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Abstract: A scour identification method was developed based on the ambient vibration measurements
of superstructures. The Hangzhou Bay Bridge, a cable-stayed bridge with high scour potential, was
selected to illustrate the application of this method. Firstly, two ambient vibration measurements were
conducted in 2013 and 2016 by installing the acceleration sensors on the girders and pylon. By modal
analysis, the natural frequencies of the superstructures were calculated with respect to different mode
shapes. Then, by tracing the change of dynamic features between two measurements in 2013 and
2016, the discrepancies of the support boundary conditions, i.e., at the foundation of the Hangzhou
Bay Bridge, were detected, which, in turn, qualitatively identified the existence of bridge foundation
scour. Secondly, an FE model of the bridge considering soil-pile interaction was established to further
quantify the scour depth in two steps. (1) The stiffness of the soil springs representing the support
boundary of the bridge was initially identified by the model updating method. In this step, the
principle for a successful identification is to make the simulation results best fit the measured natural
frequencies of those modes insensitive to the scour. (2) Then, using the updated FE model, the scour
depth was identified by updating the depth of supporting soils. In this step, the principle of model
updating is to make the simulation results best fit the measured natural frequency changes of those
modes sensitive to the scour. Finally, a comparison to the underwater terrain map of the Hangzhou
Bay Bridge was carried out to verify the accuracy of the predicted scour depth. Based on the study
in this paper, it shows that the proposed method for identifying bridge scour based on the ambient
vibration measurements of superstructures is effective and convenient. It is feasible to quickly assess
scour conditions for a large number of bridges without underwater devices and operations.

Keywords: bridge scour; identification; ambient vibration; field application; natural frequency; mode
shape; superstructure; cable-stayed bridge

1. Introduction

Bridge scour is a significant concern around the world. In the past 40 years, more than 1500 bridges
collapsed, and approximately 60% of these failures are related to the scour of foundations in the United
States [1,2]. For example, the catastrophic collapse of the Schoharie Creek Bridge in New York in 1987
was caused by the cumulative effects of pier scour [3]. The Los Gatos Creek Bridge over I-5 in the state
of California collapsed because of local pier scour during a flood event, and the underlying reason was
due to the channel degradation during the 28 years of service [4]. However, the vulnerability of bridges
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subject to scouring cannot be predicted by routine hydraulic and geotechnical analyses, because more
than 100,000 bridges over water in the United States are identified as “unknown foundations” [4,5].

In China, many cable-supported bridges with super-long spans have been recently constructed over
rivers and water channels such as the Yangtze River, Yellow River, Qiantang River, etc. These bridges
are enormously vulnerable to the hydrological environments such as the annually typhoon-induced
floods. Thus, more serious bridge scour, especially at pylons, occurred very often and developed
rapidly. Based on the investigation reports, the scour depths of three typical cable-stayed bridges
crossing the Yangtze River in China, i.e., the 2nd Nanjing Yangtze River Bridge, Hangzhou Bay Bridge,
and Runyang Yangtze River Bridge, were 20 m, 16 m, and 18 m, respectively [6]. Taking the devastating
Typhoon Morakot in the summer of 2009 for a detailed example, as many as 3000 mm of rainfall poured
in four days and led to the failures or severe damages of more than 110 bridges [7]. Field investigation
indicates that the major cause is foundation scour that removes the bed materials surrounding the
piers and abutments. Therefore, it is urgent to develop an effective and economical method to identify
bridge scour.

An analytical solution or numerical simulation is the common way to predict the bridge scour
depth due to its practical conveniences [8–14]. Along with continuous scour experiments, these
formulas for calculation are similar to the real situations [15,16]. However, some assumptions may
still be applied in the formulas in order to reduce their complexity since the number of the selected
parameters is limited. Therefore, these formulas may not be able to reflect the real scouring situations.
In the past few decades, many on-site monitoring methods or techniques were proposed to identify
or directly measure bridge scour, including the visual inspection by divers [17], and the adoption
of fiber Bragg grating (FBG) sensors [18–20], sliding magnetic collars [21], steel rod [21], multi-lens
pier scour monitoring [22], microelectro-mechanical system (MEMS) sensors [23], and ultrasonic or
radar [24–27]. All of these methods appear quite promising; however, the underwater operability,
economic sustainability, or scour refilling process prevent them from further successful and wide
application in field monitoring.

Bridge scour identification by tracing the changes in dynamic characteristics has attracted a lot of
attention in recent years due to its simplicity, efficiency, and low cost. Although the temperature may
also induce the change of dynamic characteristics, it has almost no contribution to such difference if
compared to the scour influence [28–33]. The temperature effect can be removed by many statistical
methods such as NLPCA (Nonlinear Principal Component Analysis), ANN (Artificial Neural Network),
SVM (Support Vector Machine), etc. [34–37]. It can also be simply eliminated by selecting the same
seasonal period for each dynamic measurement. The frequency change by the internal cracking or
corrosion by changing local stiffness can also be simply ignored if compared to the scour effect by
changing entire stiffness. Samizo et al. [38] stated that the natural frequencies of bridge piers would be
reduced with the increase of scour depths. Foti and Sabia [39] monitored a bridge, which is affected
by scouring and subjected to retrofitting, by measuring the traffic-induced vibrations and indicated a
great potential for the use of dynamic tests in the scour assessment of bridges. Zarafshan et al. [40]
proposed a scour depth detection concept based on measuring the fundamental vibration frequency of
a rod embedded in the riverbed using a laboratory test, simulation, and measurements at the bridge
site. Prendergast et al. [41] examined the effect that scour has on the frequency response of a driven
pile foundation system and proposed a method to predict the scour depth based on a given pile
frequency. Elsaid and Seracino [42] experimentally illustrated the use of the horizontally-displaced
mode shapes and dynamic flexibility features to identify the scour from the response of the bridge
superstructure. Kong and Cai [43] investigated the scour effect on the response of the entire bridge.
The results demonstrated that the response changes of the bridge deck and vehicle are significant and
can be used for scour damage detection. Prendergast et al. [44] also developed a similar approach to
determine the bridge scour condition by using the vehicle-induced vibrations of superstructures and
employed a vehicle-bridge-soil interaction (VBSI) model to trace the frequency change induced by
the scour.
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The above studies show the feasibility to establish an effective relationship between the scour effect
and the dynamic features obtained from the vibration signals of bridge superstructures. However, most
of the previous studies focus on the theoretical significance in the vibration-based method by either
analytical solutions or Finite Element (FE) models. More research is still needed in numerous aspects to
further improve the reliability and accuracy when applied to the field bridges. For instance, it is usually
enormously difficult to accurately quantify the vibration signals of bridges in field environments.
The actual condition of the soil surrounding the foundation system is very hard to be obtained, which
directly determines the support boundary for the vibration of superstructures. Moreover, the limited
number or irrational arrangement of sensors installed on the superstructures may highly reduce the
sensitivity of the scour identification when tracing vibrations. It is generally believed that the last
mile to the success of such vibration-based methods to identify the scour is the application of studies
on real bridges under actual scour and in a field environment. Although Chen et al. [7] has already
applied this method to the Kao-Ping-His cable-stayed bridge, more improvements are still needed in
many aspects. For example, the information of the bridge condition before the scour is required to be
pre-known in Chen et al.’s study [7] and there is no attention paid to the contributions from different
vibration modes and structural components.

The present study aims to develop a scour identification method for existing bridges based on
ambient vibration measurements of superstructures. The Hangzhou Bay Bridge, a 908m cable-stayed
bridge, was selected to illustrate the application due to its high scour potential. Firstly, through the
acceleration sensors installed on the girder and pylon, two ambient vibration measurements were
conducted in 2013 and 2016. By applying the modal analysis on the measurements, the natural
frequencies of different orders corresponding to different mode shapes of the superstructure were
obtained. Then, by tracing the change of two dynamic features between two measurements, the
discrepancies of the support boundary at the foundation of the Hangzhou Bay Bridge were detected,
which can qualitatively identified the existence of foundation scour. Secondly, an FE model of the
bridge considering soil-pile interactions was established to further quantitatively identify the scour
depth in two steps. (1) The stiffness of the soil springs representing the support boundary of the
bridge was identified by the model updating method. The principle for a successful identification at
this step is to make the simulation results best fit the measured natural frequencies of those modes
insensitive to the scour. (2) Then, based on the updated FE model, the scour depth was identified
by updating the depth of supporting soils. The principle of model updating at this step is to make
the simulation results best fit the measured natural frequency changes of those modes sensitive to
the scour. Finally, a comparison with the underwater terrain map of the Hangzhou Bay Bridge was
carried out to verify the accuracy of the predicted scour depth. This practical application shows that
the proposed method for identifying bridge scour based on the ambient vibration measurements of
superstructures is effective and convenient. It is feasible to quickly assess scour conditions for a large
number of bridges without underwater devices and operations.

2. The Hangzhou Bay Cable-Stayed Bridge

2.1. Bridge Information

The Hangzhou Bay Bridge is a large-scale bridge across the Hangzhou Bay in the eastern coastal
region of China with a total length of 36 km. It is among the ten longest trans-oceanic bridges in the
world. The construction of this bridge was completed on 14 June 2007 and opened to traffic on 1 May
2008. It consists of a cable-stayed bridge with the main ship-channel and a large quantity of beam bridges
(Figure 1). This cable-stayed bridge is selected for the ambient vibration measurement. In the following
study, the Hangzhou Bay Bridge only refers to this cable-stayed bridge if not otherwise specified.



J. Mar. Sci. Eng. 2019, 7, 121 4 of 24

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 4 of 24 

 

  
Figure 1. Overview of the cable-stayed bridge and beam bridges. 

The Hangzhou Bay Bridge has one main span along with four side spans, each measuring 70 m, 
160 m, 448 m, 160 m, and 70 m, as shown in Figure 2a. The connection between the girder and pylon 
is designed as a semi-floating system, which is beneficial to increasing the earthquake resistance at 
the limit stage. The side spans are additionally supported by the auxiliary piers in order to improve 
the dynamic behavior for daily service.  
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Figure 2. Layout of the Hangzhou Bay Bridge (Unit: cm). (a) Span arrangement of girder, (b) Pylon. 

The pylon of the Hangzhou Bay Bridge is designed as a diamond-shaped structure, of which 
the height is 178.8 m from the base level to the top (Figure 2b) and 138.575 m from the girder. The 
cable system consists of 28 pairs of stay cables on each side of the pylon and is arranged in 
double-plane as a semi-fan shape. The minimum and maximum number of steel wires within a cable 
is 109 and 199, respectively. The main girder is primarily supported by the cable system and also sits 
on a transverse beam of the pylon. The flat steel box is applied as the girder’s cross-section 3.5 m 
high and 37.1 m wide (Figure 3). Inside the box girder, the steel crossbeams are added at a 3.75 m 
interval to improve the girder’s resistance to the torsion.  

 

Figure 3. Cross-section of girder (Unit: mm). 

Cable-stayed bridge 
Beam bridges 

Figure 1. Overview of the cable-stayed bridge and beam bridges.

The Hangzhou Bay Bridge has one main span along with four side spans, each measuring 70 m,
160 m, 448 m, 160 m, and 70 m, as shown in Figure 2a. The connection between the girder and pylon is
designed as a semi-floating system, which is beneficial to increasing the earthquake resistance at the
limit stage. The side spans are additionally supported by the auxiliary piers in order to improve the
dynamic behavior for daily service.
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Figure 2. Layout of the Hangzhou Bay Bridge (Unit: cm). (a) Span arrangement of girder, (b) Pylon.

The pylon of the Hangzhou Bay Bridge is designed as a diamond-shaped structure, of which the
height is 178.8 m from the base level to the top (Figure 2b) and 138.575 m from the girder. The cable
system consists of 28 pairs of stay cables on each side of the pylon and is arranged in double-plane as a
semi-fan shape. The minimum and maximum number of steel wires within a cable is 109 and 199,
respectively. The main girder is primarily supported by the cable system and also sits on a transverse
beam of the pylon. The flat steel box is applied as the girder’s cross-section 3.5 m high and 37.1 m
wide (Figure 3). Inside the box girder, the steel crossbeams are added at a 3.75 m interval to improve
the girder’s resistance to the torsion.
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2.2. Soil Properties

Based on the boring information at the bridge site, 17 layers of soils numbered from the top
to the bottom are categorized as eight types, including the cohesionless sand 1 (Layer 1, elevation:
−9.9~−18.4 m), cohesive clay 1 (Layers 2~5 elevation: −18.4~−39.9 m), cohesionless sand 2 (Layers 6~8
elevation: −39.9~−71.1 m), cohesive clay 2 (Layers 9~10 elevation: −71.1~−84.0 m), silty fine sand 1
(Layer 11 elevation: −84.0~−96.5 m), cohesive clay 3 (Layers 12~15 elevation: −96.5~−120.8 m), silty
fine sand 2 (Layer 16 elevation: −120.8~−139.8 m), and rounded gravel (Layer 17 elevation: deeper
than −139.8 m). The bottom of the piles is located in the 7th category (silty fine sand 2), which is
regarded as a good supporting layer for the foundation [45]. The soil parameters of each layer are
tested by the bridge design company and the details are not provided here due to the page limit.

2.3. Potential Scour Development

The Hangzhou Bay Bridge is located in the Hangzhou Bay where the sea flow is rapid and
turbulent and the tide is intensive. There are many suspended sediments floating with the current, and
erosion and deposition occur very often along the seabed. Especially at the foundation of the bridge,
the angle between the current direction and piers or pylons is large, resulting in a rapid removal of
the soils. In addition, considering the bridge has served for almost ten years, the foundations of the
bridge, especially at the pylons, may already have been scoured. In this sense, the Hangzhou Bay
Bridge is appropriate as a case study subject to demonstrate the feasibility and convenience of the
vibration-based scour identification in engineering practice.

The final balanced scour depths of the pylon are predicted by the solutions of different design
specifications and water-tank experiments as listed in Table 1. It can be observed that the scouring of
the Hangzhou Bay Bridge could be very critical during its service time.

Table 1. Predicted results of scour depths (Pylon number: B10/B11).

Riverbed Elevation
before Scour (m)

General Scour
Depth (m)

Degradational
Scour Depth (m)

Local Scour Depth
(m)

Riverbed Elevation
after Scour (m)

Solution 1: Amended Formula 65-1, 65-2 [46]
−12.3 7 10.8 −30.1

Solution 2: Formula HEC-18 [9]
−12.3 0.9 7 14.9 −35.1

Solution 3: Scour experiment in a water-tank
−12.3 21.8 −34.1

3. Ambient Vibration Measurements

Two ambient vibration measurements of the Hangzhou Bay Bridge were conducted in 2013 and
2016 to obtain its dynamic features. The field environmental forces, i.e., earth pulsation, hydrodynamic
forces, or random traffic flow, excite the ambient vibration. The measurements covered the interior of
the steel box girders at the main and side spans and the pylon structures above the pile cap. The sensors
employed in the measurements were the broad-band acceleration-meters INV9828 from COINV (China
Orient Institute of Noise & Vibration). The sensitivity of the sensors is 0.17–100 Hz with four gear
selections and the resolution response is 0.0004 m/s2.

Based on the theory of modal analysis and structural characteristics of the bridge, the following
locations were selected to install the sensors and ensure sufficient information measured from
the vibration.

(1) Locations at each wave crest and trough of the mode shapes. These mode shapes are the ones of
low order and sensitive to the scour.

(2) Locations at quartile division points between the adjacent crest and trough of the selected mode
shape wave. The wave profile can be predicted by the FE method before the measurement.
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(3) Locations at the points with a significant change of mode shapes. More than four sensors are
suggested to be sequentially installed to determine the curvature of the shape change.

(4) Locations at the scour-sensitive components, such as the pylon and girder near piers.
(5) Locations with the convenience of installation and measurement. For example, all the sensors

were installed inside the steel box girder and the pylon of the Hangzhou Bay Bridge, as shown in
Figures 4 and 5.

(6) Locations at the components with few local vibrations, such as the web plate or crossbeams of the
steel box girder, as shown in Figure 4.

(7) Sensor installation needs to follow the direction of the vibration for each scour-sensitive mode
shape. For example, the sensors for measuring the pylon needs to be installed horizontally since
the scour-sensitive mode shapes of the pylon mainly vibrate transversely.

The final arrangements of the sensors are illustrated in Figures 4 and 5 for the girder and pylon,
respectively. The location of each sensor is denoted with a capital letter to categorize its position at
different structural regions. L (L1-L15) and R (R1-R17) in Figure 4 denote the locations on the girder on
the left and right sides of the pylon, respectively; U (U1-U10) and D (D1-D7) in Figure 5 denote the
locations on the pylon above and below the girder, respectively. M (M0) in both Figures 4 and 5 denote
the intersecting location of the girder and pylon. All the letters are followed by different numbers to
indicate their relative distances to the pylon or girder.
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All the vibration measurements for the Hangzhou Bay Bridge were conducted under the ambient
excitation without interrupting the traffic. A duration of 20 min was adopted for each time of recording
with a sampling rate at 100 Hz. The measurements inside the steel box girder were targeted to the
identification of the bending modes of the girder in the vertical direction. Horizontal direction was the
target in the pylon case for its transverse bending modes. It is also noteworthy that the measurements
need to be conducted by several subsequent steps with the common or shared reference points, i.e.,
M0, L1, and R1 for the girder and U6 and U7 for the pylon, due to the limited number of available
sensors. Taking the reference point of M0 as an example, the acceleration signals recorded in the time
domain from the sensor are provided in Figure 6.

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 7 of 24 

 

All the vibration measurements for the Hangzhou Bay Bridge were conducted under the 
ambient excitation without interrupting the traffic. A duration of 20 min was adopted for each time 
of recording with a sampling rate at 100 Hz. The measurements inside the steel box girder were 
targeted to the identification of the bending modes of the girder in the vertical direction. Horizontal 
direction was the target in the pylon case for its transverse bending modes. It is also noteworthy that 
the measurements need to be conducted by several subsequent steps with the common or shared 
reference points, i.e., M0, L1, and R1 for the girder and U6 and U7 for the pylon, due to the limited 
number of available sensors. Taking the reference point of M0 as an example, the acceleration signals 
recorded in the time domain from the sensor are provided in Figure 6. 

 

Figure 6. Acceleration signals at the reference point of M0. 

4. Qualitative Scour Identification by Tracing Dynamic Features 

4.1. Identification by the Change of Natural Frequencies 

The very high frequency components of the vibration signals measured in 2013 and 2016 were 
first removed by the wave filtering (low-pass wave filter) method to eliminate the vehicle-induced 
local vibration of the deck. Then, the modal analysis using the subspace iteration method was 
applied to the filtered vibration signals. In this way, the natural frequencies of the first eleven orders 
of the Hangzhou Bay Bridge were extracted from the two measurements and are provided in Table 
2.  

Table 2. Modal analysis results from the measurements in 2013 and 2016. 

Order 
Measurement in 2013 Measurement in 2016 

Frequency Mode Shape Frequency Mode Shape 
1 - 1st LM (girder) - 1st LM (girder) 
2 0.399 1st sym-V (girder) 0.342 1st sym-V (girder) 
3 0.512 1st anti-L (pylon) 0.416 1st anti-L (pylon) 
4 0.578 1st anti-V (girder) 0.502 1st anti-V (girder) 
5 0.683 1st sym-L (pylon) 0.562 1st sym-L (pylon) 
6 0.771 2nd sym-V (girder) 0.744 2nd sym-V (girder) 
7 0.952 3rd sym-V (girder) 0.939 3rd sym-V (girder) 
8 1.091 2nd anti-L (pylon) 1.039 2nd anti-L (pylon) 
9 1.087 2nd anti-V (girder) 1.071 2nd anti-V (girder) 

10 1.341 4st sym-V (girder) 1.334 4st sym-V (girder) 
11 1.588 3rd anti-V (girder) 1.574 3rd anti-V (girder) 

Note: L: lateral bending; V: vertical bending; LM: longitudinal moving; sym-: symmetric; anti-: 
antisymmetric. There were no sensors installed along the longitudinal direction of the girder; 
therefore, no result is given in Table 2 for the 1st order. 

Comparing the extracted natural frequencies in the measurements of 2013 and 2016, a 
significant disparity can be clearly observed in Figure 7. In addition, the natural frequencies of 
almost all the orders decrease in 2016. The global frequency change should be mainly induced by the 
change of whole structural stiffness. For bridges, the whole structural stiffness can only be 
significantly influenced by the variation of the support boundary which in most cases is caused by 

Time (20min) 

A
cc

el
er

at
io

n 
(m

/s2 ) 

30 

20 

10 

-10 

-20 

-30 

0 

Figure 6. Acceleration signals at the reference point of M0.

4. Qualitative Scour Identification by Tracing Dynamic Features

4.1. Identification by the Change of Natural Frequencies

The very high frequency components of the vibration signals measured in 2013 and 2016 were
first removed by the wave filtering (low-pass wave filter) method to eliminate the vehicle-induced
local vibration of the deck. Then, the modal analysis using the subspace iteration method was applied
to the filtered vibration signals. In this way, the natural frequencies of the first eleven orders of the
Hangzhou Bay Bridge were extracted from the two measurements and are provided in Table 2.

Table 2. Modal analysis results from the measurements in 2013 and 2016.

Order
Measurement in 2013 Measurement in 2016

Frequency Mode Shape Frequency Mode Shape

1 - 1st LM (girder) - 1st LM (girder)
2 0.399 1st sym-V (girder) 0.342 1st sym-V (girder)
3 0.512 1st anti-L (pylon) 0.416 1st anti-L (pylon)
4 0.578 1st anti-V (girder) 0.502 1st anti-V (girder)
5 0.683 1st sym-L (pylon) 0.562 1st sym-L (pylon)
6 0.771 2nd sym-V (girder) 0.744 2nd sym-V (girder)
7 0.952 3rd sym-V (girder) 0.939 3rd sym-V (girder)
8 1.091 2nd anti-L (pylon) 1.039 2nd anti-L (pylon)
9 1.087 2nd anti-V (girder) 1.071 2nd anti-V (girder)

10 1.341 4st sym-V (girder) 1.334 4st sym-V (girder)
11 1.588 3rd anti-V (girder) 1.574 3rd anti-V (girder)

Note: L: lateral bending; V: vertical bending; LM: longitudinal moving; sym-: symmetric; anti-: antisymmetric.
There were no sensors installed along the longitudinal direction of the girder; therefore, no result is given in Table 2
for the 1st order.

Comparing the extracted natural frequencies in the measurements of 2013 and 2016, a significant
disparity can be clearly observed in Figure 7. In addition, the natural frequencies of almost all the
orders decrease in 2016. The global frequency change should be mainly induced by the change of whole
structural stiffness. For bridges, the whole structural stiffness can only be significantly influenced by
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the variation of the support boundary which in most cases is caused by the scour. In this sense, the
natural frequency change of the superstructure has a strong relationship with the development of the
foundation scour. The decrease of the natural frequencies from 2013 to 2016 shown in Figure 7 clearly
indicates and qualitatively identifies the scour occurrence at the Hangzhou Bay Bridge.
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It is also observed from Figure 7 that the frequency range of low orders from the 2nd to 5th,
especially for the modes of the pylon, shows more distinguishable disparity between two measurements
than other orders. This observation reveals that the natural frequencies of different orders or components
have different sensitivities to the scour development (the variation of the support boundary). In order to
describe the sensitivity, a new parameter of the frequency change ratio, abbreviated to “FCR” hereafter,
is proposed as follows:

FCR =
∆ω
ω

(1)

ω = the natural frequency; and ∆ω = the change of the natural frequency (absolute values).
Figure 8 shows the values of FCR corresponding to different orders of vibration modes based on

the two measurements. The values of FCR are generally above the level of 15% for the orders from the
2nd to 5th while under the level of 5% for the high orders. This is because the low-order modes of
vibration contribute to almost all the measured ambient vibration. Once the vibration is affected by the
scour, the low-order modes should be influenced much more significantly than others. Especially for
the low-order modes with the pylon (the 3rd and 5th orders), they have higher values of FCR (20–25%)
than those with the girder (15–20%). Although the high-order modes yield the low values of FCR,
a locally higher value of FCR (5%) still can be observed for the 8th mode with the pylon (1st anti-L
(girder) + 2nd anti-L (pylon)) than the nearby modes (mostly lower than 1%). This is because the scour,
which directly determines the support boundary of the pylon, has more significant effects on the pylon
stiffness than that on the girder.
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4.2. Identification by the Change of Mode Shapes

The mode shapes of the first eleven orders of the Hangzhou Bay Bridge were obtained using the
subspace iteration method based on the ambient vibration measurements. Figure 9 compares four
pairs of mode shapes of the girder which have the same order when extracted from the measurements
of 2013 and 2016 (the shape scale was determined by the same normalization processing).
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Figure 9. The change of the mode shapes of the girder. (a) The 1st vertical bending mode (symmetric),
(b) The 1st vertical bending mode (antisymmetric), (c) The 2nd vertical bending mode (symmetric)
(d) The 3rd vertical bending mode (symmetric).
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The significant changes of these mode shapes after three years are highlighted in Figure 9 in the
rectangle. Most changes of the mode shapes occur locally at the vibration crests and troughs of the
girder especially in the main span close to the span center and pylon. Such shape changes become more
distinguishable if the order of the mode decreases. For example, the 1st mode in Figure 9a presents a
much more distinguishable shape change than the 3rd mode in Figure 9d. It is also noticed that besides
the significant local changes, the mode shapes also vary along the whole bridge length (908 m). This
global difference in the mode shapes can be mainly attributed to different supporting boundaries of
the bridge. It has been widely believed that the bridge scour is the most probable and usually physical
explanation for the variation of the supporting boundary. In this sense, the change of the mode shapes
of the girder, especially at their local crests and troughs, becomes another convincing indicator for the
scouring of the Hangzhou Bay Bridge.

Similar shape changes can also be found by comparing mode shapes of the pylon which have
the same order when extracted from the measurements of 2013 and 2016. The comparative results of
the lateral bending modes of the pylon are provided in Figure 10 (the shape scale was determined
by the same normalization processing), where the left figure is based on the mode that two pylons
vibrate antisymmetrically and the right one is based on the symmetric mode. The unsmooth mode
shapes in the figure are due to the limited number of the sensors installed in this case. It can be seen
from both modes that the upper section of the pylon presents a much more significant shape change
than the bottom part. The lower the order of the mode is, the more distinguishable the shape change
between two measurements is. If comparing the results of Figure 10 to Figure 9, the pylon presents
a more visible change of mode shapes between two measurements than the girder. This is because
the pylon vibrates as a rigid rotation around the foundation and the scour depth directly determines
the unsupported height of the pylon. Therefore, by tracing the change of mode shapes of the pylon,
especially on the top sections, the change validates again the previous identification results for the
scour of Hangzhou Bay Bridge.
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Figure 10. The change of the mode shapes of the pylon (only one pylon is shown). (a) The 1st lateral
bending mode (antisymmetric) (b) The 1st lateral bending mode (symmetric).

Based on the analysis above, it can be concluded that: (1) the scour development of the Hangzhou
Bay Bridge can be qualitatively identified by tracing the change of either natural frequencies or mode
shapes between the measurements of 2013 and 2016; (2) the dynamic features of low orders are more
sensitive to the scour than those of high orders; (3) the pylon presents more sensitive change of the
dynamic features to the scour than the girder does, even for the high orders.
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5. Quantitative Scour Identification by FE Model Updating

The change of pile-soil stiffness affects vibration modes by changing the restriction capacity
provided by soils (such as fixed or joint connections). The change of scour depth affects vibration modes
by changing the component length of foundations (pile, pier, or pylon). Considering the above different
influential sources, all the vibration modes of bridges can be classified into two groups: scour-sensitive
modes and scour-insensitive modes. Then, the quantitative scour identification was conducted in the
following three steps: (1) First, an FE model was established as the object for the model updating;
(2) Second, the soil stiffness (stiffness of soil-pile springs) was identified by model updating until
the simulation results best fit the measurements of the scour-insensitive vibration modes. (3) Using
the soil-updated model, the scour development was finally identified by model updating until the
simulation results best fit the variation between two measurements of the scour-sensitive vibration
modes. In the second step, the scour-insensitive vibration modes were used to update the values of soil
stiffness. This is because all the global vibration modes of bridges should be influenced by different soil
stiffness no matter if they are scour-sensitive or scour-insensitive. A similar phenomenon can also be
found in the Kao-Ping-His cable-stayed bridge [7] and Jintang cable-stayed bridge whose frequencies
of the scour-insensitive modes have 5% to 10% changes when the pile-soil stiffness increases by 75%.

5.1. FE Model Establishment

Based on the engineering drawings of the Hangzhou Bay Bridge, a 3D Finite Element (FE) model
was created using the ANSYS program. A fish-bone structural system was selected to model the
superstructure which can accurately simulate the stiffness of cable-stayed bridges by using beam
elements (Figure 11) [47]. In the model, the main girder was simulated by a longitudinal single beam,
i.e., Beam188 element, with all the material properties referring to the detailed design parameters.
The Beam188 element has three translational and three rotational degrees-of-freedom (DOFs) for each
node. The crossbeams intersected with the main girder were modeled by transverse beams using the
same Beam188 element. The torsional moments of inertia of crossbeams were considered by the Mass21
element. All the stayed cables connected to the ends of crossbeams were modeled by the Link8 element
with the consideration of the existing cable forces. The Link8 element has two translational DOFs for
each node. The pylons were also modeled using the Beam188 element to reduce the computation effort.
The cross sectional configurations and material properties for each component of the FE model are
listed in Tables 3 and 4, respectively. The densities of the girder and cross beams were re-calculated
after accounting for all the stiffening and non-structural components.
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Table 3. Configurations for cross-sections of girder.

Components Area (m2)
Principal

Bending Moment
of Inertia (m4)

Secondary
Bending Moment

of Inertia (m4)

Torsional
Moment of
Inertia (m4)

Width
(m)

Height
(m)

Girder 1.54 182.37 2.80 7.00 37.10 3.50
Pylon 9.02–55.02 8.56–157.60 52.18–1171.40 4.11–578.98 3.5–7.5 6.0–9.7

Crossbeam 21.46 108.30 203.70 228.20 - -
Stay cables 0.00327–0.009275 - - - - -

Table 4. Material properties for different components.

Components
Properties Density

(kg/m3)
Elasticity Modulus

(MPa)
Poisson’s

Ratio
Girder 10.288 × 103 2.10 × 105 0.3

Crossbeam 10.288 × 103 2.10 × 105 0.3
Stay cables 8.450 × 103 1.90 × 105 0.3

Pylon 2.600 × 103 3.50 × 104 0.2
Piers 2.600 × 103 3.30 × 104 0.2

The key issue to establish the FE model of a scoured bridge is the pile-soil interaction and the
corresponding effective area. Soil behavior is highly nonlinear and in particular its stiffness changes
nonlinearly with the strain. The response of the pile-soil system is heavily dependent on the magnitude
and type of external loads. However, in the service stage of bridges, the external loads over the
bridge will only lead to a very small lateral strain being imparted into the soil surround the piles.
Therefore, for the case of the Hangzhou Bay Bridge, it is assumed that the soil strains remain within
the “small-strain” linear-elastic region of the soil response curve.

In the present study, the pile-soil interaction was represented by the stiffness of soils. All the soil
layers in the FE model were simulated by the discrete and closed spaced spring elements (Combin14)
at intervals of 0.5 m along the piles (Figure 12). The spring element of the Combin14 with a null
mass matrix has two translational DOFs (degrees of freedom) and allows one-dimensional uniaxial
movement along the axis of the spring. Each node of the pile connects two spring elements along the
longitudinal and lateral directions of the bridge. For the purpose of dynamic interaction modeling,
the springs are assumed to provide dynamic impedance only and inertial effects are ignored. Then,
an appropriate determination of the element stiffness of the springs becomes the next pursuit, which
plays a very important role in the soil behavior simulation.
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Figure 12. Simulation of the pile-soil interaction.

According to the one-parameter Winkler soil model for piles, the lateral resistance of soils on the
pile at a certain depth is linearly varied with the increase of the lateral displacement of the pile. This
linear elastic expression is provided by the following mathematical equation.

σz = Cuz (2)
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where σz = lateral resistance of soils on the pile at the depth of z (kN/m2); uz = lateral displacement of
the pile at the depth of z (m); and C = foundation coefficient (KN/m3), which is usually a function of
the depth (Equation (3)).

C = kzn (3)

where k = coefficient related to the soil types, mechanical parameters, material properties, depth, etc.;
z = soil depth; and n = exponent of z. Further assigning n a value of 1.0 in the present study yields
Equation (4), a simplified Winkler-based relationship between C and z.

C = m× z (4)

where m = coefficient (kN/m4),; its value can be found in the foundation design specifications of
different countries. Considering that the Hangzhou Bay Bridge is located in China, the Chinese code
for the design of the ground base and foundation of highway bridges and culverts (JTG D63-2007) was
selected in the present study to specify the value of m.

Since the spring elements were modeled discretely at intervals of 0.5 m, Equation (4) as a
continuous relationship between C and z cannot be directly applied to determine the stiffness of each
spring. Therefore, the lateral resistance of soils between two close-by springs needs to be equivalently
converted into two nodal forces at the nodes of the springs. Such equivalence between a continuous
soil force and two discrete nodal spring forces was achieved by keeping the lateral restrain and bending
moment of the pile the same. The specific conversion process of the lateral forces on the pile involves
the following steps and the result is applicable to both the longitudinal and lateral springs.

Step (1): The pile embedded in the soil is divided into n elements from the top to bottom.
The length of each pile element is hj (j = 1, 2, . . . , n) and two nodes of the jth element are Nj and Nj+1,
as shown in Figure 13.
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Step (2): Based on Equation (4), the stiffness distribution of soils along the pile forms a triangle
shape starting from the top of the pile embedded in soils. Then, according to the equivalence principle
specified earlier, the stiffness of discrete springs at the nodes N1 and N2 can be derived as:

Ke
1,1 =

K(h1) × h1

2
×

1
3
=

K(h1) × h1

6
(5)

Ke
2,1 =

K(h1) × h1

2
×

2
3
=

K(h1) × h1

3
(6)
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where Ke
1,1 and Ke

2,1 = stiffness of springs at the nodes N1 and N2 of the 1st element, respectively; and
K(h1) = stiffness of soils at the depth h1 based on Equation (4), which is calculated as:

K(h1) = b0 ×m× h1 (7)

where b0 = width of the pile.
Similarly, the stiffness of springs at the nodes Nj and Nj+1 of the jth element (j > 1) can be derived as:

Ke
j, j =

K(
∑ j

i=1 hi) × h j

2
+

[K(
∑ j+1

i=1 hi) −K(
∑ j

i=1 hi)] × h j

6
(8)

Ke
j+1, j =

K(
∑ j

i=1 hi) × h j

2
+

[K(
∑ j+1

i=1 hi) −K(
∑ j

i=1 hi)] × h j

3
(9)

where Ke
j, j and Ke

j, j+1 = stiffness of springs at the nodes Nj and Nj+1 of the jth element, respectively;

and K(
∑ j

i=1 hi) and K(
∑ j+1

i=1 hi) = stiffness of soils at the depths
∑ j

i=1 hi and
∑ j+1

i=1 hi, respectively, which
based on Equation (4) are calculated as:

K(
∑ j

i=1
hi) = b0 ×m×

∑ j

i=1
hi (10)

K(
∑ j+1

i=1
hi) = b0 ×m×

∑ j+1

i=1
hi (11)

Step (3): Since one node connects two elements, the stiffness of the spring at each node (Dexcept
node N1) should add up to the contributions from both connecting elements (Figure 13). Therefore, the
stiffness of all the springs in the FE model can be assigned by the values based on the following equation.

K1 = Ke
1,1

K2 = Ke
2,1 + Ke

2,2
...
Kn = Ke

n,n−1 + Ke
n,n

Kn+1 = Ke
n+1,n

(12)

5.2. Identification of Soil Stiffness

The above theoretical derivation provides the preliminary values for the stiffness of soils/springs
(Ki). These Ki values need a further identification based on field measurements to best fit the actual
response of the Hangzhou Bay Bridge. Based on Figure 8 and the corresponding discussion, the
6th, 7th, 9th, 10th, and 11th vibration modes have the indicator of FCR less than 5%, which shows
that the natural frequencies of these modes are negligibly affected by the scouring between two
measurements. In other words, the 6th, 7th, 9th, 10th, and 11th vibration modes are insensitive to the
scour. The stiffness of soils/springs (Ki) becomes the last main reason to affect the natural frequencies of
these five modes. Therefore, the real values of Ki for all the springs in the FE model can be identified by
model updating until the simulated natural frequencies of the scour-insensitive vibration modes match
the measurements. The adoption of scour-insensitive vibration modes significantly lowers the scour
interference during the model updating of soil stiffness. This mode sensitivity can also be determined
by the FE simulation of the bridge if there is not enough information from field measurements. By the
parametric study based on the FE model, a scour-sensitive vibration mode still remains sensitive
when the scour keeps developing. Considering Ki is a function of the coefficient of m based on
Equations (4)–(12); the algorithm for identifying soil/spring stiffness by amending m to update the
values of Ki is provided in Figure 14.
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Following the algorithm, the foundation soils of the Hangzhou Bay Bridge were first divided
into eleven different layers according to the geological survey results. Since the bridge is located in
China, all the soil layers were assigned with initial values of m based on the Chinese code for design
of ground base and foundation of highway bridges and culverts (JTG D63-2007), as listed in Table 5.
The stiffness of soil springs in the FE model with these initial values of m was accordingly calculated
by Equations (4)–(12). By using this FE model, the simulated natural frequencies of different orders of
the bridge were numerically obtained.

Table 5. Soil layers and initial values of m.

Layer Number Soil Material Thickness (m) Depth (m) m (kN/m4)

1O Muddy mild clay 14.01 14.01 2000
2O Muddy clay 5.41 19.42 2000
3O Clay 4.96 24.38 3000
4O Mild clay 5.62 30 3500
5O Clayey silt 31 61 4000
6O Clay 9.17 70.17 3000
7O Mild clay 3.91 74.08 3000
8O Silty sand 12.49 86.57 5000
9O Mild clay 7.14 93.71 3500
10O Clay 4.98 98.69 3000
11O Silty sand 17.18 115.87 5000

In order to quantitatively describe the difference between the simulated and measured natural
frequencies, a new parameter is proposed in Equation (13).

D1 =
∑

q
( f q

sim − f q
mea)

2
(13)
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where D1 = difference between the simulated and measured natural frequencies; f q
sim and f q

mea =

simulated and measured natural frequencies of the qth vibration mode, respectively; and q = concerned
orders, which refer to the orders of the scour-insensitive vibration modes. It is noted that other forms
of D1, i.e., Root-Mean-Squared-Error (RMSE) and the Nash-Sutcliffe Efficiency, can also be used in
Equation (13), which should provide the same iteration results.

If D1 is greater than a preset threshold, m for each soil layer needs to be further amended.
Meanwhile, the natural frequencies need to be re-simulated based on the FE model with the newly
amended m and accordingly a new D1 can also be calculated. This iteration process for updating the
value of m (stiffness of springs Ki) is repeated until the value of D1 reaches the threshold.

For the Hangzhou Bay Bridge, the orders of the scour-insensitive vibration modes are the 6th, 7th,
9th, 10th, and 11th. Considering the soil stiffness barely changes, either the measurements in 2013 or
2016 can be selected as the data of modal analysis to calculate D1. The threshold of terminating the
iteration is set as reaching the lowest value of D1 during the updating process. The stiffness of each
soil layer keeps being updated by revising the value of m at intervals of 100 kN/m4 per sub-step of the
iteration. The values of D1 calculated by Equation (13) at all the sub-steps of the iteration are provided
in Figure 15.
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Based on Figure 15, and especially the selected results in Figure 15b, the value of D1 keeps
decreasing until the 24th sub-step of the iteration when it increases again. At this sub-step the difference
between the simulated and measured natural frequencies of the 6th, 7th, 9th, 10th, and 11th vibration
modes reaches its minimum during the entire iteration process. In other words, the pile-soil simulation
in the FE model gradually approaches the actual situation of the bridge before this sub-step. Table 6
lists the values of m based on the results at the 24th sub-step of the iteration. Substituting the newly
updated m into Equations (4)–(12), the new stiffness of soil springs Ki was subsequently obtained and
then correspondingly updated in the FE model of the bridge. The updated values of Ki are listed in
Table 7.
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Table 6. Updated values of m after the iteration.

Layer Number Soil Material m (kN/m4) Node Numbers of Single Pile

1O Muddy mild clay 4400 0–28
2O Muddy clay 4400 29–39
3O Clay 5400 40–49
4O Mild clay 5900 50–60
5O Clayey silt 6400 61–122
6O Clay 5400 123–140
7O Mild clay 5400 141–148
8O Silty sand 7400 149–173
9O Mild clay 5900 174–187
10O Clay 5400 188–197
11O Silty sand 7400 198–232

Table 7. Updated stiffness of soil springs after the iteration (Partially).

Node Numbers of
Single Pile

K (103

kN/m)
Node Numbers of

Single Pile
K (103

kN/m)
Node Numbers of

Single Pile
K (103

kN/m)

Layer 1O

0 0.4578

Layer 5O

60 240.5908 Layer 8O . . . . . .
1 4.1201 61 247.7074 173 647.3823
. . . . . . 62 251.7026

Layer 9O

174 624.7812
28 79.6559 . . . . . . 175 628.3514

Layer 2O

29 82.4027 122 414.2214 . . . . . .
30 85.1494

Layer 6O

123 405.1850 187 671.1936
. . . . . . 124 408.4526

Layer 10O

188 674.7637
39 130.7830 . . . . . . 189 678.3339

Layer 3O

40 138.2117 140 496.3355 . . . . . .
41 141.5827

Layer 7O

141 506.9653 197 856.8126
. . . . . . 142 510.5355

Layer 11O

198 891.0923
49 181.6084 . . . . . . 199 895.5702

Layer 4O
50 187.8406 148 644.8105 . . . . . .
51 191.5237 Layer 8O 149 671.6777

232 520.9233
. . . . . . 150 676.1555

So far, the soil stiffness (stiffness of soil-pile springs) of the Hangzhou Bay Bridge was identified
by best fitting the scour-insensitive vibration modes and accordingly updating the FE model. This
updated FE model will be used in the following study as a reference model to further quantitatively
identify the scour depth. It should also be noted that even if the soil stiffness is not identified accurately
enough, the scour depth increasing is still the most significant reason for the change of vibration modes
since the soil property hardly changes during the bridge service.

5.3. Identification of Scour Depth (Soil Level)

Considering there is no significant damage reported by the routine inspections on the
superstructures of the Hangzhou Bay Bridge, the scour development should be the only reason
for the variation of the dynamic features of the bridge. Therefore, in this case the scour depth was
identified by updating the previous soil-updated FE model to best fit the measured natural frequency
change from 2013 to 2016. Different from the soil updating, the scour-sensitive vibration modes were
selected as the best fitting objects to update the scour depth. Using the scour-sensitive vibration modes
can include the most scour effects on the variation of natural frequencies. In this way, the interference
of other factors can be lowered to the maximum extent during the model updating of the scour depth.
The algorithm for identifying the scour depth by model updating is provided in Figure 16.
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Another parameter D2 is proposed in Equation (14) to quantitatively describe the difference
between the simulated and measured natural frequency changes of scour-sensitive vibration modes.

D2 =
∑

p
[( f p

sim,(h1+∆h)
− f p

sim,h1
) − ( f p

mea,2016 − f p
mea,2013)]

2
(14)

where D2 = difference between the simulated and measured natural frequency changes;
f p
sim,(h1+∆h)

= simulated natural frequency of the pth vibration mode by the FE model with the

scour depth of h1 + ∆h, i.e., h2; f p
sim,h1

= simulated natural frequency of the pth vibration mode by the FE

model with the scour depth of h1; f p
sim,(h1+∆h)

− f p
sim,h1

= simulated natural frequency change induced

by the increment of scour depth ∆h; f p
mea,2016 = measured natural frequency of the pth vibration mode

in 2016; f p
mea,2013 = measured natural frequency of the pth vibration mode in 2013; f p

mea,2016 − f p
mea,2013 =

measured natural frequency change induced by the increment of scour depth from 2013 to 2016;
and p = the orders of the scour-sensitive vibration modes.

For the Hangzhou Bay Bridge, the scour-sensitive vibration modes are the 2nd, 3rd, 4th, and 5th
modes with more than 15% FCR based on Figure 8. The initial value of scour depth h1 set in the FE
model before updating ∆h was determined based on the underwater inspection report in 2013. The ∆h
was amended at intervals of 0.5 m per sub-step of the iteration until the D2 was less than the pre-set
threshold. Subsequently, new natural frequencies were simulated based on the FE model with the
newly amended ∆h and a new D2 was also obtained. The threshold for terminating the iteration is set
as reaching the lowest value of D2. The values of D2 calculated by Equation (14) at all the sub-steps of
the iteration are provided in Table 8. Figure 17 plots the variation of D2 along with increasing ∆h from
0 m to 7 m.

As can be seen from Figure 17, the D2 decreases with the progressive scouring until the ∆h reaches
the increment of 4.5 m. Thereafter, the D2 turns to increase as the ∆h continues going deeper. In other
words, the lowest value of D2 is obtained at the 10th sub-step of the iteration when the ∆h is 4.5 m.
At this moment, the difference between the simulated and measured natural frequency changes of
the 2nd, 3rd, 4th, and 5th vibration modes reaches its minimum value. Therefore, the scouring of the
Hangzhou Bay Bridge from 2013 to 2016 was successfully identified as the increment of 4.5 m. It is
clearly observed from Table 9 that after model updating the frequency changes by adding 4.5 m scour
depth in the FE model, which is very close to the measured changes. The proposed scour identification
method worked very well in the present case study.



J. Mar. Sci. Eng. 2019, 7, 121 19 of 24

Table 8. Values of D2 for different ∆h.

∆h (m)
Contribution

of the 2nd
order (Hz)

Contribution
of the 3rd
order (Hz)

Contribution
of the 4th
order (Hz)

Contribution
of the 5th
order (Hz)

D2

0 0.010290 −0.00965 −0.000916 −0.032545 0.001259
0.5 0.010844 −0.00858 −0.000283 −0.031154 0.001162
1 0.011381 −0.00754 0.000338 −0.029802 0.001075

1.5 0.011662 −0.00703 0.000660 −0.029139 0.001035
2 0.011941 −0.00653 0.000982 −0.028489 0.000998

2.5 0.012232 −0.00603 0.001316 −0.027839 0.000963
3 0.012553 −0.00554 0.001684 −0.027202 0.000931

3.5 0.012931 −0.00506 0.002121 −0.026578 0.000904
4 0.013432 −0.00458 0.002696 −0.025951 0.000882

4.5 0.014141 −0.00411 0.003513 −0.025338 0.000871
5 0.015081 −0.00364 0.004593 −0.024732 0.000873

5.5 0.016170 −0.00319 0.005847 −0.024145 0.000889
6 0.017323 −0.00273 0.007169 −0.023549 0.000913

6.5 0.018492 −0.00228 0.008515 −0.022964 0.000947
7 0.019654 −0.00184 0.009849 −0.022392 0.000988
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As can be seen from Figure 17, the D2 decreases with the progressive scouring until the Δh 
reaches the increment of 4.5 m. Thereafter, the D2 turns to increase as the Δh continues going deeper. 
In other words, the lowest value of D2 is obtained at the 10th sub-step of the iteration when the Δh is 
4.5 m. At this moment, the difference between the simulated and measured natural frequency 
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Table 9. Comparison between measured and simulated frequency changes.

Order Measured Frequency
Change/Difference from 2013 to 2016

Simulate Frequency Change/Difference by
Adding 4.5 m Scour Depth

2 0.057 0.071
3 0.096 0.092
4 0.076 0.079
5 0.121 0.121

6. Verification by Results from Underwater Terrain Map

In this section, the documented results from the underwater terrain map were used to
verify the accuracy of the scour identification by the proposed method based on the ambient
vibration measurements.

Since a 6 m-deep local scour hole was observed at the Hangzhou Bay Bridge, an underwater
terrain scanning measurement was conducted every year. A multiple-wave depth survey system called
“Atlas FanSweep20 (FS20)” was applied for the scanning, which included the depth measurement
meter, global navigation satellite system (GNSS) receiver, sound velocity meter, differential global
positioning system (DGPS) device, acoustic doppler current profiler (ADCP), electronic total station,
and survey boat. Each scanning can draw a digitized underwater terrain map for the region around the
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Hangzhou Bay Bridge, as shown in Figure 18. The scour developments can be quantitatively obtained
by comparing the scanning results between different years. By doing this, Table 10 lists the increments
of the scour depths from 2013 to 2016 at the side pier (B9) and pylon (B10) [6]. It should be noted that
all the elevation values in Table 10 were measured in the deepest positions of the local scour holes.
To make sure the underwater scan results and the vibration-based identification results are comparable,
the months of conducting the vibration measurements in 2013 and 2016 were selected according to the
time of the underwater scan.
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Table 10. Scour depth developments based on underwater terrain map.

Foundation Terrain Elevation in
2013 (m)

Terrain Elevation in
2016 (m)

Scour Depth
Developments (m)

Pier B9
(North side pier) −19.4 −23.4 4

Pylon B10
(North pylon) −20.2 −25.4 5.2

An obvious scour development can be observed from Table 10 at either the side pier or pylon
during the time from 2013 to 2016. The maximum increment was 5.2 m, locally located at the pylon
B10, which was very similar to the above identified scouring of 4.5 m. The disparity between the
identification by the superstructure vibrations and the result by the direct underwater measurements
is only 13%. If considering the scouring of 5.2 m could include the interference of sediment refilling in
scour holes, the real scour development at the pylon should be less than 5.2 m. Moreover, the scour may
quickly vary in a very short-term period even though the underwater scan and vibration measurements
were conducted in the same season. That is also one of the possible reasons for the disparity (4.5 m
versus 5.2 m). Therefore, it was verified that the proposed method by the ambient vibrations of the
superstructure can assure an accurate and quantitative result for the practical scour identification.

Although the dynamic nature of live bed scour condition (erosion and refilling) would continuously
change the underwater scanning results of scour over time, it is actually not significant compared to
the final scour depths and total lengths of piles. Such a measuring difference from real scour depths
should only result in slight influence on the assessment of bridge safety and stability. Moreover, only
the underwater terrain measurements were conducted as the yearly routine scour inspection for the
Hangzhou Bay Bridge. Therefore, using the data from the underwater terrain measurements becomes
the best choice at present to verify the accuracy of the proposed method.

In addition to the good accuracy, the proposed method only needs to trace the vibration signals of
the superstructure without any underwater operations or devices. The acceleration sensors on the
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superstructure and their signal receiver are the only instruments installed during the identification.
By doing this, the common issues of traditional scour inspections can be well avoided or solved,
such as the high expense of operations, high maintenance of devices, and difficulty of long-term
and high-frequency assessments. Therefore, this vibration-based scour identification could be easily
integrated to a routine and long-term assessment task for bridges.

7. Concluding Remarks

This study shows the great potential for the use of the ambient vibration of the superstructure
in identifying the bridge scour. The improvements in the present study compared to other existing
studies are concluded from following two aspects.

(1) Methodology improvements: In this study, the variation of mode shapes is incorporated
to qualitatively detect the existence of bridge foundation scour, and a new two-step scour
identification method was also proposed. By this method the scour is quantitatively identified
by best fitting the scour-sensitive vibration modes (the 2nd step) using an FE model whose soil
stiffness is pre-updated by best fitting the scour-insensitive modes (the 1st step).

(2) Application improvements: The Hangzhou Bay Bridge, a 908 m cable-stayed bridge, was selected
as a case study to comprehensively illustrate the application of this method. Another successful
field application is important for this vibration-based scour identification method, which presently
happens to significantly lack application for real bridges.

The following conclusions can also be drawn.

(1) The high-order vibration modes are insensitive to the scour. The low-order vibration modes,
especially for the modes of pylon, are very sensitive to the scour. Therefore, the natural frequencies
of high and low vibration modes can be used as the tracing targets for updating the soil stiffness
and scour depth.

(2) The documented results from the underwater terrain map verify the accuracy of the proposed
scour identification based on the ambient vibration measurements.

(3) The proposed qualitative identification method can also be used to narrow down the number
of bridges in need of further evaluation, e.g., the quantitative identification. It is noted that the
quantitative identification needs enough bridge information to conduct the model updating. Both
the qualitative and quantitative identification methods were suggested to be applied accordingly.

(4) Once applied in practice, this vibration-based scour identification does not require any underwater
devices and operations and could be easily integrated to a routine assessment task for bridges.

While the current research led to several new and interesting conclusions regarding the application
of identifying bridge scour based on the ambient vibrations of the superstructure, additional research
would also be beneficial. For example, the reliability in the practice of this method needs more
validations, especially when other local damages besides the foundation scour pre-exist in the
superstructure. Since the measurements of vibration modes (e.g., scour-sensitive and -insensitive)
significantly affect the accuracy of the identification, an investigation on effective arrangement of
sensors is also needed. More applications on different types of bridges are still required to fully confirm
the applicability of the proposed vibration-based method.
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