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ABSTRACT 

Damage detection of civil infrastructure has gained great attention for decades. Frequency response function (FRF) 
curvature method, proposed by Maia and Silva [1], is a common damage detection method. However being reported in 
many articles to be promising in simulation and experiment, the method lacks application to real structure. We applied 
this method to the bridge over Åby älv, Sweden. The bridge underwent a dynamic test including forced vibration test in 
August 2013. In the test, artificial damage was introduced to one of the crossbeams, changing the severity at four 
different levels. The damage index of FRF curvature method was calculated from the real data of the bridge in each 
damage case. The damage index was compared between the four damage cases and also between two different setups. 
From the results, FRF curvature method appeared to have potential in damage detection of the bridge in a certain 
condition. 
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1. Introduction 

Damage detection of structures has been a major interest in 
civil engineering ever since the collapse of Silver Bridge in 
the USA in 1967. In general, collapses of civil infrastructures 
cause huge economic loss and casualties. It is natural that 
attempts to introduce sensors to structures to gain physical 
quantity and detect damage before the structure results in 
collapse have gained great attention. A large number of 
methods have been proposed; particularly, it has been 
discovered in the past studies that dynamic responses of 
structures contain useful information about location and 
severity of damage. 

Frequency response function (FRF) is one of the most 
common dynamic parameters, which can be calculated when 
both the excitation load and the physical quantity of the 
structure are measured simultaneously. One of the most 
promising damage detection methods using FRF is FRF 
curvature method, proposed by Maia et al. 1997 [1]. This 
method was discovered from an analogy from mode shape 
curvature method [2], which was one of the most traditional 
damage detection methods. Compared with mode shape 
curvature method, FRF-based mode shape keeps raw 
information of the structure because it is based on measured 
data without need of modal analysis. FRF curvature method 
has been successful in both simulation and experiment; for 
recent reports, see Rahmatalla et al [3] and Reddy [4]. 
However FRF curvature method lacks reports using actual 
structures. 

This paper reports a study on the efficiency of FRF 
curvature method in real data obtained from a dynamic test of 
an actual steel truss bridge in Sweden. Forced vibration data, 
both with and without damage, were analysed with the FRF 
curvature method. Results were compared to evaluate the 
performance of the method. 

2. Methodology 

2.1. Frequency response function, FRF 

FRF is defined as the ratio of the complex spectrum of the 
output to the complex spectrum of the input of a system. Used 
in damage detection, output can be considered as the 
measured physical quantity such as displacement, accele-
ration, strain, etc., and input as the excited force. FRF H(ω) 
can be easily calculated from the measured quantity and the 
applied excitation force by the following equation: 

      XYH   (1) 

Where X(ω) and Y(ω) are the Fourier transform of the 
measured quantity and the excitation force, respectively. 

2.2. FRF curvature method 

As mentioned in the Introduction section, FRF curvature 
method was developed from analogy from Mode Shape 
Curvature method [2]. Suppose that from a modal analysis, 
the mode shapes from intact structure and damaged structure 
were obtained as {ϕ} and {ϕ*} respectively. In both intact and 
damage case, curvature of the mode shape at point i, ϕiʺ is 
calculated by central difference approximation: 
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Where h is the distance between point i-1 and i+1. As the 
damage index, the difference of ϕiʺ between the two cases is 
calculated: 
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The location i with the largest Δ ϕiʺ is assumed to be the 
damaged location. Similarly to this method, conceptual “FRF 
curvature” can be considered at each location and at each 
frequency point: 
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The damage index at each location i is calculated by 
summing up the difference of Hiʺ(ω) between the two cases 
along a chosen frequency range [ω1, ω2]: 
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 HHH  (5) 

Again, the location i with the largest ΔHiʺ is assumed to be 
the damaged location. 

3. Case study bridge 

Introduced in this section is the detail of dynamic tests to a 
railway bridge held in August 2013. Information here is 
mostly based on the report [5], written by Royal Institute of 
Technology (KTH) and Luleå University of Technology 
(LTU), who are the main organizers of the tests. The dynamic 
tests were performed in collaboration with Wroclaw 
University (WRUT), who provided a load shaker and 
additional accelerometers. 

3.1. Bridge properties 

The bridge over Åby älv (Knr. 3500-1940-1) is a 33 m steel 
truss railway bridge, which is located about 60 km West of 
Piteå, Sweden. Constructed in 1951, the bridge was taken out 
of service based on a bridge replacement program in October 
2012. The bridge had been placed on temporary supports on a 
road near its original location since then. The dynamic testing 
was held through August 5 to August 16 2013. The bridge has 
a single span and carries a single track. The length of the span 
is 33 m and the height is 4.7 m, Fig. 1. Fig. 2 shows a photo of 
the bridge in its current location. 
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Fig. 1: Basic geometry of the bridge, elevation and plane. 

 

Fig. 2: Photo of the bridge, on temporary supports. 

3.2. Instrumentation 

The dynamic tests were performed in a total of 7 setups, 
denoted B1 to B7. The following equipment was used: 

From KTH: 
- HBM MGCPlus DAQ-system with ML801/AP801 

cards for accelerometers. 
- 16 uni-axial accelerometers, Colibrys SF1500S. 
- 2 tri-axial accelerometers, Sensr-CX1. 

From LTU: 
- HBM MGCPlus DAQ-system with ML801/AP801 

cards for accelerometers. 
- 6 tri-axial accelerometers, Colibrys SF3000L. 
- 19 strain gauges. 

From WRUT: 
- Spider8 DAQ-system. 
- Rotating eccentric mass (REM) load shaker. 
- 3 load cells to record the input force. 
- 6 HBM B12/200 uni-axial accelerometers. 

The load shaker was attached to the rail and positioned 
above the 3rd cross beam from support 2. The rotating mass 
was centred over one of the rails. A photo of the load shaker 
in the mounted position is shown in Fig. 3. 

 

Fig. 3: The load shaker attached to the bridge. 

The load was applied as a continuous sweep from 3 to 20 Hz 
and with an exponential variation. The total duration of one 
sweep was about 25 min. The measured input force and load 
frequency is shown in Fig. 4. 
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Fig. 4: Applied load by the load shaker, load vs. time and 
frequency vs. time. 

3.3. Setup B5 and setup B7 

In this paper, only setup B5 and setup B7 were studied and 
only by using the uni-axial accelerometers provided by KTH, 
further denoted a1 to a16. 

Setup B5 is shown in Fig. 5. The accelerometers were 
attached at intersection points between the crossbeams and 
stringer beams. All of a1 to a16 measured acceleration in the 
vertical z-direction. The cross beams are denoted CB1 to CB4. 
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Fig. 5: Setup B5, position of KTH-accelerometers. 

In setup B7, Fig. 6, accelerometers a1-16 were set along one 
crossbeam, CB3. The accelerometers were attached to 7 
points, each measuring y and z-direction, and also x-direction 
at both ends. 
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Fig. 6: Setup B7, position of KTH-accelerometers. 

3.4. Induced damage 

After the initial measurement, local damage was introduced 
to the lower flange of crossbeam CB3 at node 35 in Fig. 5 and 
Fig. 6. The damage was applied first on one side with the 
length of 30 mm, then deepened to 75 mm, and the same 
procedure was done to the other side, generating four damage 
cases: 30 mm, 75 mm, 75 + 30 mm and 75 + 75 mm, Fig. 7. A 
photo after introducing a 75 mm damage is shown in Fig. 8. 

300 mm

30 mm 75 mm

30 mm 75 mm 75 mm 75 mm

a) no damage b) 30 mm damage c) 75 mm damage

d) 30+75 mm damage e) 75+75 mm damage  

Fig. 7: Induced damage to the lower flange of cross beam 
CB3 at node 35. 

 

Fig. 8: Photo of the lower flange of cross beam CB3 after 
introducing a 75 mm damage. 

4. Results 

4.1. FRF, setup B7 

FRF curvature method was first applied to setup B7, in 
order to test if the method could detect and locate the exact 
position of the damage in crossbeam CB3, by calculating the 
curvatures of FRFs along CB3. 

Fig. 9 shows samples of the obtained FRFs from setup B7. 
As from Fig. 6, sensor a5 is y-direction and sensor a6 is z-
direction. In the FRFs of both directions, peaks can be seen 
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around 7.4, 8.1 and 11.4 Hz, while the peak at 11.4 Hz is not 
clear in a5. In this paper, modes at these three peaks are 
defined as 1st, 2nd and 3rd mode. Sensors measuring the same 
direction showed similar FRFs. From this information and 
also from the fact that these three frequencies are small, it is 
assumed that these are global modes of the whole bridge 
structure, not modes of a specific beam. The 3rd mode is 
assumed to be a mode in z-direction. 

a) 

b) 

Fig. 9: FRFs obtained from setup B7, a) sensor a5y, 
b) sensor a6z. 

Fig. 10 shows FRFs of extracted modes. The 2nd mode is 
close to the 1st mode and less peaky, therefore it is not used in 
this paper. From the upper two graphs, showing the FRFs 
from the 1st mode, it can be said that the FRF shifts as the 
damage proceeds. However the direction of the shift is not 
consistent; it shifts to left and right from the intact case, while 
it appears to be similar between a5 and a6. The bottom graph, 
of the FRF from the 3rd mode of a6, also shows that the FRF 
shifts randomly. However, the amount of shift is small 
compared with the 1st mode, and the direction of the shift is 
different from the 1st mode. 

 

Fig. 10: FRFs obtained from setup B7. 

4.2. FRF curvature method, setup B7 

FRF curvature method was applied to crossbeam CB3. 
FRFs of y-direction of the 1st mode, of z-direction of the 1st 
mode and of z-direction of the 3rd mode were used, since these 
three FRFs showed clear peaks. Fig. 11 shows the results. 
Some distorted data were excluded. The upper-left graph, 
which is of y-direction of the 1st mode appears to be 
inefficient, since the value of the damage index does not 
enlarges with the damage, and also the peak location is at 
node 52, not at node 35: the actual damaged point. The other 
two graphs: z-direction of the 1st mode and the 3rd mode show 
a clear peak of the damage index at node 35, while 30 mm 
case shows a different result with other cases. Therefore these 
two appear to point out the location of the damage. Especially 
z-direction of the 1st mode shows a good dependency on the 
severity of the damage. 

Focusing only on node 35 of the z-direction of the 1st and 
the 3rd mode, the results are as in Fig. 12. As it is mentioned 
above, the damage index of the 1st mode clearly follows with 
the damage. Although the damage index of the 3rd mode does 
not increase with the damage, it differentiates 30 mm case 
from the other cases. Therefore we suggest that by extracting 
the damage index at the centre of the crossbeam, damage 
detection is possible. In this case, since there were only 7 
measuring points along CB3, FRF curvature could be 
calculated at only 5 points, some with excluded distorted data; 
therefore abandoning locating the damage and focusing on 
detecting the presence of damage might be rather a rational 
solution. 
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Fig. 11: Results of FRF curvature method for each mode, 
CB3, setup B7. 

 

Fig. 12: Results of FRF curvature method for each mode at 
node 35, CB3, setup B7. 

4.3. FRF, setup B5 

FRF curvature method was applied to setup B5, in order to 
test if the method could locate the crossbeam with damage, by 
comparing the damage indices between CB2, CB3 and CB4. 
Data from CB1 was not used because CB1 was affected by a 
boundary condition. 

Fig. 13 shows FRFs of three sensors: a7, a11 and a15, from 
CB2, CB3 and CB4 respectively. All the FRFs have peaks 
around 7.4, 8.1 and 11.4 Hz, which are conformable to the 
FRFs from setup B7. Now we can state more strongly that 
these three modes are global modes, since they appear in three 
different crossbeams. Fig. 14 shows the FRFs of the 1st and 
the 3rd mode. They look quite similar to each other and also to 
Fig. 10. However the direction of the shift of FRF is different 
from Fig. 10. 

 

Fig. 13: FRFs obtained from setup B5, a) sensor a7 at CB2; 
b) sensor a11 at CB3, c) sensor a15 at CB4. 

    

    

    

Fig. 14: FRFs obtained from setup B5. 
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4.4. FRF curvature method, setup B5 

FRF curvature method was applied to z-direction of the 1st 
and the 3rd mode of crossbeam CB2, CB3 and CB4. Since 
there were only 4 measured points, curvatures were obtained 
at only two points. Therefore the mean of the two values of 
the damage index was calculated. Fig. 15 shows the results. 
30 mm case was regarded as intact case, because data from 
the true intact case were distorted. It is difficult to see a clear 
difference between the three crossbeams; the damaged 
crossbeam CB3 does not seem to have specifically a large 
value of the damage index. Also the value does not always 
enlarge with the damage; for example, as in the 1st mode of 
CB2 and CB3, 75 + 75 mm case has the smallest value. 

 

 

 

Fig. 15: Results of FRF curvature method applied to each 
mode, change in FRF curvature summed up along each 

crossbeam. 

4.5. Studies 

From the results, FRF curvature method appears to be the 
most efficient at the centre location of crossbeams. Especially 
Fig. 12 shows clear indication of applied damage. Although 
results of setup B5 does not appear well, we note that there 
was no sensor at the centre of the beams in setup B5; the 
damage indices at node 51 and 52, which were used in setup 
B5, do not appear very efficient in setup B7 as well, Fig. 11. 
Focusing only on the centre location is so far the most 
promising way to detect damage. 

In order to verify the efficiency of the method, further 
research on scatter of the FRF value and on modes at higher 

frequency, and study using numerical simulation are 
necessary. In this dynamic test, only one measurement was 
held for each damage case in each setup. Therefore the 
amount of scatter of FRF is unknown, which affects the 
precision and the reliability of the method. As seen in 
comparison between FRFs of setup B7 and B5, the shift of 
FRF is not constant; it is possible that the effect of scattering 
is far larger than the effect of damage. Furthermore, the 
applied damage was local damage on one crossbeam; 
therefore global modes might not have sensitivity in detecting 
such damage. Use of local modes of the measured crossbeam 
is necessary. Finally, a FE model of the bridge is a powerful 
tool to test the potential of the method under ideal condition. 

5. Conclusions 

FRF curvature method was applied to the real data obtained 
from the bridge over Åby älv. In setup B7, FRF curvatures 
along one crossbeam were calculated. The z-direction of the 
1st and the 3rd mode, especially former, well indicated the 
damaged location. Extracting the damage index at the centre 
location of the beam best indicated the presence of damage. In 
setup B5, FRF curvatures along three crossbeams were 
calculated. The z-direction of the 1st and the 3rd mode were 
used because they were efficient in setup B7. The damage 
index did not indicate the damaged crossbeam or the presence 
of damage. Further study is necessary to verify the efficiency 
of the method in the bridge. 
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