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ABSTRACT

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

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

may cause bridge failures due to structural instability. In the last 30 years more than 1,000
bridges collapsed in the US and about Gif%thef ai | ures are related to
foundations. Due to the difficulty in inspecting bridgesr, sconinduced failures tend to

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

threat of hurricanénduced flooding and the fact that there are a significant number of coastal

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

for bridge scour is needed.

The presenstudy is to develop bridge scour monitoring techniques using fiber optic sensors.
Based ortheoretical and numerical studji@sfewmechanismsvere proposedd foundation
scour monitoring and verified in laboratdgsts In order to apply those mechanisms to field
bridges, three instrumentations were designed and tested, and one design was selected for
field applicatiors. According to the selected design, td@ft long piles with FBG sensors
werethen fabricated, transporteghd installed besides the foundation of the field bridge.
Finally, the longterm monitoring was conducted to evaluate the foundation scour condition.
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IMP LEMENTATION STATEMEN T

As a type of fiber optical sensdfiber Bragg GratingRBG) sensordiave been gaining
popularity and acceptancestructural health monitoringdowever,the monitoring
instrumentation designed this project ionly validated in tk laboratory and ighe first
applicationonfield bridges Although many tests have been conducted in the laboratory,
successful application depends on many factors. The most important ones are:

(1) Understanding thprincipal andoerformance oFBG sensors
(2) Carefully fabricate thenonitoringpile and attach the sensoasid

(3) Regularly check the water level and take measurestfremh the sensors to monitor
the scour conditiorotensurghelong-termstructural performance.

The success dhis research projegtill help Louisiana developn effective technique to
monitor the bridge foundation scour, give the bridge departmesardywarning to inspect
and retrofitoridges and ultimately prevent possible bridge failures due to bridge.scou
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 app$icatitine

monitoring technology usingBG sensors should be developed, which cantinuously
monitor the scour process.
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INTRODUCTION

The interstate highway network is an importantoreat! asset. Bridges constituting critical

nodes within transportation networks are the backbones of the transportation infrastructure. It
is wellkknown that scour is one of the magause®f bridge failures. In the last 30 years

more than 1,000 bridge®sllapsed in the US and about 6@¥thefailures are related to the
scour of br i fip[R]6The cbllapsenolitlbhedd Boidyes over Schoharie Creek

in April 5, 1987 in New York renewed national attention to secmduced problems.

Without warning, five vehicles plunged into the creek and 10 people were killed as two spans
of the bridge fell into the floodwater§herefore, bidge scour has been idengifi as the most
common cause dfighwaybridge failures in thé&Jnited State$3]. The extent of this
potentialproblem 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 scouelated bridge féres was estimated at $30 millipfj . Owing to

the threat of hurricanmduced flooding and the fact that there are a significant number of
coastal and river/bayou bridges in Louisiana, a more reliable inspactd monitoring

procedure for bridge scour is needed.

In cooperation witlDepartment of TransportationBQTs) and the Transportation Research
Board, theFederal Highway Administratior-HWA) has developed some scour monitoring
and inspection instrunés. 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. @ne pilotstudiesusing fiber optic sensors to monitor bridge scour have been
carried out in the last decadéhe authorpropose here to deploy this technology in

Louisiana.

Fiber Optic Sensors (FOSs) have become increasingly popular helongnonitomg of
structures, especially in harsh environments
project are: corrosienesistant and lorterm stability that make it possible to be embedded

in soil/foundations and submerged in water; distributed sgm@sid 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 tdeetromagnetic/radio frequency interference, €t FOS

system particularly fiber Bragg Grating (FBG) sensosl] thus be explored for this

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

scour situation obridges can be either directly monitored or derived.
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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 soll is
washed away, some sensoriginally embedded in the soil wilk exposéd 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 mayaisesinformation

that scour hdnever 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 thebridge. Since the fiber optic sensors measuralbiselute 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 initiaéading 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 projeéceajl 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 gelop 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 streamd feom around the piers and abutments of
bridges Figurel). Bridge scour is a dynamic phenomenon that varies with many factors

such as water depth, flow angle and strength, pier and abutment shape and wid#l, mater
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 ighe 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 (sefeigurel). Contraction scour is the rewad 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 sedimérom the river bottom by the flow of the river. This



sediment removal am@sultedowering of the river bottom are a natural process, but may
remove large amounts of sediment over time.

Original riverbed

Scour hole

Sediment

Figure 1
lllustration of bridge scour

Horseshoe Vortex

Figure 2
lllustration of flow during bridge scour

Figure2, adapted from Richardson and DawbBows the schematic of the flow development

in the vicinity of a circular pier situated insaour holg 6] . As can be seen frofigure2,

wake vortices are formed as the flow, which is separated by the pier, converges at the
downstream of the pier. Also, as tmean 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 localeour 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



the obstructiorj6]. If the transport ratefeediment away from the base region is greater than
the transport rate into the region, a sdoole develops. The strength of horseshoe vortices

will be reduced as the depth of scour increases, thereby reducing the transport rate from the
base region. Eantually, for livebed local scour, equilibrium is reestablished between bed
material inflow and outflow and the scouring process ceases. Fomaéar 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 ipsg&dolitr

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 stabititgprplacement, ice formations,
debris, etc. This paper presents a comprehensive review of-tbedape work on scour at

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

Bridge Scour Prediction

Over thepast 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 bridgeusow 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) jgtdatidge 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 Eafions Numerous studies have been conducted
with the purpose of predicting scour, and various equations have been deyétaged

Most of these empirical equati®mwere 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 tle most commonly used pier scour equation in the United States is the Colorado State

Uni versity equation recommended in the U.S.

Engineering Circular No. 18 (HEC8)[19], which is expressed as follows:

d, =2.0yK,K,K,(b/ y)**°F°* (1)



where d,= scour depthyy = flow depth at the upstream of the pi&r;, K,, andK, =

correction factors fothe pier nose shape, angle of attack flow, and bed condition,
respectively;b = pier width; andF = Froude number. It is recommended in theQ-IBB that
the limiting value ofd,/y is 2.4 for F ¢ 0.8and 3.0 folr >0.8. Equation(1) was

developed from laboratory data and was recommended for bothdi/and cleawater
conditions.A few other commoly used equations are also listed in the following. For the
purpose of simplification, repeated terms in the following equations will not be explained
again.

Equationpresentedby Neil [20], which was developeflom the design curves ljy]:

d, =1.3%°7y*?

@)
Shenequation 9]:
d, = O.OOOZZV—b)O'3
v ©)
where V = averagevelocity of approach flow; ang =13 10°m?/s.
Jain andrischerequation 11]:
°d, =2.00(F - F,)°*»()°  (F- F,)>0.2

b (4

—_ ===

d, :1.85b(FC)°'25(%)°'5 0<(F-F.)

where F,= critical Froude number. F@ < (F - F,) <0.2, the larger of the two scour
depths computed using the two equations is used.

Froehlichequation 13]:

b, b
d. = 0.32bfF 02 (E) o.ez(%) 0.46(D_) 0082 5)
50

where f = coefficientbased on the shape of the pier ndses width of the bridge pier
projected normal to the approach flow; abg, = median grain size of bed material.
Melville andSutherlandequation 12:

d, =K K K, K K b ©



where, K, = flow intensity factor;K , = sediment size factoK = flow depth factor;K_ =

pier alignmenfactor, andK = 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 ffilpractice. To test the accuracy of the developed bridge

scour equations, comparative studies have been conducted byaseaschers. J. S. Jones
compared the available bridge scour equations using laboratory data and limited field data
[2]]. In his study, he classified all equations into three categthiese of the University of

lowa, those of the Colorado State University, and those based on foreign literature. He found
that the Colorado State Universitguation 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 bo#dliaed
clearwater scouf22] . 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 irbdeand cleawater condition$23].
Comparison®f 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 measdréahso

D. S. Mueller compared 22 scour equations using a large amount of field data collected by
the USGJ 24|, [25. In his study, he concluded that the HE€ equation was good for

design because it rarely underpredicted the measured scour depth. However, it frequently
overpredicted the observed scdeigure3 (adopted fronD. S. Muellej shows the data
containing 384 fiel measurements of scour at 56 bridges from his Jt2dly

Though conclusions from comparative studies by different researchers more or less differ
from each other, it is generally believed, basetherrondicted laboratory experiments and

field tests, that most existing equations may overestimate the scour depth and are generally
conservativg 26-30.

Most work on scouprediction discussed previously is focused on the equilibrium scour
depth. Time development of scouring has alsmactedhe attention of many researchers
[31-37].

A. M. Yanmaz and H. D. Altinbilek studied the tirdependent local scour around bridge
piers under clear water conditions with single cylindrical and square| B#rdn their

study, the time variation of trecour depth around bridge piers can be determined by solving
a differential equation. They concluded that the shape adherhole around bridge piers



remains almost unchanged with respect to time. However, the rate of scour development
decelerates wlttime.
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Figure 3
Comparison of scour equations with field measurement

B. W. Melville and Y. M. Chiew studied the temporal development of -cleder local scour
depth at cylindrical bridge piers in uniform sand b . The temporal development of the
scour depth as a function bivas described using tleguationbelow:



d : v, ot
ds :expff- O.O%VCIn(t—) E (7
se [ e {]

where d. = equilibrium scour depthy, = critical mean approach flow velocity for
entrainmendf bed sediment; ant] = time for equilibriumdepthof scour to develop.

Predicting Bridge Scou 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
demonstratech the previous section where comparatstudies 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 maremplicated 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 anthé¢ parameters.

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

bridge scouf38-41]. A significant advantage of using ANNSs inggalicting the bridge scour

is that there is no need to have wddfined 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 relationshipetween the bridge scour and the factors, they

have the potential to predict more accurate scour information than the traditional regression
basednethodqd 41].

Output Layer

Input Layer

Hidden Layer

Figure 4
Configurati on of a typical feed forward neural network



Figure4 shows the configuration of a typical thieger neural network, which consists of an
input layer, a hidden layer, and an output layer. The basic idea of tta network can be
describedas the following: Firstly, a set of datX(, X,& X, ) as raw information are fed

into the network at the input layer; then, the neural network will be trained andntipéego
relationships between inputs and outpyi) (ill 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 inpuelags 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 nduray inference system (ANFIS) to estimate

both he equilibrium and timelependent scour depth with a large amount of laboratory data
[39]. In their study, two ANN models, a muléiyer perception using bagkopagation

algorithm (MLP/BP) and radial basis uginrthogonal leastquares 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 deptivas 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 deptlihan the RBF/OLS and ANFIS models as well as the previous empirical
approaches. Lee et al. used the BRofipagation Neural Network to predict the scour depth
around bridge piers and their study showed that scour depth can be effjgiedittedusing

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 grdud] . 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. Throaghsitivity 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 compligateckess 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 ipdksefew decades.



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 comparenith each otherFukuokaet al. developed a threkmensional
numerical simulation model for the local scour around a bridgd 42r Their study showed
that the developed numerical model can obtain, with adequate accuracy, solutions that are in
good agreement Wi the experimental results of the local scour from the {acgée
hydraulic model. J. E. Richardson and V. G. Panchang used a fullydinneasional ()
hydrodynamic model to simulate the flow occurring at the base of a cylindrical bridge pier
within a scour hol¢43]. The results of the numerical simulation were also compared with
laboratory observations by B. W. Melville and A. Raudk#4]. Strong agreementsese
achieved between the studies, both quantitatively and qualitatively. They concluded that the
discrepancies between the results of the two studies may be attribtiiegpaoameters
chosen in the numerical model.

Numerical results for bridge scour meealso compared to empirical equations. Young et al.
developed a numerical model for clegater abutment scour depth along with an
independent thredimensional finite element modet5] . In their study, thenedicted scour
depths were in agreement with the predicted results from the finite element model. They also
concluded, from a comparative study, that the HEB(rediction overestimates

measurement by 22 percgdf]. Kassem et al. at the University of South Carolina,
developed @omputationafluid dynamics mode, FLURNT, to simulate the field dat€] .

Their numerical model was verified against measurements obiaitieel laboratory and
satisfactory agreements were obtained between the numerical results and measurements.
Using the developed model, they demonstrated that the HESIgnificantly overestimates

the scour depth in their case stydy] .

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 mtsah 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 fdoridgescour 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 moded, sadhe 1:60,

was constructed at the Hydraulics and Sediment Research Institute (HSRI],1Gai%

series of cleawaterscour tests were performed to investigate the causes of the local scour

10



downstream theircular pier. It was found that the large scour hole downstddhe

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 clearater bridge contraction scour cadsy pressure flow
beneath a bridge without the localized effect of piers or abutrf#TjtsA tilting fume that
measuredO ft. (21.3 m)long, 5.9 ft (1.8 m) (0.60 mwide, andl.96 ft (0.60 m)deepwas
usd in their study. A model bridge deck was tested under a variety of labecatutrplled
pressurelow conditions. Different factors such as approach velocity, preskwevelocity
under the bridge deck, and sediment size were studied.

D. M. Sheppard ahM. William Jr. studied the local cleawater and livebed scour using
laboratory tests for a range of water depths and flow velocities with two different uniform
cohesionless sedimediameterg0.01 in (0.0003m) and 0.033 in(0.00084n)) and a

circular pile with a diameter @349 ft. (0.15 m)[48]. The tests were performed in a tilting
flume4.9 ft (1.5 m)wide, 3.9 ft (1.2 m)deep, and 48 ft (45 m)long) located in the
Hydraulics Laboratory at theriversity of Auckland irAuckland, New Zealandrigure5
shows the measuring instruments for local scour depth used in theif 48id&s shown in
Figureb, the scour depth as a function of time is measured with acoustic transpamdiers
video cameras. Bed forms and bed elevation at the flume walls during thed\tests can
be monitored with video cameras. Flow velocity, avatepth, 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-bed scour tests and they concluded that
Sheppar dbés e qu at imavelldor theprgngeafrcenditioris covared byfthe
experimentg49].

11
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Local scour depth measuring instruments

Field Scour Measurement and Monitoring Instrumentation

Though labeatory 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 studieetdae

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 gneyide critical information of the

bridge condition with which engineers can directly use to make important decisions. Field
data are alswery 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
scourin field. In 1987, the FHWA funded the USGS to initiate the Nationald&iScour
Program. In 1996, after many years of effort, the USGS published a national bridge scour
report, which aimed to guide the practice of enging28s In addition to research effort and

the reports rekesed 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 fobridgescour. In the early days, radand sonar were employed successfully to
identify the scour deptfb0-57].
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Figure 6
Transmission and deflection of signal in detecting sco using radar

Radar is asystemthat use®lectromagnetigvaves to identify the range, altitude, direction, or
speed of both moving and fixed objects sashircraft, ships, motor vehicles, weather
formations, and terrairkigure6 illustrates how radar can be used to detect bridge $68ur

In Figure®6, electromagnetigvaves are sent out through the transmittingama (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 (therilatee between the river and sediment layer

in Figure6), 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 sigmavieyer, 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 antemitithen 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.

13
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Figure 7
Working pri nciple of sonar

Sonar, originally amcronymfor sound navigation and ranging, is a technique that uses
soundpropagation (usuallynderwater) tanavigate communicate with, or detect other

vessels. The working principle of using sonar to detect scour is similar to that of using radar
(Figure7). 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 knihwisgeed 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 afidzthon 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 taletectbridgescour.

Though both radar and sonar were successfully used to detect the profile of the bridge scour,
they havdimited applications in monitoring scour development and are usually only used to
determine the final status of the sedimentation surroundoigy alt is difficult to employ

these techniques to continuously monitor the scour process during flood events. Therefore,
techniques for continuous monitoring scour process are desirable becatiseersabur
information can provide warning prior to dge failures and help bridge engineers make
important decisions during floods.
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Figure 8
Experimental setup for TDR system

In recent years, techniques using TiDemain Reflectometry (TDR) and fiber Bragg grating
(FBG) sensors ha been developed and used for#t@ak monitoring of bridge scolid],

[58-6]] . Figure8 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 pulsegagates down the transmissiore 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 theent 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 suahl@sgbeim

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
reattime our Figure9) [6]]. In Model |, three FBG sensors are mounted on the surface of

a cantilevered beam and arranged in series along one single fiber. In Model Il, BB&ral
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 theleasated 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 thosmiried 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 notthat the resolution dhesetwo 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 flood$30]. The lower tip of the steel rod, with a diameteB&4 in. (00 mn),

was initially placed slightly below the riverbed in the main channel. When scour occurs, the
steel rod will drop as the surface of tineerbed 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. hey also compared the advantages, disadvantages or limitations, and relative costs of
existing instruments for measuring bridge scours, which are summarized irlT86)e

Table 1
Comparison of existing instruments for measuring bridge scour
Instrument Advantages Disadvantages or limitations Relative cost

Bridge mounted sonar Continuous and accurate record of riverbed | Mild slope river/estuary Medium
Acoustic Doppler current | Portable; measuring both velocity profile and | Not applicable to high sediment High
profilers (ADCP) water depth concentration conditions
Ground penetrating radar | Continuous record of riverbed Time consuming in operation; High
(GPR) specialized training required
Fiber Bragg grating (FBG)| Continuous monitoring of riverbed Limited successful field tests, tests for High
sensor extreme environment needed
Numbered bricks Commercially available; Excavation of riverbed required; Low

applicable to highly turbulent or rapid flows |suitable for ephemeral rivers
Sliding magnetic collar | Easy to operate Excavation of riverbed required; Low
(SMC) high maintenance/repairing cost
Steel rod Easy to operate Excavation of riverbed required; Low

high maintenance/repairing cost

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 existjaglaid

and abutments. Scour countermeasures can be generally categorized into two groups:
armoringcountermeasureand flow altering countermeasures. The basic idea of armoring
countermeasures is the addition of another layer which can act as a résystatut 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 mageates, aim at changing

the hydraulic properties of flows by using spur dikes, guidehagrdrallel walls, collars, etc.,
and therefore reducing the scour effect at bridge piers and abutments. A comprehensive
review of different scour countermeasurestfndge piers and abutments can be found in
Lagasse et al. and Barkdoll et al., respectiy68}, [64]. A comparison between the working
principle, advantages, apdoblems of the two different types of scour countermeasures is
summarized in Table 2.
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Table 2

Comparison between armoring and flowaltering scour countermeasures

Armori ngc ountermeasures

Flow-altering countermeasures

Principle

Protect the bed  materials
underneath the armoring layer
from being scoured away.

Alter the flow alignment or break
up vortices and therefore reduce
the scour effect.

Advantages

Most commonly used type: easy to
use: works well in most situations.

Different designs can be selected
for different site conditions to
achieve satisfactory results.

Problems

Winnowing of sands through the
armor; difficult to keep the armor
in place; constrict the channel and
cause additional contraction scour.

Special design may be needed for
particular site conditions;
significant cost and construction of
new structures may be needed.

The most commonly used armoring countermeasure is fipgpOther types of armor

include tetrapods, cabteed 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 Parkét et al.
Figure10shows the typical pier riprap configurations in Lagasse et al., witfbja)c)
representing placing the riprap layer at the surface of the channel bed, {exaspirg 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 bridg¢Gdlers
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, ef66-70]. Figurell shows the use of a
collar in preventing scour byafrati et al[69] .

As can be seen froffigurell, the collar (with a round shape) divides the approach flow into
two regions above and below the collar. The collar as@n obstacle against the down flow
andthereforereduces 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 relatleeation on the pier with respect to the bed.
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Scour Protection by riprap
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Scour Protection by using collar

Most countermeasures mitigate scour effect by using devices on the upsttearhbridge

piers or bychanginghe geometry of bridge piers facing the approach flow. Grimaldi et al.
presented a scour control method at bridge piers by a downstream bieédysit {2) [71] .

The reason of setting the bsill 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 irigure12, the final bed with the use of the downstream-silds better

protected than the case without =il

The selection of various countermeasures is dependent on the application and the nature of
the problem: a local scour e pier or abutment, contraction scour across the bed at the
bridge opening, reaeWwide channel degradation, or lateral channel movement or widening
[72]. Therelativeeffectiveness, cost, maintenance, anditglio 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 countermeasuthsegard to the type of scour, hydraulic
condition, maintenance, and so on, and provided the design guidelines for different
countermeasurds 3.
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Scour countermeasure 8ing a downstream beesill

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, andoditay the most appropriate scour
countermeasures using failure modes and effect analysis and risk priority n{idzbehs

their study, the uncertainty was incorporated in the failure modes and effect ainalysis
selectionprocesdy 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 seleetispecific 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@ff 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 ofi74-80]. Results from these studies can also be used as references in
designing bridge piers and abutments for scour and selecting appropriate scour
countermeasures.

AFew DOTs6 Practice

After the bridge failure occurred in New York in 1987, many researchers studied the scour
phenomend.agasseet al. compared the performance of different fixed socoemsurement
devices including the sonar transducer and magnetic slidifeg (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 differensbridge
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 conditionsigch as tidal effects, salt water, growth of marine life, corrosion, and

debris. Previously, scour monitoring systems were installed on river locations. The goal of
thestudywas 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 byequiringthe development of formal plans of action for all secuitical
bridges.It is stated thatite plan daction for each structure should include appropriate scour
countermeasures or correction through scheduled hydraulic or structural construction
activities and/or specific measures and instructiomsegent catastrophic failure.

Based on the informatiofrom website http://www.gobridges.com/print.asp?id=786, during
the past four years, the lowa Department of Transportation (lowa DOT) has devoted a
significant amount of time to evaluating the bridges under its jurisdiction and assigning
scourclassificaton codes to them. The lowa DOT has completed a scour evaluation for all of
the approximately 2,100 bridges over waterways and classified 180 bridges asrsoaiir

To predict more accurately which bridges are threatened during destructive flooglts;, ev

the lowa DOT has been using a tool called ScourWatch.

ScourWatch is a webased monitoring technology developed by U.S. Engineering Solutions
Corporation (www.usengineeringsolutions.com) of Hartford, CT. The system identifies the
occurrence of a flad event, collects stream and weather data, and matches it against the

lowa DOT's bridge data. Each bridge is given a particular flood stage threshold that is used to
automatically trigger -enail, pager, or cell phone alerts to key field personnel wheuriscp
conditions threaten a bridge.

The Georgidepartment of Transportatig®DOT), the Georgia Institute of Technolagy

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

are conducting an investigation to improvalge scour predictions by combining field
monitoring, physical modeling in the laboratory, and thdeeensional numerical modeling

of bridge scour. Bridge scour field data are being collected at four sites located in different
regions of Georgia. Thesesfd 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 sondransduceand magnetic sliding collar. Use of fiber optic sensorscour
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 baohgegber

optic sensorand verify the concept in laboratory and field teskse system may be used

for existing or newy-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 Wwél ptentially used taollect 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 improvingxisting scour prediction methods.
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SCOPE

The scope of this work included theoretical and numericalegugtour monitoring
instrument#éon desigrs and verification by laboratory tessfield installation and testand
long-termscourmonitoring. Thescour 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 studyi The scour effect on a single pile foundation staslied
theoretically and verified by numerical examples. Based on that, a few scour detection
mechanisms were proposed and testebahaboratory.

Instrument design and Bboratory testi Three scour monitoring systems were designed
and the third one as recommended based on comparigdosample of he recommended
designed was then fabricated in the laboratory and tested in a flume at LSU.

Installation and field testi Two scour monitoring piles with FBG sensors were fabricated
and driven besides thel@ifoundatioms of theselectedield bridge The original data was
recorded for further comparisan

Field long-term monitoring T Since thebridge foundation scour is a long term procedare,
long-termscourmonitoringstrategywasdeveloped for this sp#ic 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 padtudied the scour mechanism from theosdtand numerical analyses and
proposed three possible methods for monitoring foundation.sEbarsecond pawas to

test the proposed monitoring methods using FiB&r opticsensors. The third part was to
designa monitoring instrument for field applitan and verify it with a laboratory
experimentThe final part was to fabricateo test piles with FBG sensorastall themon

the fieldbridge,andimplement longtermmonitoring for the field bridge.

Theoreticaland Numerical Studieson Scour Effect

Bridge scour is a major cause of bridge failures and has emerged as a significantfooncern
bridge engineerdMost studies focuexi on investigating causes of the scour but not on its
consequencef other wordsyery few studies have been carried outtmmresponse and
feature changes of structures due to scbuerefore, liis studymainlyfocused orthe 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 respodsiding static and dynamic
responsg Since the expression of the solution is tedius not easy to understarao
examples were used for the demonstration and parametric study. Based on the numerical
observation, the present study proposed thresiple methods for detecting andmitoring

the bridge scour.

Analytical Study on Static Solution ]

Beams and columns supported along their length are very - E
common structure configurations, and the most routine | ] X
method to treat the elastic foundation is Winkler model ]
[83],[84]. A pile embedded in soil is similar to a beam resting E

on a Winkler elastic foundation. Herein, assume the pile is o e
fully buried in soil atthe beginningAfter the soil is eroded, a )
the top part of the pile is expostxthe water flow as shown XJE

in Figure13. The pile length i®) with the origin at the top of e
the pile and theunsupportediepth isatha is also the loading +— g
length with a distributed loagl w 8The unsupported lengti v%v

due to initial scour and/or initial construction, is

generically callednitial scour depth hereaftéFhe rest of Figure 13
the pile is embedded in the soil with an elasticrapri Schematic of pile under scour

coefficient'Qc . The governing equation of the pile with
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auniform crosssection and flexural rigidity and partially embedded in soil as shown in
Figurel3can be expressed as,

06— 1 TG a6
(8)

~

06— Vol m a ® 0
where 0 @ is the lateral displacement of the pile. Her&np is considereds aconstant.

The general solution of equatid8) Consiss of two parts, namely, the deflection of the pile is
divided piecewise as,

0 w

0 ® 66— 66— 6w 6 —nh T w a )
0 @ Q O0i Qé¢fdwéil M 61 Qe¢Ydoéiha o O
wheret OO B weE ® 'Q phcloft are unknow constants. The boundary
conditionatw arequires the geometric continuity displacemenand slope, and the

continuity of bending moment and shear fonwlichare expressed as
x 1 x 1, x 1 x 1, x 1 x 1 andx 1 x

Four additional conditions can be derived frboundariesatw mandw 0. For a
free fixed pile,there is
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This equation can be solved very conveniently by mathematical tools, such as Mathcad or
MATLAB. The six constantsxpressed as the function of the scour depth and other
variables, are not presented here because they are very t€édioagimed pinnedpile, the
boundary conditions are expressed as,

O m m O m T Vv 0O mand 0V & T
andequationsand solutions can be similarly obtained.

Analytical Study on Dynamic Solution
As for thedynamic free vibration, the equation of motion of the same system is derived as

06

o, « R - .
¢! Tth T W 0 ®

i B . g B (11

" O Quu ap ma w 0

06

where 0 D is thetime-dependentlisplacement of the pil&, is the mass densitgndo is
thecrosssection area. Theoefficient'Qa is also considered as a constant, K. A general
solution can be obtained easily by sepagathevariablesinto time and space domaiasing

0o © wQ (12
Thesolutionof the governing equation thusducego that of

—— _ww 7h T O a
5 B (13
—— _ UfO@ o mh a o 0 o
in which _ 1 " &O’The characteristic roots of equatidrdlf) are derived as
A FERF VY (6XO) 17 "0 0 FO0

Dependingon the relationship between w ¢ ©¥O ‘Q@lifferent solutions can be obtained
next.

If _  0¥O’Q@hegenerakolution is

L. 0 BO0EI06AIO0BOELBEAIDE T o &
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(14)

where _ 1 "0 0 OO
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Similar to the static solutiorthe boundary condition @& darequires the geometric
continuityof displacement and slope, and the continuity of bending moment and shear force.
They are expressed:as

W a oo, oo 0w o 6 w aandw a w &

Fouradditional conditions from the boundariesiat tand®w 0 depend on the particular
geometryunderconsideration. For a frééxedpile, we have

W T T W T M w 0 mand w 0O I

Fromw m mandw 1 Tmwehaved O andd O .The rest six equations can
be rewritten in the matrix form as
02000 0 0 O T a7

Thefrequency equation is given by setting the determinant of the coefficient matoibe
zero, i.e. s 1 Differentcoefficientmatrices can be derived for the three cases discussed
above. Thereforghe naturafrequency in different rages should be solved by different
frequency equations derived from the corresponding coefficient matrix, as described below.

If ] OF Qie._ 0O’ @hecoefficientmatrix isderivedfrom equation 14) and
denoted a® . The natural frguencies are obtained by solvigg S Tt
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If ] OF Qie._  0TOCthecoefficientmatrix is derived from equatiorl%) and
denoted a® . The natural frequencies are obtained by solgings Tt

If ] 0T §the naturafrequenciesareautomaticallyobtained.

Numerical Examples andParametric Analyses

On the basis of the above analytical solution, an example was usedimonstratiorf the
static solutionA square concrete pile with propertiesz40ft., A = 24x24in?, El = 599424
kips-ft?, andq = 10 kips/ft. The elastic coefficient of soil per unit issk6760kips/ft’. The

pile head is free and the pile bottom is assumed to bd #xprogram was developed in
MATLAB to solve the analytical equations. In the caté=oL, the pile witlout soil
supporting is identical to a cantilever beam vaittiistributed loading, whicks a special case
and can be used for validatidrigure 14 shows that the pile deflections of both case
(cantilever beam and I/£ 1) are exactly the same as they are supposed to be, which

validates the numerical solution procedure of the present study.
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Pile deflections at varied scour ratios Pile moments at varied scour ratios

The scour ratio is defined as the ratio between the levghbut soil supportingand the pile

length, I/L, and ranges from 0 to 1. The pile deflection and moment at various scour ratios are
shown inFigurel4 andFigurel5. It can be easily seen that the pile displacement, mgment

and the location adhe maximum moment increase with timerease othe scour ratio. There

exists a turning point in the moment cumtea locatiorclose to the interface betwetre

water and soil. More detaitgedescribed in the next sectidAigure16 shows the pile
displacement at different positiomsrsusthe scour rati@andall the curveshavethe same
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trend.Figure17 shows the pile moment (curvature) at different positirsusthe scour

ratio. Itis found that for any position of the pile, if it is ledl deeply irthesoil, its moment

is not significant. Only if the scour depth approaches to that position, the moment becomes
significant. Takethex = 0.8L section as an examplas the scour ratio increases frono0

about 0.6the moment of this sectids small and hardly changkscause the section is

buriedin the soil. However,whenthe scour ratidgs larger thard.6, the momenincreases

quickly from a smalhegativevalueto a positive value. It reaches the maximum at the scour
ratio of0.8 and emains constant since the section is totally exposed to the water at and after
this scour ratioFigure18 andFigure19 demonstrate the influence of pile stiffness

represated by beta = El/k and soil stiffness represented by k.
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Figure 16

Pile displacements at different positions Figure 17

Pile moments at different positions
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Pile head deflections with different beta Pile head deflections with different k

Meanwhile, goile similar to example 1 was adopted for a demonstratidime dynamic
solution L = 40ft., A = 24x24in? E = 3122 ksj | = 1.333ft*, and density 150pcf. In
order to validate the relationship betwéeanduo for different cases, the cdifient of soil
here is57.6kips/f>. The pile head is free and the pile bottom is assumed todxb £ix
program was developed in MATLAB to obtain the frequency equation frometieeminant
andthen tosolve theequations. Again, thepecialcase of E L was used for verification.
The first four natural frequencies from the present study are OHM853.1059Hz, 8.6986
Hz and 17.0381z, respectivelywhile from the reference are 0.495%, 3.1065Hz, 8.6992
Hz and 17.045%HHz, respectivelywhich are very close to each oth85).
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Figure20 andFigure21 show the first and fourth natural frequencies of the pile versus the
scour ratio. The natural frequency decreases as therstiouincreases, 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 latéigure22 shows the effect of the solil stiffness on the first
natural frequency, and it mainly affects the natural frequency when the scour ratio is small.
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ProposedM ethods for Scour Detection andM onitoring

Many methods have been developed for the dleomt detection and loAgerm monitoring of
bridge scour. In the early days, methods based on geophysical techniques, such as radar and
sonar, vere employed to identify the scour depth. However, most of e foundrery

limited applications due to difficultiesuch aghe result interpretability, high noise

sensitivity, and different issues during flood evdi8§ . In recent years, techniques using
Time-Domain Reflectometry (TDR) and fiber Bragg grating (FBG) sers@sinder
developmenand used for redime field monitoring. Due tdheir advantages over traditional
sensors, such as their letgm stability and reliability, resistance to environmental

corrosion, and multiplexity along one single fiber, fiber optic sensors become popular in
structuralperformancemonitoring[87] . The challenge of FBG gpcations 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 pief61]]. Lu et al.used a sliding magnetic collar (SMC) and a steetood

monitor bridge scour88g] .

In the present study, methods based on a single pile were proposed. Instéachofgan
instrument tahebridge pier/pile, a separate pile or similar structure installed with FBG
sensors was adopted and driven besideniaitoredpile group.Anti-collision pies can be
used for thigpurpose Based on the analytical and numerical areslys scour effects on the
pile responséiscussed earliethree possible methods to detect and monitor the foundation
scour were proposed and discussed below. They are the methods b@getiepiled s
naturalfrequency changéb) bending moment profile, ar(c) modal strain profile.

Scour monitoring based on frequency change

The first step of damage detection is to determine the occurrence of da@flagagom the
results of example 2 shown kigure20 ~Figure22, it is found that the reduction of soil
around the pile wilfeducethe piled s n &equemcy especially the low order frequencies.
Since tle low order frequenciesaeasilymeasured, the change of frequency is an
alternative feature for detecting the occurrence of scour dafggee23 presents the
change ratio of the firstaturalfrequency versus the initial scour depftiee initial position

of the interface between soil and waten)three differenadditionalscour ratiosnamely5%
[scour depth4ft. (1.22 m], 10%[8 ft. (2.44 m] and 15912 ft. (3.66 m]. It can been seen
that for this 80t. pile, when the initiesoil positionis above the 5@. line (measured from
the pile top), a additionalscour ratio of 5%4 ft. (1.22 m) can resulin more than 10%
change in the firstaturalfrequency. It implies that ifreadditionalscour with a ratio of
more than 5%ccurs on a pile with reunsupported length of less than 62.5% (50/80 =
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0.625), itcanbe detected through the changeheffundamental frequencyigure24
displays the same observation on the piles suppoitadsail of different stiffness.
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Figure 23
Change ratio of 1st frequency

Scour monitoring based on bending moment profile

Figurel5andFigurel7 showedthatthe maximum moment of the pile changes with the
scour ratio and its location is slightglow butclose to the scour depthherefore, anethod
based on the bending moment profile was propbseel for scour monitoringAs shown in
Figure25, the turningpointsof the three curves ag8ft. (2.68 m) 16.8ft. (5.12 m) and

24 .8ft. (7.56 m) comparedo thetotal unsupported lengtis¢our depthof 8 ft. (2.44 m) 16

ft. (4.88 m) and 24ft. (7.32 m) respectivelyAs expected, the detected turning point of
moments is typically lower than the true soil (scour) line because the soil provides &n elasti
(not rigid) support to the pil&he turning point of the pile moment profile can still be
considered as the detected scour depth since it is very close to the true scolrdepémn
engineering practice point of view, the top soil is typically wetds deing disturbed and

does not provide much support to the pile. Therefore, the fact that the detected scour depth is
slightly lower than the true sgiositionhas a practical significance. Fasingle pile, it is

easy to obtain the moment proftleough strain sensoegtachedalongthe pileunder applied
testing loads or hydraulic loads.
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Scour monitoring based on modal strgrofile

The modal information such as natural frequency and mode sheg®y to obtain from the
time history data recorded from dynamic tests, which makes it attractive for damage and
scourdetection Similar to the moment profile method, a strategygdd on the modal strain
(curvature) profile waslsoproposedn the present studyAs shown irFigure26, themodal
strain extracted from the first modal shape is similar to the bending moment froéle.
deteted scour based on this strategy wdwdd8.8ft. (8.78 m) 50.4ft. (15.4 m) and 66.4ft
(20.2 m) compared to the true scour depthft247.32 m) 48ft. (14.64 m) and64 ft. (19.5

m), respectivelyJustasin the bending moment case, the deteabeding 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 applicabled practical than the bending moment from static
loading.

Laboratory Teston Scour Mechanisms

The lboratorytestwasdesigned andonducted twerify the structual behavior under static
and dynamic loadings and the feasibility of the propesedir mornoring 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 lottgrm monioring of structures, especially in harsh
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environments. Thenajorbenefits of choosing FOSs for scour applicationsgwed
corrosionresistaaceand longterm stability that make it possible to be embedded in soil and
submerged in water; distributed sergsand 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; smalsizeand light weight with little disturbance to the structure and soil;
immunityto electromagnetic/radio frequency interference, etc.

TestDesign

This study developed a system using relatively inexpensive instrumentation and a robust,
permanent sensor arrangemeéigure27 shows the basic oaept. 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.M¥n the sensors are located in the water or soil, they are
expected to behave differently. By identifg the strain distribution, the interface between

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

Sensing Strain
M FRP bar )
- ; Pier [ FBG sensor
/ ' «
FBG
interroaator = — C‘\
je
= WaterFlow 8
o
Soil
v
T
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, foundationgbautments. In order to investigate

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

The first design adoptedRRP bar clamped on the steel tulbee FRP bar with FBG sensors
is installed close to the steel tube by a nunadbetamps, as shown fRigure28. 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 ¢jtess fiber reinforced potger (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 showingure28, thebottom1.31 ft. 0.4m) of the FRP

bar is in the sand and the tb81 ft. 0.4m) is in the water. FBG sensors are located along

the FRP rebar with an interval 0166 ft. 0.2m). The shaking tablexerts the stroke

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

Steel stand FRP bar
FBG  Fixed point
Tank sensor
FBG
sensor ) .
Fixed point
¥ )>>F 0.8m
Water.
I
1 Velocimeter < e Load
d - 6m

0.8
il
5
3

04

Sand Sand

T
Shaking table

i NAA

W NV
Figure 28

Design of FRP bar on steel tube

The second design adopte8RP bar stick to the GFRP pipehd FRP bar wit FBG sensors
are glued on the GFRP pipe in a certain interval as showigime29. This design is better

for new foundations, with which the sensors are buried toge&thg@pe made of glass fiber
reinforcedpolymer(GFRB buried in sand was used to simulate the pile structure in soil,
which is schematically depicted kigure29. A fiber reinforced polymer (FRP) bar attached
with FBG sensors wasaounted on the GFRP pi@¢0.0ft. (0.0 m) 1.31 ft (0.4 m) and2.62

ft. (0.8 m)to measure the response of water intpBoth the pipe and the bar wdneed on a
steel plate at the bottoniio simulatethe water flow action, a shaking table was used to exert
the stroke to thevater tank sitting on the table. The wateaireal riverflows in one

direction, butgoesback and forth in the tank. In order to reduce the drag force of water, the
specimen was put close to one side in the tavk. £nsors were deployed both on the

GFRP pipe and the FRP baraninterval 0f0.66 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) and2.62 ft (0.8 m) For tests in water,

the specimemvaspartially buried in a sand container and tsabmerged in the water tank.
The heights of water and samwere adjusteds needed-igure29 shows an examplehere
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Schematic drawing of test design

Figure 30
Test specimen anddyout on shaking table

us

the bottoml.31 ft (0.4 m)was in the sand and the ta@1 ft (0.4 m)was in the water. A
velocimeter was also used to measure the water veléegyre30 shows the test specimen

and layout. The property of the GFRP pipeoigter diameter 4.5in. (0.114 m) inner
diameter=4in. (0.102 m)and the ava |

obt ai

Three monitoring mechanisms were tested. The first one ddtaetscour occurrence
through the frequency change by clicking the GFRP pipe. The secomhstie bending
moment mechanism due to the static loading or the wateraostown irFigure31(a).
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Herein a force was applied on the top of the pipe to produce the bending moment. The third
onewasthe high frequency response of the FBG sensors to water flow or debris impact as
shown n Figure31(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.

— Pipe Bar
—_— —_—
— —
Water Moment Water
— = current profile — current
—> —>
_ —_—

(a) Bending moment mechanism  (b) High frequency signdtom the debris

Figure 31
Monitoring mechanisms to be tested

Test Loads
Three types of loadsere considered:
(1) Pseudo static loading
y=wut (18)

where v is the equivalent fluid speed, which is designed t&.64 ft/s (0.5 m/s)1.23
ft/s (0.375m/s), 0.82 ft/s 0.250 m/s) corresponding to line I, Jbnd Ill, respectively.

30cm I /1 m_~"

|
-12-10-08 -06 -04 -02 02 04 06 0810 12 (@

Figure 32
Pseuwdo static loading
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(2) Noise

6}

Figure 33
Noise loading
The noiseconsideredereis, y = Asin@ut) , wheref is the fluid frequencyA is the stroke

amplitude of the shaking table. To keep the equivalent fluid speed tiee thenfrequency
and the amplitude are chosen this way:

Case 1l 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

f= % rC,AU? (19

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

velocity, andCp is a contant known as the drag coefficient. The drag coeffiCigist a
function of the Reynolds number as showirigure34, Rebased on mean current velocity
andmemberdiamete{ 90 . For a circular cylinder acoss the flolv,s the diameter of the
cylinder.

Re=u,D/n (20

where up = water particle velocity amplitude, Bkinematic viscosity of water.

Table 3 showsdynamicand kinematiwiscosty of water at variougemperatures
1 Re<200, laminar flow; smooth, constant fluid motion
1 200<Re<5000, transition mode between laminar flow and turbulent Raure35)
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1 Re>5000, fully turbulent flow, figures raach eddies, vortices and other flow
fluctuations.

Table 3
Dynamic and kinematic viscosity ofwater in S| units

Temperaturg Dynamic Viscosity | Kinematic Viscosity
- t - - u - -3-
(°C) (N s/nf) x 10° (nf/s) x 10°
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
10° -
\
\
\
10" \\
\\\
) \\
@) N
10° S
e
\v 4
10"
10° 10° 10° 10* 10° 10°
Re
Figure 34 Figure 35
Drag coefficient for a smooth circular Turbulent flow around
cylinder in steady flow an obstacle
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FRP Bar Response

The FRP bar with a length @f64 ft (0.5 m) fixed at two pointswassubjected to the

loading fromthewater flow The frequency of the bar can be obtained as,

f:i\/z
2p \'m

where mis the massis rigidity, k =

two fixed points Eis Yo u n madslus, 9%GPa;l is moment of inertiafor round cross

24EI

, andl is half ofthe length between the

section) = p6D4 whereD is thesectiondiameter0.24 in | = 7.41 E9 ft*. Whenthelength is

1.64 ft the frequency of the reb listed in the table below with differential diameter.

Table 4
Rebar frequencies
Diameter 1% 2 | 39 | 4" 5"
(in) (Hz) (Hz) | (Hz) | (Hz) | (H2)
0.275 { mm) 63.142 | 174 | 345 | 575 | 966
0.315 8 mm) 72.162 | 199 | 395 | 658 | 1105
0.354 @ mm) 81.182 | 224 | 444 | 740 | 1243
0.394 LOmm) 90.202 | 249 | 493 | 822 | 1381
0.433 1 mm) 99.222 | 274 | 543 | 904 | 1519

The bending moment along the FRP bar can be calculated as

2 2
Where q is théoaddensity, forx=0 andx=1,M, =- %, forx=1/2, M, = (24

The strain can be calculated bth—

e
|—q—e
12¢

AXQ
%

|- OOz

¢

ax

|- ooy,
[sef e ]

(22)

Therefore, at 20C, the strain at x 0 under different waterelocity can be obtaied

as,
Water velocityft/s) 0.82 1.64 2.46 3.28
(0.25m/s) (0.5m/s) (0.75m/s) (1 ml/s)
Re 1500 3000 4500 6000
Co 1.09 1.14 1.21 1.24
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qIo/ft) 13.98 58.93 139.78  253.53
M(Ib? ft) 2.95 13.28 31.72  57.53

Hm/mx16) 2 9 20 38

From thenexttable the critical scour speed is abdu64 ft's.

Table 5
I ncipient motion formulas
Reference Formula Vc(ft/s)
Neill ST ANl P 05
(1998) x-,:_(gj”s [24.55(S, —1)d] 1.81

. R _ . ¥
V. =5.75u, log(5.53 —)

Melille _ 50 184
(1998) u, =0.0115 +0.0125d}; (0.lmm < d,, < 1mm) .
u., =0.0305d}, —0.0065d;,(Imm < d,, < 100mm)
0« =0.5tan ¢ d-< 0.3
6:c=025d-"%tan ¢ 0.3 <d-< 19
0s. = 0.013 d-""tan & 19 =d.=< 50
Julien 0:c =0.06 tane d== 50
(1995) de = dso(G-Dg /i " 1.75

Use = [6“C(G'1)gd53]

Y2
J

)

V. =5.75u, log(5.53
50

Scour Monitoring Instrumentation Design for Field Application

Scour is one of the main cagsef bridge failuresDeveloping a realime, reliable and

robust system is very desirable for local scour monitoldirejso 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 dgsigmoposed 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 emritsnwith the
advantages of lightweight, highly temperature and radiation tolerantesekcially

immunity from electromagnetic interferende.addition, the protection measures designed in
the system are able to protect the sensors away from flakgbres in the wateBased 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 cabladgh. In contrast to other sensor networks, the proposed
design can provide a reiine monitoring for the entire scouring process to correctly observe
the maximum scour depth during floods.
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In order to measure and monitor scour depth variations inclaipgsition (refilling)

process, three designs for a scour monitoring system using fiber Bragg grat@gs@iisors

are discussed in th&gudy. By a comparative study, one of them is recommeindiais

study and its instrumentation manufacture proceas@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 scourvd®pment 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 engimments, 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-gsiogle fiber to a

periodic pattern of intense ultraviolet ligl&7], [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 alhamount 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 shBignre 36.

Optical Fiber

A

/l
-l |-|
! :

n

0 - 2

\J Fiber Core — n, |
\ ; v

Core Refractive Index
n 1 H‘
Mnnnnn
H:

Spectral Response 1
P m P m Pa j(
Input 7 Transmitted » Reflected 7
Figure 36

Work principle of FBG sensors
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The Bragg wavelengtli, depends both on the physical characteristics of the fiber and

geometrical charactstics of the grating:

/lg=2n, L (23
where n, = effective refractive index of the grating in the fiber core; arel grating period.
Both the effective refractive index and gr at
temperature change ®T, and pressure change q

pressure will shift the Bragg wawsigth 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 rafitive index. If only the dominant linear effects of these three factors
on FBG sensors are considered, neglecting higraer crosssensitivities, the amount of

Bragg wavelength shift can be given[97]:

D/,/ { K, Dekt T DK+ (24)

where Ky Kr, and K= respective wavelength sensitivity coefficients for strain, temperature,
and pressure for FBG sensors, respectively, which are furtherlgven

Ke :{l O'Sne[r12 '/(7 1l EQ)]} B (25&)
K, =( %) { (250)

Ke=[ €1 27)/E 1l 2732 .y ,W2/E], (2¢)

whereji;jand;=¢components of the fiber optic strai.t
thermeopti ¢ coefficient; and E = Youngds modul

Inequation24) , even i f assuming the pressure unche
still cannot be measured simultaneoushhvahe 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 thierature[ 92-96] . Practically, with a matrix inversion technique,

most of the applications utilize two superimposed FBG sensors written at two different
wavelengthdo decouple the strain and tempera{@4d, [93,[95], [9€]] .

Therefore, fber Bragg gratings, i.e., FBG sensors, can be used as direct sensing elements for
strain and temperature. Based on the work principle introduced ,applging 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 0.1
dynamicsof 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 maxi mum measur abl e def
accuracy of FBG sensors, the nrmaxm mismatch between the measured and the real
value of a given quantity, is about 2 ppn
sensors sufficiently sensitive to the pressure from flowing water/flood impact force.

(2) Immunity to electromagnetic noise. i§hs an intrinsic characteristic of FBG sensors
due to the matrial (glasspf which they are compriseBecauseylassis a dielectric
material, electromagnetic fields cannot induce electric currents into the fiber optics,
nor modify the wavelength or thetensity 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 anothergortant 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 especiallytampahen 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 irmdled at a distance of the order of tens offkom the interrogator
system via fiber optic cables. For this regsbis possible to create a scour
monitoring system with a reliable connection requirement of a very long distance.

(5) Good physical performarc 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 dier choice in both surfaemounted 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 seriesf@rrays along a single optical fiber. For scour monitoring, it



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 bedapihe

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 Systemand I nstrumentation Design

Basd 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 marmhesse

their application in scour monitoring is actualigry new, onlya fewpilot applicatiorsin
Taiwai[61] . How to design an efficient and reliable scour monitoring system and
instrumentation with FBG seoss 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 floodsug to theitbrittlenesqd 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 monoring 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 attaioeinterval along a single opticabér in

series on a steel bardi@ils inFigure37). This steel bar is supported as a continuous beam
using fixed joints inside a steel tube which is a hermetic spaéei(B-igure37). 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-ffand BB in Figure37). The detailed sketch of Design
1 is shown irFigure37.

Based on this design, when the scour o¢dtB& sensors should emerge from the riverbed
where they used to be buried in the soils. There are two phenomenarthee sensed by

FBG sensorghe flowing water pressures and flowingter impact forces. Specificallthe

flowing water pressures, through the waterproof rubber seal, can bend/deform the steel bar
(dashed line ifrigure38) and this bending can be sensed as strain variations by the FBG
sensors glued on the steel bar. ithpact forces oflowing water toward the sensors can
alsobedirectly sensed by FBG sensors. Both of the sensed phenomena are regarded as the
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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 wheseatmedevelops 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 dfterds. The waterproof rubber seal

including an Lshaped 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 imgaorces. The monitoring principle of this design is

shown inFigure38.

/S‘teel bor <———= Steel bar

Support
hd FBG fensor] [
~ FBG [Sefhsor
® I |
PN ]
L-shaped| steel
loumper Support
Contoct chunk (foom
\/ j
FBG Pensor
. Steel tube N7 Woterproof ruer  FBG|Sepsor
\ Steel tuoe seal button i
N | Waterproof ruoker ]
seal button
Support
A=A -B Details

Cross-section

Figure 37
Detailed sketch ofDesign 1
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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 fumttas 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 congments 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)ssrasd a41.48
ft/s (3.5m/9) and the crossection area of waterproof rubber sed.354 ff (0.005m?)
(radius= 0.13 ft), the flowing water force acting on a waterproof rubber seal or an FBG
sensor can be calculated as at&u# Ib. B00ON) based orthe following equation:
2

Fo =CoAr - 29
where Fp = flowing water force acting on a waterproof rubber seal or an FBG sé&hser;
coefficient represeirtg 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 A, = crosssection area of waterproof rubber seal= water density; an¥ =

flowing water velocity.

Based on the strength design, #irs4 Ib.of flowing water force require3.13 ft. (0.040 m)
for the width of steel bar ar@197 in (0.005n) for its thickness. Howeer, if assuming
13.12 ft (4 m) river depth after scoul,.64 ft (0.5m) interval between two sensors, and still
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the same crossection area of waterproof rubber seal, the hydrostatic pressures only results
in a force that requires at least anothds3ft. (0.040 m)increase for the wth of steel bar

and another 0.197.i§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 tiséeel 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 barAAand BB in Figure39). However, there are

two major differences in Design 2. Firstly, in order to soleeftiadrostatic pressure problem,
two channel beamare usedo form a hollow structure where the flowing water can pass
through the tube (Crossection inFigure39). By doing this, the hydrostatic pressures on the
monitoring system, especially on the steel bar, can be totally ignored because-it is self
balancedSecondly, the steel b 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 tahe FBG sasors if debris in the flow strikes with excessive impact forcea (A
Figure39). The detailed sketch of Design 2 is showirigure 39.
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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 therbed 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 pressuresd impact forces (dashed line, i.e., deformed steel bar, in
Figure4Q). This not only shows where the scour develops but also can be regarded as an
increasing alert along with the constantly developing s¢agure41 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.
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Deformed
\
g [ ’\\_/ [ g g
\
g [ g g g g
\ water flow pressures
—~— —~— < <
Woter Woter
 E—
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Figure 40
Monitoring principle of Design 2
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Schematic description for the response of each FBG sensor

However, after the preliminary test in the laboratorwasfound that the protection sticks

could stop the soil in the hollowed tube frélowing away; as a resylthe FBG sensor will

not functionas 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 monitorng principle and system design in Design 2 are still applicable in Design 3.
However, much attentiowaspaid here to the issu# how to assure the soil level inside the
tubewasexactly the same as the riverbed level outside the tube. To this en@aheasivas
moved near to the open side of the tube in order to make FBG sensors as close asgossibl
the soil outside the tubehich represents the real riverbed lev&lA andB-B in Figure4?2).
Therewereno protection sticks in this design. Instead, a protection sysi@sairectly used

on the surface dhe FBG sensors on the steel baherein, epoxy resivasused as a sensor
protection to fulfill the groove formed by two pieces of steel angles attachind steel bar
(Figure43). By doing thisthe FBG sensors can be entirely covered by epoxy resin to prevent
direct damage tthe FBG sensors from the debris in flowing water. The two steel angles
themselves canso stop the direct hit to FBG sensors from the debris.
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Detailed sketch of Design 3

As in theprevious designs, the scour monitoring based on this design is conducted by sensing
the flowing water informationrbm 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 recorde in real time under a reliable sensor protection system by this design. The
monitoring principle of this design is shownkigure44.

Steel kar

Sensor protection

Two pieces of steel angles FBG sersor

Covered ky epoxy resin

Groove filled by epoxy resin

Figure 43
Design of sensor protection system
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Monitoring principle of Design 3

Table6 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 pressu NO YES YES
Sensing sensitivity for flowing water NO YES YES
Sensing accuracy for riverbed level YES NO YES
Showing increasing alert when scour devel¢  NO YES YES
Monitoring whole process of scour YES YES YES
Protecting FBG sensors YES NO YES

As can be saefrom the comparison in Table Besign 3 has many advantages over the other
two designs especially from the viewpoints of sensing sensitivity, sensing acaurec

sensor protection system. In the present study, Design 3 is highly recommended for the scour
monitoring using FBG sensors awerificationin a laboratory test.

Experimental Setup

Usually, at least13.12 ft (4 m) depth belowtheriverbed needs tbe 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 1rrdepthsegments. Each segment has a complet& sgonitoring system with

FBG sensors introduced in Design 3. Each segment is assembled by several steel components
using screwswhich is more flexible than using welBigure45). Through connecting every
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segmentn field, the monitoring instrument with any required depth/length can be easily
installed for a specific bridgd-(gure45).

Figure 45
Instrumentation assembing

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.
Figure46 demonstrates this procem detail. Herein, FBG sensors manufactured by T&S
CommunicationLtd. (Bandwith@3dB: <0.3, Min. SLSR: > 15dB, Min. Reflectivity: >90%)
and an arc fusion splicer (FS®S) manufactured by Fujikurktd. are used to connect FBG
sensors in series with coaetion protection.

The experiments/ereconducted in 82.8ft. (10-m) long, 1.32-ft. (0.4-m) wide, and2.13+t.

(0.65m) deep flume with glass sidewallsleBU, which is shown in the left hand Bigure

47. The sour monitoring instrumemasplaced in the middle of the flume paved by sands

and gravel s with fr ileefr(@emihe pesceibeddischarge amdf ar o
its corresponding depth for each experimental eagecontrolled by adjustingie inlet

valve and tailgate in the flume. Three sensors, each sensor with a desired wawskegth,

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, aede3nounted af..82 ft (0.55

m), 1 ft., and0.18 ft (0.055 m)away from the bottom of the cantilevered steel bar partially
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submerged with the largest flowing water legElL.97 ft (0.5 m)in the experiment, see the
right hand ofFigure47. The scour at riverbed can be simulated by washing away the sands
and gravels through the flowing water in this experiment setup.

FBG sensors

- Stepl Sensor brepératiori Step 2 Sensor connection tef®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

Therewerethree runs, namely cases 1, 2, and 3, with different flowing water velocities and
different discharge processes in this experiment. When the running wated fowards the
cantilevered steel bar in these cases, a deformation w@agenerated by the bemd)

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 détatidide sensor
responses, the corresponding varying wavelengths, and the sensor positions.
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Steel bar

Figure 47
Water flume and experimental setup

Field Installation and Test

Based on the above instrumentation desigd test in the laboratory, the third design is
recmmmendedor applicationin the field.Two 18-ft. (5.5m) long instruments (similar to a
pile) with FBG sensorare fabricateénddriven besides the foundations of the field bridge.
Each pile is assemdadl with six 3ft. (0.92m) long segments designed as the sarnmgtlee
laboratory

Bridge Description

The bridgeshown inFigure48, located inEast Baton Rouge Parish, Louisianeosses over
theRedwood Creek ohouisiana Highway 67The bridgebuilt in 1965 is 300ft. (91.4 m)

long and consists of twelve b (7.62m) 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 informationThe Redwood Creek in the vicinity of the bridgite is a medium

[100- to 5006ft. (30.5m to 152m) widd sinuous stream with a pannial 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. Thidge is susceptible to light drift budp.

Scour history: @ble7 documents the soil conditionsh& maximum scour of the bridge has
occurred at Bent 5 in 2005, approximately 1f8.%4.11 m)(asshown inFigure49. The
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record shows a general trend of channel degradation at Bents and,%lthat transits to a
general trend of channel aggradation at Bents Sarid 11. Substantial erosion adjacent to
Bent 13 was observed during the Phase lll site visiticgusidermining of the cap. Typical
erosion holes averagirigpm 2.5 ft. to 6 ft.(0.76 m to 1.83 myleep were noted around the
bents on each bank under the bridge. This site appears to have a history of bank erosion
underneath the bridge.
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Bridge layout

Table 7
Soil condition

Soil Type for
As-Built| Phase i |Current| \\ ;L?;L Pile | oo | Critical | o Rg’:‘::g“ Remaining
Bent | Ground | Ground | Ground Change’| 100 Year Tip Length Scour Critical? Critical Depth to
No. | Elev. Elev. Elev. Elev. Elev. 2| Critical Scour
Scour Elev. Scour Elev. Elov.
1965 1999 2009 (ft) (ft) (ft) (ft) (ft) (ft)
1 94 2 94.0 95.7 -1.5 78 9 863.7| 300 -- -~ - -
2 a3 0 815 810 20 720 58.7 350 §9.0 N 20 sand
3 8650 820 799 6.1 700 487 | 450 728 ¥ .9 sand
4 800 76.0 1.7 83 678 437 50 690 Y 27 sand
5 740 71.0 684 56 628 437 S50 658 Y 26 sand
6 665 700 690.1 26 618 387| 50 652 Y 30 sand
7 665 695 66.1 04 613 387| 50 652 Y 09 sand
8 665 735 607 3.2 653 387 550 652 Y 45 sand
) 760 795 783 2.3 713 437 S50 690 Y 83 sand
10 780 81.0 822 4.2 728 487 | 450 728 Y 04 sand
1 820 840 853 33 725 487 | 450 728 Y 125 sand
12 930 920 91.7 13 776 537 | 400 795 Y 122 sand
13 o4 2 940 947 05 826 537 | 400 . .

1. Mudiine Change = As Built Mudline Elev. - Current Mudiine Elev.
2. Remaining Depth to Critical Scour Elev. = Cumrent Mudline Elev. - Critical Scour Elev.
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Consecutive Surveys are tracked by using solid followed by dashed lines.
As Built is shown in Blue and Latest Survey is given in Red
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Pattern of ground line change

Data Acquisition Systems FBG Interrogator

Strain meaurements from the FBG sensorgeveolleted using the si425 Optical Sensing
Interrogator from Micron Optics, IncF{gure50). It is a multiFBG sensor system that can
support up to 512 sensors on four fibers, powered by a high output power swemleser s

The current si425500 system has four functional channels on the main unit, which has a
working wavelength range of 1541590 nm. The scan rate is 250 Hz for less than 100
sensors used simultaneously. An additional coupler extension module aasatire

number of available channels further. This system can be controlled and monitored remotely
through a complete set of Ethernet controlseinterrogator provides rapid, accurate
measurements of hundreds of optical sensors intineal
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Figure 50
Si425 optical sensing interrogator
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Instrument Fabrication and SensorPreparation

As discussed earlier, the third design was selected for the field application. Two test piles
were fabricated and each of theonsisedof six 3-ft. (0.92m) long segmentiotally 18 ft.

(5.5 m}. In each segmenfour sensorsvere attached otine steel plate and protected with
epoxy as shown ikigure51 (a). The four sensorgeredivided into two groug eachwith

two sensorsveremultiplexed inaseries along a single optical ficeemdparallel and
independento the other sensorSix segments were then assembled into a test pile, as shown
in Figure51 (b) and €). Beforebeingtransported to the bridge field, the cables connecting

the FBG sensonserepulled to one end of the pile. After that, the sens@setested using

the FBG interrogator in the workshop, as showRigure51 (d).

1
b
[

it

(b) Assemble test pile

0
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(c) Sensor connection (d) Sensor testing
Figure 51

Fabrication and sensor testing

i
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In-situ I nstallation

The two test piles were transported te lthidge field byDOTD vehiclesWith the help of
District 61,DOTD, the two test pilesere inposition as shown iRigure52 andFigure53.

Pile 1l (side) is near the dowstream of the Bent 4, and pile | (middle) is near the downstream
of Bent § as shown irfrigure48.

Dig holes

The middle pilen position

Figure 52
In-situ installation of the middle pile
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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
deckas shown irFigure54, such that the future monitoring can be conducted on the deck
even duringheflooding processDue to the fragility of the sensosfew sensoraere
brokenduringthefabrication,transportationand installatiorprocessesAfter the two piles

werein position 10 sensorsurvived orthe middle pile (Pile [)named as sensectilto 10,

and 14 sesors for the side pile (Pile lihamed as sensorllto 1-14 as shown irFigure55.
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DISCUSSION OF RESULTS

Laboratory Test Results

Specimen Test

Beforedoingtests in the water tank, five testereconducted on the FRP specimen to
investigate the sensitivityf the sensors that respond to the click and water impact, as shown
in Figure56, Figure68, andFigure70. The specimewasfixed 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 Han little rotationand wasot rigid. Table8 liststhe detailed

information, that is, testl~dreclicking the specimen with different levels of force and
different condition, and test 5 is the water flow impast. The sampling frequenis/250

Hz.

Table 8
Test detailed information

Description

Test 1 Click the specimen with gentle force
Test 2 Click the specimen with moderate forc|
Test3 | Click the specimen with heavy force
Test 4 Click the specimen with or without san

Test5 | Water flow impact test

(1) Clicking test

The strain responsese shown irFigure57~Figure59. With increasing force, the responses
increaseaccordingly. The wavelength amplitude of each test is about 60pm, 100pm and
300pm, respeactely.

68



100

80

60

40 ‘MH\ ] il

20 B

Wavelength(pm)

-20 i U ‘

-40

-60

-80

0 5 10 15 20 25 30
Time(Second)
Figure 56 Figure 57
Clicking test of FRP specimen Strain response of gentle clicking
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Strain response of moderate clicking Strain response of heavy clicking

Fractions are picked from the response histories and its frequency characteristics are
analyzed though FFT technique as showRigure60~Figure 67. As shownin Figure61,

when the responses from two clicks overlap, broader frequency contents are identified. The
fundamental frequency of the specimen with the boundary mentioned abovetiS8aHz.

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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Strain response of test 2 at 9.2s~9.8s  FFT of strain response of test 2 at 9.2s~%8
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Strain response of test 3 at 10.8s~11.8s FFT of strain response of test 3 at 10.8s~11.8

(2) Clicking test with sand

The specimen was fixed in the edge of a pail under the condition of empty and full of
saturatecsand as shown irfFigure68. The strain response under the clicking with hammer is
shown inFigure69. It wasfound 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 tlespecim
to simulate the water impact. As showrFigure71, a wavelength change of 1fthwas

generated in the first 200 secendue to the temperature change after the specimen was
soaked in the water. From the 4088ctond 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 sain responses of the specimen with amplitude of about 15pm, with more
details given below.
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Water flow test of FRP specimen Strain response of water flow test

Somefractionsof the strain response are picked and the frequency characteristics are
obtainedthroughan FFT techniqueKigure72~Figure79). The water flow frequency is
various, range in 0~5Hz.
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Strain response during 71s~74s FFT of strain response during 71s~74s
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Strain response during 222s~226s
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Strain response during 518s~522s
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Test of FRPBar on SteelTube (stand)

For the FRPbarheld on the steel stand, the following tests have been conducted:
1 Pressgthe FRP bar in diffent positios to investigate the influence of each sensor
1 Bendng the steel stand on the top to simulate the pier bending on the top,
1 Clicking the top of the steel stanand
1 Impact teshg in the water tank on the shake table, with and without the hgngi
weight.

(1) Pressing the rebar

Subsequentlpress the rebar at the position0066 ft (0.2m), 1.97 ft (0.6 m), and2.95 ft
(0.9m). The strain responses are showfigure80~Figure83. The FRP bar is designed as
two fixed segments and one cantilever segment through fixing in the positidh,df.81 ft
(0.4m), and2.62 ft (0.8 m). It can be seen that when the pressing in one span, the other
spans also havesponse, which means the FRP bar behag a continuous beam instead of
two fixed beams. Therefore, all the sensors will response wherever the loading is.

FBG  Fixed point

Pressing 3 position, 0.2m, 0.6m, 0.9m, finished 1

300
sensor — Height--0m
X — Height-0.2m
200 ~ Hegpi-oom
— Height-0.8m
= - - - - 0.9m 100 1
X - - — — - 0.8m o R S
o~ 0.6m %::-1007
@
2 )
¥ - - — — - 0.4m
-300
,,,,,, 0.2m 400
Sand
X Om 75000 2 4 6 8 10 12 1I4 1|6 1|8 20
77777 Time(s)
Figure 80 Figure 81
Schematic drawing of test Strain response of test 1
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Strain(ue)

Pressing 3 position, 0.2m, 0.6m, 0.8m, finished 2

Pressing 3 position, 0.2m, 0.6m, 0.9m, finished 3
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Figure 82
Strain response of test 2

(2) Bending on the top

I
18

10 12
Time(s)

20 0 2 4 6 8

Figure 83
Strain response of test 3

A bending test on the top of the FRP bar was conducted beforefikxe@®n the steel tube,
that is, only the bottom is fixed. The strain results shim\Figure85 indicate good

performance of the sensors.

Load
— = - - - = - .

Figure 84
Bending on the top

Strain(us)

Bent from the rebar top, fixed only at the bottom 2

200

100+

-400
0

T T ;
—— Height-0m
—— Height—0.2m
—— Height-0.4m
Height--0.6m
—— Height-0.8m ]

2 4 6 8 10
Time(s)

12

Figure 85
Strain response of bending test

After the fixationfinished, a screwdriver wassedto apply a bending moment on the top of

the steel tube, as shownkigure86. From the results ikRigure87~Figure89, 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 glthe height should be like the dash curve in

76



Figure89, namely, the maximum moment should be at the bottom instead of at the position
of 0.66 ft (0.2m). The solid curve ifrigure89 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 almosta zero at the bottom.

force
777777 Probably 1.5m
/Screwdriver
777777 1.2m
FBG  Fixed point
sensor
]
77777 0.8m
Air X
P — — — - 0.6m
Water
—% - — — -04m
Sand
- - - 0.2m
Sand
X - - - - - om
Figure 86

Bending on the top ofsteel tube

Top bend the steel stand, with 0.8m water and 0.4m sand, 3rd
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Figure 88
Strain response of tesp
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Strain response of test 1

Top bend, water height 0.8m, sand 0.4m, 3rd
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Figure 89
Strain response of test 3
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(3) Clicking test

The FRP is buried in the sandgthvthe height ofL..31 ft (0.4 m)and submerged in the water

of 1.97 ft (0.6m). Above 1.97 1t(0.6 m) the bar is exposed in the air. As showfigure

90, the FRP rebar is clicked at position295 ft (0.9 m). Figure91~Figure93 shows the

strain response and the maximum amplitude of the response is abaut T6@ sensors

buried in the sad, at the position of 0.fand 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 watksand intdace in the certain range.

Water height 0.60, sand depth 0.4m click at the top 1st

FBG Fixed point 100
sensor — Heighom |
1 X — Heignt-0.2m
—— Height—0.4m
Click — Height—-0.6m
L —— Height-0.8m
position —
—————— 0.9m
_ ¥ - - - — - 0.8m /\
Arr
- 2 N\ .
—— — — — — 0.6m 'z AR
Water @ ' |
—— — — — - 04m 40+ 4
Sand or ]
- — — — — - 0.2m ol
Sand
-100
i 556 558 56 562 564 566 568
X - = - - - Om Time(s)
Figure 90 Figure 91

FRP bar clicked at2.95 ftposition Zoomed strain response under clicking, %Lrun
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Water height 0.60, sand depth 0.4m click at the top 2nd
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Figure 92
. L. nd
Strain response uder clicking, 2™ run
Water height 0.60, sand depth 0.4m click at the top 3rd
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Figure 93

Strain response under clicking, &' 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 kigure94.
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FR.P bar

Tank
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Figure 94
Layout of the specimen

Pseudostatic 0.25m/s Pseudostatic 0.5m/s
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0

Figure 95
Loading procedure 0f0.82 ft/sand 1.64 ft/s

In order toinvestigatethe water effect, the height tife water is set d&66 ft (0.2 m), 1.31

ft. (0.4 m), 1.97 (0.6 m), and 2.62 f{0.8 m) respectively. Each height has the speed of
0.82 ft/s 0.25m/s) and1.64 ft/s (05 m/s) for the shaking tableas shown ifrigure95. For

the height 00.66 ft (0.2 m), 1.31 ft(0.4 m), and 1.97 f{0.6 m),three runs were conducted
for the height of 2.62 (0.8 m) two runs were conducted, lthis reporbnly lists theresults
of one run
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Water at a height of 0.66ft (0.2 m): Figure96~Figure99 shows the strain response when
the water height i8.66 ft At the speed df.64 ft/s (0.5 m/s)thesensoiat the position of

0.66 ftis significant compared to other positions. The maximum strain is abaui 40

Strain(ue)
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,g 0 LT T
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Time(s)
Figure 96
Strain response, watel0.66 ft, 0.82 ft/s
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Figure 97

Zoomed strain response, wate0.66 ft, 0.82 ft/s
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Strain response, watel0.66 ft, 1.64 ft/s

v=0.50m/s, h=0.2, 1st run
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Zoomed strain response, wate0.66 ft, 1.64 ft/s



Water at aheight of 1.31 ft (0.4 m) Figure100~Figure103shows the strain response when
the water heighis 1.31 ft (0.4 m) At the speeslof 0.82 ft/s (0.25 m/s) and 1.64 ft/s (0.5
m/s), the sensors at the position@66 ft (0.2 m) and 1.31 f{0.4 m),are sigificant
compared to other positions. The maximum strain is abogt 30
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Strain response, waterl.31 ft, 0.82 ft/s
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Figure 101
Zoomed strain response, watef.31 ft, 0.82 ft/s
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Strain response, waterl.31 ft, 1.64 ft/s



v=0.50m/s, h=0.4, 1st run
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Figure 103
Zoomed strain response, watef.31 ft, 1.64 ft/s

Water at a height of 1.97 ft (0.6 m) Figure104~Figure107 shows the strain response
when the water height 97 ft (0.6 m) At the speed of 0.82 ft/s (0.25 m/H)e difference

of responses at each position is not very obvioushéspeed 01.64 ft/s (0.5 m/skhe
sensors at the position df31 ft (0.4 m)and1.97 ft (0.6 m)become significant compared to
other positions. The maximum strain is abdud . € 0
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Strain response, waterl.97 ft, 0.82 ft/s
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Zoomed strain response, watel.97 ft, 0.82 ft/s
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Strain response, waterl.97 ft, 1.64 ft/s



v=0.50m/s, h=0.6, 1st run
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Figure 107
Zoomed strain response, watel.97 ft, 1.64 ft/s

Water at a height of 2.62 ft (0.8 m) Figure108~Figure111shows the strain response when
the water hight is 2.62 ft (0.8 m) The frequency of the water is about H2 At the speed

of 1.64 ft/s the sensors at the positionlo81 ft (0.4 m), 1.97 {t(0.6 m) and2.62 ft (0.8 m)
are significant compared to other positions. The maximum strain is abeub20the

position 0f0.66 ft (0.2 m)and 0.0ft. there is barely any strain respse, which means that
the shaking table barely prop¢he bottom water in the tank.
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Strain response, water2.62 ft, 0.82 ft/s
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v=0.25m/s, h=0.8, 1st run
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Zoomed strain response, watep.62 ft, 0.82 ft/s
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Strain response, water2.62 ft, 1.64 ft/s
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v=0.50m/s, h=0.8, 1st run
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Figure 111
Zoomed strain response, watep.62 ft, 1.64 ft/s

From the above test with different water heights, the higher the water, the lessasigtiifec
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 tahewrong interface ofvater and sand. Thereforeggding results mthe water

impact only is not enough to obtain the correct answer.

Test of FRP bar on GFRP pipe

(1) Detectionof frequency change

The GFRP pipe was first put on the growvithout sandand clicked on the top, and was then
buried in the sandt heights 00.66 ft (0.2 m) 1.31 ft (0.4 m) and1.97 ft (0.6 m) The

time histories of strain response tmansferrednto thefrequency domain using Fast Fourier
Transform (FFT), as shown Figure112 The first frequencies of the four cases are 34.85
Hz, 35.25Hz, 38.30Hz, and 42.0(Hz, respectively. Therefore, it confirms that the
fundamental frequency of the structaiecreass as the reduction of sand height, which
indicates a scour activity.
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FFT of strain response

(2) Detection of moment/strain profile change

As observed earlien the numerical simulatigrthe location othe 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 intermittentip the t@ 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 condcted. The strain responses of the five sensors of the first run are shiéxyaran
113 For each run, the strain value of the five sensors at a specific time was extracted to
demonstrate the strain distributiolorag the pipe lengthrigurell4is the strain value along
the pile length at the five peak times showirigure113 Those values are then normalized

based on the rati@tthe strain of the bottom sensor, namely, the strain value of the sensor at

the position of 0.0t. is set to be 1, as shownkigure115 The average of the normalized
strain value at each run is then summarireigure116. It can be found that the stain
distribution is nearly linear.
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Strain response of the pipe without sand Strain distribut ion of first run
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Figure 115 Figure 116
Normalized strain distribution of first run Normalized strain distribution of 6 runs

With sand 0.66 ft (0.2m) high and 1.31 ft (0.4 m) high: The GFRP pipe as buried in the
sand with a height d.66 ft (0.2 m) and 1.31 fi{(0.4 m) respectively. With the same
procedure, the normalized strain distributions oftake runs are summarizedrigure117
andFigure118 The maximum strain iRigurel17is at the position 09.66 ft (0.2 m)and
that inFigure118is at the position 01.31 ft (0.4 m), which is equal to the sand height of
each casand indicates the scour depth.

Figure 117 Figure 118
Normalized strain distribution of pipe Normalized strain distribution of pipe
with 0.66 ft sand with 1.31 ft sand
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