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ABSTRACT: Many vibration-based health monitoring methods are based on changes in the 
modal characteristics of the structure. However, changes in these modal properties are not 
always due to structural damage. In many cases, these changes may be the result of a change in 
the environmental and/or operational conditions.  

This paper presents the results of a field testing of a typical steel-concrete composite bridge to 
evaluate the effect of temperature shifts on its modal characteristics. A two span simply 
supported composite bridge was monitored for a twenty-four hour period. A suitable impact 
device was used to excite the bridge. Acceleration responses of the bridge were measured using 
accelerometers at different temperatures. Analysis of the measured acceleration data indicates a 
noticeable change in the modal characteristics of the bridge structure due to temperature shifts. 
A finite element model was used to predict the mode shapes of the bridge.  

 
 

1 INTRODUCTION 

Recent collapses of bridge structures in the USA and around the globe have revealed the 
inefficiency of current inspection processes and nondestructive testing methods in detecting 
structural damages.  The drawbacks of these methods have become the motivation for evolving 
new methods of online health monitoring for bridges and civil engineering infrastructures. 
Many techniques proposed for this task are based on the global dynamic response of structures 
since any changes in the mass or stiffness properties of the structure can potentially affect the 
dynamic properties of the structure. However, any changes in the dynamic characteristics of the 
bridge structures should not necessarily be interpreted as possible damage in the structure. 
Changes in environmental conditions such as temperature and humidity can result in changes in 
the natural frequencies and mode shapes of the structure too. Temperature change can affect the 
boundary condition of the structure, and changes in humidity can increase or decrease mass of 
the structure. Investigations performed by some researchers including Xu and Wu (2007) and 
Alampalli (1998) showed that false detection of damage could be due to changes in temperature 
conditions. Other investigations by Siddique et al. (2007) suggested that change in the natural 
frequencies of a bridge structure induced by damage can be very well in the same order of 
magnitude of changes due to temperature variations.  This problem highlights the necessity of 
using the appropriate techniques to interpret changes in the dynamic response of structures. 
While some health monitoring methods have been developed in the context of a statistical 
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pattern recognition problem that can deal with variability in the operational and environmental 
condition of the structures (Sohn et al. (2000), Mosavi et al. (2009)), others are still relying on 
changes in the natural frequencies or mode shapes of the structures. 

This paper presents the results of an investigation performed to realize the possible extent of 
changes in the natural frequency of a steel-concrete composite bridge due to a one day 
temperature cycle in the summer season.  The bridge dynamic responses were excited by an 
instrumented impact hammer, and a number of accelerometers were used to measure the 
dynamic response of the structure. These measurements were recorded three times during a one 
day period, and temperature on the bridge was recorded at the same time. Measured natural 
frequencies and mode shapes of the bridge were extracted from the acceleration data, and the 
effect of temperature difference on these natural frequencies was investigated. Finally, a finite 
element model was used to fully understand the mode shapes of each natural frequency.    

2 FIELD TESTING PROGRAM 

2.1 Description of the bridge structure 

The overpass structure under investigation is the Chicken Road Bridge, and is located in 
Lumberton, North Carolina. Constructed in 2007, the skewed steel-concrete composite bridge 
consists of a four lane, two span bridge (41.289 and 38.958 m) with a total deck width of 15.37 
m and a skewed alignment of almost 46˚ as shown in Figure 1. This composite bridge consists of 
four steel girders which are 1500 mm deep and equally spaced at 3 m. The reinforced concrete 
deck is 300 mm thick. The concrete deck over each span is separated by thermal expansion 
joints at both ends. Also, the steel girders in each span are simply supported on a neoprene pads 
at the abutment and pier ends, and the pier consists of three reinforced concrete columns. 

  

Figure 1. Chicken Rd. Bridge, viewed from northeast. 

2.2 Instrumentation and data acquisition 

The primary instrumentation for this study was six unidirectional accelerometers. These 
accelerometers have a sensitivity of 1 V/g, and were configured for a maximum range of ±0.5g. 
They are able to measure in the frequency range of 0.5 to 2000 Hz. The accelerometers were 
mounted in the vertical direction on the bottom flange of the outer girder A1 shown in Figure 2. 
Location of the accelerometers was selected to ensure that none of them will be at the stationary 
nodes of major modes of vibration.  

It was planned to record the acceleration data at three different times of the day, when the 
temperature was expected to be different. The first set of acceleration data was collected around 
mid-night while the second set was recorded in early morning around 6 am. The last set of data 
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was acquired at noontime of the following day. The location of accelerometers was kept the 
same for the first and second sets of measurements. In the third measurement set, the 2nd and 3rd 
accelerometers were kept in their original locations, while the other accelerometers were 
mounted in the horizontal direction on the web of girder A1.  
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Figure 2. Location of accelerometers (dimensions in meters). 

A large sledge impulse hammer with a load cell and four different tips with different stiffness 
characteristics was used to excite the dynamic response of the bridge structure. The location of 
the applied impulse load was chosen to be coincident with the locations of accelerometers 1 
through 6 on top of the concrete deck. At each location, five iterations of the impulse load were 
repeated in order to attenuate the effect of measurement noise and excitation characteristics. 
Hence, a total of 30 acceleration time histories resulting from 5 impact loads at 6 locations were 
measured for each accelerometer for each of the three loading times throughout the day.  

The data acquisition system included Vishay micro-measurement system 7000 and a signal 
conditioner. The signal conditioner transformed the DC bias voltage from the sensors to an AC 
current. It also provided power supply for the ICP® accelerometers. The sampling rate used for 
data acquisition was 2048 Hz. This high sampling rate was necessary to capture the impulse 
load which happens in milliseconds. The data acquisition system was also equipped with anti-
alias filtering capabilities.  

3 TEST RESULTS AND DISCUSSION 

As mentioned previously, 4 tips with different stiffness characteristics were used for the head of 
the sledge hammer for applying the impulse load. As expected, it was observed that the softest 
head provides the best recorded loading curve. Sample loading curves obtained by using the 4 
different tips are shown in Figure 3. Based on this observation, results obtained using the 4th tip 
were used to derive frequency response functions in the rest of analysis.  

 

 

 



4th International Conference on Structural Health Monitoring on Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

- 5 - 

 

-300

1700

3700

5700

11.007 11.01 11.013 11.016

Time (Sec)

Im
p

ac
t 

L
o

ad
 (

k
g

f)
 

Tip 1 Tip2

-300

1700

3700

5700

12.1696 12.1726 12.1756 12.1786

Time (Sec)

Im
p

ac
t 

L
o

ad
 (

k
g

f)
 

Tip3

-300

1700

3700

5700

13.4829 13.4859 13.4889 13.4919

Time (Sec)

Im
p

ac
t 

L
o

ad
 (

k
g

f)
 

-300

1700

3700

5700

12.9531 12.9561 12.9591 12.9621

Time (Sec)

Im
p

ac
t 

L
o

ad
 (

k
g

f)
 

Tip4

 

Figure 3. Sample impulse loadings induced by four different tips. 

The measured frequency response function, H’
pq(f), for excitation location p and measurement 

location q, can be expressed by:  

( )
( )

( )

q
pq

p

V f
H f

U f
′ =                                                                                                             (1)                 

where Vq(f) is to the Fourier transform of the acceleration measurement at location q, and Up(f) 
is the Fourier transform of the impulse loading input at location p. It has been shown by 
Halvorsen & Brown (1977) that if the noise-to-signal ratio at the load input measurement point 
is much less than 1, the measured frequency response function, calculated in equation (1) will 
be equal to the true frequency response function, Hpq(f). Since the noise-to-signal ratio for the 
measured data was much less than 1, frequency response functions were calculated for different 
loading and measurement locations.  

For each load and measurement location, the impulse load was repeated five times. In order to 
reduce the excitation characteristics of different iterations of loadings, the average frequency 
response functions were calculated for each load and measurement location. The five frequency 
response functions for the five loading iterations along with the average frequency response 
function for impact location 5, and measurement location 2 are shown in Figure 4. It should be 
mentioned that these results were related to the measurements recorded in the afternoon time. 
The figure suggests that the calculated frequency response functions coincide on each other very 
well. These results provide confidence in the measurements from the field testing and the 
analysis used.    

The spikes in Figure 4 are coincident with the natural frequencies of the structure. The figure 
indicates that seven natural frequency modes can be recognized under 20 Hz. Although the 6th 
mode of frequency, around 11 Hz, is not very distinct in this graph, it is clearer from frequency 
response functions derived for other impact and measurement locations as shown in Figure 6. 
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Figure 4. Frequency response functions calculated for load location 5 and measurement location 2. 

Using the peak picking method (Harris 2002) the natural frequencies of the structure can be 
extracted from the frequency response functions. By using this method, the first seven natural 
frequencies of the structure obtained from different times of the day were calculated and the 
results are presented in Table 1. Also, the average temperature measurements and the relative 
changes of frequencies and temperatures with respect to night measurements are presented in 
this table. These changes in the natural frequencies can be visualized even better by examining 
Figure 5 where the three averaged frequency response functions, obtained for the same location 
but different times of the day, are shown. The insert illustrates this difference in a different scale 
for the first two natural frequencies. 

It should be mentioned that the temperatures presented in Table 1 for the top and bottom flange 
of the girders is the average value measured on girders A1 and A2. The measurements indicate 
that during the night and morning measurements, measured temperatures on the concrete and 
top flange of the steel girders were lower than the measured temperature on the bottom flange of 
the girders. On the other hand, in the afternoon measurement, the temperature on top of the 
concrete deck and top flange of the girders were higher than the bottom flange temperatures. 

Table 1. Natural frequencies and temperatures measured during three terms of measurements 

Temperature (˚C) Frequency (Hz) 

 
Top of 
concrete 

Bottom 
flange 

Top 
flange 

1st 
mode 

2nd 
mode 

3rd 
mode 

4th 
mode 

5th 
mode 

6th 
mode 

7th 
mode 

Night 
measurements 

NA 26.7 24.7 2.19 2.63 6.97 7.72 8.34 11.00 15.00 

Morning 
measurements 

21.7 23.9 22.5 2.19 2.63 7.00 7.750 8.37 11.06 15.06 

Change (%) NA -6.25 -5.23 0.00 0.00 0.45 0.40 0.37 0.57 0.42 

Afternoon 
measurements 

36.1 29.4 31.9 2.22 2.69 7.06 7.84 8.53 11.16 15.31 

Change (%) NA 6.25 16.99 1.43 2.38 1.35 1.62 2.25 1.42 2.08 
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Figure 5. Averaged frequency response functions for the same input/output location at different times. 

As it can be seen in Table 1, natural frequencies of the first seven modes did not have a 
noticeable change between night and morning measurements while in the third term of 
measurement almost a 2 percent change in natural frequencies can be observed in all modes. 
The reason for this noticeable change is related to the temperature inversion between the 
concrete deck, top and bottom flanges of the girders. 

Since the location of acceleration measurements was limited to girder A1 shown in Figure 2, it 
is impossible to construct the complete mode shapes for the whole bridge span from the 
measured data. It can be clearly seen that at natural frequencies of the structure, the magnitudes 
of frequency response functions corresponding to different accelerometers are different. By 
normalizing the magnitudes of frequency response functions obtained for the same loading 
location and different measurement locations to the maximum modal value for each natural 
frequency, the mode shapes can be built for girder A1. The frequency response functions for 
different accelerometers and load location 3 are shown in Figure 6, and the derived mode shapes 
for girder A1 are also shown in Figure 7.  
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Figure 6_Averaged frequency response functions for the same output and different input locations (night). 

 



4th International Conference on Structural Health Monitoring on Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

- 8 - 

-0.75

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

0 10 20 30 40

Distance (m)

M
a
g

n
it

u
d

e
1st mode 2nd mode 3rd mode
4th mode 5th mode

 

Figure 7_Mode shapes derived for a line on girder A1. 

It should be noted that the magnitude of frequency response functions at the natural frequencies 
of the structure for the afternoon measurements is very different from its magnitudes for 
morning and night measurements as shown in Figure 5. Therefore, it can be concluded that 
while the mode shapes does not change from night to morning measurements, noticeable mode 
shape changes can be expected between night and afternoon. Research findings indicate that 
daily and seasonal temperature shifts can result in changing both natural frequencies and mode 
shapes of the structure.     

4 NUMERICAL MODELLING 

In order to fully understand the mode shapes related to the derived natural frequencies, a finite 
element simulation was carried out using ANSYS 11. Since the steel girders were simply 
supported on top of the pier and the abutments in each span and the concrete deck in each span 
was separated by thermal expansion joints, the abutments and pier were ignored in the finite 
element model. The concrete deck and steel girders were simulated using 8 noded solid 
elements with extra shape functions. Link and beam elements were used for simulating the 
intermediate and end bend diaphragms between steel girders. A total of 129183 solid elements 
were used in the model. A modal analysis was performed and the 5 initial mode shapes of the 
bridge obtained from this analysis are shown in Figure 8. It can be seen that these derived mode 
shapes confirm the partial mode shapes shown in Figure 7. 

 

 

Figure 8_First 5 mode shapes derived from finite element model. 
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5 CONCLUSION 

A two span steel-concrete composite bridge was selected to measure the dynamic responses 
during a 24 hour period. A sledge impact hammer was used to excite the bridge in order to 
measure its dynamic responses. The measurements were recorded at three times of the day when 
the temperature on the bridge was different. Frequency response functions were calculated from 
measured acceleration responses. Natural frequencies were extracted from the calculated 
frequency response functions. Although the full mode shapes of the bridge could not be 
calculated due to limited measurement locations, partial mode shapes of the structure along one 
of its girders were determined. Also, a finite element model was built in order to confirm the 
shape of the extracted mode shapes. 

It was observed from comparison of the extracted natural and mode shape frequencies that these 
modal properties can easily change due to variation of temperature on the structure. Significant 
difference in modal properties was observed due to temperature change between the night and 
afternoon measurements when the temperature on the concrete deck and bottom flange of the 
bridge inverted due to daytime heating. From this observation it can be concluded that health 
monitoring of a bridge structure can only be reliable when a full set of measurements are taken 
under different environmental and operational conditions of the structure. Although the effect of 
different operational conditions were not investigated in this study, it can be predicted that 
because of the nonlinear nature of a structure like a bridge, natural frequencies and mode shapes 
can be shifted under the effect of different magnitudes of load. Hence, the necessity of 
performing statistical analyses should be emphasized in order to deal with all the variabilities in 
the collection of data from a real filed structure.         
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