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ABSTRACT 
 
In this paper a global approach for identifying structural modifications of an old iron bridge is presented. This 
approach is based on the recorded ambient structural response, and dynamic parameters acquired from these 
data. For the particular study lumped masses and a flexible support were added to the bridge, representing 
modified conditions. Comparison of an actual condition with a reference condition by the proposed damage 
indicators localized the structural modification. The discussed approach for damage identification considers not 
only identified natural frequencies and mode shapes separately, but also combines this information in terms of 
vibration energy distribution. The “normalized cumulative spectral energy distribution” shows to be an 
appropriate indicator for frequency shifts and amplitude changes due to structural modification induced by e.g. 
damage. The spatial distribution of factors based on mode shapes allows to identify the applied structural 
modifications, leading to the conclusion that these factors are a promising indicator for damage localization 
when simultaneously applied with other damage indicators.  
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INTRODUCTION  
 
Structural Health Monitoring (SHM) in the context of damage identification is a promising, non-destructive 
approach to reveal changes of the condition of civil structures. With ongoing deterioration of important 
infrastructure facilities such as bridges, over the past decades interest and research activity on SHM methods has 
also grown considerably. Salawu (1997), Doebling et al. (1998), Carden and Fanning (2004), Fan and Qiao 
(2011), and Cunha et al. (2013) provide comprehensive reviews on various SHM methods. Many of the 
developed methods rely on dynamic parameters, i.e. natural frequencies, inherent damping ratios, or mode 
shapes. Output-only structural identification methods based on unknown input, i.e. so-called operational modal 
analysis (OMA) methods, are preferred in practical applications on civil structures, because a predefined, 
sufficiently large, and measureable excitation can be imposed only with major efforts. Nevertheless, the 
unknown input must have a broadband frequency content to excite all the relevant modes of the structure 
(Cunha et al. 2013). Problems related with the identification of dynamic parameters, their insensitivity to 
damage/ structural modification at certain points, and sensitivity to environmental effects are tackled in a 
“global approach” introduced in this paper. In Tributsch et al. (2013a), and Tributsch and Adam (2013) the 
power spectral density of a response record, in particular its normalized cumulative sum, was shown to be a 
useful damage indicator. This straightforward representation of the response comprises information about 
natural frequency shifts and mode shape changes at the same time. It can be utilized as a global indicator for 
modified dynamic behaviour, and thus for structural damage. A subsequent, detailed inspection of natural 
frequencies and different representations of mode shape changes can reveal the source of modification. It is 
shown that a simple model in combination with some probabilistic considerations reveals temperature effects on 
the natural frequencies. Changes of mode shapes due to structural modification are not only evaluated for single 
modes, but for the whole identifiable set of modes. Therefore, it is very likely that modifications at an arbitrary 
location effects at least some of the monitored modes and indicates them. In previous studies several different 
simulated damage states were considered (Tributsch et al. 2013a; Tributsch et al. 2013b; Tributsch and Adam 
2013). Bolts of the cross girder connections of cross girder 1 and 3 were released stepwise to simulate a local 
decrease in stiffness, which is also expected as a result of real damage. Nevertheless, by re-fastening the 
connections the reference state could be easily restored. In this paper, identification of structural modifications 
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imposed by a lumped mass and a flexible support on the dynamic parameters based on a set of several damage 
indicators is studied and discussed. 
 
DYNAMIC TESTS 
 

Test Object 
 
The investigated iron railway bridge was originally located in Rohrbach (Austria) along the north-west railway 
line of the Austrian Federal Railways (ÖBB). After a service life of almost one century it was moved to the 
ELSA Laboratory of JRC Ispra (Italy) in 2001 to conduct several non-destructive tests. Currently, it is located at 
the Laboratory for Technical Testing and Research (TVFA), University of Innsbruck (Austria). Figure 1 shows a 
photo of the bridge in its current condition. The bridge with a span of 10.32 m and a width of 4.60 m is 
 

 
Figure 1. Investigated bridge structure 

 

 
Figure 2. Plan view, side elevation, and cross section of the bridge structure 

composed of two main girders, seven cross girders, and 12 girders carrying the crossties (denoted as “crosstie 
girders”), see Figure 2. These I-shaped structural elements consist of four angle section profiles and one flat iron 



plate, joined by rivets. The cross-sections of the main-, cross- and crosstie girders have an overall dimension 
(width to height) of 220x1065 mm, 270x550 mm and 200x322 mm, respectively. The horizontal stiffness of the 
structure is increased by 12 U-shaped diagonal braces. Up to three additional layers of iron plates strengthen the 
main girders stepwise at mid-span. For convenient and affordable transportation to Innsbruck, in 2011 the bridge 
was cut longitudinally into two equal parts, and subsequently re-assembled. Thereby, high-strength grip 
fastenings, consisting of bolts M20-8.8 and steel plates of 10 mm thickness, re-join the bridge at mid-span of 
each cross-girder. One plate and eight bolts M20-8.8 were selected for each flange, while one plate and six bolts 
re-join the web. The total mass of the structure is about 15 metric tons. 
The bridge rests on two perfectly hinged supports and two roller supports. Four prefabricated concrete blocks 
with dimension 2x1x1 m distribute the bridge load over a large area to minimize soil-structure-interaction 
effects. The hinged supports are welded, comb-shaped steel elements. Steel cylinders form the roller supports in 
longitudinal direction. The side elevation plot of Figure 2 shows the position of the supports. 
 
Investigated Conditions of the Test Object 
 
The structure was modified at a specific node in an effort to identify unambiguously this modification with the 
global SHM approach proposed in this paper. The position of the affected node (number 47) within the bridge is 
depicted in Figure 2. A lumped mass of 200 kg and 325 kg, respectively, was placed at this specific node. 
Thereby, up to 13 sandbags with an individual mass of 25 kg each were stacked as close as possible, as shown in 
Figure 3a. In a further modification, additionally to a lumped mass of 325 kg, the effect of a flexible point 
support at this node provided by a mechanical jack and its identification was investigated. Figure 3b shows a 
photo of this support. An overview of the considered bridge conditions including the corresponding acronyms 
gives Table 1. 
 

      
                  (a) Additional mass             (b) Additional support (mechanical jack) 

Figure 3. Structural modifications 
 

Table 1. Modified structural states 
Acronym Structural state Description 

M200 Additional mass 200 kg of sandbags added at node 47 (see Figure 2) 
M325 Additional mass 325 kg of sandbags added at node 47 

M325S Additional mass 
and support 

325 kg of sandbags and mechanical jack as 
additional support added at node 47 

 
Excitation 
 
In this study output-only structural identification methods were used, where source, type and amplitude of 
excitation is unknown. Ambient excitation by micro seismic activity, wind and passing vehicles did not result in 
sufficient response amplitudes to be recorded with the available sensors. Thus, two to three humans walking 
randomly on the flanges of the bridge provided “ambient” broadband excitation, since the impacts of each step 
are distributed “randomly” in intensity, location, and time. The ratio of human’s mass to the structural mass is in 
the range of 1% to 1.5%, and thus neglected for further analysis. 
 



Instrumentation 
 
Ten three-dimensional force balanced accelerometers of type “Kinemetrics ES-T”, arranged in two different 
setups, recorded the acceleration response on top of the main girders and cross girders. Additionally, eight uni-
axial Wilcoxon accelerometers, type 731-207, were applied for local measurements in vertical direction only. A 
data recording system developed and provided by VCE Vienna Consulting Engineers collected the data of 38 
measurement channels (10x3+8) simultaneously. The sampling frequency was fixed at 2,000 Hz, and for each 
setup the ambient response was recorded for 300 s. The utilized sensor setups are shown in Figure 2. Thereby, 
each encircled node number indicates a sensor position of setup 1. Node numbers within a square denote sensor 
positions of setup 2. All other numbered nodes represent reference nodes, where the response was recorded in 
both setups. Thermocouples measured the surface temperature, and a data logger of type “testo 177-T4” stored 
the measured temperature in 5 min intervals. The tests were conducted on a cloudy day in autumn, therefore the 
surface temperature varied only in range of +3.9°C and +6.5°C. 
 
Data Processing 
 
All data analyses were performed in MATLAB 2011a. A band-pass Butterworth filter with lower and upper cut-
off frequency of 5 Hz and 100 Hz, respectively, was applied to the recorded acceleration data after a visual 
check for overloads and other errors. An in-house MATLAB script was used for system identification, where 
among others the data-driven stochastic subspace identification (SSI) procedure (Van Overschee and De Moor 
1996) has been implemented. 
 
DAMAGE INDICATORS APPLIED IN THIS STUDY 
 

Natural Frequencies 
 
Generally, natural frequencies can be easily identified from dynamic response records of only a few nodes along 
the structure. They can be identified with a relatively high accuracy, because they are less contaminated by 
experimental noise (Fan and Qiao 2001). Among others, important drawbacks are the insensitivity of natural 
frequencies to structural damage, but their sensitivity to environmental changes, and the inverse nature of the 
identification problem, which might be ill-conditioned. 
In Tributsch et al. (2013b) the impact of varying temperature on the natural frequencies of the considered iron 
bridge structure was investigated and discussed in detail. It could be shown that a bilinear relation (piecewise 
linear, consisting of two linear branches) represents the dependency between natural frequency of a certain 
mode and measured surface temperature. This relation could be used to distinguish results of the reference state 
from those of structurally modified states, based on a probabilistic model. Especially the consideration of 
several modes circumvented the insensitivity problem of certain modes to structural changes close to their 
vibration nodes. 
 
Mode Shapes 
 
Mode shapes are more meaningful in the context of damage localization. Damage is expected to change the 
local stiffness of a structural member, thus changing the mode shape at or close to the damage location itself. 
The effect of damage on modal parameters is more pronounced for those modes, where the local stress level at 
the damage location is relatively high (Salawu 1997). In the literature various damage indicators based on the 
mode shape, such as the Coordinate Modal Assurance Criterion (COMAC) and the curvature of mode shapes, 
are proposed. However, they are not found to be sufficiently accurate for the present study.  
In Tributsch and Adam (2013) changes of local mode shape along cross girder 1 and 3 due to simulated damage 
were studied. The presented results confirm that the conducted structural modifications change the mode shapes 
locally considerably. Simulated damage at cross girder mid-span resulted in a kink at the damage location.  
Scaling of mode shapes was one problem that emerged. If the peak amplitude of the mode shapes of different 
structural states is scaled to 1.0, the amplitude at that specific location cannot be used as indicator for damage 
induced change of the mode shape. Alternatively, the mode shapes of two considered structural states might be 
scaled to minimize the least squares error between these mode shapes at all nodes equipped with sensors. Then, 
for damage at cross girder mid-span, at this location the change of the mode shape amplitudes might reach a 
maximum, and thus it is another indicator for damage. However, a numerical study on a single span beam 
revealed this approach might hide damage located beyond mid-span. However, the same study also showed that 
the mode shape gradient (slope of the connection between two adjacent measurement points) detects damage 
more reliably. 
 



When considering the differences of the modal amplitude between two different structural states, one can look at 
the absolute change or the relative change. A threshold should be defined to exclude small absolute mode shape 
amplitudes with little reliable significance. Moreover, it is possible to add up the effective changes at each node 
over all considered modes, or to sum the absolute values at each node, thus neglecting whether the mode shape 
amplitudes decrease or increase. Consequently, a wide range of scaling options for the global mode shapes were 
studied in an effort to reveal the most appropriate and “universal” indicator for damage detection. Results are 
provided in the next section. 
 
Normalized Cumulative Power Spectral Density 
 
The normalized cumulative power spectral density (NCPSD) as a damage indicator was introduced in Tributsch 
et al. (2013a), and Tributsch and Adam (2013). It comprises local information about natural frequency shifts and 
mode shape changes at a certain node over the whole considered frequency range. The NCSPD is calculated by 
scaling the cumulative sum of a vibration record’s power spectral density (PSD) to a minimum of 0 and a 
maximum of 1.0. Before applying this procedure the data should be filtered to eliminate data of undesired 
frequency ranges (high- and/or low-frequency content). A principle scheme of the procedure is depicted in 
Figure 4. The PSD, calculated from time domain records, exhibits peaks at natural frequencies. The amplitude 
of a peak itself depends on the frequency response function, which is characteristic for a specific structural state, 
and the actual excitation. Assuming a stationary, broadband excitation, the NCPSD-signature of a reference 
state and modified states can be directly compared. A peak in the PSD, which is related to the modal response 
and the modal amplitude, leads to a “step” in the NCPSD curve. Therefore, the “step” amplitude at a specific 
frequency is related to the mode shape amplitude of the corresponding mode at the considered location. A 
horizontal shift of a “step” results from a change of natural frequency. The underlying structural modification of 
Figure 4 modifies the modal response and decreases the natural frequency of the first mode, while the second 
mode remains unaffected. Additionally to the frequency shift to a lower domain the “first step” also decreases in 
amplitude, while the “second step” becomes more dominant. A band-pass filter pronounces the response in the 
specified band, and can be helpful to identify a certain frequency range, which should be studied more closely. 
A serious drawback of this indicator is the underlying assumption of stationary excitation energy in the 
considered frequency range. Calculating the NCPSD for several time segments and subsequent averaging 
reduces this problem. 
 

 
        (a) Unfiltered data         (b) Filtered data 

Figure 4. Structural response due to random excitation in time domain, frequency domain and NCPSD-
representation Black: reference state, gray: modified state 



APPLICATION AND RESULTS 
 

Natural Frequencies 
 
The effects of structural changes and environmental effects on the considered bridge structure were discussed 
and presented in detail in Tributsch et al. (2013b). From the presented results it can be concluded that severe 
damage of local elements and structural modification (additional mass/support) resulted in a system change that 
could be identified. Eight frequency intervals, corresponding to eight structural modes, were monitored, and 
three to six of these intervals showed a considerable number of outliers for almost all structurally modified 
states beyond the confidence intervals derived from reference states. Table 2 lists the identified natural 
frequencies at a reference temperature of +5°C. To increase the number of available records for more reliable 
statistical evaluation, the two modified structural states with lumped masses of 200 kg and 325 kg were 
considered together as a single structurally modified state (Tributsch et al. 2013b). It should be noted that a 
second horizontal mode could not be reliably identified. The relatively large number of identified predominantly 
vertical bending modes results from many possible combinations of vertical vibration of the seven cross girders, 
vibrating in phase or in antiphase, together with torsional effects in the main girders. 
 

Table 2. Natural frequencies and change due to structural modification 

Mode 
Natural 

frequency at 
5°C 

Mode characteristics 
Identifiable change 

M200 & M325 M325S 

1 15.9 Hz Horizontal bending Yes Yes 
2 17.3 Hz Vertical bending Yes Yes 
3 25.0 Hz Torsion No No 
4 44.2 Hz Predominantly bending Yes Yes 
5 53.8 Hz Predominantly bending No No 
6 61.2 Hz Predominantly bending No Yes 
7 75.7 Hz Predominantly bending No No 
8 92.8 Hz Predominantly bending Yes Yes 

 
Mode Shapes 
 
As already discussed previously, scaling of mode shapes, consideration of relative or absolute changes, and the 
selected type of summation can significantly impair the success of the damage identification procedure. Here, 
one version is presented, which results in the most unambiguous identification of the actual location of structural 
modification.  
Therefore, the mode shapes of the reference state and the modified states are globally scaled to a maximum 
value of 1.0, which might also be in horizontal direction for a few vibration modes. Not all the measurement 
nodes were always equipped with three-dimensional sensors, thus only vertical components of identified mode 
shapes are considered, and they are denoted “vertical mode shapes” subsequently. The value of mode shape 
amplitude change is determined for each mode and node individually, and changes less than a specified 
threshold are neglected. The reason for this limitation lies in the fact that real experiments are associated with 
random variations (errors), and structural modifications are expected to have more impact at nodes with larger 
mode shape amplitudes. To weight the contributions of different modes equally, all the calculated nodal 
differences within each mode were again normalized to a maximum value of 1.0. Afterwards, for each 
individual node the absolute total values are summed over all considered modes to yield one specific value of 
global change per node and structural state.  
 
Exemplarily, Figure 5 shows contour plots, where the absolute differences of seven vertical mode shape 
amplitudes corresponding to two different structural conditions are added up. Figure 5a is the outcome imposing 
a lumped mass of 200 kg at node 47. A black dot highlights this node. An additional mass of 325 kg at the same 
node leads the contour plot of Figure 5b. The included mode shapes comprise the first vertical bending mode 
and the six subsequent higher modes in the frequency range between 17 Hz to 93 Hz. Only differences at those 
nodes were considered, where the mode shape’s absolute value in vertical direction is larger than 0.2 (threshold 
value: 20% of maximum mode shape amplitude). The results of Figure 5 confirm that the largest weighted 
difference between the added mode shape amplitudes considering the modified and the reference condition are 
concentrated close to the location of the applied additional mass.  
 



(a)     (b)  
Figure 5. Plan view. Contour plots of added absolute differences of mode shape amplitudes due to an additional 

lumped mass at node 47 (black dot): (a) 200 kg, (b) 325 kg 
 
Not all considered evaluation options lead to a non-ambiguous identification of the location of structural 
modification as in Figure 5. For an imposed flexible support at node 47 the corresponding contour plots are 
presented in Figure 6. All sub-plots of this figure refer to the same modified structural state, however the 
threshold value for considered / neglected nodes is between 0.05 (Figure 6a) and 0.30 (Figure 6d), respectively. 
Again, this representation of the mode shapes allows for a quite accurate localization of the structural 
modification. The second possible location of structural change at mid-span of the second cross girder results 
from a few modes with relatively small mode shape amplitude compared to the maximum value of 1.0, but more 
pronounced changes in identified mode shape amplitude. These changes might also result from identification 
problems, because the sensor density was smaller in this area (see Figure 2) and the corresponding node was 
equipped with sensors in only one of two setups. 
 

(a)     (b)  
 

(c)     (d)  
Figure 6. Plan view. Contour plots of added absolute differences of mode shape amplitudes due to an additional 
support at node 47 (black dot). Variation of threshold value for neglected nodes: (a) 0.05, (b) 0.10, (c) 0.20, (d) 

0.30 
 
Additionally to changes of mode shape amplitudes, also changes of the mode shape slope between adjacent 
measurement nodes have been evaluated. The same procedure is applied as before, however, the relative change 
of slope of seven vertical modes is added up, and the threshold value limits contributions as a percentage value 
of the maximum slope for that specific mode shape. In contrast to the procedure described about, the relative 
change of each mode was not normalized to a maximum value of 1.0 over all nodes before summation. Thus, 
each mode may contribute individually to the outcomes. Figure 7 shows the results of this evaluation for an 
additional mass of 325 kg (Figure 7a) and an additional support (Figure 7b) at node 47, evaluated for the first 
seven vertical modes and a threshold value of 15% of the maximum slope. It can be clearly seen that the mode 
shape slopes change locally in the domain around node 47. 
 



(a)     (b)  
Figure 7. Plan view. Contour plots of added relative slope change. Structural modification at node 47 (black dot). 

(a) Additional lumped mass of 325 kg; (b) Flexible support 
 
Normalized Cumulative Power Spectral Density 
 
The resulting NCPSD plots for four nodes along the structure are presented in Figure 8. In all subplots the 
amplitude of the first vertical bending mode dominates the overall curve. It is indicated by a “step” at about 
17 Hz. The modal amplitude corresponds to the “step amplitude”. While this step becomes even more 
pronounced at nodes 15 and 47 in modified states M200 and M325, nodes 29 and 36 are hardly affected by the 
additional mass. Their NSPSD curves show only minor changes. In contrary, an additional support (M325S) 
clearly affects the NCPSD curve of nodes 29 and 36 in the range of 15 to 25 Hz. The frequency shift of the first 
bending mode is indicated by a shift of the corresponding step to a higher frequency compared to the reference 
state. Moreover, the modal amplitude decreases as a result of the additional local stiffness imposed by the 
mechanical jack at node 47. The impact of mass modification on higher modes can also be read from the graphs. 
For example, the second vertical bending mode at about 44 Hz is clearly visible in the reference state at node 47  
 

    
 

    
Figure 8. Normalized cumulative power spectral density. (a) Node 15. (b) Node 29. (c) Node 36. (d) Node 47 

 



(Figure 8d). Mass modification leads to a decrease of the natural frequency and flattens this step more and more. 
The original step at 44 Hz cannot be identified in state M325. 
For practical application it is recommended to study the long-term behaviour and the natural fluctuation of the 
NCPSD curve. At the moment real data for testing the suggested procedure is limited, but research still 
continues. 
 
CONCLUSIONS 
 
This paper addressed a “global approach” for damage identification and detection in civil structures. It is based 
on the comparison of dynamic structural parameters of a reference condition and the actual condition of the 
considered building. In an initial step the normalized cumulative power spectral density (NCPSD) is utilized to 
check any change of the actual structure. This indicator is particularly significant, because the shape of the 
NCPSD curve reveals both changes of natural frequencies and mode shapes. If the NCPSD indicates a structural 
modification, in a subsequent step natural frequencies and several factors based on mode shapes are inspected 
more closely to identify cause of the structural modification and its location within the structure. Temperature 
effects, which may have a significant impact on the natural frequencies, can be accounted for.  
An application to a historical railway bridge showed that a change of mode shapes reveals the location of 
structural modification when appropriately represented. Thereby, the absolute mode shape amplitude differences 
between two compared structural conditions of several dynamic modes are added up at each recorded node, and 
result in a meaningful spatial representation of structural changes. Alternatively, the slope of mode shapes can 
be used as basis for localization of structural modification. Representing these factors as contour plots for the 
global structure supports the user to locate structural modification. In the presented study, lumped masses and a 
flexible support were imposed to the bridge.  
The suggested approach of damage identification is still based on limited data, however the so far obtained 
results are promising. 
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