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Abstract: In this study, for the establishment of a safety evaluation method, non-destructive tests
were performed by developing a full-scale model pier and simulating scour on the ground adjacent
to a field pier. The surcharge load (0-250 kN) was applied to the full-scale model pier to analyze
the load’s effect on the stability. For analyzing the pier’s behavior according to the impact direction,
an impact was applied in the bridge axis direction, pier length direction, and pier’s outside direction.
The impact height corresponded to the top of the pier. A 1-m deep scour was simulated along one
side of the ground, which was adjacent to the pier foundation. The acceleration was measured using
accelerometers when an impact was applied. The natural frequency, according to the impact direction
and surcharge load, was calculated using a fast Fourier transform (FFT). In addition, the first mode
(vibratory), second mode (vibratory), and third modes (torsion) were analyzed according to the pier
behavior using the phase difference, and the effect of the scour occurrence on the natural frequency
was analyzed. The first mode was most affected by the surcharge load and scour. The stability of
the pier can be determined using the second mode, and the direction of the scour can be determined
using the third mode.

Keywords: prototype abutment; non-destructive test; surcharge load; mode number; scour

1. Introduction

The maintenance of railway bridges is required due to their special structures and socioeconomic
roles. Therefore, technologies that can facilitate maintenance of the target performance based on
reasonable inspections, measurements, evaluations, decision-making, repairs, and reinforcement
procedures are required. However, the number of bridges that are damaged not only by structural
problems but also by various environmental factors is gradually increasing. In particular, when
flooding occurs, scouring occurs due to runoff in the ground adjacent to the bridge piers crossing
the river, causing the bridge to collapse. This not only seriously affects the safety of people, but
can also cause enormous losses to society and economy over a long period of time. Additionally,
it is reported that the first cause of the bridge failure is not the structural defect of the bridge, but
the destruction of the foundation due to scouring around the pier during flooding [1-4]. In general,
railway bridges do not suddenly collapse; warnings are usually provided in advance. It is difficult to
identify these abnormal signs via personnel-oriented irregular inspections or regular inspections at
long-term intervals performed with inspection vehicles. Worldwide, studies have actively investigated
the development of technologies for detecting the collapse of bridge piers in advance. In April 1987,
a bridge collapsed at the Schoharie creek in New York, USA owing to the scour that occurred on
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the bottom surface of the pier footing. This accident resulted in more than ten human casualties as well
as significant economic damage, and a research fund of 11 million USD was supported for the scour
alone. Since then, research has been supported on a national level, led by the National Cooperation
Highway Research Program (NCHRP). In addition, the Federal Highway Administration (FHWA)
prepared the technical manuals of Hydraulic Engineering Circular (HEC)-18 [5], HEC-20 [6], and
HEC-23 [7] for bridge scour, river stability, and countermeasures, respectively, due to active research
and evaluation programs since 1987. These manuals are being used for the analysis and design of
the bridge scour. Most of these studies, however, are focused on bridges that are built on sandy soils;
thus, the characteristics of scour on soils other than sandy soils have not been considered. For scour
analysis, the formula proposed by HEC-18 has been widely used. It is difficult to apply the formula
to soils other than sand because the formula was obtained on the basis of experiments conducted on
sand. Recently, a method that considered the scour rate and the influence of time [8] was proposed
for clayey soils, and a new approach that used the erosion index [9] was attempted for rocky soils. In
the Netherlands, systematic and comprehensive research on the scour pattern has been conducted
as a national project by Dutch Delta Works since 1953. This research project was led by the Ministry
of Transport, Public Works, and Water Management as well as Delft Hydraulics. Delft Hydraulics
derived a semi-empirical scour formula as a function of time and location. This was achieved by
performing numerous laboratory experiments while considering a variety of variables that are related
to the hydraulic properties of the flow and the scour materials. They prepared a comprehensive
technical manual that is referred to as the Breusers-equilibrium method on the scour phenomenon. This
is based on the average flow velocity and the relative turbulence intensity of the flow and the dominant
characteristics of time for the maximum scour depth [10].

As mentioned above, many projects have been conducted on the stability evaluation for piers
and many studies have also been conducted. In previous research, the scour effect was simulated
where the actual scour occurred by numerical analysis [11,12]. Cooley and Tukey [13] developed
a fast Fourier transform (FFT) algorithm. Research on the bridge stability analysis and monitoring
of the basis of this method has been conducted for many years [14-18]. In addition, many studies
have been conducted to judge the state of the pier by its natural frequency. Sanayei and Maser [19]
conducted research on the static measurement by using a vehicle load to estimate the ground stiffness
of a bridge foundation. When a 200 kN truck passed each bridge that was built on a pile foundation
and a footing, respectively, the stiffness ratio of the measured and theoretical values according to
the foundation type were compared. Nishimura [20] introduced an impact vibration test method that
measures the natural frequency of a pier by using the response waveform that was obtained by exciting
its head with a weight of 300 N and it determines the stability from the changes in the natural frequency.
Haya et al. [21] examined the possibility of estimating the natural frequency of a spread foundation pier
with a microtremor measurement. They also compared the results of the impact excitation experiment
and the microtremor measurement for a field bridge, and they reported that it was impossible
to measure the natural frequency with a microtremor measurement. Samizo et al. [22], however,
conducted research on a method for defining the natural frequency by measuring the microtremor
of the existing bridge piers. Keyaki et al. [23] proposed a method that can identify the natural
frequency by using the tremor measurement results alone without the impact vibration test results.
Samizo et al. [24] developed a technique for evaluating the stability of the foundation. This was
achieved by measuring the vibration of the pier using hydraulic power and analyzing the natural
frequency change, and they also conducted research on soundness diagnosis indicators. Abe and
Nozue [25] proposed a soundness diagnosis indicator that has a correlation with the natural frequency
through a model test and the verification by a field measurement. Masahiro [26] proposed a statistical
formula based on several measurement results by using the impact vibration test method. Japan’s
Ministry of Land, Infrastructure, and Transport [27] specified calculation formulas for each foundation
type and the foundation soil type for railway maintenance standards, and they proposed a formula for
the natural frequency of spread-foundation-type single-track piers.
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As mentioned above, the stability of bridge substructures is closely related to the safety problem
of bridges. The safety diagnosis and inspection, however, are focused on the materials for the bridge
as well as structural problems, and there is no quantitative evaluation method for the substructures.

In this study, an impact load test was performed to analyze the effect of the surcharge load and
scouring of the pier. This paper was focused on a bridge with shallow foundation and a plate girder
deck because this is the most diffused typology in Korea. The full-scale model pier was built to analyze
the effect of the surcharge load and confirm the mode shape and mode number of the bridge pier.
Through the impact load experiment, it was possible to determine the three mode number of the pier
according to the direction of the impact load. In addition, scouring was simulated using the pier of
abandoned railway. The three mode number identified in the full-scale model experiment was derived
and the effects of scouring were analyzed with natural frequencies.

2. Test Set-Up

2.1. Specifications of the Full-Scale Model Pier and the Cheongnyangcheon Bridge Pier

The full-scale model pier used the spread foundation type to evaluate the aged foundations.
The pier foundation slab’s dimensions were 5150 mm x 2420 mm X 50 mm (length X width X height),
and the pier, which had a height of 4500 mm, was fabricated by repeating concrete pouring and
curing with a height of 1500 mm for three times. The length and width of the pier were 4150 mm and
1420 mm, respectively.

The target pier of the field test was a shallow foundation type and an unreinforced concrete
structure. The length and width of the top of the pier were 3900 and 1350 mm, respectively, and those
of the bottom of the pier were 4680 and 2130 mm. The total length of the pier was 7800 mm; 3000 mm
of the pier’s length was embedded under the ground.

Figure 1 illustrates schematic view of the pier and Figure 2 shows the target pier for the impact
load test.

(b) 1350 mm 3900 mm

(a) 1

4150 mm 1420 mm 7

4800 num

Pier

Scour depth
V 1000 mm

Pier

5000 mum
4500 mm

3000 mm

\ | | | ——

5150 mm o 2420 mm \ | |
2130 mm 4680 mm

Figure 1. Schematic view of the pier: (a) full-scale model pier and (b) field bridge pier.



Appl. Sci. 2020, 10, 6741 40f16

Eikij L kLIALL R I

PLLIA LY

Figure 2. Target pier for the impact load test. (a) Full-scale model pier and (b) field bridge pier.

2.2. Non-Destructive Impact Vibration Test Method

The impact vibration test method can be used to evaluate the stability of the piers. The stability
was evaluated based on the natural frequency that was derived when an impact was applied to the top
of the pier in the pier length direction with a weight of approximately 0.3 kN. The impact vibration test
method was proposed by Nishimura [20], who proposed a simple formula for the natural frequency of
a sound pier by using the pier height, the girder weight, and the earth covering based on the natural
frequency results of the piers that were derived through a series of tests.

Eight accelerometers were used to evaluate the stability of the pier through the impact load test,
and a weight of 0.3 kN was used to apply an impact load. Figure 3 presents the measuring equipment
and the weight that were used in the experiment. In the full-scale pier model test, the surcharge load
slowly increased from 0 to 250 kN by 25 kN (a total of 11 loads) to analyze the influence of the surcharge
load. Here, the surcharge load simulated the weight of the girder.

Figure 3. Equipment used in the experiment. (a) Data logger and (b) weight.

The field test was conducted for cases with or without a girder on the pier (Figure 4). In addition,
the impact load test was conducted by simulating scour on one side of the ground that was adjacent to
the pier to analyze the effect of the scour on the pier (Figure 5). The bridge pier in lab tests simulated
the embedded in bedrock condition, and bridge pier in-situ condition simulated the embedded in
weathered soil. The weather soil’s SPT N value ranged 6-8. The full-scale model pier simulated
a shallow foundation embedded weathered rock, in addition, therefore, the tests were performed

without scour case.
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Figure 4. Pier of field experiment (a) With girder on the pier and (b) without girder on the pier.

Figure 5. Simulated ground scour (scour depth = 1000 mm).

Figure 6 illustrates the test cases according to the impact direction. The accelerometers were
attached to points 50 cm away from the top of the pier, a point 50 cm away from the bottom of
the pier, and the center of the pier. Two accelerometers were attached to three points (a total of
six accelerometers) to measure the acceleration in the bridge axis and pier length directions. Two
accelerometers were attached to the outer surface of the pier to measure the acceleration in the pier
length direction. An impact was applied to three points. The full-scale pier model test was repeated
33 times while considering the surcharge load, and the field test was repeated nine times. Table 1
summarizes the test cases.
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Figure 6. Conceptual diagram for the impact and measurement directions.

Table 1. Test cases.

Impact

Impact
Direction

Location

Classification Surcharge Load Scour

Pier length
direction
Full-scale pier Case-2 Bridge axis 0-250 kN (increase
model test direction by 25 kN)
Bridge axis
Case-3 direction
(outside) Top of the pier

Pier length
direction
Bridge axis
direction
Bridge axis
Case-3 direction

(outside)

Case-1

N/A

Case-1

Field test Case-2 N/A 1-m depth

3. Results

3.1. Mode Number Analysis for the Analysis of the Test Results

Prior to the full-scale pier model test and the field test, the eigenvalue of the pier was analyzed
using Diana [28], which is a finite element software program, to analyze the behavior of the pier
according to the impact direction. The finite element analysis only analyzed the mode number
according to the direction of the impact load. Therefore, in order to reduce the variables in numerical
analysis, the boundary condition between the pier bottom and the ground was set as a fixed condition.
The size of the pier that was used for the analysis was the same as the full-scale pier. It was possible to
analyze the behavior of the pier that corresponded to the first, second, and third modes according to
the eigenvalue as shown in Figure 7. The pier exhibited displacement in the bridge axis direction in
the first mode and in the pier length direction in the second mode. In the third mode, the torsional
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behavior of the pier was observed. According to the mode number analysis, the natural frequency
corresponding to the second mode was caused by the impact in the pier length direction. In addition,
the natural frequencies corresponding to the first and third modes were caused by the impact in
the bridge axis direction. By analyzing the eigenvalue of the pier, the impact directions to derive
the mode numbers of the full-scale model pier and the field pier could be selected. Based on this result,
it was possible to determine the applicable impact load direction in the test, and full scale pier tests
was establishment of the impact load test method to implement the pier behavior in the 1st-3rd modes.

(a) ® g ()

B : N E : i
Figure 7. Mode number analysis. (a) First mode; (b) second mode, and (c) third mode.

3.2. Experimental Analysis Method

Figure 8a shows the acceleration values that were measured in the experiment. They are
the measurement results of the impact in the bridge axis direction when the surcharge load was
0 kN. In the case of the impact vibration test, it is possible to determine the natural frequency and
vibration mode by analyzing the spectrum of the repetitive waveform that was obtained from multiple
recorded waveforms. For the spectrum analysis, it is desirable to use the FFT technique, which is
capable of dividing the signals by the frequency. The natural frequency of the pier can be derived
from the frequency domain using the FFT technique as shown in Figure 8b. In addition, the phase of
the measured position can be represented as shown in Figure 8c. Based on this, the phase difference
between the measuring instruments can be obtained, and the overall behavior of the pier can be
analyzed. For example, in the case of the first mode and the second mode, the natural frequency occurs
when the phase of the attached measuring instrument is in the same direction, so when the phase
difference is 0°, it can be determined as the natural frequency of the first and second mode. In addition,
in the case of the third mode, the natural frequency of the pier can be derived when the phase difference
occurs 180° because it has torsional behavior.
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Figure 8. Natural frequency analysis method. (a) Representative signal; (b) representative natural
frequency; and (c) representative phase.

3.3. Full-Scale Pier Test Results

Through a series of tests, the mode number of the pier was analyzed, and the natural frequency of
the pier in each mode was derived. Figure 9a shows the natural frequency of the pier in case-2 where
an impact was applied to the top of the pier in the bridge axis direction. The natural frequency was
determined to be approximately 15.14 Hz. In addition, the phase was obtained for each height by
using the measured values to analyze the behavior of the pier. Figure 9b shows the phase difference
results that were obtained by using the phase for each position. It was determined that all of the phase
differences where the natural frequency points occurred had a tendency to converge to 0°. This is
because all the measuring instruments that were attached to each height were deformed in the same
direction. In other words, the behavior of the pier occurred in the same direction. The behavior had
a tendency to be similar to the first mode of the pier eigenvalue analysis.
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Figure 9. Results of the impact vibration load test in the bridge axis direction. (a) Natural frequency of
the first mode and (b) phase difference of the first mode.
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Figure 10a shows the results in case-1 where the natural frequency for each height was derived by
applying an impact to the top of the pier in the pier length direction. The natural frequency of the pier
was determined to be approximately 22.4 Hz, which is approximately 7 Hz higher in comparison to
case-2 (bridge axis direction). This is because the stiffness of the pier was higher in the pier length
direction than in the bridge axis direction. This confirms that the difference in the stiffness affected
the natural frequency. To examine the behavior of the pier in the pier length direction, the phase
difference was analyzed as shown in Figure 10b. In this instance, the phase difference converged to 0°
when the natural frequency occurred along with the behavior in the first mode mentioned above. This
appears to be similar to the behavior in the second mode of the pier eigenvalue analysis.
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Figure 10. Results of the impact vibration load test in the pier length direction. (a) Natural frequency
of the second mode and (b) phase difference of the second mode.

Figure 11a shows the natural frequency results in case-3 where the acceleration was measured by
applying an impact to the upper outer point of the pier. Two clear natural frequencies were observed,
and they were 15.14 and 54.19 Hz. The phase difference results in Figure 11b show that the phase
difference converged to 0° at 15.14 Hz. This indicates that the first mode occurred, as the behavior
and the natural frequency were the same as those of the first mode. Figure 11b, however, shows that
the phase difference was 180° at 54.19 Hz. These results demonstrated that the outer part of the pier
behaved in opposite directions; thus, indicating torsional behavior. This behavior was similar to
the third mode, and it appeared that applying an impact to the outer point of the pier in the bridge axis
direction led to the first mode and the third mode, which was the torsional behavior of the pier. Table 2
summarizes the natural frequency of the pier by the mode number according to the surcharge load.
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Figure 11. Results of the impact vibration load test in the bridge axis direction (outside). (a) Natural
frequency of the third mode and (b) phase difference of the third mode.
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Table 2. Natural frequency results of the full-scale model pier according to the surcharge load.

Surcharge Load (kN) First Mode (Hz) Second Mode (Hz) Third Mode (Hz)

0 22.40 15.14 54.19
25 23.40 14.65 55.66
50 24.40 13.67 56.12
75 22.95 12.70 56.61
100 22.40 12.20 57.12
125 23.90 11.23 54.20
150 24.40 10.74 55.18
175 23.50 10.25 55.66
200 N/A 9.766 N/A
225 N/A 9.765 N/A
250 N/A 8.3 N/A

3.4. Field Pier Test Results

The conditions in the field pier test were mainly divided into three cases: (1) the pier with a girder,
(2) the pier without a girder (removed), and (3) the 1 m deep scour on the ground that is adjacent to
the pier. The natural frequency of the field pier was analyzed in the same way as the analysis method
of the full-scale pier model test. Figure 10 shows the first mode natural frequency under the three field
conditions. The natural frequencies under the field conditions were 21, 13, and 9.5 Hz, respectively, as
demonstrated in Figure 12a—c. In the first mode, the natural frequency had the most sensitive change
according to the field conditions (surcharge load and scour). This indicates that there are limitations in
accurately evaluating the stability of the pier using the first mode natural frequency, which is affected
by all of the variables.
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IHz BOT 0.00030

— TOP
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v
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Figure 12. First mode natural frequency for each field condition. (a) With a girder; (b) Without a girder;
and (c) 1 m deep scour on the ground adjacent to the pier.
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Figure 13 shows the natural frequency of the second mode for each field condition. The natural
frequencies under the field conditions were determined to be 20, 20, and 14 Hz, respectively, as
displayed in Figure 13a—c. In the second mode, the natural frequency was identical regardless of
the presence of a girder, unlike the first mode. This was similar to the result that the natural frequency
of the second mode was not affected by the surcharge load in the full-scale pier model test. Due to
the occurrence of scour, the natural frequency was reduced by approximately 6 Hz. Therefore, it
is determined that the second mode natural frequency can be used as an indicator that can predict
the condition of the ground that is adjacent to the pier without being affected by the surcharge load.
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Figure 13. Second mode natural frequency for each field condition. (a) With a girder; (b) without
a girder; and (c) 1 m deep scour on the ground adjacent to the pier.

Figure 14 shows the third mode natural frequency for each field condition when the torsional
behavior of the pier occurred. The accelerometers were attached to the left and right of the top of
the pier. The side that simulated scour was named left and the side that did not simulate scour was
named right. There was no significant difference in the third mode natural frequency depending on
the field conditions as in the first and second modes. Figure 14a shows the natural frequencies in
the torsional behavior (third mode) before removing the girder. It was observed that very similar
natural frequencies occur on both sides. In Figure 14b, however, a difference of approximately 2.5 Hz
occurred between the natural frequencies that are measured on both sides after the girder removal.
This is because the fixed end effect of the upper girder disappeared with the girder removal; thus,
restraining the torsional behavior. Figure 14c shows the natural frequency results for the torsional
behavior (third mode) when a 1 m deep scour was simulated on one side of the pier. The natural
frequency values were determined to be similar to those in Figure 14b, but the acceleration of the side
with a 1 m deep scour exhibited a sharp reduction in the amplitude. This indicates that it is possible to
predict the location and degree of the scour. Table 3 summarizes the natural frequency results for each
mode number of the pier according to the presence of scour. It was confirmed that the presence of
scour decreases the natural [29-31].
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Figure 14. Third mode natural frequency for each field condition. (a) With a girder; (b) without a girder;
and (c) 1 m deep scour on the ground adjacent to the pier.

Table 3. Natural frequency results of the field pier according to the presence of a scour.

Torsion (Hz)

Bridge Axis Pier Length .
Th M
Test Condition Direction (Hz) Direction (Hz) (Third Mode)
(First Mode) (Second Mode) Left Right
(with Scour) (without Scour)
With a girder 21 20 63 63

Without a girder 13 20 60.5 63

Without a girder and 9.5 14 60 625

simulated 1 m deep scour

4. Discussion

4.1. Analysis of the Influence of the Surcharge Load through the Full-Scale Pier Test

Figure 15 presents the normalized natural frequency results of the full-scale pier for each mode
number according to the surcharge load. As described above, the surcharge load was increased from
0 to 250 kN by 25 kN, and normalization was performed by assuming that the natural frequency
that occurred for a surcharge load of 0 kN was 1. In the case of the first mode, the natural frequency
showed a tendency to slowly decrease from 1 at 0 kN to 0.55 at 250 kN as the surcharge load increased.
In the case of the second and third modes, however, the natural frequency was determined to be 1
or higher regardless of the surcharge load. Hence, the natural frequency of the structural system
decreased with increasing mass, therefore the first mode of natural frequency increased eliminating
the girder. The natural frequencies of the second and third mode are not significantly affected by
the mass because the transverse direction is still stiffer than the longitudinal direction. For these modes,
when the surcharge load was 200 kN or higher, it was not possible to calculate the natural frequency
because clear signals could not be obtained. These results indicate that the mode number that was
most affected by the surcharge load was the first mode.
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modes).

4.2. Analyzing the Influence of the Scour through the Field Pier Test

Figure 16 shows the normalized natural frequency results for each mode number according to
the presence of a scour. Step 0 represents the test results with a girder and step 1 represents the test
results after the girder removal. Step 2 represents the test results when the 1 m deep scour was
simulated on one side of the ground that is adjacent to the pier. In the case of step 1, the natural
frequency of the first mode decreased, but those of the second and third modes were similar. This is
in agreement with the result of the full-scale model pier test that the second mode was not affected
by the surcharge load. In the case of step 2, the natural frequencies of the first and second modes
decreased, but the third mode remained similar. These findings indicate that the mode number that
is most affected by the structural condition of the pier and the ground condition is the first mode. If
the stability of a pier is evaluated using the first mode, it will be difficult to identify accurate problems.
Therefore, it is reasonable to determine the boundary state of the ground that is adjacent to the pier
using the second mode, which is affected by the scour in the ground, even though it is not affected by
the surcharge load. In addition, the third mode is considered to be an effective method for determining
the scour direction in the ground as described above in relation to Figure 12.
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Figure 16. Normalized natural frequency according to the presence of the scour (first, second, and
third modes).
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5. Conclusions

In this study, the dynamic response analysis was performed on a shallow foundation used as
a railroad pier through non-destructive tests. The full-scale model was conducted by constructing
a full-scale model pier, and the effect of scouring was performed through the field pier test. Natural
frequencies and phase differences were calculated by measuring the acceleration, and the modal
number of piers was analyzed. The results of the study are summarized as follows.

1. Using the numerical analysis, the eigenvalue and mode number of the pier were derived according
to the direction of impact. Based on this, the test method for the piers that can derive the first,
second, and third modes was established through the full-scale model pier test and the field
pier test.

2. Through the full-scale model pier, the natural frequencies of the first, second, and third modes
were derived when the surcharge load on the pier increased. It was determined that the natural
frequency of the first mode decreased as the surcharge load increased, and the second and third
modes were not significantly affected by the surcharge load.

3. Through the field pier test, scour was simulated on the ground that was adjacent to the side
of the pier to measure the natural frequency when the scour occurred. Due to the influence of
the scour, the first mode exhibited the largest decrease in the natural frequency, followed by
the second and third modes. In the case of the third mode, the amplitude of the acceleration
was significantly small on the side that simulated the scour even though the natural frequency
change was the smallest. This indicates that the direction of the scour can be determined through
the third mode.

4. The results of the full-scale model pier test and the field pier test showed that the mode number
that is most affected by the surcharge load and the scour is the first mode. If the stability of a pier
is evaluated with the first mode, there are limitations in identifying accurate problems. Therefore,
it is reasonable to determine the boundary state of the ground that is adjacent to the pier by using
the second mode, which is not affected by the surcharge load.

5. These research results have a limitation for applying to other types of bridge piers and can be
applicable to the deteriorated bridge with a shallow foundation and a plate girder. For further
study, additional field tests and analysis will be performed and an indicator will be suggested for
applying other type foundations, such as pile foundation.
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