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ABSTRACT 

The scouring process excavates and carries away materials from the bed and banks of 

streams, and from around the piers and abutments of bridges. Scour undermines bridges and 

may cause bridge failures due to structural instability. In the last 30 years more than 1,000 

bridges collapsed in the US and about 60% of the failures are related to the scour of bridgeôs 

foundations. Due to the difficulty in inspecting bridge scour, scour-induced failures tend to 

occur suddenly without prior warning or signs of distress to the structures. Owing to the 

threat of hurricane-induced flooding and the fact that there are a significant number of coastal 

and river/bayou bridges in Louisiana, a more reliable inspection and monitoring procedure 

for bridge scour is needed. 

The present study is to develop bridge scour monitoring techniques using fiber optic sensors. 

Based on theoretical and numerical studies, a few mechanisms were proposed for foundation 

scour monitoring and verified in laboratory tests. In order to apply those mechanisms to field 

bridges, three instrumentations were designed and tested, and one design was selected for 

field applications. According to the selected design, two 18-ft long piles with FBG sensors 

were then fabricated, transported, and installed besides the foundation of the field bridge. 

Finally, the long-term monitoring was conducted to evaluate the foundation scour condition.
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IMP LEMENTATION STATEMEN T 

As a type of fiber optical sensor, Fiber Bragg Grating (FBG) sensors have been gaining 

popularity and acceptance in structural health monitoring. However, the monitoring 

instrumentation designed in this project is only validated in the laboratory and is the first 

application on field bridges. Although many tests have been conducted in the laboratory, a 

successful application depends on many factors. The most important ones are: 

(1) Understanding the principal and performance of FBG sensors; 

(2) Carefully fabricate the monitoring pile and attach the sensors; and 

(3) Regularly check the water level and take measurements from the sensors to monitor 

the scour condition to ensure the long-term structural performance.                      

The success of this research project will help Louisiana develop an effective technique to 

monitor the bridge foundation scour, give the bridge department an early warning to inspect 

and retrofit bridges, and ultimately prevent possible bridge failures due to bridge scour. 

However, currently, measurements are carried out by field trips and it is very difficult to 

know in advance if a high water and scour event occurs. For practical applications, on-line 

monitoring technology using FBG sensors should be developed, which can continuously 

monitor the scour process. 
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INTRODUCTION  

The interstate highway network is an important national asset. Bridges constituting critical 

nodes within transportation networks are the backbones of the transportation infrastructure. It 

is well-known that scour is one of the major causes of bridge failures. In the last 30 years, 

more than 1,000 bridges collapsed in the US and about 60% of the failures are related to the 

scour of bridgeôs foundations [1] , [2] . The collapse of the I-90 Bridge over Schoharie Creek 

in April 5, 1987, in New York renewed national attention to scour-induced problems. 

Without warning, five vehicles plunged into the creek and 10 people were killed as two spans 

of the bridge fell into the floodwaters. Therefore, bridge scour has been identified as the most 

common cause of highway bridge failures in the United States [3] . The extent of this 

potential problem is magnified by the fact that according to a study by the Transportation 

Research Board in 1997, there were 488,750 bridges over streams and rivers in the U.S., and 

the annual cost for scour-related bridge failures was estimated at $30 million [4] . Owing to 

the threat of hurricane-induced flooding and the fact that there are a significant number of 

coastal and river/bayou bridges in Louisiana, a more reliable inspection and monitoring 

procedure for bridge scour is needed.   

In cooperation with Department of Transportations (DOTs) and the Transportation Research 

Board, the Federal Highway Administration (FHWA) has developed some scour monitoring 

and inspection instruments. However, there is a need to develop more reliable, economical 

instrumentation and equipment to measure bridge scour for the purpose of research and to 

indicate when a bridge is in danger of scour failure. Therefore, additional research is 

necessary. Some pilot studies using fiber optic sensors to monitor bridge scour have been 

carried out in the last decade. The authors propose here to deploy this technology in 

Louisiana. 

Fiber Optic Sensors (FOSs) have become increasingly popular in long-term monitoring of 

structures, especially in harsh environments. The FOSsô major unique benefits related to this 

project are: corrosion-resistant and long-term stability that make it possible to be embedded 

in soil/foundations and submerged in water; distributed sensing and multiplexing capabilities 

that make it possible to install a series of sensors along a single cable to collect information 

along the depth of the foundation; small size and light weight with little disturbance to the 

structure and soil; immunity to electromagnetic/radio frequency interference, etc. The FOS 

system, particularly fiber Bragg Grating (FBG) sensors, will thus be explored for this 

application by using it to measure strain, pressure, or other related information so that the 

scour situation of bridges can be either directly monitored or derived. 

http://en.wikipedia.org/wiki/Highway
http://en.wikipedia.org/wiki/United_States
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As discussed earlier, fiber optic sensors will be embedded in the foundation during the 

construction process or installed after the construction. As scour occurs and the soil is 

washed away, some sensors originally embedded in the soil will be exposed to the water. The 

emerging sensors will pick up the strain due to the bending of the rod or plate where the optic 

fiber is installed and direct water pressure can also be measured from the sensors directly 

exposed to the water. From the information of a series of fiber optic sensors, the water level, 

scour depth, and the water flow information can be monitored. During flood events, the 

cavity caused by scour may be refilled by debris or mud, which may give false information 

that scour had never happened if a traditional underwater inspection is conducted.  The 

proposed procedure will monitor the scour and/or refill process, which will ensure the safety 

of the bridge. Since the fiber optic sensors measure the absolute values of wavelength shift, 

only one initial reading is needed and the monitoring can be either continuous or intermittent. 

For regular strain gages, for example, the harsh environment will make them useless in a 

short period of time and initial reading is needed for each measurement, which make the 

intermittent measurement much more difficult. 

This project will help Louisiana develop the required expertise for the field applications of 

fiber optic sensors. The success of this research project will reap great economic benefits and 

may largely impact the practice of bridge maintenance in Louisiana. There is also potential 

for this project to develop and test equipment that can be used for future scour monitoring. 

The ultimate objective will be to develop more efficient strategies to mitigate the deficiencies 

of bridges.  

Literature Review 

Bridge Scour Definition 

Scour is the result of the erosive action of flowing water, which excavates and carries away 

materials from the bed and banks of streams, and from around the piers and abutments of 

bridges (Figure 1). Bridge scour is a dynamic phenomenon that varies with many factors 

such as water depth, flow angle and strength, pier and abutment shape and width, material 

properties of the sediment, and so on. There are generally three types of scour that affect the 

performance and safety of bridges: local scour, contraction scour, and degradational scour 

[5] . Local scour is the removal of sediment from around bridge piers or abutments. Water 

flowing past a pier or abutment may scoop out holes in the sediment, which are known as 

scour holes (see Figure 1). Contraction scour is the removal of sediment from the bottom and 

sides of the river. It is caused by an increase in the speed of the water as the water moves 

through a bridge opening that is narrower than the natural river channel. Degradational scour 

is the general removal of sediment from the river bottom by the flow of the river. This 
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sediment removal and resulted lowering of the river bottom are a natural process, but may 

remove large amounts of sediment over time.  

 

Figure 1 

Illustration of bridge scour 

 

Figure 2 

Illustration of flow during bridge scour  

Figure 2, adapted from Richardson and Davis, shows the schematic of the flow development 

in the vicinity of a circular pier situated in a scour hole [6] . As can be seen from Figure 2, 

wake vortices are formed as the flow, which is separated by the pier, converges at the 

downstream of the pier. Also, as the mean flow approaches the pier at the middle, a portion 

of the approach flow is forced to move down the front surface of the pier. When this portion 

of flow reaches the channel bed, a horseshoe vortex is formed at the base of the pier, which 

causes local scour at the pier. The mechanism of scour development can be described as the 

following: The action of horseshoe vortices removes bed materials from around the base of 
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the obstruction [6] . If the transport rate of sediment away from the base region is greater than 

the transport rate into the region, a scour hole develops. The strength of horseshoe vortices 

will be reduced as the depth of scour increases, thereby reducing the transport rate from the 

base region. Eventually, for live-bed local scour, equilibrium is reestablished between bed 

material inflow and outflow and the scouring process ceases. For clear-water scour, the 

scouring process ceases when the shear stress caused by horseshoe vortices is equal to the 

critical shear stress of the sediment particles at the bottom of the scour hole. 

Although scour may occur at any time, scour action is especially strong during floods. Scour 

undermines bridges and causes bridge failures as a result of structural instability. Scour 

failure tends to occur suddenly without prior warning to structures. Factors affecting bridge 

scour include channel and bridge geometry, floodplain characteristics, flow hydraulics, bed 

materials, channel protection measures, channel stability, riprap placement, ice formations, 

debris, etc.  This paper presents a comprehensive review of the up-to-date work on scour at 

bridge piers and abutments, including scour prediction, modeling, monitoring, and 

countermeasures. 

Bridge Scour Prediction 

Over the past few decades, bridge engineers and researchers have found that bridge scour is 

related to many factors such as the geometry of the channel, dynamic hydraulic properties of 

the flow, geometry of the bridge piers and abutments, etc. Predicting bridge scour using the 

available information of these factors prior to or during flood events is very important in 

preventing catastrophic failures of bridges and possible loss of life. Scour prediction practice 

can be generally divided into two categories: (1) predict bridge scour using empirical 

equations; and (2) predict bridge scour using other methods, such as Neural Networks. It 

should be noted that both the final scour depth and real time scour depth can be predicted. 

Predicting Bridge Scour Using Empirical Equations. Numerous studies have been conducted 

with the purpose of predicting scour, and various equations have been developed [7-18]. 

Most of these empirical equations were based on laboratory results and field data, and they 

differ from each other with respect to the factors considered in constructing the scour model, 

parameters used in the equation, laboratory or site conditions, etc. Among these equations, 

one of the most commonly used pier scour equation in the United States is the Colorado State 

University equation recommended in the U.S. Department of Transportationôs Hydraulic 

Engineering Circular No. 18 (HEC-18) [19], which is expressed as follows: 

43.065.0

321 )/(0.2 FybKKyKds=                                           (1) 
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where, 
sd = scour depth; y = flow depth at the upstream of the pier; 

1K , 
2K , and 

3K  = 

correction factors for the pier nose shape, angle of attack flow, and bed condition, 

respectively; b = pier width; and F = Froude number. It is recommended in the HEC-18 that 

the limiting value of yds /  is 2.4 for 8.0¢F and 3.0 for 8.0>F .  Equation (1) was 

developed from laboratory data and was recommended for both live-bed and clear-water 

conditions. A few other commonly used equations are also listed in the following. For the 

purpose of simplification, repeated terms in the following equations will not be explained 

again.  

Equation presented by Neil [20], which was developed from the design curves by [7]:  

3.07.035.1 ybds =                                                           (2) 

Shen equation [9]:  

3.0)(00022.0
v

Vb
ds =

                                                     (3) 

where, V = average velocity of approach flow; and smv /101 26-³= . 

Jain and Fischer equation [11]: 

î
í

î
ì

ë

-<=

>--=

)(0)()(85.1

2.0)()()(0.2

5.025.0

5.025.0

ccs

ccs

FF
b

y
Fbd

FF
b

y
FFbd

                                      (4) 

where, 
cF = critical Froude number. For 2.0)(0 <-< cFF , the larger of the two scour 

depths computed using the two equations is used. 

Froehlich equation [13]: 
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where f= coefficient based on the shape of the pier nose; 
eb  = width of the bridge pier 

projected normal to the approach flow; and 
50D  =  median grain size of bed material. 

Melville and Sutherland equation [12]: 

bKKKKKd saydls=                                                         (6) 
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where, 
lK = flow intensity factor; 

dK = sediment size factor; yK = flow depth factor; 
aK = 

pier alignment factor; and
sK = pier shape factor. 

Though all these proposed equations have been demonstrated to be applicable and accurate 

for a certain set of data, there has been considerable uncertainty when selecting these 

equations to predict scour in field practice. To test the accuracy of the developed bridge-

scour equations, comparative studies have been conducted by many researchers. J. S. Jones 

compared the available bridge scour equations using laboratory data and limited field data 

[21] . In his study, he classified all equations into three categories: those of the University of 

Iowa, those of the Colorado State University, and those based on foreign literature. He found 

that the Colorado State University equation enveloped the data, but that the scour depths 

were less than other equations. P. A. Johnson compared seven of the most commonly used 

and cited scour equations and models using a large set of field data from both live-bed and 

clear-water scour [22] . The differences between these equations and their limitations were 

explained in his study. M. N. Landers and D. S. Mueller evaluated selected pier scour 

equations using 139 measurements of local scour in live-bed and clear-water conditions [23] . 

Comparisons of computed and observed scour depths in their study indicate that none of the 

selected equations accurately estimate the depth of scour for all of the measured conditions. 

D. S. Mueller compared 22 scour equations using a large amount of field data collected by 

the USGS [24], [ 25] . In his study, he concluded that the HEC-18 equation was good for 

design because it rarely underpredicted the measured scour depth. However, it frequently 

overpredicted the observed scour. Figure 3 (adopted from D. S. Mueller) shows the data 

containing 384 field measurements of scour at 56 bridges from his study [24] .  

Though conclusions from comparative studies by different researchers more or less differ 

from each other, it is generally believed, based on the conducted laboratory experiments and 

field tests, that most existing equations may overestimate the scour depth and are generally 

conservative [26-30]. 

Most work on scour prediction discussed previously is focused on the equilibrium scour 

depth. Time development of scouring has also attracted the attention of many researchers 

[31-37].  

A. M. Yanmaz and H. D. Altinbilek studied the time-dependent local scour around bridge 

piers under clear water conditions with single cylindrical and square piers [32] . In their 

study, the time variation of the scour depth around bridge piers can be determined by solving 

a differential equation. They concluded that the shape of the scour hole around bridge piers 
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remains almost unchanged with respect to time. However, the rate of scour development 

decelerates with time.  

 

Figure 3 

Comparison of scour equations with field measurement  

B. W. Melville and Y. M. Chiew studied the temporal development of clear-water local scour 

depth at cylindrical bridge piers in uniform sand beds [35] . The temporal development of the 

scour depth as a function of t was described using the equation below: 
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where, 
sed = equilibrium scour depth;  

cV = critical mean approach flow velocity for 

entrainment of bed sediment; and 
et = time for equilibrium depth of scour to develop. 

Predicting Bridge Scour Using Neural Networks  

The mechanism of flow around a pier structure is so complicated that it is difficult to 

establish a general empirical model to provide accurate estimation for scour, as has been 

demonstrated in the previous section where comparative studies of different equations were 

reviewed. Besides the complexity of the scour process, there are also two other reasons why 

existing methods do not always produce reasonable results for scour predictions. First, site 

conditions are usually much more complicated than laboratory conditions. Second, the 

traditional analytical tools of statistical regression have limitations regarding selecting the 

parameters used in the formulas and determining the exact types of relationships between the 

responses and the parameters.  

Recently, Artificial Neural Networks (ANNs) have been successfully used in predicting 

bridge scour [38-41]. A significant advantage of using ANNs in predicting the bridge scour 

is that there is no need to have well-defined physical relationships between the bridge scour 

(the output) and various factors that affect bridge scour (the inputs). Because the ANNs have 

more freedom in defining the relationships between the bridge scour and the factors, they 

have the potential to predict more accurate scour information than the traditional regression 

based methods [41].  

 

Figure 4 

Configurati on of a typical feed forward neural network 
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Figure 4 shows the configuration of a typical three-layer neural network, which consists of an 

input layer, a hidden layer, and an output layer. The basic idea of the neural network can be 

described as the following: Firstly, a set of data (
1X ,

2X é nX ) as raw information are fed 

into the network at the input layer; then, the neural network will be trained and the complex 

relationships between inputs and output (y ) will be determined during the training process 

using specified mathematical functions and weights on the connections between the units in 

the hidden layer and the units in the input layer as well as the output layer; finally, the output 

can be determined from the weights on the connections between the units in the hidden layer 

and the output.  

Bateni et al. used ANNs and an adaptive neuro-fuzzy inference system (ANFIS) to estimate 

both the equilibrium and time-dependent scour depth with a large amount of laboratory data 

[39] . In their study, two ANN models, a multi-layer perception using back-propagation 

algorithm (MLP/BP) and radial basis using orthogonal least-squares algorithm (RBF/OLS), 

were used. The equilibrium scour depth was modeled as a function of five variables: flow 

depth, mean velocity, critical flow velocity, mean grain diameter, and pier diameter. The time 

variation of scour depth was also modeled in terms of the equilibrium scour depth, 

equilibrium scour time, scour time, mean flow velocity, and critical flow velocity. Numerical 

test results in their study indicated that the MLP/BP model provides a better prediction of 

scour depth than the RBF/OLS and ANFIS models as well as the previous empirical 

approaches. Lee et al. used the Back-Propagation Neural Network to predict the scour depth 

around bridge piers and their study showed that scour depth can be efficiently predicted using 

the BPN [40] . Mohammad et al. also used two ANN models, the feed forward back 

propagation (FFBP) model and the radial basis function (RBF) model, to predict the depth of 

the scour hole around a pile group [41] . Their numerical test results indicated that the ANN 

predictions are generally more satisfactory than those obtained using empirical methods 

because of their low errors and high correlation coefficients. Through a sensitivity analysis 

they also found that the pile diameter and the ratio of pile spacing to pile diameter are the two 

most significant parameters that affect the scour depth. 

Bridge Scour Modeling 

As discussed earlier, bridge scour is a very complicated process which involves the 

interaction between the flow around a bridge pier or abutment and the erodible bed 

surrounding it. To study the complicated bridge scour process, different numerical models as 

well as laboratory models have been developed in the past few decades. 
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Numerical Models. In order to verify the accuracy of the developed numerical 

models, most numerical models were developed along with laboratory models and their 

results were compared with each other. Fukuoka et al. developed a three-dimensional 

numerical simulation model for the local scour around a bridge pier [42]. Their study showed 

that the developed numerical model can obtain, with adequate accuracy, solutions that are in 

good agreement with the experimental results of the local scour from the large-scale 

hydraulic model. J. E. Richardson and V. G. Panchang used a fully three-dimensional (3-D) 

hydrodynamic model to simulate the flow occurring at the base of a cylindrical bridge pier 

within a scour hole [43]. The results of the numerical simulation were also compared with 

laboratory observations by B. W. Melville and A. Raudkivi [44]. Strong agreements were 

achieved between the studies, both quantitatively and qualitatively. They concluded that the 

discrepancies between the results of the two studies may be attributed to the parameters 

chosen in the numerical model.  

 

Numerical results for bridge scour were also compared to empirical equations. Young et al. 

developed a numerical model for clear-water abutment scour depth along with an 

independent three-dimensional finite element model [45] . In their study, the predicted scour 

depths were in agreement with the predicted results from the finite element model. They also 

concluded, from a comparative study, that the HEC-18 prediction overestimates 

measurement by 22 percent [19] . Kassem et al. at the University of South Carolina, 

developed a computational fluid dynamics mode, FLURNT, to simulate the field data [46] . 

Their numerical model was verified against measurements obtained in the laboratory and 

satisfactory agreements were obtained between the numerical results and measurements. 

Using the developed model, they demonstrated that the HEC-18 significantly overestimates 

the scour depth in their case study [19] .  

Laboratory  Models. The advantage of laboratory studies of bridge scour is that they 

can not only help better understand the effect of different variables and parameters associated 

with scour and therefore improve the scour prediction equations, but can also help develop 

alternative or improved scour countermeasures. In the past two decades, a significant amount 

of research effort has been spent on laboratory investigation of bridge scours. Different 

laboratory models for bridge scour have been established and tests have been conducted for 

different purposes.  

 

To study the deep scour hole downstream of a large circular pier at the Imbaba Bridge, one of 

the major bridges across the Nile River, an undistorted mobile bed model, with a scale 1:60, 

was constructed at the Hydraulics and Sediment Research Institute (HSRI), Cairo [15] . A 

series of clear water scour tests were performed to investigate the causes of the local scour 
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downstream the circular pier. It was found that the large scour hole downstream of the 

circular pier was produced by the conflicting velocity fields at the intersection of the wake 

vortex streams from adjacent piers, and increased by the confluence flow. Based upon the 

results of this investigation, an empirical formula was developed to predict the wake and 

confluence maximum local scour depth downstream of a circular pier for a clear water 

condition.  

Umbrell et al. investigated clear-water bridge contraction scour caused by pressure flow 

beneath a bridge without the localized effect of piers or abutments [47] . A tilting fume that 

measured 70 ft. (21.3 m) long, 5.9 ft. (1.8 m) (0.60 m) wide, and 1.96 ft. (0.60 m) deep was 

used in their study. A model bridge deck was tested under a variety of laboratory-controlled 

pressure-flow conditions. Different factors such as approach velocity, pressure-flow velocity 

under the bridge deck, and sediment size were studied. 

D. M. Sheppard and M. William Jr. studied the local clear-water and live-bed scour using 

laboratory tests for a range of water depths and flow velocities with two different uniform 

cohesionless sediment diameters (0.01 in. (0.0003 m) and 0.033 in. (0.00084m)) and a 

circular pile with a diameter of 0.49 ft. (0.15 m) [48]. The tests were performed in a tilting 

flume 4.9 ft. (1.5 m) wide, 3.9 ft. (1.2 m) deep, and 148 ft. (45 m) long) located in the 

Hydraulics Laboratory at the University of Auckland in Auckland, New Zealand. Figure 5 

shows the measuring instruments for local scour depth used in their study [48]. As shown in 

Figure 5, the scour depth as a function of time is measured with acoustic transponders and 

video cameras. Bed forms and bed elevation at the flume walls during the live-bed tests can 

be monitored with video cameras. Flow velocity, water depth, and temperature can also be 

measured during the tests. In their experiments, large bed forms were observed migrating 

through the scour hole during a number of the live-bed scour tests and they concluded that 

Sheppardôs equations appeared to perform well for the range of conditions covered by the 

experiments [49]. 
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Figure 5 

Local scour depth measuring instruments 

Field Scour Measurement and Monitoring Instrumentation 

Though laboratory studies provide a good way to verify bridge scour theories and a better 

understanding of the complicated scour process, laboratory results may vary with respect to 

different laboratory conditions. Also, many times, results from laboratory studies cannot be 

directly used to guide design practice because of the simplifications and assumptions made in 

laboratory study which may make the results not applicable to field applications. Therefore, 

field data are still very important and desirable since they provide critical information of the 

bridge condition with which engineers can directly use to make important decisions. Field 

data are also very important with regard to evaluating and verifying existing laboratory scour 

models and empirical equations.  

Over the past half century, the U.S. Geological Survey (USGS) along with the FHWA and 

state DOTs in the United States have put a significant amount effort into the study of bridge 

scour in field. In 1987, the FHWA funded the USGS to initiate the National Bridge Scour 

Program. In 1996, after many years of effort, the USGS published a national bridge scour 

report, which aimed to guide the practice of engineers [23] . In addition to research effort and 

the reports released by the USGS, many journal articles and conference proceedings have 

also been published in the past several decades. 

Over the past few decades, measurement and monitoring instrumentation has also been 

developed for bridge scour. In the early days, radar and sonar were employed successfully to 

identify the scour depth [50-57]. 
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Figure 6 

Transmission and deflection of signal in detecting scour using radar 

Radar is a system that uses electromagnetic waves to identify the range, altitude, direction, or 

speed of both moving and fixed objects such as aircraft, ships, motor vehicles, weather 

formations, and terrain. Figure 6 illustrates how radar can be used to detect bridge scour [52] . 

In Figure 6, electromagnetic waves are sent out through the transmitting antenna (TX). The 

majority of the signal sent out will be propagating downward until an interface is reached 

where the underlying material has different electrical properties to the current layer in which 

the signal is propagating. At this interface (the interface between the river and sediment layer 

in Figure 6), part of the radar signal will be reflected back towards the upper surface and may 

be detected by the receiving antenna (RX). The other part of the signal is, however, refracted 

at the interface and propagates through the underlying material (the sediment) until it reaches 

another interface (between the sediment layer and river bed) and will be reflected again. The 

received radar signal at the receiving antenna will then be used to detect the surface 

conditions of the interfaces. During the detection process, both the transmitting antenna and 

receiving antenna move at a constant rate across the surface of interest. 

http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Aircraft
http://en.wikipedia.org/wiki/Electromagnetic_radiation
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Figure 7 

Working pri nciple of sonar 

Sonar, originally an acronym for sound navigation and ranging, is a technique that uses 

sound propagation (usually underwater) to navigate, communicate with, or detect other 

vessels. The working principle of using sonar to detect scour is similar to that of using radar 

(Figure 7). To measure the distance to an object, a pulse of sound is sent out and will be 

reflected back when it reaches an object. The time from transmission of a pulse to reception 

is measured and can then be converted into a range by knowing the speed of sound. Sonar 

has been developed and used to characterize the sea bottom information, for example, mud, 

sand, and gravel, by converting echo parameters into sediment type. Different algorithms 

exist in different sonar types, but they are all based on changes in the energy or shape of the 

reflected sounder pings. Sonar can also be used to derive maps of the topography of an area 

by moving the sonar across it just above the bottom. These properties make the sonar an 

excellent tool to detect bridge scour. 

Though both radar and sonar were successfully used to detect the profile of the bridge scour, 

they have limited applications in monitoring scour development and are usually only used to 

determine the final status of the sedimentation surrounding a pier. It is difficult to employ 

these techniques to continuously monitor the scour process during flood events. Therefore, 

techniques for continuous monitoring scour process are desirable because real-time scour 

information can provide warning prior to bridge failures and help bridge engineers make 

important decisions during floods.  

http://en.wikipedia.org/wiki/Acronym
http://en.wikipedia.org/wiki/Sound
http://en.wikipedia.org/wiki/Navigation
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Figure 8 

Experimental setup for TDR system 

In recent years, techniques using Time-Domain Reflectometry (TDR) and fiber Bragg grating 

(FBG) sensors have been developed and used for real-time monitoring of bridge scour [1], 

[58-61] . Figure 8 shows the experimental setup for the TDR system used for scour 

monitoring [58] . The TDR operates by sending an electromagnetic pulse through the 

transmission line with a fixed velocity. The pulse propagates down the transmission line until 

the end of the line or some intermediate discontinuity (air/water interface and water/sediment 

interface) is reached, where part of the pulse is reflected back to the source. By measuring the 

returning time of the sent pulse, the physical distance between the line end or the 

discontinuity and the TDR source can be calculated.  
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Figure 9 

FBG scour monitoring system 

Fiber optic sensors have many advantages over traditional sensors such as their long-term 

stability and reliability, resistance to environmental corrosion, and multiplexity along one 

single fiber [62] . Lin et al. developed two types of local scour monitoring systems to monitor 

real-time scour (Figure 9) [61] . In Model I, three FBG sensors are mounted on the surface of 

a cantilevered beam and arranged in series along one single fiber. In Model II, several FBG 

sensors are arranged along one single optical fiber, but are mounted on cantilevered plates 

installed at different levels of a hollow chamber of a steel pile fixed to the pier or abutment. 

In both models, when the running water flows towards the cantilevered beam or plates, 

deformations will be generated on the beam or plates by bending moment and strains will be 

detected by the FBG sensors. However, only the FBG sensors that are exposed to the water 

flow will pick up the strain information; for those buried under the river bed surface, no or 

very small strains will be generated because that part of the cantilevered beam or plates has 

not bent. The scour depth can then be detected by knowing the exposure conditions of the 

FBG sensors. It should be noted that the resolution of these two scour monitoring systems 

depends on and can be adjusted by the number of FBG sensors used in the systems.  

Lu et al. also used a sliding magnetic collar (SMC) and a steel rod to monitor the total bridge 

scour during floods [30] . The lower tip of the steel rod, with a diameter of 3.94 in. (100 mm), 

was initially placed slightly below the riverbed in the main channel. When scour occurs, the 

steel rod will drop as the surface of the riverbed drops. The scour depth is determined based 

on the total lowering distance of the steel rod with respect to its initial position. One of the 

major disadvantages of this instrumentation is that it cannot detect the refilling process of the 
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scour. They also compared the advantages, disadvantages or limitations, and relative costs of 

existing instruments for measuring bridge scours, which are summarized in Table 1 [30] .  

Table 1  

Comparison of existing instruments for measuring bridge scour 

 

Scour Countermeasures  

Scour mitigation at bridge sites has received much attention in the past. There are many 

techniques, measures, and practices available for countering scour at existing bridge piers 

and abutments. Scour countermeasures can be generally categorized into two groups: 

armoring countermeasures and flow altering countermeasures. The basic idea of armoring 

countermeasures is the addition of another layer which can act as a resistant layer to the 

hydraulic shear stress and therefore provides protection to the more erodible materials 

underneath. Armoring countermeasures do not necessarily alter the hydraulics of approach 

flows. In contrast, flow altering countermeasures, as their name indicates, aim at changing 

the hydraulic properties of flows by using spur dikes, guidebanks, parallel walls, collars, etc., 

and therefore reducing the scour effect at bridge piers and abutments. A comprehensive 

review of different scour countermeasures for bridge piers and abutments can be found in 

Lagasse et al. and Barkdoll et al., respectively [63], [ 64] . A comparison between the working 

principle, advantages, and problems of the two different types of scour countermeasures is 

summarized in Table 2. 
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Table 2  

Comparison between armoring and flow-altering scour countermeasures   

The most commonly used armoring countermeasure is riprap [65] . Other types of armor 

include tetrapods, cable-tied blocks, grout filled bags, mattresses, concrete aprons, etc. An 

extensive review of experiments, model studies, and laboratory tests conducted on the use of 

riprap as a scour countermeasure around bridge piers was provided by Parker et al. [5] . 

Figure 10 shows the typical pier riprap configurations in Lagasse et al., with (a), (b), (c) 

representing placing the riprap layer at the surface of the channel bed, in a pre-existing scour 

hole or in a hole excavated around the pier, and at the depth below the average bed level, 

respectively [63] . Placing the riprap layer at depth below the average bed level was 

recommended in their study. C. S. Lauchlan and B. W. Melville experimentally studied the 

effects of failure mechanisms, stability, and placement level for riprap at bridge piers [65] .  

Their study also showed that deeper placement level of the riprap layer provides better 

protection against local scour.  

Different flow altering countermeasures have also been proposed, using submerged vanes, 

sacrificial sill, collars and slots, parallel wall, etc. [66-70]. Figure 11 shows the use of a 

collar in preventing scour by Zarrati et al. [69] . 

As can be seen from Figure 11, the collar (with a round shape) divides the approach flow into 

two regions above and below the collar. The collar acts as an obstacle against the down flow 

and therefore reduces its strength. The strength of the down flow at the region below the 

collar is also reduced, so is the strength of the horseshoe vortex. The efficiency of a collar 

depends on its size and relative location on the pier with respect to the bed. 
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Figure 10 

Scour Protection by riprap 
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Figure 11 

Scour Protection by using collar 

Most countermeasures mitigate scour effect by using devices on the upstream side of bridge 

piers or by changing the geometry of bridge piers facing the approach flow. Grimaldi et al. 

presented a scour control method at bridge piers by a downstream bed sill (Figure 12) [71] . 

The reason of setting the bed-sill downstream instead of upstream is to avoid the risk of 

decreasing the bed elevation due to the general and local scouring downstream of the bed sill. 

As can be seen in Figure 12, the final bed with the use of the downstream bed-sill is better 

protected than the case without bed-sill. 

The selection of various countermeasures is dependent on the application and the nature of 

the problem: a local scour at the pier or abutment, contraction scour across the bed at the 

bridge opening, reach-wide channel degradation, or lateral channel movement or widening 

[72] . The relative effectiveness, cost, maintenance, and ability to detect failures are also 

important factors to be considered when selecting a scour countermeasure. Sometimes, 

different countermeasures need to work together to optimize the scour mitigation effect. 

Lagasse et al. compared different countermeasures with regard to the type of scour, hydraulic 

condition, maintenance, and so on, and provided the design guidelines for different 

countermeasures [73] .  
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Figure 12 

Scour countermeasure using a downstream bed-sill 

Since the use of countermeasures often introduces uncertainty due to a lack of systematic 

testing and unknown potential for failures, P. A. Johnson and S. L. Niezgoda introduced a 

risk-based method for ranking, comparing, and choosing the most appropriate scour 

countermeasures using failure modes and effect analysis and risk priority numbers [72] . In 

their study, the uncertainty was incorporated in the failure modes and effect analysis in the 

selection process by considering risk in terms of the likelihood of a component failure, the 

consequence of failure, and the level of difficulty required to detect failures. Risk priority 

numbers were then used to provide justification for selecting a specific countermeasure and 

the appropriate compensating actions to be taken to prevent failure of the countermeasure. 

In addition to the effort spent on developing appropriate scour countermeasures for existing 

bridge piers, a significant amount of effort has also been spent on investigating the factors 

that affect bridge scour, which includes type of soil in the sediment and river bed, geometry 

and configuration of bridge piers and abutments, foundation geometry, incline of bridge 

piers, and so on [74-80]. Results from these studies can also be used as references in 

designing bridge piers and abutments for scour and selecting appropriate scour 

countermeasures. 

A Few DOTsô Practice 

After the bridge failure occurred in New York in 1987, many researchers studied the scour 

phenomena. Lagasse et al. compared the performance of different fixed scour measurement 

devices including the sonar transducer and magnetic sliding collar [81] . The study focused 

on testing the instruments in enduring environmental factors and delivering usable data by 
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installing the magnetic sliding collar and sonar systems independently on different bridges. 

Schall et al. installed scour detection instruments at two tidal bridges on each coast of Florida 

[82] . The purpose of the study was to evaluate the transducer performance under open water 

marine conditions such as tidal effects, salt water, growth of marine life, corrosion, and 

debris. Previously, scour monitoring systems were installed on river locations. The goal of 

the study was to evaluate the sonic fathometer and the magnetic sliding collar system for 

determining the maximum depth of scour.  

Following the advisory issued in 1998, the FHWA established a policy intended to assure 

public safety by requiring the development of formal plans of action for all scour-critical 

bridges. It is stated that the plan of action for each structure should include appropriate scour 

countermeasures or correction through scheduled hydraulic or structural construction 

activities and/or specific measures and instructions to prevent catastrophic failure.  

Based on the information from website http://www.gobridges.com/print.asp?id=786, during 

the past four years, the Iowa Department of Transportation (Iowa DOT) has devoted a 

significant amount of time to evaluating the bridges under its jurisdiction and assigning 

scour-classification codes to them. The Iowa DOT has completed a scour evaluation for all of 

the approximately 2,100 bridges over waterways and classified 180 bridges as scour-critical.  

To predict more accurately which bridges are threatened during destructive flooding events, 

the Iowa DOT has been using a tool called ScourWatch.  

ScourWatch is a web-based monitoring technology developed by U.S. Engineering Solutions 

Corporation (www.usengineeringsolutions.com) of Hartford, CT. The system identifies the 

occurrence of a flood event, collects stream and weather data, and matches it against the 

Iowa DOT's bridge data. Each bridge is given a particular flood stage threshold that is used to 

automatically trigger e-mail, pager, or cell phone alerts to key field personnel when scouring 

conditions threaten a bridge.  

The Georgia Department of Transportation (GDOT), the Georgia Institute of Technology, 

and the U.S. Geological Survey, in cooperation with the Federal Highway Administration, 

are conducting an investigation to improve bridge scour predictions by combining field 

monitoring, physical modeling in the laboratory, and three-dimensional numerical modeling 

of bridge scour. Bridge scour field data are being collected at four sites located in different 

regions of Georgia. These field data will be used to calibrate the physical and three-

dimensional numerical models.  
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Many other DOTs have developed and demonstrated scour monitoring techniques. Most of 

them use sonar transducer and magnetic sliding collar. Use of fiber optic sensors for scour 

monitoring is not reported in US, except for some pilot studies in Taiwan. 
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OBJECTIVE  

The proposed research aims to develop a scour monitoring system for bridges using fiber 

optic sensors and verify the concept in laboratory and field tests.  The system may be used 

for existing or newly-constructed bridges. The existing equations and methods for bridge 

scour predictions are based primarily on laboratory research and have not adequately been 

verified with field data. The developed system will be potentially used to collect field data 

that can be used to verify the applicability and accuracy of the various design procedures for 

the range of soil conditions, stream flow conditions, and bridge designs in Louisiana and 

eventually to result in improving existing scour prediction methods. 
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SCOPE 

The scope of this work included theoretical and numerical studies, scour monitoring 

instrumentation designs and verification by laboratory tests, field installation and tests, and 

long-term scour monitoring. The scour monitoring system adopted the FBG fiber optic 

sensors and the field bridge was provided by DOTD to the research team. The scope of this 

research was achieved through: 

Theoretical and numerical study ï The scour effect on a single pile foundation was studied 

theoretically and verified by numerical examples. Based on that, a few scour detection 

mechanisms were proposed and tested in the laboratory.   

Instrument design and laboratory test ï Three scour monitoring systems were designed 

and the third one was recommended based on comparison. A sample of the recommended 

designed was then fabricated in the laboratory and tested in a flume at LSU. 

Installation and field test ï Two scour monitoring piles with FBG sensors were fabricated 

and driven besides the pile foundations of the selected field bridge. The original data was 

recorded for further comparisons.  

Field long-term monitoring ï Since the bridge foundation scour is a long term procedure, a 

long-term scour monitoring strategy was developed for this specific bridge, from which the 

long-term scour performance of bridges can be monitored. 
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METHODOLOGY  

To achieve the research objective stated earlier, the research work was classified into four 

parts. The first part studied the scour mechanism from theoretical and numerical analyses and 

proposed three possible methods for monitoring foundation scour. The second part was to 

test the proposed monitoring methods using FBG fiber optic sensors. The third part was to 

design a monitoring instrument for field application and verify it with a laboratory 

experiment. The final part was to fabricate two test piles with FBG sensors, install them on 

the field bridge, and implement long-term monitoring for the field bridge. 

Theoretical and Numerical Studies on Scour Effect 

Bridge scour is a major cause of bridge failures and has emerged as a significant concern for 

bridge engineers. Most studies focused on investigating causes of the scour but not on its 

consequences; in other words, very few studies have been carried out on the response and 

feature changes of structures due to scour. Therefore, this study mainly focused on the scour 

effect on a single pile or pier. A theoretical solution was derived first to obtain the 

relationship between the scour depth and the pile response including static and dynamic 

responses. Since the expression of the solution is tedious and not easy to understand, two 

examples were used for the demonstration and parametric study. Based on the numerical 

observation, the present study proposed three possible methods for detecting and monitoring 

the bridge scour.  

 

Analytical Study on Static Solution 

Beams and columns supported along their length are very 

common structure configurations, and the most routine 

method to treat the elastic foundation is the Winkler model 

[83] , [84] . A pile embedded in soil is similar to a beam resting 

on a Winkler elastic foundation. Herein, assume the pile is 

fully buried in soil at the beginning. After the soil is eroded, 

the top part of the pile is exposed to the water flow as shown 

in Figure 13. The pile length is ὒ with the origin at the top of 

the pile, and the unsupported depth is ὰ that is also the loading 

length with a distributed load ήὼȢ The unsupported length ὰ, 

due to initial scour and/or initial construction, is 

generically called initial scour depth hereafter. The rest of 

the pile is embedded in the soil with an elastic spring 

coefficient Ὧὼ. The governing equation of the pile with 

l

L

q(x)

k(x)

x

z

Figure 13   

Schematic of pile under scour 
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a uniform cross-section and flexural rigidity and partially embedded in soil as shown in 

Figure 13 can be expressed as,  

ὉὍ ή                       π ὼ ὰ    ὥ

ὉὍ Ὧὼύ π      ὰ ὼ ὒ    ὦ
                                            (8) 

where, ύὼ is the lateral displacement of the pile. Herein, Ὧὼ is considered as a constant. 

The general solution of equation (8) consists of two parts, namely, the deflection of the pile is 

divided piecewise as,  

ύὼ

ύ ὼ ὅ ὅ ὅὼ ὅ ȟ                                                   π ὼ ὰ 

ύ ὼ Ὡ ὃίὭὲ‍ὼὃὧέί‍ὼὩ ὃίὭὲ‍ὼὃὧέί‍ὼȟ     ὰ ὼ ὒ
               (9) 

where, ‍ ὯȾτὉὍȾȟὅ ὥὲὨ ὃ Ὥ ρȟςȟσȟτ are unknown constants. The boundary 

condition at ὼ ὰ requires the geometric continuity of displacement and slope, and the 

continuity of bending moment and shear force, which are expressed as, 

× Ì × Ì,    × Ì × Ì,    × Ì × Ì   and   × Ì ×   

Four additional conditions can be derived from boundaries at ὼ π and ὼ ὒ. For a 

freeïfixed pile, there is: 

ύ π π,    ύ π π,    ύ ὒ π    and    ύ ὒ π 

From ύ π π and ύ π π, we have ὅ ὅ π. This leads to six condition 

equations to solve six constants, ὅȟὅ ὥὲὨ ὃ Ὥ ρȟςȟσȟτ. The six equations can be 

rewritten in the matrix form as, 
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where, M=  
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This equation can be solved very conveniently by mathematical tools, such as Mathcad or 

MATLAB. The six constants, expressed as the function of the scour depth and other 

variables, are not presented here because they are very tedious. For a pinnedïpinned pile, the 

boundary conditions are expressed as, 

ύ π π,    ύ π π,    ύ ὒ π  and    ύᴂὒ π 

and equations and solutions can be similarly obtained. 

Analytical Study on Dynamic Solution 

As for the dynamic free vibration, the equation of motion of the same system is derived as 

ὉὍ
ȟ
”ὃ

ȟ
πȟ                              π ὼ ὰ    ὥ

ὉὍ
ȟ
”ὃ

ȟ
Ὧὼύὼȟὸ πȟ   ὰ ὼ ὒ    ὦ

                  (11) 

where, ύὼȟὸ is the time-dependent displacement of the pile, ” is the mass density, and ὃ is 

the cross-section area. The coefficient Ὧὼ is also considered as a constant, K. A general 

solution can be obtained easily by separating the variables into time and space domains using   

ύὼȟὸ ὡ ὼὩ                                                                (12) 

The solution of the governing equation thus reduces to that of 

‗ὡ ὼ πȟ                                     π ὼ ὰ    ὥ

‗ ὑȾὉὍὡ ὼ πȟ                  ὰ ὼ ὒ    ὦ
                    (13) 

in which ‗ ὃȾὉὍ. The characteristic roots of equation (13b) are derived as”‫ 

 ά ȟȟȟ  ‗ ὑȾὉὍ ὃ”‫ ὑȾὉὍ   

Depending on the relationship between  ‗ ὥὲὨ ὑȾὉὍ, different solutions can be obtained 

next. 

If  ‗ ὑȾὉὍ, the general solution is 

ὡ ὼ
ὡ ὅÓÉÎ ‗ὼὅÃÏÓ ‗ὼὅÓÉÎÈ ‗ὼὅÃÏÓὬ‗ὼȟ           π ὼ ὰ  
ὡ ὃίὭὲ‗ὼ ὃÃÏÓ ‗ὼ ὃÓÉÎÈ ‗ὼ ὃÃÏÓ Ὤ‗ὼȟ    ὰ ὼ ὒ 

          

(14) 

where, ‗ ὃ”‫ ὑȾὉὍ. 
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If  ‗ ὑȾὉὍ,  

ὡ ὼ

ὡ ὅÓÉÎ‗ὼὅÃÏÓ ‗ὼὅÓÉÎÈ ‗ὼὅÃÏÓὬ‗ὼȟ                                π ὼ ὰ

ὡ Ὡ ὃÓÉÎ‗ὼ ὃÃÏÓ ‗ὼ Ὡ ὃÓÉÎ‗ὼ ὃÃÏÓ‗ὼȟὰ ὼ ὒ
          (15

) 

where, ‗ ὑ .ὃȾτὉὍ”‫   

If  ‗ ὑȾὉὍ, namely, ‫ ὑȾ”ὃ, 

ὡ ὼ

ὡ ὅÓÉÎ‗ὼὅÃÏÓ ‗ὼὅÓÉÎÈ ‗ὼὅÃÏÓὬ‗ὼȟ          π ὼ ὰ  

ὡ ὃ ὃ ὃὼ ὃȟ                                                    ὰ ὼ ὒ 
                              (16

) 

Similar to the static solution, the boundary condition at ὼ ὰ requires the geometric 

continuity of displacement and slope, and the continuity of bending moment and shear force. 

They are expressed as: 

ὡ ὰ ὡ ὰ,    ὡ ὰ ὡ ὰ,    ὡ ὰ ὡ ὰ  and   ὡ ὰ ὡ ᴂὰ 

Four additional conditions from the boundaries at ὼ π and ὼ ὒ depend on the particular 

geometry under consideration. For a freeïfixed pile, we have: 

ὡ π π,     ὡ π π,   ὡ ὒ π   and    ὡ ὒ π 

From ὡ π π and ὡ π π, we have ὅ ὅ and ὅ ὅ.The rest six equations can 

be rewritten in the matrix form as:  

ὓᶻὅ ὅ  ὃ  ὃ  ὃ  ὃ π                                                        (17) 

The frequency equation is given by setting the determinant of the coefficient matrix ὓ to be 

zero, i.e., ȿὓȿ π. Different coefficient matrices can be derived for the three cases discussed 

above. Therefore, the natural frequency in different ranges should be solved by different 

frequency equations derived from the corresponding coefficient matrix, as described below.  

If ‫ ὑȾ”ὃ, i.e. ‗ ὑȾὉὍ, the coefficient matrix is derived from equation (14) and 

denoted as ὓ . The natural frequencies are obtained by solving ȿὓȿ π.  
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If ‫ ὑȾ”ὃ, i.e. ‗ ὑȾὉὍ,  the coefficient matrix is derived from equation (15) and 

denoted as ὓ . The natural frequencies are obtained by solving ȿὓȿ π.  

If ‫ ὑȾ”ὃ, the natural frequencies are automatically obtained.  

Numerical Examples and Parametric Analyses 

On the basis of the above analytical solution, an example was used for a demonstration of the 

static solution. A square concrete pile with properties: L = 40 ft., A = 24×24 in
2
, EI = 599424 

kips-ft
2
, and q = 10 kips/ft. The elastic coefficient of soil per unit is k = 5760 kips/ft

2
. The 

pile head is free and the pile bottom is assumed to be fixed. A program was developed in 

MATLAB to solve the analytical equations. In the case of l = L, the pile without soil 

supporting is identical to a cantilever beam with a distributed loading, which is a special case 

and can be used for validation. Figure 14 shows that the pile deflections of both cases 

(cantilever beam and l/L = 1) are exactly the same as they are supposed to be, which 

validates the numerical solution procedure of the present study. 

  

Figure 14  

Pile deflections at varied scour ratios 

Figure 15  

Pile moments at varied scour ratios 

The scour ratio is defined as the ratio between the length without soil supporting and the pile 

length, l/L, and ranges from 0 to 1. The pile deflection and moment at various scour ratios are 

shown in Figure 14 and Figure 15. It can be easily seen that the pile displacement, moment, 

and the location of the maximum moment increase with the increase of the scour ratio. There 

exists a turning point in the moment curve at a location close to the interface between the 

water and soil. More details are described in the next section. Figure 16 shows the pile 

displacement at different positions versus the scour ratio and all the curves have the same 
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trend. Figure 17 shows the pile moment (curvature) at different positions versus the scour 

ratio. It is found that for any position of the pile, if it is buried deeply in the soil, its moment 

is not significant. Only if the scour depth approaches to that position, the moment becomes 

significant. Take the x = 0.8L section as an example. As the scour ratio increases from 0 to 

about 0.6, the moment of this section is small and hardly changes because the section is 

buried in the soil.  However, when the scour ratio is larger than 0.6, the moment increases 

quickly from a small negative value to a positive value. It reaches the maximum at the scour 

ratio of 0.8 and remains constant since the section is totally exposed to the water at and after 

this scour ratio. Figure 18 and Figure 19 demonstrate the influence of pile stiffness 

represented by beta = EI/k and soil stiffness represented by k.  

  
Figure 16  

Pile displacements at different positions 

 

 

Figure 17  

Pile moments at different positions 
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Figure 18  

Pile head deflections with different beta 

Figure 19  

Pile head deflections with different k 

Meanwhile, a pile similar to example 1 was adopted for a demonstration of the dynamic 

solution: L = 40 ft., A = 24×24 in
2
, E = 3122 ksi, I = 1.333 ft

4
, and density = 150 pcf. In 

order to validate the relationship between ”ὃ and ὑ for different cases, the coefficient of soil 

here is 57.6 kips/ft
2
. The pile head is free and the pile bottom is assumed to be fixed. A 

program was developed in MATLAB to obtain the frequency equation from the determinant 

and then to solve the equations. Again, the special case of l = L was used for verification. 

The first four natural frequencies from the present study are 0.4957 Hz, 3.1059 Hz, 8.6986 

Hz and 17.038 Hz, respectively; while from the reference are 0.4957 Hz, 3.1065 Hz, 8.6992 

Hz and 17.0459 Hz, respectively, which are very close to each other [85] . 
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Figure 20  

1
st
 frequency changing with scour ratio 

 

Figure 21  

4
th

 frequency changing with scour ratio 

 

Figure 20 and Figure 21 show the first and fourth natural frequencies of the pile versus the 

scour ratio. The natural frequency decreases as the scour ratio increases, with the frequency 

of the first mode dropping much faster than that of the fourth mode. It means that the scour 

effect on the lower mode is more significant than on the higher mode, which will benefit the 

scour monitoring discussed later. Figure 22 shows the effect of the soil stiffness on the first 

natural frequency, and it mainly affects the natural frequency when the scour ratio is small.  

 
Figure 22  

First frequency with various k 
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Proposed Methods for Scour Detection and Monitoring 

Many methods have been developed for the short-term detection and long-term monitoring of 

bridge scour. In the early days, methods based on geophysical techniques, such as radar and 

sonar, were employed to identify the scour depth. However, most of them have found very 

limited applications due to difficulties such as the result interpretability, high noise 

sensitivity, and different issues during flood events [86] . In recent years, techniques using 

Time-Domain Reflectometry (TDR) and fiber Bragg grating (FBG) sensors are under 

development and used for real-time field monitoring. Due to their advantages over traditional 

sensors, such as their long-term stability and reliability, resistance to environmental 

corrosion, and multiplexity along one single fiber, fiber optic sensors become popular in 

structural performance monitoring [87] . The challenge of FBG applications in bridge scour is 

how to design the instruments and mount the sensors to obtain useful data. Lin et al. 

developed two types of local scour monitoring systems, using a cantilever beam or plate that 

is fixed to the pier [61] . Lu et al. used a sliding magnetic collar (SMC) and a steel rod to 

monitor bridge scour [88] . 

In the present study, methods based on a single pile were proposed. Instead of attaching an 

instrument to the bridge pier/pile, a separate pile or similar structure installed with FBG 

sensors was adopted and driven beside the monitored pile group. Anti-collision piers can be 

used for this purpose. Based on the analytical and numerical analyses of scour effects on the 

pile response discussed earlier, three possible methods to detect and monitor the foundation 

scour were proposed and discussed below. They are the methods based on (a) the pileôs 

natural frequency change, (b) bending moment profile, and (c) modal strain profile. 

Scour monitoring based on frequency change  

The first step of damage detection is to determine the occurrence of damage [89] . From the 

results of example 2 shown in Figure 20 ~Figure 22, it is found that the reduction of soil 

around the pile will reduce the pileôs natural frequency, especially the low order frequencies. 

Since the low order frequencies are easily measured, the change of frequency is an 

alternative feature for detecting the occurrence of scour damage. Figure 23 presents the 

change ratio of the first natural frequency versus the initial scour depths (the initial position 

of the interface between soil and water) for three different additional scour ratios, namely 5% 

[scour depth=4 ft. (1.22 m)], 10% [8 ft. (2.44 m)] and 15% [12 ft. (3.66 m)]. It can been seen 

that for this 80 ft. pile, when the initial soil position is above the 50 ft. line (measured from 

the pile top), an additional scour ratio of 5% [4 ft. (1.22 m)] can result in more than 10% 

change in the first natural frequency.  It implies that if an additional scour with a ratio of 

more than 5% occurs on a pile with  an unsupported length of less than 62.5% (50/80 = 
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0.625), it can be detected through the change of the fundamental frequency. Figure 24 

displays the same observation on the piles supported with soil of different stiffness.  

  

Figure 23  

Change ratio of 1st frequency 

Figure 24  

Change ratio of 1st frequency  

with scour ratio=5% (4 ft .) 

Scour monitoring based on bending moment profile  

Figure 15 and Figure 17 showed that the maximum moment of the pile changes with the 

scour ratio and its location is slightly below but close to the scour depth. Therefore, a method 

based on the bending moment profile was proposed here for scour monitoring. As shown in 

Figure 25, the turning points of the three curves are 8.8 ft. (2.68 m), 16.8 ft. (5.12 m), and 

24.8 ft. (7.56 m), compared to the total unsupported length (scour depth) of 8 ft. (2.44 m), 16 

ft. (4.88 m), and 24 ft. (7.32 m), respectively. As expected, the detected turning point of 

moments is typically lower than the true soil (scour) line because the soil provides an elastic 

(not rigid) support to the pile. The turning point of the pile moment profile can still be 

considered as the detected scour depth since it is very close to the true scour depth. From an 

engineering practice point of view, the top soil is typically weak after being disturbed and 

does not provide much support to the pile. Therefore, the fact that the detected scour depth is 

slightly lower than the true soil position has a practical significance. For a single pile, it is 

easy to obtain the moment profile through strain sensors attached along the pile under applied 

testing loads or hydraulic loads. 

0 10 20 30 40 50 60 70 80
0

10

20

30

40

50

60

Initial scour depth (ft)

F
re

q
u
e
n
c
y
 c

h
a
n
g
e
 r

a
ti
o
 (

%
)

 

 

scour ratio=5%

scour ratio=10%

scour ratio=15%

0 20 40 60 80
0

5

10

15

20

25

30

35

40

Initial scour depth (ft)
F

re
q
u
e
n
c
y
 c

h
a
n
g
e
 r

a
ti
o
 (

%
)

 

 

k=0.576

k=5.76

k=57.6

k=576



 

39 

  
Figure 25  

Bending moment profile 

Figure 26  

First modal strain profile  

Scour monitoring based on modal strain profile 

The modal information such as natural frequency and mode shape is easy to obtain from the 

time history data recorded from dynamic tests, which makes it attractive for damage and 

scour detection. Similar to the moment profile method, a strategy based on the modal strain 

(curvature) profile was also proposed in the present study.  As shown in Figure 26, the modal 

strain extracted from the first modal shape is similar to the bending moment profile. The 

detected scour based on this strategy would be 28.8 ft. (8.78 m), 50.4 ft. (15.4 m), and 66.4ft. 

(20.2 m), compared to the true scour depth 24 ft. (7.32 m), 48 ft. (14.64 m), and 64 ft. (19.5 

m), respectively. Just as in the bending moment case, the detected turning point of strains is 

typically lower than the true soil (scour) line because the soil provides an elastic (not rigid) 

support to the pile. Since the modal information is related to the physical property of the 

structure, it should be more applicable and practical than the bending moment from static 

loading.  

Laboratory Test on Scour Mechanisms 

The laboratory test was designed and conducted to verify the structural behavior under static 

and dynamic loadings and the feasibility of the proposed scour monitoring mechanisms. 

Some of the conceptual tests were carried out using the water tank and shaking table 

available at LSU.  

The present study developed a scour monitoring system using Fiber Optic Sensors (FOSs) 

that have wide applications in long-term monitoring of structures, especially in harsh 
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environments. The major benefits of choosing FOSs for scour applications are: good 

corrosion-resistance and long-term stability that make it possible to be embedded in soil and 

submerged in water; distributed sensing and multiplexing capabilities that make it possible to 

install a series of sensors along a single cable to collection information along the depth of the 

foundation; small size and light weight with little disturbance to the structure and soil; 

immunity to electromagnetic/radio frequency interference, etc.  

Test Design 

This study developed a system using relatively inexpensive instrumentation and a robust, 

permanent sensor arrangement. Figure 27 shows the basic concept. Fiber optic sensors can be 

glued onto or embedded into the fiber reinforced polymer (FRP) bar. The reason to choose a 

FRP bar is due to its durability and corrosion resistance features. The optic fiber can measure 

the strain along the optic fiber. When the sensors are located in the water or soil, they are 

expected to behave differently. By identifying the strain distribution, the interface between 

the water and soil could be located, from which the soil elevation can be decided. 

 
Figure 27  

Concept of scour monitoring using FBG sensors 

Test Configuration 

The FRP bar with an economical sensor array can be placed adjacent to or at some distance 

from structural elements of bridge piers, foundations, or abutments.  In order to investigate 

the applicability and sensitivity, two designs have been developed as follows: 

The first design adopted a FRP bar clamped on the steel tube. The FRP bar with FBG sensors 

is installed close to the steel tube by a number of clamps, as shown in Figure 28. This design 

is better for existing piers/piles. The FRP bar vertically standing in the water tank is held 
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with clamps on the steel tube or stick to the glass fiber reinforced polymer (GFRP) pipe. The 

steel tube and the GFRP pipe are fixed at the bottom. The lower part of FRP bar is buried in a 

sand container, and the rest of the tank is filled with water and air. The heights of water and 

sand are adjustable as needed. As shown in Figure 28, the bottom 1.31 ft. (0.4 m) of the FRP 

bar is in the sand and the top 1.31 ft. (0.4 m) is in the water. FBG sensors are located along 

the FRP rebar with an interval of 0.66 ft. (0.2 m). The shaking table exerts the stroke 

simulating the water flow action. A velocimeter is used to measure the water velocity.  

 

 

Figure 28  

Design of FRP bar on steel tube 

The second design adopted a FRP bar stick to the GFRP pipe. The FRP bar with FBG sensors 

are glued on the GFRP pipe in a certain interval as shown in Figure 29. This design is better 

for new foundations, with which the sensors are buried together. A pipe made of glass fiber 

reinforced polymer (GFRP) buried in sand was used to simulate the pile structure in soil, 

which is schematically depicted in Figure 29. A fiber reinforced polymer (FRP) bar attached 

with FBG sensors was mounted on the GFRP pipe at 0.0 ft. (0.0 m), 1.31 ft. (0.4 m), and 2.62 

ft. (0.8 m) to measure the response of water impact. Both the pipe and the bar were fixed on a 

steel plate at the bottom. To simulate the water flow action, a shaking table was used to exert 

the stroke to the water tank sitting on the table. The water in a real river flows in one 

direction, but goes back and forth in the tank. In order to reduce the drag force of water, the 

specimen was put close to one side in the tank. Five sensors were deployed both on the 

GFRP pipe and the FRP bar in an interval of 0.66 ft. (0.2 m), namely, at the position of 0.0 

ft., 0.66 ft. (0.2 m), 1.31 ft. (0.4 m), 1.97 ft. (0.6 m), and 2.62 ft. (0.8 m). For tests in water, 

the specimen was partially buried in a sand container and then submerged in the water tank. 

The heights of water and sand were adjusted as needed. Figure 29 shows an example where 
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the bottom 1.31 ft. (0.4 m) was in the sand and the top 1.31 ft. (0.4 m) was in the water. A 

velocimeter was also used to measure the water velocity. Figure 30 shows the test specimen 

and layout. The property of the GFRP pipe is: outer diameter = 4.5 in. (0.114 m), inner 

diameter = 4 in. (0.102 m) and the axial Youngôs modulus obtained through the material test 

is 1.13E06 k/ft
2
 (5.4 GPa). The frequency filter is 250 Hz. 

 
Figure 29  

Schematic drawing of test design 

 

         
Figure 30  

Test specimen and layout on shaking table 

Three monitoring mechanisms were tested. The first one detected the scour occurrence 

through the frequency change by clicking the GFRP pipe. The second one was the bending 

moment mechanism due to the static loading or the water flow as shown in Figure 31(a). 
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Herein a force was applied on the top of the pipe to produce the bending moment. The third 

one was the high frequency response of the FBG sensors to water flow or debris impact as 

shown in Figure 31(b). A hanging weight was used to simulate the debris in river water, and 

the sensors on the FRP bar was specially designed for this mechanism. 

  
(a) Bending moment mechanism (b) High frequency signal from the debris 

Figure 31  

Monitoring mechanisms to be tested 

Test Loads  

Three types of loads were considered:  

(1) Pseudo static loading 

vty=                                                                         (18) 

where, v is the equivalent fluid speed, which is designed to be 1.64 ft/s (0.5 m/s), 1.23 

ft/s (0.375 m/s), 0.82 ft/s (0.250 m/s) corresponding to line I, II, and III, respectively. 

 
Figure 32  

Pseudo static loading 
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(2) Noise 

 
Figure 33  

Noise loading 

The noise considered here is, )2sin( ftAy p= , where f is the fluid frequency, A is the stroke 

amplitude of the shaking table. To keep the equivalent fluid speed the same, the frequency 

and the amplitude are chosen this way: 

 Case 1 Case 2 Case 3 Case 4 

f (Hz) 1 2 5 10 

A(ft) 0.82 0.41 0.16 0.082 

 

(3) Current drag force 

2

2

1
AUCf Dr=                                                              (19) 

where, r= fluid density, A = structure projected area normal to the flow, U = uniform flow 

velocity, and CD is a contant known as the drag coefficient. The drag coefficient CD is a 

function of the Reynolds number as shown in Figure 34, Re based on mean current velocity 

and member diameter [90] . For a circular cylinder acoss the flow, D is the diameter of the 

cylinder. 

n/Re 0Du=                                                                  (20) 

where, u0 = water particle velocity amplitude, D = kinematic viscosity of water.  

 

 

 

Table 3 shows dynamic and kinematic viscosity of water at various temperatures.  

¶ Re<200, laminar flow; smooth, constant fluid motion 

¶ 200<Re<5000, transition mode between laminar flow and turbulent flow (Figure 35) 
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¶ Re>5000, fully turbulent flow, figures random eddies, vortices and other flow 

fluctuations. 

 

 

 

 

Table 3  

Dynamic and kinematic viscosity of water in SI units 

 

Temperature  

- t - 

(
o
C) 

Dynamic Viscosity  

- µ - 

(N s/m
2
) x 10

-3
  

Kinematic Viscosity  

- ɜ - 

(m
2
/s) x 10

-6
 

0 1.787 1.787 

5 1.519 1.519 

10 1.307 1.307 

20 1.002 1.004 

30 0.798 0.801 

40 0.653 0.658 

50 0.547 0.553 

60 0.467 0.475 

70 0.404 0.413 

80 0.355 0.365 

90 0.315 0.326 

100 0.282 0.294 

 

 
 

Figure 34  

Drag coefficient for a smooth circular  

cylinder in steady flow 

Figure 35  

Turbulent flow around  

an obstacle  
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FRP Bar Response  

The FRP bar with a length of 1.64 ft. (0.5 m), fixed at two points, was subjected to the 

loading from the water flow. The frequency of the bar can be obtained as, 

                 
m

k
f

p2

1
=                                                     (21) 

where, m is the mass, k is rigidity, 
3

24

l

EI
k= , and l is half of the length between the 

two fixed points. E is Youngôs modulus, 97 GPa; I is moment of inertia, for round cross 

section,
64

4D
I
p
=  where D is the section diameter, 0.24 in; I = 7.41 E-9 ft

4
. When the length is 

1.64 ft, the frequency of the rebar is listed in the table below with differential diameter. 

Table 4  

Rebar frequencies 

Diameter 

(in) 

1
st
 

(Hz) 

2
nd

 

(Hz) 

3
rd

 

(Hz) 

4
th
 

(Hz) 

5
th
 

(Hz) 

0.275 (7 mm) 63.142 174 345 575 966 

0.315 (8 mm) 72.162 199 395 658 1105 

0.354 (9 mm) 81.182 224 444 740 1243 

0.394 (10 mm) 90.202 249 493 822 1381 

0.433 (11 mm) 99.222 274 543 904 1519 

 

The bending moment along the FRP bar can be calculated as 
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M I                                                (22) 

Where q is the load density, for x = 0 and x = l,
12

2ql
M I -= , for x = l/2,

 24

2ql
M I = .  

The strain can be calculated by 
EI

My
=e .  

Therefore, at 20 °C, the strain at x = 0 under different water velocity can be obtained 

as, 

Water velocity(ft/s) 0.82 

 (0.25 m/s) 

1.64  

(0.5 m/s) 

2.46 

 (0.75 m/s) 

3.28  

(1 m/s) 

Re 1500 3000 4500 6000 

CD 1.09 1.14 1.21 1.24 
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q(lb/ft) 13.98 58.93 139.78 253.53 

M(lb³ft) 2.95 13.28 31.72 57.53 

Ң(m/m×10
6
) 2 9 20 38 

 

From the next table, the critical scour speed is about 1.64 ft/s.  

Table 5  

Incipient motion formulas 

 

 

Scour Monitoring Instrumentation Design for Field Application 

Scour is one of the main causes of bridge failures. Developing a real-time, reliable, and 

robust system is very desirable for local scour monitoring. It also needs to be easily installed 

in a riverbed near the bridge piers or abutments and collect the data safely. To this end, an 

innovative scour monitoring system including the instrumentation design, is proposed using 

fiber Bragg grating (FBG) sensors. In this scour monitoring system, the application of FBG 

sensors can make the monitoring flexible, stable, and durable in harsh environments with the 

advantages of lightweight, highly temperature and radiation tolerant, and, especially, 

immunity from electromagnetic interference. In addition, the protection measures designed in 

the system are able to protect the sensors away from floating debris in the water. Based on 

the wavelength response and multiplexing capability, FBG sensors can be easily multiplexed 

in a series of arrays along a single optical fiber to reduce the possible attenuation during the 

signal transmission in a long cable length. In contrast to other sensor networks, the proposed 

design can provide a real-time monitoring for the entire scouring process to correctly observe 

the maximum scour depth during floods. 

Reference Formula Vc(ft/s) 

  
1.81 

 

 

1.84 

 

 

1.75 
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In order to measure and monitor scour depth variations including deposition (refilling) 

process, three designs for a scour monitoring system using fiber Bragg grating (FBG) sensors 

are discussed in this study. By a comparative study, one of them is recommended in this 

study and its instrumentation manufacture process is also introduced in details. Using this 

recommended design, the advantages of FBG sensors for monitoring, such as immunity from 

electromagnetic interference and multiplexing capability, can be fully utilized. Both scour 

depth variations and entire scour development process including deposition process can be 

correctly monitored in real time by continuously identifying the locations of emerging FBG 

sensors from the riverbed. A reliable sensor protection measure is also designed for FBG 

sensors in harsh environments, especially in floods. Finally, a verification test using a flume 

is carried out in the laboratory and three experimental cases are conducted to demonstrate the 

capability of FBG sensors and applicability of the recommended scour monitoring system.  

Fiber Bragg Grating Sensor 

Fiber Bragg gratings are made by laterally exposing the core of a single-mode fiber to a 

periodic pattern of intense ultraviolet light [87], [90] . The exposure produces a permanent 

increase in the refractive index of the fiber's core, creating a fixed index modulation 

according to the exposure pattern. This fixed index modulation is called a grating. At each 

periodic refraction change, a small amount of light is reflected. All the reflected light signals 

combine coherently to one large reflection at a particular wavelength when the grating period 

is approximately half the input light's wavelength. This is referred to as the Bragg condition, 

and the wavelength at which this reflection occurs is called the Bragg wavelength. Light 

signals at wavelengths other than the Bragg wavelength, which are not phase matched, are 

essentially transparent or transmitted. The principle of FBG sensors is shown in Figure 36. 

 
Figure 36  

Work principle of FBG sensors 
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The Bragg wavelength 
Bl  depends both on the physical characteristics of the fiber and 

geometrical characteristics of the grating: 

2B enl= L                                                                            (23) 

where, 
en = effective refractive index of the grating in the fiber core; and L= grating period. 

Both the effective refractive index and grating period vary with the change in strain ȹŮ, 

temperature change ȹT, and pressure change ȹP, imposed on the fiber. An applied strain and 

pressure will shift the Bragg wavelength through expansion or contraction of the grating 

periodicity and through the photo elastic effect. Temperature affects the Bragg wavelength 

through thermal expansion and contraction of the grating periodicity and through thermal 

dependence of the refractive index. If only the dominant linear effects of these three factors 

on FBG sensors are considered, neglecting higher-order cross-sensitivities, the amount of 

Bragg wavelength shift can be given by [92] : 

/B B T PK K T K Pel l eD = D + D + D                                          (24) 

where, KŮ, KT, and KP = respective wavelength sensitivity coefficients for strain, temperature, 

and pressure for FBG sensors, respectively, which are further given by: 

12 11 12{1 0.5 [ ( )]}e BK ne r n r r l= - - -                                   (25a) 

(1 )T BK x l= +                                                                       (25b) 

2

12 11[ (1 2 ) / (1 2 )(2 ) / 2 / ]P e BK E n En n r r l= - - + - +           (25c) 

where, ɟ11 and ɟ12 = components of the fiber optic strain tensor; ɜ = Poissonôs ratio; ɝ = 

thermo-optic coefficient; and E = Youngôs modulus. 

In equation (24), even if assuming the pressure unchanged (ȹP = 0), temperature and strain 

still cannot be measured simultaneously with one single grating since only one sensing 

parameter, wavelength shift, is required in the FBG sensor application. To separate the strain 

signal from the temperature signal, different compensation methods of temperature effects 

have been reported in the literature [92-96] . Practically, with a matrix inversion technique, 

most of the applications utilize two superimposed FBG sensors written at two different 

wavelengths to decouple the strain and temperature [92] , [93] , [95] , [96] . 

Therefore, fiber Bragg gratings, i.e., FBG sensors, can be used as direct sensing elements for 

strain and temperature. Based on the work principle introduced above, applying FBG sensors 

to a scour monitoring system in the present study can give such advantages as below: 
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(1) High resolution, dynamics, and accuracy. The resolution of FBG sensors, the 

capability of detecting a very small variation of the measured quantity, can be of 0.1 

parts per million (ppm), resulting in 0.1ÕŮ of minimum measurable deformation. The 

dynamics of FBG sensors, the capability to measure a given quantity in a wide 

variation range with a specified resolution, allows length variations of over 10000 

ppm, which makes a maximum measurable deformation over Ñ10000 ÕŮ. The 

accuracy of FBG sensors, the maximum mismatch between the measured and the real 

value of a given quantity, is about 2 ppm, i.e., Ñ2 ÕŮ. These performances make FBG 

sensors sufficiently sensitive to the pressure from flowing water/flood impact force.  

(2) Immunity to electromagnetic noise. This is an intrinsic characteristic of FBG sensors 

due to the material (glass) of which they are comprised. Because glass is a dielectric 

material, electromagnetic fields cannot induce electric currents into the fiber optics, 

nor modify the wavelength or the intensity of the optical signal. For this reason FBG 

sensors, compared to some traditional techniques such as TDR, are very suitable for 

installation in harsh environments such as flooding rivers. 

(3) Long term stability. Durability and stability is another important characteristic of 

FBG sensors. They can work for years without influence of negative effects due to 

aging, corrosion, and action of atmospheric agents that in general contribute to 

degrade the conventional sensors. This feature is especially important when applying 

FBG sensors in a sensing system of scour monitoring which usually requires a long 

term or permanent installation lasting for many years. 

(4) Long distance installation. Due to the very low attenuation of fiber optics, FBG 

sensors can be installed at a distance of the order of tens of km from the interrogator 

system via fiber optic cables. For this reason, it is possible to create a scour 

monitoring system with a reliable connection requirement of a very long distance. 

(5) Good physical performance. The small size and light weight of FBG sensors 

including fiber connection is a very useful feature when there is a very small space 

for the installation or in those cases where traditional sensors might load the structure. 

This makes FBG sensors an excellent choice in both surface-mounted and embedded 

sensing applications. 

(6) Multiplexing capability. FBG sensors are highly attractive also because of their 

multiplexing capability in a distributive sensing network. They can be easily 

multiplexed in a series of arrays along a single optical fiber. For scour monitoring, it 
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is a valuable and practical feature to create multiple sensing points in different depths 

using only one cable. 

All the features of FBG sensors introduced above are important and will be applied in the 

following proposed scour monitoring system, which surely are the fundamental knowledge of 

this new design and make this new design more practical and effective over other scour 

monitoring systems.  

Monitoring System and Instrumentation Design 

Based on the discussion above, FBG sensors are identified as very useful and attractive 

devices to measure scour depths for the scour monitoring over other methods. Although FBG 

sensors have already demonstrated their advantages and applicability in many researches, 

their application in scour monitoring is actually very new, only a few pilot applications in 

Taiwai [61] . How to design an efficient and reliable scour monitoring system and 

instrumentation with FBG sensors is still a significant issue in the practical application. In 

addition, FBG sensors cannot be applied directly in the field because, after certain 

experimental evaluations, they are found to be unable to withstand the conditions 

encountered in floods due to their brittleness [61] . The present study is to design an 

innovative monitoring system not only to fully exploit all the advantages of FBG sensors in 

the scour monitoring but also to protect FBG sensors in the field. To this end, three designs 

of the scour monitoring system using FBG sensors are proposed. The recommended design 

will be given after a comparison. 

Design 1 

In this design, FBG sensors are arrayed at a certain interval along a single optical fiber in 

series on a steel bar (details in Figure 37). This steel bar is supported as a continuous beam 

using fixed joints inside a steel tube which is a hermetic space (B-B in Figure 37). Each FBG 

sensor in this system is covered by a waterproof rubber seal like a button, which goes 

through the steel tube from a hole (A-A and B-B in Figure 37). The detailed sketch of Design 

1 is shown in Figure 37. 

Based on this design, when the scour occurs, FBG sensors should emerge from the riverbed 

where they used to be buried in the soils. There are two phenomena that can be sensed by 

FBG sensors: the flowing water pressures and flowing water impact forces. Specifically, the 

flowing water pressures, through the waterproof rubber seal, can bend/deform the steel bar 

(dashed line in Figure 38) and this bending can be sensed as strain variations by the FBG 

sensors glued on the steel bar. The impact forces of flowing water toward the sensors can 

also be directly sensed by FBG sensors. Both of the sensed phenomena are regarded as the 

http://dict.cn/brittleness
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significant signs to indicate the successful detection and monitoring of scour. Along with the 

development of scour, more and more FBG sensors emerge from the riverbed. Depending on 

the position of the emerging FBG sensors, it is easy to notice where the scour develops and 

the whole process of scour can also be monitored and recorded in real time. In other words, 

both the actual maximum scour depth and deposition process (soil backfilling) can be clearly 

observed in addition to the final scour depth after floods. The waterproof rubber seal 

including an L-shaped steel bumper should be able to prevent damages to FBG sensors in 

case of a flood flowing at an excessive velocity beyond the protection criterion, or if debris in 

the flow strikes with excessive impact forces. The monitoring principle of this design is 

shown in Figure 38.  

  
 

Figure 37  

Detailed sketch of Design 1 
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Figure 38  

Monitoring principle of Design 1 

However, this design has a few problems when it comes to practical applications. One of 

them is the influence from the hydrostatic pressures in the water or rivers, which may make 

the waterproof rubber seal buttons not function as intended. Due to a tube design which is a 

hermetic space, the hydrostatic pressures applying on FBG sensors on the steel bar through 

the buttons are actually very significant especially near the bottom of rivers. The steel bar or 

other structure components not only sustain the flowing water pressures and flowing water 

impact forces but also the hydrostatic pressures which may be much higher than the former. 

However, as a matter of fact, the hydrostatic pressures are nothing but negative for the 

instrumentation design, which could make the steel bar unnecessarily strong (high thickness 

or large width) and also make the buttons relatively insensitive to the external forces.  

For instance, if the highest velocity of flowing water (usually in floods) is assumed as 11.48 

ft/s (3.5 m/s) and the cross-section area of waterproof rubber seal is 0.054 ft
2
 (0.005 m

2
) 

(radius = 0.13 ft), the flowing water force acting on a waterproof rubber seal or an FBG 

sensor can be calculated as about 67.4 lb. (300 N) based on the following equation:  

2

2
D D s

V
F C Ar=                                                                    (26) 

where, FD = flowing water force acting on a waterproof rubber seal or an FBG sensor; CD = 

coefficient representing the pressure and friction effects, which is related to the Reynolds 

number, herein is about 1.0 based on the shape of waterproof rubber seal and Reynolds 

number; 
sA  = cross-section area of waterproof rubber seal; r = water density; and V  = 

flowing water velocity.  

Based on the strength design, this 67.4 lb. of flowing water force requires 0.13 ft. (0.040 m) 

for the width of steel bar and 0.197 in. (0.005m) for its thickness. However, if assuming 

13.12 ft. (4 m) river depth after scour, 1.64 ft. (0.5 m) interval between two sensors, and still 
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the same cross-section area of waterproof rubber seal, the hydrostatic pressures only results 

in a force that requires at least another 0.13 ft. (0.040 m) increase for the width of steel bar 

and another 0.197 in. (0.005 m) increase for its thickness. This is obviously unnecessary and 

uneconomical. In addition, the doubled thickness obviously can weaken the mechanical 

response (strains) of the steel bar, which may reduce the sensing sensitivity of FBG sensors 

for scour monitoring. 

Design 2 

Similar to Design 1, FBG sensors in Design 2 are also arrayed at a certain interval along a 

single optical fiber in series on a steel bar (A-A and B-B in Figure 39). However, there are 

two major differences in Design 2. Firstly, in order to solve the hydrostatic pressure problem, 

two channel beams are used to form a hollow structure where the flowing water can pass 

through the tube (Cross-section in Figure 39). By doing this, the hydrostatic pressures on the 

monitoring system, especially on the steel bar, can be totally ignored because it is self-

balanced. Secondly, the steel bar is changed from a supported continuous beam with two 

fixed joints to a cantilever beam, which is more sensitive to the flowing water pressures and 

impact forces. Steel protection sticks are added on the channel beams to prevent direct 

damage to the FBG sensors if debris in the flow strikes with excessive impact forces (A-A in 

Figure 39). The detailed sketch of Design 2 is shown in Figure 39. 

 
Figure 39  

Detailed sketch of Design 2 segment 
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Similar to Design 1, the scour monitoring based on this design is also conducted by sensing 

the same flow information from the emerging FBG sensors. Along with the scour 

development, FBG sensors emerge from the riverbed one after the other from the top to 

bottom of the steel bar. Considering the steel bar as a cantilever, the later emerging FBG 

sensors, more towards the bottom of the cantilever beam, obviously can sense more response 

from the flowing water pressures and impact forces (dashed line, i.e., deformed steel bar, in 

Figure 40). This not only shows where the scour develops but also can be regarded as an 

increasing alert along with the constantly developing scour. Figure 41 gives a schematic 

drawing for different responses of every FBG sensors when the riverbed locally drops due to 

the scour development (in the ideal condition). It is easy to understand that the whole process 

of scour (the actual maximum scour depth and deposition process) can be also monitored and 

recorded by this design. 

    
 

Figure 40  

Monitoring principle of Design 2 
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Figure 41  

Schematic description for the response of each FBG sensor 

However, after the preliminary test in the laboratory, it was found that the protection sticks 

could stop the soil in the hollowed tube from flowing away; as a result, the FBG sensor will 

not function as intended. This would cause a significant influence to the monitoring accuracy 

on the entire scour process. If simply removing the protection sticks, FBG sensors should be 

easily damaged in flooding environments.  

Design 3 (recommended) 

The main monitoring principle and system design in Design 2 are still applicable in Design 3. 

However, much attention was paid here to the issue of how to assure the soil level inside the 

tube was exactly the same as the riverbed level outside the tube. To this end, the steel bar was 

moved near to the open side of the tube in order to make FBG sensors as close as possible to 

the soil outside the tube, which represents the real riverbed level (A-A and B-B in Figure 42). 

There were no protection sticks in this design. Instead, a protection system was directly used 

on the surface of the FBG sensors on the steel bar. Therein, epoxy resin was used as a sensor 

protection to fulfill the groove formed by two pieces of steel angles attached on the steel bar 

(Figure 43). By doing this, the FBG sensors can be entirely covered by epoxy resin to prevent 

direct damage to the FBG sensors from the debris in flowing water. The two steel angles 

themselves can also stop the direct hit to FBG sensors from the debris.  



 

57 

      
 

Figure 42  

Detailed sketch of Design 3 

As in the previous designs, the scour monitoring based on this design is conducted by sensing 

the flowing water information from the emerging FBG sensors.  As discussed in Design 2, a 

cantilever design of the steel bar can reserve all the advantages introduced earlier. The whole 

process of scour (the actual maximum scour depth and deposition process) can be monitored 

and recorded in real time under a reliable sensor protection system by this design. The 

monitoring principle of this design is shown in Figure 44. 

   
Figure 43  

Design of sensor protection system 
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Figure 44  

Monitoring principle of Design 3 

Table 6 shows the comparison results among the three scour monitoring designs introduced 

earlier. 

Table 6  

Comparison results 

Designs Design 1 Design 2 Design 3 
Eliminating unnecessary hydrostatic pressures  NO YES YES 
Sensing sensitivity for flowing water NO YES YES 
Sensing accuracy for riverbed level YES NO YES 
Showing increasing alert when scour develops NO YES YES 
Monitoring whole process of scour  YES YES YES 
Protecting FBG sensors YES NO YES 

 

As can be seen from the comparison in Table 6, Design 3 has many advantages over the other 

two designs especially from the viewpoints of sensing sensitivity, sensing accuracy, and 

sensor protection system. In the present study, Design 3 is highly recommended for the scour 

monitoring using FBG sensors and verification in a laboratory test.  

Experimental Setup 

Usually, at least 13.12 ft. (4 m) depth below the riverbed needs to be monitored for the 

purpose of scour detection. It is inconvenient to build the instrument with the whole 

depth/length all at once. In the present study, the proposed instrument is manufactured as 

several 1m-depth-segments. Each segment has a complete scour monitoring system with 

FBG sensors introduced in Design 3. Each segment is assembled by several steel components 

using screws, which is more flexible than using weld (Figure 45). Through connecting every 
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segment in field, the monitoring instrument with any required depth/length can be easily 

installed for a specific bridge (Figure 45). 

 
Figure 45 

Instrumentation assembling 

Based on the recommended design of Design 3, installation of FBG sensors and building 

their protection system is another important process in the instrumentation manufacture. 

Figure 46 demonstrates this process in detail. Herein, FBG sensors manufactured by T&S 

Communication, Ltd. (Bandwith@3dB: <0.3, Min. SLSR: > 15dB, Min. Reflectivity: >90%) 

and an arc fusion splicer (FSM-50S) manufactured by Fujikura, Ltd. are used to connect FBG 

sensors in series with connection protection.  

The experiments were conducted in a 32.8-ft. (10-m) long, 1.31-ft. (0.4-m) wide, and 2.13-ft. 

(0.65-m) deep flume with glass sidewalls at LSU, which is shown in the left hand of Figure 

47. The scour monitoring instrument was placed in the middle of the flume paved by sands 

and gravels with ñriverbedò elevation of around 1.64 ft. (0.5 m) The prescribed discharge and 

its corresponding depth for each experimental case were controlled by adjusting the inlet 

valve and tailgate in the flume. Three sensors, each sensor with a desired wavelength, were 

mounted on the surface of a cantilevered steel bar and arranged in series along one single 

optical fiber. These three sensors, namely sensors 1, 2, and 3, were mounted at 1.82 ft. (0.55 

m), 1 ft., and 0.18 ft. (0.055 m) away from the bottom of the cantilevered steel bar partially 
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submerged with the largest flowing water level of 1.97 ft. (0.5 m) in the experiment, see the 

right hand of Figure 47. The scour at riverbed can be simulated by washing away the sands 

and gravels through the flowing water in this experiment setup.  

 
            Step1 Sensor preparation          Step 2 Sensor connection        Step 3 Sensor attachment (on steel bar) 

 

           
   

         Step 4 Sensor protection (steel angles)       Step 5 Sensor protection (epoxy) 

Figure 46  

Installation of FBG sensors and their protection system 

There were three runs, namely cases 1, 2, and 3, with different flowing water velocities and 

different discharge processes in this experiment. When the running water flowed towards the 

cantilevered steel bar in these cases, a deformation strain was generated by the bending 

moments and flowing water impact forces. If FBG sensors are buried below the riverbed 

surface, there is no or small response for FBG sensors. Once FBG sensors emerge from the 

riverbed due to the developing scour, the scour depth can be directly detected from the sensor 

responses, the corresponding varying wavelengths, and the sensor positions.  

FBG sensors 

Steel bar 

Arc fusion splicer Attaching sensors 

Steel angles Epoxy (protecting sensors) 
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Figure 47  

Water flume and experimental setup 

Field Installation and Test  

Based on the above instrumentation design and test in the laboratory, the third design is 

recommended for application in the field. Two 18-ft. (5.5-m) long instruments (similar to a 

pile) with FBG sensors are fabricated and driven besides the foundations of the field bridge. 

Each pile is assembled with six 3-ft. (0.92-m) long segments designed as the sample in the 

laboratory.  

Bridge Description 

The bridge shown in Figure 48, located in East Baton Rouge Parish, Louisiana, crosses over 

the Redwood Creek on Louisiana Highway 67. The bridge, built in 1965, is 300 ft. (91.4 m) 

long and consists of twelve 25-ft. (7.62-m) reinforced concrete slab spans supported by 

concrete pile bents with a reinforced concrete bent cap. The bent types consist of five square 

precast concrete piles with different sizes. The bents are skewed 75° relative to the roadway 

centerline.  

Waterway information: The Redwood Creek in the vicinity of the bridge site is a medium 

[100- to 500-ft. (30.5-m to 152-m) wide] sinuous stream with a perennial flow habit. The 

streambed material is primarily sand with underlying clay. The channel boundaries are 

alluvial, and the floodplain is wide (greater than ten times the channel width). None of the 

pile bents are currently protected from scour. This bridge is susceptible to light drift build-up. 

Scour history: Table 7 documents the soil conditions. The maximum scour of the bridge has 

occurred at Bent 5 in 2005, approximately 13.5 ft. (4.11 m) (as shown in Figure 49. The 

Sensor 3 

Sensor 2 

Sensor 1 

Steel bar Flume 

Sands and 
gravels 
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record shows a general trend of channel degradation at Bents 2, 3, 4, and 5 that transits to a 

general trend of channel aggradation at Bents 9, 10, and 11. Substantial erosion adjacent to 

Bent 13 was observed during the Phase III site visit causing undermining of the cap. Typical 

erosion holes averaging from 2.5 ft. to 6 ft. (0.76 m to 1.83 m) deep were noted around the 

bents on each bank under the bridge. This site appears to have a history of bank erosion 

underneath the bridge. 

 

Figure 48  

Bridge layout 

Table 7  

Soil condition 

 

 

Pile II  Pile I 
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Figure 49  

Pattern of ground line change 

Data Acquisition Systems - FBG Interrogator  

Strain measurements from the FBG sensors were collected using the si425 Optical Sensing 

Interrogator from Micron Optics, Inc. (Figure 50). It is a multi-FBG sensor system that can 

support up to 512 sensors on four fibers, powered by a high output power swept laser source. 

The current si425- 500 system has four functional channels on the main unit, which has a 

working wavelength range of 1510-1590 nm. The scan rate is 250 Hz for less than 100 

sensors used simultaneously. An additional coupler extension module can increase the 

number of available channels further. This system can be controlled and monitored remotely 

through a complete set of Ethernet controls. The interrogator provides rapid, accurate 

measurements of hundreds of optical sensors in real time.  

 

Figure 50  

Si425 optical sensing interrogator 
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Instrument Fabrication and Sensor Preparation 

As discussed earlier, the third design was selected for the field application. Two test piles 

were fabricated and each of them consisted of six 3-ft. (0.92-m) long segments [totally 18 ft. 

(5.5 m)]. In each segment, four sensors were attached on the steel plate and protected with 

epoxy as shown in Figure 51 (a). The four sensors were divided into two groups, each with 

two sensors were multiplexed in a series along a single optical fiber and parallel and 

independent to the other sensors. Six segments were then assembled into a test pile, as shown 

in Figure 51 (b) and (c). Before being transported to the bridge field, the cables connecting 

the FBG sensors were pulled to one end of the pile. After that, the sensors were tested using 

the FBG interrogator in the workshop, as shown in Figure 51 (d). 

 

 

(a) Sensors and protection system (b) Assemble test pile 

  
(c) Sensor connection (d) Sensor testing 

Figure 51  

Fabrication and sensor testing 
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In -situ Installation 

The two test piles were transported to the bridge field by DOTD vehicles. With the help of 

District 61, DOTD, the two test piles were in position as shown in Figure 52 and Figure 53. 

Pile II (side) is near the downstream of the Bent 4, and pile I (middle) is near the downstream 

of Bent 5, as shown in Figure 48.  

  
Instrument moving Dig holes 

  
Drive the middle pile The middle pile in position  

Figure 52  

In -situ installation of the middle pile 
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Preparation using extractor Preparation using drilling machine 

  

 

 

Drive the side pile The side pile in position 

Figure 53  

In -situ installation of the side pile 

After the test piles were in position, the sensor cables were led through a tube to the bridge 

deck as shown in Figure 54, such that the future monitoring can be conducted on the deck 

even during the flooding process. Due to the fragility of the sensors, a few sensors were 

broken during the fabrication, transportation, and installation processes. After the two piles 

were in position, 10 sensors survived on the middle pile (Pile I), named as sensor I-1 to I-10, 

and 14 sensors for the side pile (Pile II), named as sensor II-1 to II-14 as shown in Figure 55. 
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The status after installation Leading cables to the deck 

Figure 54  

The original status of instrument 

 
Figure 55  

Sensor layout after installation 
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DISCUSSION OF RESULTS 

Laboratory Test Results 

Specimen Test  

Before doing tests in the water tank, five tests were conducted on the FRP specimen to 

investigate the sensitivity of the sensors that respond to the click and water impact, as shown 

in Figure 56, Figure 68, and Figure 70. The specimen was fixed at one end with a clip using 

two rubber pads for holding, and free in the other end. Due to the elasticity of the rubber 

pads, the fixed end had a little rotation and was not rigid. Table 8 lists the detailed 

information, that is, test1~4 are clicking the specimen with different levels of force and 

different condition, and test 5 is the water flow impact test. The sampling frequency is 250 

Hz. 

Table 8  

Test detailed information 

 Description 

Test 1 Click the specimen with gentle force 

Test 2 Click the specimen with moderate force 

Test 3 Click the specimen with heavy force 

Test 4 Click the specimen with or without sand 

Test 5 Water flow impact test 

 

(1) Clicking test 

 

The strain responses are shown in Figure 57~Figure 59. With increasing force, the responses 

increase accordingly. The wavelength amplitude of each test is about 60pm, 100pm and 

300pm, respectively.  
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Figure 56  

Clicking test of FRP specimen 

Figure 57  

Strain response of gentle clicking 

  
Figure 58  

Strain response of moderate clicking 

Figure 59 

 Strain response of heavy clicking 

 

Fractions are picked from the response histories and its frequency characteristics are 

analyzed though FFT technique as shown in Figure 60~Figure 67. As shown in Figure 61, 

when the responses from two clicks overlap, broader frequency contents are identified. The 

fundamental frequency of the specimen with the boundary mentioned above is about 35Hz. 

The frequency identification has not been influenced evidently by the clicking force 

intensity, which means that slight click is sufficient to induce meaningful information. 
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Figure 60  

Strain response of test 1 at 11.5s~12.5s  

Figure 61  

FFT of strain response of test 1 at 11.5s~12.5s 

  
Figure 62  

Strain response of test 1 at 21.3s~21.7s 

Figure 63  

FFT of strain response of test 1 at 21.3s~21.7s 

  
Figure 64  

Strain response of test 2 at 9.2s~9.8s 

Figure 65  

FFT of strain response of test 2 at 9.2s~9.8s 
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Figure 66  

Strain response of test 3 at 10.8s~11.8s 

Figure 67  

FFT of strain response of test 3 at 10.8s~11.8s 

  

(2) Clicking test with sand 

The specimen was fixed in the edge of a pail under the condition of empty and full of 

saturated sand, as shown in Figure 68. The strain response under the clicking with hammer is 

shown in Figure 69. It was found that the sensor buried in the saturated sand works as well as 

the one exposed in the air. 

       
Figure 68  

Clicking test of FRP specimen 
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Figure 69  

Comparison of the strain response clicked by the hammer 

 

(3) Water flow test 

The specimen was soaked in the water tank, and the water was pushed toward the specimen 

to simulate the water impact. As shown in Figure 71, a wavelength change of 160 pm was 

generated in the first 200 seconds, due to the temperature change after the specimen was 

soaked in the water. From the 400th second to the test end, the water in the container was 

scooped out by a small cup, leaving the water level decreasing gradually, which corresponds 

with the declining segments in the figure. The water was pushed toward the specimen in the 

tank, inducing strain responses of the specimen with amplitude of about 15pm, with more 

details given below. 
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Figure 70  

Water flow test of FRP specimen  

Figure 71  

Strain response of water flow test 

 

 

Some fractions of the strain response are picked and the frequency characteristics are 

obtained through an FFT technique (Figure 72~Figure 79). The water flow frequency is 

various, ranged in 0~5Hz.  

  
Figure 72  

Strain response during 71s~74s 

 

Figure 73  

FFT of strain response during 71s~74s 
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Figure 74  

Strain response during 170s~174s 

Figure 75  

FFT of strain response during 170s~174s 

  
Figure 76  

Strain response during 222s~226s 

Figure 77  

FFT of strain response during 222s~226s 

  
Figure 78  

Strain response during 518s~522s 

Figure 79  

FFT of strain response during 518s~522s 
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Test of FRP Bar on Steel Tube (stand) 

For the FRP bar held on the steel stand, the following tests have been conducted:  

¶ Pressing the FRP bar in different positions to investigate the influence of each sensor, 

¶ Bending the steel stand on the top to simulate the pier bending on the top,  

¶ Clicking the top of the steel stand, and 

¶ Impact testing in the water tank on the shake table, with and without the hanging 

weight.  

(1) Pressing the rebar 

Subsequently press the rebar at the position of 0.66 ft. (0.2 m), 1.97 ft. (0.6 m), and 2.95 ft. 

(0.9 m). The strain responses are shown in Figure 80~Figure 83. The FRP bar is designed as 

two fixed segments and one cantilever segment through fixing in the position of 0 ft., 1.31 ft. 

(0.4 m), and 2.62 ft. (0.8 m). It can be seen that when the pressing in one span, the other 

spans also have response, which means the FRP bar behaves as a continuous beam instead of 

two fixed beams. Therefore, all the sensors will response wherever the loading is.  

  
Figure 80  

Schematic drawing of test   

Figure 81  

Strain response of test 1 
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Fixed pointFBG
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Figure 82  

Strain response of test 2 

Figure 83  

Strain response of test 3 

(2) Bending on the top  

A bending test on the top of the FRP bar was conducted before it was fixed on the steel tube, 

that is, only the bottom is fixed. The strain results shown in Figure 85 indicate good 

performance of the sensors.  

  

Figure 84  

Bending on the top 

Figure 85  

Strain response of bending test 

After the fixation finished, a screwdriver was used to apply a bending moment on the top of 

the steel tube, as shown in Figure 86. From the results in Figure 87~Figure 89, it can be seen 

that the strain distribution along the height is different from that of a continuous beam. For a 

continuous beam without sand, the strain along the height should be like the dash curve in 

Fixed pointFBG
sensor

0.6m

0.8m

0.4m

0.2m

0 m

1.2m
Load
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Figure 89, namely, the maximum moment should be at the bottom instead of at the position 

of 0.66 ft. (0.2 m). The solid curve in Figure 89 indicates that the top part of the sand 

provides the resistance for moment, which leads to the maximum moment at the position of 

0.66 ft. (0.2 m) and almost a zero at the bottom.  

 
 

Figure 86  

Bending on the top of steel tube 

Figure 87  

Strain response of test 1 

 
 

Figure 88  

Strain response of test 2 

Figure 89  

Strain response of test 3 
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(3) Clicking test 

The FRP is buried in the sand with the height of 1.31 ft. (0.4 m) and submerged in the water 

of 1.97 ft. (0.6 m). Above 1.97 ft. (0.6 m), the bar is exposed in the air. As shown in Figure 

90, the FRP rebar is clicked at position of 2.95 ft. (0.9 m). Figure 91~Figure 93 shows the 

strain response and the maximum amplitude of the response is about 100 ɛὑ. The sensors 

buried in the sand, at the position of 0 ft. and 0.66 ft. (0.2 m), have almost no response. It 

gives an idea that the bottom sensors with little response when clicking on the top are still in 

the sand, and can be used to locate the water and sand interface in the certain range. 

 

 
 

Figure 90  

FRP bar clicked at 2.95 ft position 

Figure 91 

Zoomed strain response under clicking, 1
st
 run 
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Figure 92  

Strain response under clicking, 2
nd

 run 

 
Figure 93  

Strain response under clicking, 3
rd

 run 

 (4) Shaking table test 

The specimen was placed in the water tank on the shaking table to test under different heights 

of soil and water, as shown in Figure 94.  
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Figure 94  

Layout of the specimen 

  

Figure 95  

Loading procedure of 0.82 ft/s and 1.64 ft/s 

In order to investigate the water effect, the height of the water is set as 0.66 ft. (0.2 m), 1.31 

ft. (0.4 m), 1.97 ft. (0.6 m), and 2.62 ft. (0.8 m), respectively. Each height has the speed of 

0.82 ft/s (0.25 m/s) and 1.64 ft/s (0.5 m/s) for the shaking table, as shown in Figure 95. For 

the height of 0.66 ft. (0.2 m), 1.31 ft. (0.4 m), and 1.97 ft. (0.6 m), three runs were conducted; 

for the height of 2.62 ft. (0.8 m), two runs were conducted, but this reportonly lists the results 

of one run. 
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Water at a height of 0.66 ft (0.2 m): Figure 96~Figure 99 shows the strain response when 

the water height is 0.66 ft.  At the speed of 1.64 ft/s (0.5 m/s), the sensor at the position of 

0.66 ft is significant compared to other positions.  The maximum strain is about 40 ɛὑ.  

 
Figure 96  

Strain response, water 0.66 ft, 0.82 ft/s 

 
Figure 97  

Zoomed strain response, water 0.66 ft, 0.82 ft/s 
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Figure 98  

Strain response, water 0.66 ft, 1.64 ft/s 

 
Figure 99  

Zoomed strain response, water 0.66 ft, 1.64 ft/s 
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Water at a height of 1.31 ft (0.4 m): Figure 100~Figure 103 shows the strain response when 

the water height is 1.31 ft. (0.4 m).  At the speeds of 0.82 ft/s (0.25 m/s) and 1.64 ft/s (0.5 

m/s), the sensors at the position of 0.66 ft. (0.2 m) and 1.31 ft. (0.4 m), are significant 

compared to other positions.  The maximum strain is about 30 ɛὑ.  

 
Figure 100  

Strain response, water 1.31 ft, 0.82 ft/s 
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Figure 101  

Zoomed strain response, water 1.31 ft, 0.82 ft/s 

 
Figure 102  

Strain response, water 1.31 ft, 1.64 ft/s 
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Figure 103  

Zoomed strain response, water 1.31 ft, 1.64 ft/s 

Water at a height of 1.97 ft. (0.6 m): Figure 104~Figure 107 shows the strain response 

when the water height is 1.97 ft. (0.6 m).  At the speed of 0.82 ft/s (0.25 m/s), the difference 

of responses at each position is not very obvious. At the speed of 1.64 ft/s (0.5 m/s), the 

sensors at the position of 1.31 ft. (0.4 m) and 1.97 ft. (0.6 m) become significant compared to 

other positions. The maximum strain is about 20 ɛὑ.  

 
Figure 104  

Strain response, water 1.97 ft, 0.82 ft/s 
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Figure 105  

Zoomed strain response, water 1.97 ft, 0.82 ft/s 

 
Figure 106  

Strain response, water 1.97 ft, 1.64 ft/s 
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Figure 107  

Zoomed strain response, water 1.97 ft, 1.64 ft/s 

Water at a height of 2.62 ft (0.8 m): Figure 108~Figure 111 shows the strain response when 

the water height is 2.62 ft. (0.8 m).  The frequency of the water is about 1.2 Hz. At the speed 

of 1.64 ft/s, the sensors at the position of 1.31 ft. (0.4 m), 1.97 ft. (0.6 m), and 2.62 ft. (0.8 m) 

are significant compared to other positions. The maximum strain is about 20 ɛὑ. At the 

position of 0.66 ft. (0.2 m) and 0.0 ft. there is barely any strain response, which means that 

the shaking table barely propels the bottom water in the tank. 

 
Figure 108 

Strain response, water 2.62 ft, 0.82 ft/s 
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Figure 109  

Zoomed strain response, water 2.62 ft, 0.82 ft/s 

 
Figure 110  

Strain response, water 2.62 ft, 1.64 ft/s 
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Figure 111  

Zoomed strain response, water 2.62 ft, 1.64 ft/s 

From the above test with different water heights, the higher the water, the less significant the 

sensors respond, especially for the bottom sensors.  It indicates that the sensor in the deep 

water with slow water velocity will have little response to the water flow impact, which 

might lead to the wrong interface of water and sand. Therefore, basing results on the water 

impact only is not enough to obtain the correct answer. 

Test of FRP bar on GFRP pipe 

(1) Detection of frequency change 

The GFRP pipe was first put on the ground without sand and clicked on the top, and was then 

buried in the sand at heights of 0.66 ft. (0.2 m), 1.31 ft. (0.4 m), and 1.97 ft. (0.6 m). The 

time histories of strain response are transferred into the frequency domain using Fast Fourier 

Transform (FFT), as shown in Figure 112. The first frequencies of the four cases are 34.85 

Hz, 35.25 Hz, 38.30 Hz, and 42.00 Hz, respectively. Therefore, it confirms that the 

fundamental frequency of the structure decreases as the reduction of sand height, which 

indicates a scour activity.  
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(a) without sand (b) with 0.2m sand 

  

(c) with 0.4 sand (d) with 0.6m sand 

Figure 112  

FFT of strain response 

(2) Detection of moment/strain profile change  

As observed earlier in the numerical simulation, the location of the maximum moment in the 

pile changes with the scour depth. In this section, tests of the GFRP pipe under different 

supporting conditions were conducted: without sand and with different heights of sand. A 

lateral force was applied intermittently on the top of the GFRP pipe to generate the bending 

moment in the pipe, and the time history of the strain response at different locations was 

recorded by the five sensors. 
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Without sand: The GFRP pipe was on the ground without any sand around and six runs 

were conducted. The strain responses of the five sensors of the first run are shown in Figure 

113. For each run, the strain value of the five sensors at a specific time was extracted to 

demonstrate the strain distribution along the pipe length. Figure 114 is the strain value along 

the pile length at the five peak times shown in Figure 113. Those values are then normalized 

based on the ratio to the strain of the bottom sensor, namely, the strain value of the sensor at 

the position of 0.0 ft. is set to be 1, as shown in Figure 115. The average of the normalized 

strain value at each run is then summarized in Figure 116. It can be found that the stain 

distribution is nearly linear. 

 
 

Figure 113  

Strain response of the pipe without sand 

Figure 114  

Strain distribut ion of first  run 
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Figure 115  

Normalized strain distribution of first  run 

Figure 116  

Normalized strain distribution of 6 runs 

With sand 0.66 ft (0.2 m) high and 1.31 ft (0.4 m) high: The GFRP pipe was buried in the 

sand with a height of 0.66 ft. (0.2 m) and 1.31 ft. (0.4 m), respectively. With the same 

procedure, the normalized strain distributions of all three runs are summarized in Figure 117 

and Figure 118. The maximum strain in Figure 117 is at the position of 0.66 ft. (0.2 m) and 

that in Figure 118 is at the position of 1.31 ft. (0.4 m), which is equal to the sand height of 

each case and indicates the scour depth. 

  

Figure 117  

Normalized strain distribution of pipe 

with 0.66 ft. sand 

Figure 118  

Normalized strain distribution of pipe 

with 1.31 ft. sand 
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