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ABSTRACT

Dynamic properties of civil structures such as natural frequencies, damping ratios, and mode shapes are essential
parameters for evaluating the health condition of structures. However, dynamic properties are prone to be biased
by environmental effects which may lead to fault structural health assessment. To investigate the environmental
effect on the dynamic parameters of ballasted bridge, in this paper, a series of vibration experiments were
performed on a multi-span pre-stressed concrete beam railway bridge. The dynamic properties of the bridge were
identified and analyzed. In total, 9 experiments were conducted in 2 years. In the first 8 experiments, only
sleepers and tracks had been removed. For the last experiment, the bridge was under destruction. The subsidiary
components of the structure were destructed, and some holes were drilled on the slab for hoisting. The results
show a clear seasonal variation in natural frequencies that in winters the natural frequencies reach local
maximum values. Damping ratios show no clear variation regularity, indicating the complex correlation between
the damping ratios and the environmental variation. Additionally, compression tests of concrete pieces of the
slab were also conducted to investigate the degradation of material properties. The result of the compression tests
indicates that there is approximately no degradation of compression strength of the concrete slab after the bridge

was in service for several over 4 decades.

1. Introduction

Aging bridges have become a serious problem that threats social
safety [1,2]. To solve this problem, vibration-based structural damage
detection methods have been studied for several decades [3-5]. Theo-
retically, structural damages can directly lead to decreases in the local
stiffness of the structure, which may cause variations of modal proper-
ties, such as natural frequencies, and mode shapes [6]. Thus, for
vibration-based structural damage detection (SDD) methods [7,8], great
attention has been paid to the modal properties of structures.

However, when applying modal-based SDD methods in actual
bridges, the results tend to be biased by uncertainties. One of the main
reasons is that the dynamic parameters, especially the natural fre-
quencies, are easily biased by environmental effects, such as tempera-
ture, freeze, etc. To understand the environmental effect on the dynamic
properties of structures, the dynamic properties of an RC slab were
monitored by Xia et al. [9], and the effect of temperature and humidity is
investigated. It is found that the natural frequencies decrease with the
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temperature or humidity increase. Lin et al. [10] the temperature effect
on the natural frequency of a composite beam. Hu et al. [11] investigate
the dynamic properties of a stress-ribbon footbridge. The result showed
that temperature has a primary effect on the variations of frequencies.
The correlation between the natural frequencies and the temperature of
a cable-stayed bridge was analyzed by the support vector machine
method by Ni et al. [12]. Xia et al. reviewed the temperature effect on
civil structures and gave examples of a suspension bridge and a TV
tower. The negative correlation between temperature and natural fre-
quencies was also obtained [13]. Ubertini et al. [14] investigated the
environmental effects on a tower and proposed a method to remove the
effect. For the ballasted railway bridges, by monitoring the dynamic
behavior of the bridge, the effect of frozen ballasts on the natural fre-
quencies is found [15,16]. To briefly explain the mechanism of the
environmental effect on the modal properties, the modulus of elasticity
of the construction materials varies owing to environmental changes.
For the aging railway bridges, considering the material properties of
ballasts distributed on the slab, the structural compositions tend to be
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more complex, leading to more complicated dynamic properties. How-
ever, articles about the dynamic properties of ballasted bridges [17-20]
are still limited, especially the ballasted bridges in cold regions remain
insufficiently investigated. Therefore, in this paper, a series of experi-
ments were conducted on a pre-stressed concrete ballasted railway
bridge to investigate the variations of the dynamic properties. In total 9
vibration experiments were carried out including the final experiment
when the bridge was under destruction. An additional compression
experiment on the test pieces of the bridge was also performed to
investigate the degradation of the compression strength of the concrete.
Note that this article is based on Chapter 2 of the first author’s doctoral
thesis [21]. Through the long-term investigation of the bridge, the dy-
namic behavior of the bridge in different environments was analyzed
and summarized.

2. Bridge description

The ballasted bridge investigated in this study is a 5-span pre-
stressed concrete beam bridge in Kitami City, Hokkaido, Japan. The
bridge’s construction was finalized in 1976. Kitami City and Ikeda
County were connected by the bridge. Fig. 1 depicts a lateral perspective
of the bridge’s three spans, and Fig. 2 displays a general drawing of the
bridge. For each span, the span length is 31.3 m, and the length of the
deck is 32.02 m. The total length of the bridge is 158.8 m.

Fig. 3 illustrates the bridge’s section views. The structure was built
with wide girders on the outer sides of each span, as seen in Fig. 3 (a),
and narrow girders in the middle of each span, as demonstrated in Fig. 3
(b). Girder sections differ at the left and right quarter points of each
girder. Each span includes three cross beams at each quarter point.
Walkways were extended from the side girders. On the edge of each
walkway, handrails are also designed.

According to the terrain under the bridge, the three piers on the
Ikeda side are taller than the pier on the Kitami side, as shown in Fig. 2.
The superstructure of the bridge is supported at the two ends of each
girder by the line-bearing supports shown in Fig. 4. Line-bearing support
is a type of classical bridge support used in Japan. Technically, it allows
the bridge to rotate and move in both longitudinal and vertical di-
rections. However, in actual cases, owing to the high self-weight, ver-
tical movement is generally not considered. Freedom of longitudinal
movement meets the requirement of expansion caused by temperature
change.

Asillustrated in Fig. 5, the ballasts were uniformly distributed on the
slab of all five spans. The sleepers and rails had been removed for several
years because the bridge was out of operation. The ballasts, ballast
stoppers, walkways, and handrails were removed in the final step before
the bridge was completely deconstructed, as shown in Fig. 6. Several
holes were drilled on the slabs to lift the bridge’s superstructure during
deconstruction, as shown in Fig. 7.
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3. Setup of experiments
3.1. Vibration experiment

A series of vibration studies were conducted from November 2015 to
December 2017 to evaluate the dynamic characteristics of the bridge.
Table 1 displays the experimental timetable and the ballast state in each
experiment. Multiple vibration tests were performed on each individual
span in all the experiments. The first eight experiments (No. 1 - No. 8) in
Table 1 were carried out on the bridge without a sleeper or track, as
indicated in Fig. 5. The final experiment (No. 9) was carried out when
the bridge was under deconstruction, and it had no sleeper, track,
ballast, ballast stopper, walkway, or handrail. Hoisting holes were also
drilled in the slab. The final state of the bridge in the last experiment can
be viewed in Figs. 6-7.

The Imote2 wireless acceleration sensor system detected, recorded,
and saved the bridge’s free-damped vibration. As shown in Fig. 8, the
original sensor consists of an SHM-H sensor board [22], an Imote2
communication board [23], a power supply board, and an antenna. The
Imote2 communication board has an excellent algorithm to minimize
the time synchronization error. Based on the second author’s investi-
gation [24], the accuracy of mode shape identification using Imote-2 is
sufficient for SHM purposes. To add the waterproof feature to the sensor,
all the essential components were installed in a plastic box, see Fig. 9. An
extra battery box was also used to extend the sensor’s battery life.

In No. 1, 3, and 4 experiments, 10 sensors were positioned sym-
metrically on the ballast stoppers in two rows (5 sensors 2 rows) in each
span. For efficiency reasons, the number of sensors on each span was
decreased to 6 in the No. 2 and No. 5-9 experiments, as illustrated in the
sensor distribution map in Fig. 10. Because of its ease of use, the exci-
tation technique was human jumping and landing. At the walkways’
middle and quarter points, subjected to symmetric and asymmetric ex-
citations were applied. The measuring time for each measurement was
30 s, with a sampling frequency of 280 Hz. Free damped vibration of the
bridge corresponding to each excitation pattern was recorded.

The wireless sensor network was used to collect and transmit ac-
celeration data to the computer. Because only impulse excitations were
used, the bridge’s dynamic responses were free-damped vibrations.
Therefore, the peak-picking method was used for identifying natural
frequencies. The mechanism of peak picking is that frequency response
functions attain extreme values at natural frequencies. Then, the half-
power bandwidth approach [25] was used to compute the damping
ratios. Finally, the cross-spectrum approach [26] was used to estimate
the mode shapes.

4. 3.2-Compression test of the test-piece

As introduced in Section 2, the bridge was drilled on its slab for

Fig. 1. The investigated bridge.
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Fig. 4. Line-bearing support. i X X
Fig. 6. Bridge under destruction.

lifting. Cylindrical concrete samples were obtained by the drilling op-
erations. As we know, it is normally impossible to directly take samples
from in-service structures for material tests. Hence, these cylindrical
concrete samples provide a rare opportunity to understand the degra-
dation of material properties of a real bridge. The degradation of ma-
terial properties can also affect the structural health state. Therefore, the
compression tests were also presented in this article as additional
information.

In total, the compression test on 3 concrete samples was conducted in
our laboratory to estimate the compression strengths. Compared to the
design compression strength, the degradation of material properties of
the concrete was roughly evaluated.

5. Result

5.1. Vibration experiments [21]

In all the experiments, free-damped vibrations of the ballasted bridge

Fig. 5. Evenly distributed ballasts on the bridge.
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i

Fig. 7. Holes on the slab for lifting.

Table 1
Experimental schedule.

Experimental Number Date (yyyy-mm-dd) Ballast state

No. 1 2015-11-16 Wet

No. 2 2016-2-11 Frozen
No. 3 2016-8-18 Wet

No. 4 2016-10-18 Dry

No. 5 2016-11-29 Wet

No. 6 2017-2-3 Frozen
No. 7 2017-4-13 Wet

No. 8 2017-7-25 Dry

No. 9 2017-12-28 Removed

Fig. 9. Updated vibration sensor.

were measured. Fig. 11 shows examples of the free-damped vibration
data and corresponding frequency spectrums acquired from Ch.
0 installed on Span 3 in the No. 4 experiment. Fig. 11(a) and (b)
represent the vibration excited by a symmetric impulse load on the
middle point of Span 3, while Fig. 11(c) and (d) represent the vibration
excited by a symmetric impulse load on the quarter point of Span 3.
Owing to the different load locations, one more mode (the second
bending mode) can be identified in Fig. 11 (d) than Fig. 11 (b) by the
peak at 14.32 Hz.

Because of the relatively simplistic structure and load type (simply-
supported girder bridge with impulse load), the natural frequencies
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Fig. 10. Sensor distribution map.

were easily identified from the peaks in the frequency spectrums.
Observing the identified natural frequencies in the multiple tests in each
experiment, the natural frequencies were very concentrated. Using No.4
experiment (2016.10.18) on Span 3 as examples, the natural frequencies
of mode 1 identified from the 4 tests with a symmetric load on the
middle span were 4.0337 Hz, 4.0337 Hz, 4.0337 Hz, and 3.995 Hz, the
natural frequencies of mode 2 identified were all 6.9051 Hz.

By applying the peak-picking method on the frequency spectrums of
the vibration data, up to the natural frequencies 6 modes were identified
in the 9 experiments, as summarized in Fig. 12. Then by using the half-
power bandwidth method on the frequency spectrums of the vibration
data, the damping ratios were calculated and visualized in Fig. 13. To
understanding the identified 6 modes, the shape models were estimated
using cross-spectrum method. Fig. 14 illustrates the mode shapes of Span
1 obtained from the No. 4 experiment as an example. The six identified
vertical modes were 1st bending mode, the 1st torsional mode, the 2nd
torsional mode, the 2nd bending mode, the 3rd torsional mode, and the
3rd bending mode. These modes are listed from lower to higher order.

In Figs. 12 and 13, some data were missing. The reason for the
missing data of the first two modes on Span 5 on 2016-8-18 was battery
problems. The missing results of modes 3-4 on 2015-11-6 (No. 1
experiment) were because of the missing vibration data with excitations
on the quarter points. Then in the last experiment (2017-12-28, No. 9),
the bridge was under destruction, owing to safety reasons, experiments
were only performed on Spans 1 and 2, and only modes 1,2,4 and 6 were
successfully excited.

In Fig. 12, the natural frequencies in each mode from the No.1 to
No.8 experiments show a clear seasonal variation tendency that there
are two local maximum peaks of the natural frequencies in the Febru-
aries of 2016 and 2017. To find reasonable explanations for this phe-
nomenon, we have carried out a series of investigations [16,27,28].
Because Hokkaido is in the northern hemisphere, the season in February
is winter. Normally, the relatively high Young’s modulus of concrete in
winter caused by the low temperature is the main reason for this phe-
nomenon, which can be proved by the approximate negative correlation
between the average temperature on each experimental day and the
natural frequency, as shown in Fig. 15, in which the left axis is the
natural frequency of the first model of Span 1, and the right axis is the
average temperature. However, the temperature gap between the No. 2
(2016-2-11) and No. 5 (2016-11-29) experiments was only 2 °C, as
shown in Fig. 15. The 2 °C temperature difference could not lead to such
a large natural frequency difference. Meanwhile, the frozen supports
could be another possible reason to cause this phenomenon [29]. Based
on our visual inspection, there was no ice or snow on the supports. The
boundary condition of the bridge did not change. Therefore, great
attention was paid to the frozen ballasts. In this series of experiments,
three typical ballast states were obtained, dry, frozen, and wet, as shown
in Fig. 16.

The dry ballast state shown in Fig. 16 (a) was presented in the No. 1
experiment. There was no rainfall during the week before the experi-
ment. The moisture content of the ballasts was very low. In the No. 1
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Fig. 11. Free damped vibration data and corresponding spectrums acquired from Ch. 0, Span 3, No.4 Experiment. (a) waveform excited by a symmetric load at the
middle point of the span, (b) frequency spectrum of the vibration data shown in Fig. 11(a) with identified natural frequencies, (c) waveform excited by an asymmetric
load at the quarter point of the span, (d) frequency spectrum of the vibration data shown in Fig. 11(c) with identified natural frequencies.

experiment, the dry ballasts were discrete with almost no adhesive ef-
fect. The No. 2 experiment demonstrated the frozen ballast state dis-
played in Fig. 16 (b). Ballasts were completely frozen. The ice filled the
gaps between the ballasts and changed them into new composite ma-
terial. Due to the unique climates in Hokkaido’s winter, the ballasts
experienced a special temperature variation process. The snow on the
ballasts would melt into water and leak into the space inside the ballasts
when the daily temperature varied around 0 °C. When it dropped to 0 °C,
the seeping water would freeze. The ice that filled the area inside the
ballasts would accumulate over a number of cycles in which the daily
temperature varied around O °C. The material properties of the frozen
ballasts would inevitably shift when the ice content increased to a
comparatively high level. One could consider it a new composite ma-
terial. According to this hypothesis, the ballasts serve as aggregate, and
the ice serves as a filler. In the No. 5 experiment, the wet ballast state
shown in Fig. 16 (c) was investigated. The ballasts were damp but not
frozen. Ballasts may become more adhesive and feel less friction as their
moisture levels increased. In contrast to freezing, the impact on natural
frequency change was smaller.

Additionally, the natural frequencies of the final experiment (No. 9)
were obtained in a significantly different bridge condition with no
ballast, ballast stopper, walkway, or handrail. Meanwhile, many holes
are drilled in the deck. To sum up, all the subsidiary components of the
structure were removed, and even some structural damages were made
on the slab. In these circumstances, the excitation positions of the No. 9
experiment were slightly adjusted to the inside areas for safety reasons.
Thus, only 4 modes were identified: the 1st bending mode, the 1st
torsional mode, the 2nd bending mode, and the 3rd bending mode, as
shown in Fig. 12 (a), (b), (d), and (f). The 2nd and 3rd torsional were not
sufficiently excited. The results show that the natural frequencies in the
No. 9 experiment are much higher than the natural frequencies in other
experiments. The reason should be that after the subsidiary components
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of the bridge were removed, especially the ballasts, the mass of the
bridge was greatly reduced. The lower mass of the structure leads to
higher natural frequencies. For the holes on the deck, theoretically,
structural damages may decrease the natural frequencies since the
stiffness of the bridge was reduced. However, the effect of the holes on
the natural frequencies is much lower than the effect of removing the
subsidiary components of the bridge on the natural frequencies. As a
result, the natural frequencies during destruction increased greatly even
though the slab was drilled with holes.

Meanwhile, Fig. 12 also shows another interesting phenomenon: the
natural frequencies of internal Span 4 are higher than the other two
internal Spans 2 and 3. In this case, the difference in span length during
construction was not the main reason to cause this phenomenon because
the 5 spans have the same designed length. One possible reason should
be the different lengths of piers under the 3 internal spans. If one span
and its supporting piers (or abutment) were considered as a frame
structure as shown in Fig. 17, this phenomenon could be easily
explained. The longer the supporting piers, the lower the natural fre-
quencies. Span 4 was supported by Piers 3 and 4, and Pier 4 is obviously
shorter than the other piers. Therefore, the natural frequencies of Span 4
are higher than those of Spans 2 and 3.

For the damping ratios shown in Fig. 13, through a general view, no
clear regularity could be found within these data. The damping ratios
did not show any apparent trend as the natural frequencies. The
damping ratios varied independently from the seasonal change. One of
the possible reasons for this phenomenon could be the high complexity
of the ballasts. The differences between the ballasts lead to the different
spaces and interaction mechanisms between ballasts which would
directly affect the moisture content, fiction, and stickiness of the bal-
lasts. Furthermore, with the onset of ice material in winter, the ballasts
can be frozen, leading to more complex material properties. To sum up,
all the mentioned factors can differ the amount of the absorbed and
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Fig. 13. Identified damping ratios of the five spans.
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(e) 3" torsional mode
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(b) 1% torsional mode

—

(f) 3" bending mode

Fig. 14. Identified mode shapes of Span 1 obtained from the No. 4 experiment.
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Fig. 15. Correlation of the average temperature of the experimental days and

the natural frequency of mode 1 of Span 1.

Temperature (°C)

(b) Frozen

damped vibration energy, leading to different identified damping ratios.
For the last experiment (No. 9), the damping ratios of the 3 lower
identified modes (the 1st bending mode, the 1st torsional mode, and the
2nd bending mode) increased obviously, which is far beyond the au-
thors’ expectations. Since the ballasts were taken removed, a decrease in
the damping ratios was anticipated. The vibration’s energy can be
absorbed by the ballasts. Lower damping ratios were anticipated
because the slab’s ability to absorb energy is reduced without the bal-
lasts. One possible reason for the increase in damping ratios is that by
removing the subsidiary components of the bridge, the vertical forces on
the supports were decreased, leading to lower frictions on the surfaces of
the sliding bearing. If there were some motions on the supports, the
energy of vibration was consumed in the relative movement of sliding

[
S
\ /

Fig. 17. Girder-pier frame structure.

Fig. 16. Three ballast states.
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bearings. However, this assumption needs more study to prove.
Furthermore, another phenomenon on the identified mode shapes
was found that they were not as stable as the natural frequencies. Two
examples are shown in Figs. 18 and 19, corresponding to the amplitudes
of the 1st bending mode shape of Span 2 in the No. 2 and No. 7 exper-
iments. In total 7 tests were continuously performed on Span 2 with
symmetric loads on the middle span in the No. 2 experiment. Similarly,
in total 4 tests were continuously performed on Span 2 with symmetric
loads on the middle span in the No. 7 experiment. The consistencies of
the identified mode shapes in each individual experiment were evalu-
ated using Modal Assurance Criterion (MAC):
2

loa) {04},
(fouh o)) (oo )

MAC(r,q) =

where ¢, and @y are two mode shape vectors to compare. According to
the MAC values in Figs. 18 and 19, the consistencies of mode shapes are
generally very high (over 0.98). However, when repeated several times,
slightly lower consistencies may occur, such as 0.909 in Fig. 18 and
0.956 in Fig. 19 appeared. Therefore, this variation in the consistency of
mode shapes may cause challenges in detecting very small structural
damages using the mode shapes of the ballasted PC railway bridge.

5.2. Compression tests

As introduced in Section 2, the bridge was drilled on its slab for
lifting. In total three cylindrical samples were taken to the laboratory for
compression tests to investigate the longitudinal compressive load-
bearing strengths. The information on the three cylindrical samples
and the test results are shown in Table. 3. The three samples have the
approximately same diameters but different heights in a range between

Test number

0.995

Test number
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1.000

0.995

0.990

0.985

2

0.980

-0.975

Test number

3

-0.970

-0.965

0.986 0.994 1.0

-0.960

1 2 3
Test number

Fig. 19. MAC values of mode 1 from the 4 continuous tests on Span 2 in No.
7 Experiment.

247 and 271 mm. A photo of the compression experiment is shown in
Fig. 20.

The results show that the longitudinal compressive strengths of the
three test pieces are 37.28 N/mm?, 42.13 N/mm?, and 39.83 N/mm?
respectively. The mean longitudinal compressive strength of the three
test pieces is 39.7 N/mm? with a very low standard deviation of 1.981
N/mm?. Compared to the design compression strength of the concrete of
40 N/mm?, the results of the sampling investigation show that after

1.00

0.98

0.96

-0.94

-0.92
0.998

Fig. 18. MAC values of mode 1 from the 7 continuous tests on Span 2 in No. 2 Experiment.
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Table 3
Result of the compression test of bridge pieces.

Structures 53 (2023) 822-832

Number  Diameter  Height  Mass Maximum Longitudinal compressive Standard Mean longitudinal compressive Coefficient of
Load strength Deviation strength variation

Unit (mm) (mm) (kg) () (N/mm?) (N/mm?) (N/mm?) (%)

1 149.2 271.4 10.403 661,400 37.28 1.981 39.7 4.98

2 149.4 257.7 10.026 754,700 42.13

3 149.4 247.6 9.491 717,400 39.83

027 Y- 6 34 -
E=or o | g
21 7 & 66L4KN

s ge o 20kE | A17

Fig. 20. A photo of the compression experiment of concrete sample.

decades of service, the compression strength of the concrete slab almost
did not decrease, indicating the good health condition and durability of
the concrete.

6. Conclusions

In this paper, a series of investigations of dynamic parameters of a
multi-span ballasted pre-stressed concrete simply supported beam rail-
way bridge were conducted over 2 years. Based on the results of the
experiments, several conclusions are drawn as follows:

Firstly, for the ballasted bridge, a clear seasonal variation of natural
frequencies is found. In winter, the natural frequencies of the bridge can
be significantly increased by the frozen ballasts. The condition of bal-
lasts changes dramatically in winter.

Secondly, for damping ratios, there is no obvious regularity of the
damping ratio variation for the investigated ballasted bridge. No clear
correlation between damping ratios and environmental conditions is
found based on the results. After removing the subsidiary components of
the bridge, the damping ratios of the lower modes increased notably.

Thirdly, the mode shapes of the ballasted PC railway bridge are not
stable, even in the same environmental condition in the same experi-
ment. Thus for the ballasted PC railway bridges, the mode shapes are not
feasible to be an indicator to detect small damages.

Finally, when the bridge was damaged with several drilled holes on
the slab, the natural frequencies of the bridge were also increased in the
condition that all the subsidiary components of the bridge such as bal-
lasts, ballast stoppers, walkways, and handrails were removed. Losing
components greatly reduced the mass of the structure, which has a
larger effect on natural frequencies than the drilling holes. Therefore,
when using natural frequencies as a structural damage indicator, the
changes in structural mass could not be ignored in the range of vibration
modes measured in this experiment.

There are also some limitations in this study. The experimental re-
sults only qualitatively show some trends of variations of dynamic
properties. The quantitative study of the correlation between the dy-
namic properties of the bridge and the environmental factors needs
denser experiments. Moreover, the damping ratios in this study show no
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clear regularity. The complicated mechanism of damping ratio needs
more effort to have a better understanding of the dynamic characteris-
tics of the ballasted railway bridge.
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