known today. However, their performance is
heavily influenced by the quality of the recorded data: length of the time series, presence of
measurement and system noise, system excitation, etc. In addition, different types of energy dissipation could be present at any given time instant. Some of them can be associated with material properties, others with the system boundary conditions. Effects of contact friction can be
observed in some cases as well. Thus, the damping estimation procedure requires a very careful
use of numerical procedures. Furthermore, an engineering understanding and critical considerations are important for a reliable identification of the presented damping properties.

This paper deals with the relationship between the sensitivity of four common damping estimation techniques (see Section 2) and the quality of the recorded structural response. For this
purpose, the routines were developed and tested on some numerical models, where input, presence of noise and energy dissipation sources could be controlled well. The obtained results were
promising enough to apply the procedures on vibration response data recorded on different
types of real civil structures in a second step. The latter results are the main topic of the paper in
hand.
Beside some satisfying examples, several other problems will be mentioned, like multiple
closely spaced predominant frequencies. Furthermore, parameters like filter order, overlapping,
reference frequencies, etc. will be varied in order to stress the importance of a careful parameter
choice to ensure reasonable results (see Section 3).
Finally, the basic conclusions are summarized at the end of the paper, also giving some advice for further interest and development.
2 DAMPING ESTIMATION TECHNIQUES
Today, different methods for estimating the damping coefficient are known. In order to provide
a general overview, the authors have chosen four of them which will be explained in the following sections.
2.1 Half-power bandwidth method
This common method is very simple and quick and has been already practiced. It is based on the
fact that the width of the response amplitude of a SDOF system is proportional to the systems
damping ratio. Let f r be the resonant frequency, i.e. the forcing frequency at which the largest
response amplitude occurs. Furthermore, define frequencies f1 and f 2 as the forcing frequency
at which the amplitude is 1 / 2 times the resonant amplitude. Then, for small ζ
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Further details can be found in Bendat & Piersol (1993). Put into practice, this method often
does not seem to be a reliable technique for estimating the damping ratio, as reported by Peeters
(2000). A possible problem is, for example, when the spectral peak is missing. In fact, there is a
good chance not to have the reading of the exact spectral peak. If the peak is missing, the corresponding band width tends to be greater than the real value and the damping is likely to be overestimated.
2.2 Random decrement technique
The random decrement approach is a time-domain method developed at NASA and was first introduced by Henry Cole (1973). The basic idea is to pick out time segments and average them
whenever the time series fulfills a given so-called “trigger condition”.
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When making use of Equation 2, the random part of the time series tends to average out.
Thus, the obtained RDT-signature Dˆ XX (τ ) can be interpreted as free decay, which is the fundamental idea behind extracting damping ratios by means of RDT.
The method is not very effective when two or more outstanding system frequencies coexist.
In this case, it is highly recommended to use band-pass filter before processing the data. As the
filter order influences the results quality extremely, an additional analysis was performed in
which filters of first and 10th order were compared, cf. Figure 9.

2.2.1 Logarithmic decrement
When interpreting the RDT-signature as free decay, the damping ratio can be estimated by
means of the logarithmic decrement δ described by the following relationship (see Chopra,
2000):
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where x n and x n +1 are amplitudes of two successive free vibrations of like sign. Thus, for
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small damping ratios, one finally gets
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2.2.2 Curve fitting
The application of curve fitting on the system decay has been recommended particularly when
coexisting frequencies are closely spaced. This is done by making use of
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where
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Fitting the function u (t ) in a least-square sense to the RDT-signature Dˆ XX (τ ) , the damping
ratio ζ can be obtained direct.
2.3 Stochastic subspace identification
This method was developed by Van Overschee about two decades ago. The general stochastic
identification problem can be described as follows:
Given s measurements of y k ∈ ℝl generated by the unknown stochastic system of order n :

xks +1 = Ax ks + wk ,

(7)

s
k

y k = Cx + v k ,

(8)

with wk and v k zero mean, white vector sequences with covariance matrix:
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Determine the order n of the unknown system as well as the system matrices A ∈ ℝnxn,
C ∈ ℝlxn. By using the developed technique, all of the matrices in Equations 7-9 can be determined.
The damping value can finally be estimated by making use of the eigen-values λi of matrix
A and the relationship

µ i , µ i* = −ζ iω i ± iω i 1 − ζ i2 ,

(10)

where
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Stochastic subspace identification has become a common approach. The mathematical concepts behind it as well as additional information may be found in Van Overschee & De Moor
(1996), or Peeters (2000).

3 RESULTS
Developing a RDT-routine, several trigger conditions were implemented, inter alia the four one
can find in Asmussen (2000). Most of the results presented in this paper were obtained by using
the positive point trigger condition. Thus, a segment was picked out each time the time series
was greater than a given threshold. Figure 9 shows the level crossing trigger condition i.e. a
segment was picked out every time the threshold was crossed.
Since there are several outstanding frequencies in both examples which will be presented
later on, a butterworth band-pass filter was used that filters a band of a width of two percent of
the Nyquist-frequency. Unless anything else is specified, the order was chosen to be one.
In the present paper, the vibration response of two real structures was investigated: a cable
and a prestressed concrete bridge. For the latter example two structural states were analyzed,
namely undamaged and damaged. The structural damage was artificially induced by eliminating
some of the tendons. The sampling time rates were ∆t = 0.005sec for the cable and
∆t = 0.01sec for the bridge respectively.
The acceleration signals were windowed with a length of 4125 sample points and an overlapping of 50.00%. Then, the damping regarding each window was estimated and plotted by
squares. The damping with respect to the whole signal was calculated as well and depicted by a
solid line over the whole frequency amplitude range. Note that the damping was obtained regarding the fundamental eigen-frequency, which was selected from the frequency domain representation of the whole signal.
The choice of the methods and, in case of RDT, the different parameters cause both, useful
and useless results. One aim of this paper is to provide support in the final step of interpreting
the results and eliminating possibly wrong ones.
3.1 Cable structure
The first example shows measurement data of cables of the “Berliner Brücke” in Halle/Saale,
Germany. The time domain can be seen in Figure 1. It is a good example of the “frequencyseparation problem” that tries to extract the frequency of interest for the late damping estimation. Figure 2 shows the frequency response function. Since many outstanding frequencies are
very closely spaced, many of them still pass the filtering. Thus, one often obtains inaccurate
damping values, e.g. negative damping ratios like in Figure 3.

Figure 1. Vertical channel of the cable of “Berliner Brücke”

Figure 2. Cable structure: frequency response function unfiltered (left) and filtered according to the fundamental eigen-frequency at 2.3 Hz (right)

Figure 3. Cable structure: results from the damping estimation via RDT and positive point triggering. On
the left, the values are obtained by using the logarithmic decrement (average: -1%) and on the right by using curve fitting (average: 46.35%)

3.2 Prestressed concrete bridge
The second example in question is a well known single-span post-tensioned concrete bridge
crossing a highway near Regau, Austria, which represents a typical monitoring case. The measurements were done in two steps: before and after artificially inducing structural damage by
eliminating some of the tendons.
Again the signals were windowed with a length of 4125 sample points and an overlap of
50.00 %. Figure 4 shows the time series of the measurements. The signal was filtered between 4
and 5 Hz by a first order butterworth filter, see Figure 5.
Figures 6 and 7 present the results of the four different methods mentioned in Section 2.
Again, the damping values of the different windows are plotted by squares and the damping
with respect to the whole signal is depicted by the solid line. In addition, the trend of the damping values is represented by a dashed curve.

Figure 4. Bridge structure, undamaged

Figure 5. Bridge structure, undamaged: frequency response function unfiltered (left) and filtered according to the fundamental eigen-frequency at 4.5 Hz (right)

Figure 6. Bridge structure, undamaged: results from the damping estimation via RDT and positive point
triggering. The values on the left were obtained by using the logarithmic decrement (average: 1.25%) and
on the right by using curve fitting (average: 1.19%)

Figure 7: Bridge structure, undamaged: results from the damping estimation; on the left by using halfpower bandwidth (average: 1.37%) and on the right by using SSI (average: 1.50%)

The above figures show that the obtained damping correlates well in all used methods. However, using half-power bandwidth often leads to discrepancies, as was already reported by Peeters (2000).
Nevertheless, the theory-based progression “frequency amplitude vs. damping ratio” can be
clearly recognized: low amplitudes correspond to higher damping present and vice versa. This
trend is depicted in all figures by a dashed curve.
Looking at Figures 6 and 8, it seems useful to ignore windows, in which normalized frequency amplitudes are smaller than 60% of the maximum, since results get more and more instable below this threshold (especially in case of undamaged structures).

In a next step parameter studies were performed. Firstly the overlapping range was increased
by 99.61%. The results from an RDT-analysis with positive value triggering condition and
curve fitting of the signature of the bridge structure, both undamaged and damaged, are presented in Figure 8. The damping progression for the undamaged structural state shows a very
good correlation between theory and the previous analysis with 50.00% overlapping. For the
damaged state no trend for the damping ratios can be estimated. This is probably caused by the
presence of serious damage. However, the damping ratio obtained for the whole files can be
used as damage indicator: ζ undamaged = 1.19 % respectively ζ damaged = 2.21% . A loss of about
28% from undamaged to damaged state can be detected in the corresponding frequency amplitudes. These facts verify the theoretical considerations regarding the presence of damage.

Figure 8. Bridge structure, 99.61% overlapping: results from the damping estimation via RDT, positive
point triggering and curve fitting. On the left, data of the undamaged bridge was analysed (average:
1.19%) and on the right the measurements of the damaged bridge were investigated (average: 2.21%)

As mentioned above, the influence of the filter order for the purpose of the RDT-based damping estimation is presented by Figure 9. In other words, a higher filter order leads to an enormous discrepancy. Very good results are obtained for a first order filter. This is also verified by
means of theoretical signals generated by the Newmark time-integration algorithm with predefined damping.

Figure 9. Bridge structure, undamaged, 50.00% overlapping: results from the damping estimation via
RDT, level crossing triggering and logarithmic decrement. On the left, a 1st order butterworth filter was
used (average: 1.81%) and on the right a 10th order butterworth filter was used (average: 2.21%)

Damping can be estimated with respect to different eigen-frequencies. The selection of the
reference eigen-frequency requires some engineering know how. Figure 11 shows the estimated
damping for two different eigen-frequencies selected from the spectrogram of the damaged
bridge structure (Figure 10).

Figure 10. Bridge structure, damaged: the time domain is depicted on the left and the frequency response
function on the right, showing the two outstanding frequencies f1 = 3.76 Hz and f2 = 9.90 Hz respectively

Figure 11. Bridge structure, damaged, 99.61% overlapping: results from the damping estimation via RDT,
positive point triggering and curve fitting. The data on the left was filtered according to 3.76 Hz (average:
2.21%) and on the right according to 9.90 Hz (average: 3.14%)

Finally, Figure 12 shows the damping evolution over the damage time-history. The increasing
damping ratio can clearly be recognized and might be used as a damage indicator. Here, no windowing was used and the reference frequency was selected by its maximum amplitude.
The single extreme values shown in the graph suggest that for reasonable damage detection
longer records are necessary in order to enable the elimination of unreasonable results. Furthermore, it can be said that the comparison between damping values and the characteristic of
damping rather than the absolute damping value is critical. The absolute value in this method
depends very much on the number of events in the record. The elimination of all external influences leads to the loss of important indicators which will subsequently lead to a critical limitation of information and thus reduced reliability of the results.

Figure 12. Bridge structure, damping as indicator over time, undamaged to damaged: results from RDT,
positive point triggering and curve fitting. The reference frequency is non-fixed, i.e. selected by its maximum amplitude.

4 CONCLUSION
This paper presented four different common methods for damping estimation and compared
their results to each other. When studying several different structures random decrement technique and stochastic subspace identification seem to be equally good. However, when using the
half-power bandwidth method one should pay attention, since it is not very stable and thus not
reliable in practice.
Several possible problems were studied and the results analyzed. In the following list, the
main conclusions for damping estimation are summarized:
• The separability of different predominant frequencies plays a major role in the reliability of the results. The choice of the filter is critical.
• If the corresponding frequency amplitude is small, the methods get instable. Therefore,
it is advisable to restrict the study to amplitudes of at least 60% compared to the maximum amplitude.
• Both, the measurement data itself as well as the obtained results have to be analyzed
from an engineering point of view, since numerics and measurement technique leave
possible error sources behind which are not always obvious at first sight.
• In general, there are several reasons to believe that damping is a possible (good) damage indicator.
Moreover, cases have been observed in which no conclusive result could be achieved. This
has mainly been attributed to the special conditions due to the time of measurement. However,
this does not invalidate the method but has to be taken into account when applying the procedure. In general, it is recommended to record longer measurements with a higher sampling rate
in order to improve the results. Currently, a 500 Hz sampling rate and 22 minutes of recording
length are recommended.
In the future, the authors will devote themselves even more to the extension of the RDT,
which has been their main focus from the beginning of the studies concerning damping estimation. The authors intend to push the development of methods for an automatic frequency separation and quality check of the RD-signatures. The effects of heavy input events will also be investigated for the purpose of the development of a reliable damping estimation technique.
Finally, the main result of this work should be an improved damage detection methodology.
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