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Local scour is arguably the most pressing issue regarding the safety and longevity of 

overwater civil infrastructure. Scour is the leading cause of bridge collapse in the United States 

and therefore poses a great threat to public safety, disrupts local commerce, and costs millions of 

dollars in repairs. In the next century, the effects of climate changes will make more bridges 

susceptible to scour failure more than ever before. Many modern scour detection techniques do 

not provide continuous scour depth measurements, nor can they function under extreme flow 

conditions, which is when scour monitoring becomes most critical. This research aims to address 
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the significant drawbacks of existing scour monitoring techniques by validating three piezoelectric 

driven-rod scour monitoring sensors developed using: hydrodynamic scour testing, localized 

velocity modeling, mathematical relationships and structural adaptations to mitigate 

environmental influences, as well as a novel, active soil interface sensing mechanism. 

The first proposed scour sensor, or piezo-rods, feature continuous piezoelectric polymer 

strips embedded within and along the length of slender cylindrical rods, which could then be driven 

into soil where scour is expected.  When scour erodes away foundation material to reveal a portion 

of the piezo-rod, ambient fluid flow excitations would cause the piezoelectric element to output a 

voltage response corresponding to the dynamic bending strains of the sensor. The voltage response 

is dependent on both the structural dynamic properties of the sensor and the excitation fluid’s 

velocity. By monitoring both shedding frequency and flow velocity, the exposed length of the 

piezo-rod (or scour depth) can be calculated.  

Hydrodynamic testing of the sensor system in a flume is discussed. Each rod was installed 

using a 3D-printed footing designed for ease of installation and stabilization during testing. Two 

series of experimental flume tests were conducted: (1) the piezo-rod was driven into sediment 

around a mock pier to collect scour data, and (2) the piezo-rod was used to monitor its own 

structural response by collecting vortex-shedding frequency data in response to varied flow 

velocities to establish a velocity-frequency (V-F) relationship.  

The sensors were installed in a layout designed to capture symmetric scour conditions 

around a scaled pier. In order to analyze the system out of steady-state conditions, water velocity 

was increased in stages during testing to induce different degrees of scour. As ambient water flow 

excited the portion of the exposed rods, the embedded piezoelectric element outputted a time-

varying voltage signal. Different methods were then employed to extract the fundamental 
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frequency of each rod, and the results were compared. Further testing was also performed to 

characterize the relationship between frequency outputs and flow velocity, which were previously 

thought to be independent.  

The results from soil-free velocity testing showed that the piezo-rod successfully captured 

structural vortex-shedding frequency comparable to state-of-the-art testing. A one-dimensional 

numerical model was developed using the V-F relationship to increase the accuracy of voltage-

based length predictions of the piezo-rod. Two-dimensional flow modeling was also performed 

for predicting localized velocities within a complex flow-field. These velocities, in conjunction 

with the V-F relationship, were used to greatly improve length-predictive capabilities of the piezo 

rod.   

Higher mass ratio rods are known to be less susceptible to the influences of flowing-water 

excitations. Therefore, the second generation of the piezo-rod design aimed to increase the mass 

ratio of the scour sensor while also introducing more frequency features into the signal signature 

that can be used to determine length. Two variations of large-scale piezo-rods were developed and 

then optimized to have greater participation of high-order frequencies under free-vibration 

conditions using weights as localized masses. The results showed that a vibrational sensor could 

be made to output up to five modal frequencies, which are related to the number of additional 

participating weights. 

As a result of the velocity influence on the piezo-rod, and other passive sensors exited by 

flowing water, an active scour depth monitoring sensor using ultrasonic time domain reflectometry 

(UTDR) was developed. To make the third generation UTDR sensor, a long, slender plate is 

coupled with two flexible piezoelectric devices – macro-fiber composites – that propagate Lamb 

waves along the length of the plate to form the scour sensor. The hypothesis was that increasing 
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scour depth would change the mechanical impedance of the system to cause measurable and unique 

signatures in the residual Lamb wave signals.  The sensor was tested for sensitivity to external 

pressure using metal weights and was able to detect the position of the pressure up at a length of 

up to ~ 20 ft. The sensor was tested under simulated scour conditions, being buried in sand at 

various depths. The results showed that the Lamb wave scour sensor was capable of reliably 

detecting a soil interface at 1 ft intervals. The scour sensor was also able to detect uncompacted 

soil interfaces, which is important considering the issue of scour hole refill following an extreme 

event. Overall, the Lamb wave UTDR sensor was demonstrated to be a feasible sensing 

mechanism for scour depth monitoring. 
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Chapter 1     Motivation 

 

Over 200 bridges collapsed in the U.S. between 1992 and 2014 due to a hydraulic-induced 

failure [1]. Hydraulic failure – failures recorded with descriptions such as hydraulic, flood, scour, 

tidal, and debris – causes over 55% of all bridge collapses. In addition, it was found that most 

hydraulic collapses were a result of scour-induced failure  [2], [3]. Bridge scour failure is a problem 

of national scope, as it effects bridges all over the U.S. [4]. Due to climate change causing longer 

and more intense rainy seasons, it is estimated that, in the next 75 years, 90% of bridges in the 

Southwestern United States (U.S.) will become susceptible to scour [5]. Damage to highways and 

bridges in the U.S. from flooding events were estimated to cost US $100 million per event in 

repairs; with ~ 25 collapses per year due to hydraulic failure,  a cost of an estimated US $2.5 billion 

per year to repair scour induced failures [6]. Similarly, retrofitting bridges in Europe for scour risk 

mitigation between 2040 and 2070 is estimated to cost between 380 and 540 million €/year [7]. 

The USGS notes that in addition to the actual costs of repairs, there are indirect costs associated 

with the disruption of local economy and the cost of longer commutes from detours in the area of 

the failed or damaged bridge [4]. Therefore, there is an urgent need to develop and deploy scour 
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monitoring systems for detecting if and when scour has jeopardized structural safety. In general, 

early damage detection facilitates more efficient asset management while minimizing repair costs.  

Local scour is a complex phenomenon that is not well-predicted in lab experiments and is 

exceptionally hard to measure in the field [8]. Scour occurs when flowing water erodes streambed 

or bank material and is of particular concern when localized around hydraulic structures [9].  

Although there are different mechanisms in which scour occurs, local scour refers particularly to 

sediment erosion around obstructions in flow, typically a bridge pier or abutment [10] (Fig. 1). 

Scour erosion can significantly undermine the stability of hydraulic structures and can lead to 

superstructure damage or catastrophic failure [3], [11], [12]. Attempts have been made to predict 

scour rate and maximum scour depth based on soil properties alone [13]. However, many factors 

affect the severity of scour including the bed sediment cohesiveness, flow dynamics, and river 

geometry [14], [15]. The U.S. Department of Transportation [8] reports that, in most field cases, 

these factors are not or cannot be well documented.  

	
Figure 1. The illustration depicts the flow conditions present during scour. The current undergoes downflow 
once reaching the face of the pier. After the initial formation of the scour hole, horseshoe vortices form and 
magnify, thereby deepening of the hole upstream. Turbulent wake vortices displace sediments downstream. 
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Major flooding events rapidly exacerbate erosion levels, and furthermore, scour can 

accumulate over multiple floods [3], [16]. Fluctuating river conditions can mask extreme scour 

events, causing alternating periods of erosion and infill, where deep holes are replaced with poorly 

compacted soil. Therefore, even if the superstructure does not fail during an extreme flow event, 

the structure will suffer from a compromised foundational system that appears unharmed [8], [14]. 

In an unidentified vulnerable state, the superstructure may not survive another event, even of the 

same magnitude. Furthermore, increasing global temperatures, changing precipitation patterns, 

and alterations to the frequency and severity of flooding events exacerbate the problem of local 

scour [17], [18]. The projected flooding risk brought by climate change is expected to increase the 

rate of hydraulic bridge collapse [19]–[21]. The complexity of local scour necessitates the 

development of continuous monitoring systems for evaluating the extent of scour and for further 

understanding local scour phenomenon. 

 

1.1. Research Needs 

Scour monitoring is a highly complex problem due to the interactions of any permanently 

installed sensor system with highly variable flow, soil, and weather conditions. Covered 

extensively in Chapter 2, this field of research has been approached in a multitude of ways, yet 

existing scour sensors ultimately suffer from diverse deficiencies that affect the quality of scour 

data available. Therefore, the field of scour monitoring benefits greatly from the development of 

additional tools that address three areas: (1) systems that offer continuous monitoring during 

extreme weather or flow events, (2) spatially continuous sensing mechanisms, and (3) systems that 

can detect both erosion and infill around an asset. 
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1.2. Research Objectives 

The work presented in this dissertation aims to address the research needs by developing 

an iterative collection of piezoelectric scour sensors that provide spatially continuous feedback of 

scour depth. The scour sensors are presented in the order of development, where each consecutive 

sensor iteration addresses limitations of the prior.  

The specific objectives of this research are: 

• Validate a previously developed passive, vibration-based piezoelectric driven-rod 

sensor under simulated scour conditions with varied flow velocities, as might be 

seen in situ. 

• Quantify the effects of flow velocity on vibration-based, cylindrical, flow-driven 

sensors. 

• Develop a passive, vibration-based piezoelectric driven-rod sensor that minimizes 

the effect of flow velocity while increasing the scour sensitive features present in 

the signal signature. 

• Validate an ultrasonic time-domain reflectometry (UTDR) sensing mechanism for 

detecting a soil interface. 

• Develop an active piezoelectric sensor system that utilizes the UTDR sensing 

mechanism for detecting a distributed soil interface with compacted and 

uncompacted soil. 

Furthermore, this collection of studies also aims to offer sensing mechanisms that can be 

deployed away from anchored assets, such as downstream from a bridge pier, or in a network to 

build a topographic map of the underwater scour region of interest. Sensors that can collect scour 

topography are urgently needed, as the location of maximum scour depth can change over time 
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[15]. However, this depends largely on the development of an appropriate wireless data acquisition 

system, which was done in parallel to this work, but was not undertaken by the author of this 

dissertation. 

 

1.3. Overview of the Dissertation 

This dissertation is divided into eight chapters, as follows. 

• Chapter 2 is a review of the scientific literature related to existing and developing scour 

monitoring systems, with a specific focus on previous work done on the vibration-based 

piezoelectric driven-rod sensor as well as existing time domain-reflectometry scour 

sensors. 

• Chapter 3 outlines in detail the first scour test using the vibration-based piezoelectric 

driven-rod sensor. The test was performed in a live-bed flume and included varied flow 

velocities, as might be seen in situ. An enhanced post-processing method for extracting 

frequency from the voltage-time histories is also used. This chapter also shows the first 

evidence suggesting the presence of a velocity-frequency relationship between the velocity 

of the flowing water and the frequency output of the sensor.  

• Chapter 4 provides a post-processing method for extracting scour depth from the frequency 

results collected in Chapter 3. Flume testing is performed with incremental lengths of the 

piezoelectric driven-rod sensor exposed to flow to determine the velocity-frequency 

relationship at various lengths. A two-dimensional finite element model is presented to 

capture the complexities of a flow-field disrupted by a pier cross-section as well as the 

scour sensors. A combination of the 2-D finite element model results and the velocity 
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frequency relationship is used to back-calculate the length of the sensors during the scour 

test from Chapter 3, which is then compared with other post-processing methods. 

• Chapter 5 introduces the concept of a weighted piezoelectric driven-rod sensor to reduce 

the influence of the velocity-frequency relationship. The positioning of weights is 

optimized to introduce multiple length-related features into the voltage time history by 

increasing the number of mode shapes significantly participating during free-vibration. 

• Chapter 6 details the initial testing of a new time-domain reflectometry mechanism using 

ultrasonic Lamb waves.  Lamb waves are tested for their sensitivity to a non-damaging 

localized pressure interface using various materials in between the weight and the sensing 

surface, including soil.  

• Chapter 7 expands on the use of the ultrasonic time-domain reflectometry sensing 

mechanism for scour monitoring. The mechanism validated in Chapter 6 is applied to a 

full-scale sensing structure and is tested using a distributed soil interface by being buried 

in sand. The new scour sensor is also tested for sensitivity to different compaction levels 

of soil.  

• Chapter 8 summarizes the research contained in this dissertation, reviews key results and 

contributions to the body of knowledge, and provides recommendations for future work. 
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Chapter 2     Current State-of-the-Art: A Review of 

Existing Scour Sensing Systems 
 
2.1. Field Deployed Sensing Systems 

Currently, the Federal Highway Administration (FHWA) recommends scour-monitoring 

techniques that fall into two categories: portable and fixed systems [9]. Portable systems are 

typically used due to cost effectiveness but will always miss periods of scour-and-infill, where 

sediments are removed during a high flow period but settles back after flow normalizes [22]. On 

the other hand, fixed sensors offer more frequent or constant monitoring that may be more likely 

to detect critical scour events. However, all traditional scour monitoring methods also suffer from 

deficiencies on when, and under what conditions, they can collect scour data. 

Portable systems are typically only preferred when a bridge is deemed to not require regular 

monitoring, or to assess damage after a major flooding event [23]. Measurements taken from the 

bridge deck, such as physical probing, must be performed by a trained technician, as they require 

skill to produce reliable feedback [2].  Physical probing can only be performed on a semi-regular 

basis based on technician availability and permitting weather conditions. Bridge geometry can also 
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play a role in determining the feasibility of deck-based measurements, as bridges with a deck very 

high off the water or with large overhangs would be unsuitable for physical probing or other deck-

based measurements. Bridge geometry and location can also prohibit physical measurements from 

a manned boat. For a boat to pass safely, the bridge would require proper clearance, a lack of 

turbidity near measurement sites, and nearby boat ramps [23].  

 Portable sonar has offered improvements in a few areas, such as the physical area of 

monitoring coverage and the regularity in which data can be collected. Sonar devices send 

ultrasonic sound waves through the water and use transducers to listen for echoes. The speed of 

sound is semi-constant in water so based on the response time of the echo, the distance to the 

reflecting object, or in this case the soil-water interface, can be determined.  Portable sonar can be 

tethered to a variety of floating objects, or so called unmanned surface vessels, that can be 

positioned near the measured location [24]. Multi-beam sonar allows for more efficient and 

widespread coverage when using an unmanned surface vessel [25]. Unfortunately, unmanned 

surface vessels, which in the best-case scenario can measure the full 2- or 3-D topography of a 

scour hole, still needs to be operated by an on-site technician and are inoperable during high flow. 

Blueview - a stationary mounted sonar system that is dropped near the scour site and can produce 

3-D underwater images – cannot be deployed readily during high-flow events due to the likelihood 

of debris damage. Furthermore, technicians operating Blueview state that the bed material could 

cause the mount to become stuck, endangering the return of the expensive equipment [25]  Due to 

periods of infill and erosion known to occur with scour, as well as the likelihood of scour critical 

events occurring during extreme weather, portable measurement techniques are almost guaranteed 

to mis-asses the full extent of scour effecting a bridge or asset. 
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Examples of fixed sensors include some sonar devices, sounding rods, driven sliding 

collars, tilt sensors, and float out devices. Fixed sonar devices typically only offer selective discrete 

data but can monitor these points constantly in order to develop time histories [26]. However, these 

devices suffer from operating only in ideal water conditions, where sound waves can easily 

propagate and are not influenced by entrained air or sediments. Additionally, sound wave devices 

generally do not perform well where bed topography is variable, and will only return the shallowest 

depth [27]. Sonar is also known to be sensitive to salinity, temperature, and has issues operating 

in shallow water conditions mainly at depths less than three feet [25], [28]. Therefore, all types of 

sonar systems have difficulty collecting accurate data during severe flow conditions or in turbid 

waters and see significant influence from environmental conditions.  

Sounding rods, produced by Cayuga Industries, were among the first types of fixed scour 

monitoring systems [29]. Sounding rods consist of a probe attached to a cable reel which is housed 

in a surrounding enclosure, like a pipe. As the probe descends, the cable reel unwinds from spool 

which is attached to a device that produces incremental pulses at fixed increments of angular 

rotation [30]. The number of pulses can be used to compute the amount of angular rotation, which 

can be converted to the length of the spool unwound. The most success was found by installing 

the sounding rods vertically where they were then attached to a baseplate [31]. However, during 

field installation it was found that sounding rods are susceptible to binding between the rod and 

the enclosure due to sediment penetration in sand bed applications and, furthermore, may induce 

scour around their base [22], [32]. Due to these issues, and the success of later scour monitoring 

devices, they are no longer being produced. 

Driven sliding collars, are a category of device that uses a gravity-based physical 

mechanism to determine changes in scour depth. The sliding portion of the device rests on the soil 
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surface and moves downward as the soil is removed due to scour. Two systems are the magnetic 

sliding collar and the “Scubamouse”. The magnetic sliding collar triggers the closure of magnetic 

switches along a rigid rod as gravity pulls the collar past their location [33]. The Scubamouse is 

similar, except that it uses a radioisotope within a horseshoe shaped collar that slides down a 

hollow pipe. The Scubamouse is a radioisotope probe that can be lowered into the pipe to detect 

the location of the collar [34].  While the magnetic sliding collar offers the advantage of remote 

monitoring, both systems are only able detect maximum scour depth and can only be deployed 

near the pier [20].  

The “Tell Tail” system consists of omnidirectional motion sensors mounted on flexible 

rubber tails that are placed incrementally along a metal rod that is buried [30], [35]. The metal rod 

is about seven feet in length and is attached to a baseplate. As each tail becomes exposed, the 

flowing water causes the tail to flap, which is logged on a data acquisition unit attached to the 

system [26], [36]. Seemingly, this system has found success mainly in recording ocean scour at 

seawalls, likely due to the difficulty of installation and retrieval to collect scour data [36], [37]. 

The system has successfully captured periods of erosion and infill in multiple locations. 

Tilt sensors detect changes in the angle of the bridge superstructure and are a good option 

to be deployed concurrently with other types of sensors. The tilt sensor will measure the angle of 

the bridge member to which it is attached [38]. However, tilt sensors are influenced by normal 

bridge movement unrelated to scour and will typically give warning after other types of sensors 

have already detected change [9], [38].  

 Float out devices are simple sensors that are buried in the ground at varying depths [22]. 

When scour breaches the depth of a float out device it will rise to the surface and signal the 

computer monitoring system triggering a page or a phone call to the monitoring parties. Float out 
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devices will only measure the maximum depth of breach in a single location during a scour event 

and must be reset after each use [38].  Furthermore, they do not provide any intermediary depth 

data between the buried locations. Float out devices are also limited by their battery life, as they 

may remained buried for long periods of time before needing to send a signal, during which time 

they would need to remain active, currently lasting about 7 years. [39]. 

Based on these limitations, more effective scour monitoring techniques are still needed. 

Therefore, emerging areas of scour research focus on permanently installed monitoring 

technologies that can collect non-discrete scour depth data continuously, even during severe flow, 

and without the need of an on-site technician or physical reset. 

 

2.2. Emerging Technologies 

Many interesting solutions for scour monitoring have been proposed in recent years, all 

aimed at finding more accurate and substantial information on local scour and its effects on 

bridges. Some of these new types of sensors generally fall into three categories: (1) “smart rocks”, 

(2) scour monitoring based on structural analysis, and (3) buried “stack” or “rod” sensors. 

 First, “smart rocks” are small magnets embedded in acrylic balls whose positions are 

detected using magnetic field interference. The locations are determined in relation to an anchored 

“master rock” at the base of the pier [40]. The idea behind these untethered sensors is that they can 

roll to the deepest point in a scour hole and are not limited by battery life magnetic fields are 

permanent. Two types of smart rocks were developed that both contained magnetic components; 

a smart rock with direction-unknown (DU) where the magnet was oriented based on the rocks 

position, and direction-known (DK) where the magnet was always oriented to the direction of the 

ambient magnetic field [41]. While calculation needed to locate the DK smart rock was reduced, 
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it saw an increased amount of measurement error due to fluctuations in the magnetic field caused 

by environmental factors, such as passing vehicles. Further improvements were made to the smart 

rock by changing the orientation of the magnets within the rocks and providing protection to the 

sensor in the form of a concrete shell [42]. Smart rocks require a multi-point measurement to 

determine their relative location within the magnetic field, formerly done using a measurement 

device attached to a crane on the bridge, but most recently done using UAV-based measurements 

with comparable success [43]. Smart rocks are unique due to their lack of anchoring to the pier or 

surrounding environment; however, they have limited monitoring range and can be washed away 

during severe flow events. Furthermore, they suffer the limitation of only giving maximum depth 

data in a scour location before needing to be reset at the user’s discretion.  

Scour monitoring based on structural analysis relies either on vibration-based structural 

monitoring – using either ambient or forced excitations [44]–[46] – or modal analysis [47], and 

utilizes changes in detected structural properties to infer scour-induced damage [48].  This type of 

monitoring may be performed on the entire bridge or just a single pier. While this method cannot 

give feedback on scour topography, vibration- or mode-based structural health monitoring 

methods are popular for assessing bridge safety. However, structural damage and environmental 

effects – most notably temperature – also affect these same structural properties, so deducing scour 

damage may prove difficult [49], [50]. Recently, attempts have been made to reduce the 

temperature effects on structural parameters by using mode shape ratios to isolate the effects of 

scour, however structural damage such as cracking and corrosion can still influence these new 

parameters [51].  

The largest class of new sensors consists of buried “stack” or “rod” sensors. These 

transducers are based on erosion exposing different portions of a sensor over time, either along a 
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sensing rod or simply installed in a stack on the pier itself. The types of stack/rod sensors include 

vibration-based turbulent pressure sensor (VTP), housed accelerometer stacks, discrete micro-

electrical-mechanical system (MEMS) type sensors, discrete piezoelectric film sensors, dissolved 

oxygen (DO) sensors, various fiber Bragg grating (FBG) systems, and vibration-based cantilever 

rods.  

A vibration-based turbulent pressure sensor (VTP) was prototyped using a rigid pipe with 

multiple gaps each containing a thin plate attached to an accelerometer [28], [52]. VTPs rely on 

the turbidity of the water in a scour hole to excite the plate/accelerometer. The total energy 

response of each plate will reveal if it was exposed to flow or buried. A VTP stack was installed 

near a bridge pier and, as accelerometers are active sensors, was powered using solar cells [53]. 

Unfortunately, this device was dislodged and damaged twice during two flooding events within a 

year.  The device was eventually reinstalled and successfully remained in place during flooding 

events, but results were hindered by the collection of debris in front of the sensors that reduced 

flow [54]. The debris accumulation may be alleviated by rotating the device so the sensors are not 

facing the direction of oncoming flow.  

Housed accelerometer stacks are similar to VTPs in that they utilize the vibrations induced 

by flowing water to excite an accelerometer placed along the length of a bridge pier [55]. Unlike 

VTPs, the accelerometer is placed in a steel case which is then filled with silicon, making a sensor 

that is more robust in the unpredictable underwater environment. In the field, accelerometers were 

housed in steel balls surrounded by a cage. This housed accelerometer system proved sturdy 

enough to remain installed permanently on the Min-Chu Bridge in Taiwan [56]. 

In place of accelerometers, micro-electrical-mechanical system (MEMS) type sensors can 

be used to monitor exposure to the underwater environment. The MEMS is made up of micro-
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machined sensors, actuators, mechanical elements, and electronics to create tiny electro-

mechanical devices [57]. The components of the MEMS are either etched or deposited onto a 

silicon wafer to create a complete system-on-a-chip, without the large moving mechanical 

components typically seen in a sensor system.  MEMS sensors have been used to monitor scour 

using either vibration [58] or pressure [57], [59] along the length of the bridge pier. MEMS 

technology is also easily coupled with existing data acquisition systems equipped for wireless 

sensing and has shown success monitoring erosion and infill in field conditions.  

Discrete piezoelectric film sensors are another iteration of vibrational sensors where the 

energy content in each signal can be analyzed to determine exposure to flowing water [60]. Like 

VTPs and accelerometer stacks, as erosion exposes the sensing devices, the energy content of the 

sensor signal increases. However, by utilizing piezoelectric films, the device can operate without 

a power source due to the piezoelectric effect – a material property that causes an output of voltage 

in response to mechanical deformation. These discrete sensors are made by coating a thin 

piezoelectric film in silicon and attaching it to a post to create a flag-like device that can be buried 

in the ground. Each post contains multiple flags along its length which correspond to the available 

intervals to determine scour depth. The discrete piezoelectric film sensors were installed on 

the ZihChiang Bridge in Taiwan with twenty-three discrete locations recorded (at 25 cm intervals), 

strangely however, with only six beginning below the soil level. Nonetheless, the piezoelectric 

film sensors survived an incoming typhoon and recorded periods of erosion and infill near the pier. 

Dissolved oxygen (DO) sensors are fiber optic probes with an oxygen sensitive coating, 

which decreases the amount of light emitted – or luminescence – from a light-emitting-diode 

(LED) near the optical fiber when oxygen is present [61]. These sensors are placed in discrete 

locations along the pier where exposure to water will increase the amount of DO present in sensors 
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uncovered by scour. Initial flume studies showed the functionality of these sensors, but sensitivity 

to biological activity, biofouling, and water turbidity (which are all likely to affect the amount of 

DO present) was not investigated. 

Fiber Bragg gratings (FBGs) have been widely studied for use as scour depth monitoring 

systems. FBGs use periodic refractive structures embedded within an optical fiber to reflect 

narrowband wavelength ranges of light, where each reflective band is uniquely designed within 

the available illumination spectrum to correspond to a specific physical location of the FBG. When 

an FBG is strained, the periodic refractive structure expands or contracts and proportionally shifts 

the wavelength of the reflected light, thus conveying local strain information. Using the full 

available infrared optical spectrum provided by the source, FBGs can be multiplexed within a 

single optical fiber to collect arrayed strain data from multiple locations along the optical fiber. 

One drawback of multiplexing for scour applications is the sensibility of these systems to damage, 

where damage to one sensor would render the entire system of sensors inoperable. Scour 

monitoring using stacked FBG sensors can be achieved by detecting changes in strain at discrete 

bridge-mounted locations due to water temperature [62], [63], water exposure [64], [65], or lateral 

soil pressure [66]. While FBGs are sensitive to temperature and soil pressure inherently, sensors 

sensitive to water exposure are coupled with other materials to cause a shift in the reflected 

wavelength. One FBG system is coupled with polymers that swell when exposed to water, meaning 

that the FBG in this area would see an increase in strain [65]. The second water exposure sensor 

uses FBGs coupled with a small vertical cylinder which would experience pressure differentials 

from flowing fluid causing strain [64].   

Emerging technologies utilizing discrete sensing systems – systems that give feedback only 

at depth intervals related to sensor position - have been able to capture scour in a repeatable 
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manner, sometimes being deployed in the field, but they still suffer from two main deficiencies: 

unknowns related to depth changes between sensors and the dependency on near-pier deployment. 

While discrete mechanisms could potentially be adapted away from the pier structure, many of 

them rely on power sources (accelerometers) or cabling to interrogation systems attached to the 

pier (such is the case with optical probes and FBGs).  

A spatially continuous FBG method monitor changes to a driven-rod by detecting increased 

levels of strain [62]. This driven-rod system begins with a similar concept to the later developed 

vibration-based methods, but instead uses strain levels near the base of the sensor to determine 

scour level. As scour occurs, the base of the sensor will continuously move, so multiplexing is 

used to take strain feedback from three discrete locations. However, fiber optic sensors and their 

data acquisition systems are costly, sensitive to temperature, and require fiber-optic cabling to be 

run to each sensor-rod. Furthermore, this FBG sensor is also placed at discrete locations along the 

length of the scour rod, making it more susceptible to irreparable damage. 

In order to provide an uninterrupted stream of passively collected data, emerging 

techniques utilize the length-dependent structural properties of cantilevered rod-like sensors that 

can estimate the level of erosion based on vibrational feedback and length related structural 

properties [67]–[69]. Azhari and Loh [67] first proposed the design of a “piezo-rod scour” sensor, 

which was based on embedding a piezoelectric element in a long, slender rod. When scour exposes 

the buried piezo-rod, excitation from flowing water causes the piezoelectric element to output a 

voltage time history response. By decomposing the voltage time history to the frequency domain, 

the fundamental frequency of the system during a set period was determined, which was correlated 

to its exposed length or scour depth. Others, such as Zarafshan et al. [68], developed a FBG driven-

rod sensor that also uses natural frequency to determine exposed length. Even so, all frequency-
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based scour sensors, whether piezoelectric- or FBG-based, must consider fluid flow effects, which 

impose complexities on the system that are not easily captured in closed-form equations, and which 

will be covered extensively in this thesis.  

 

2.3. Time-Domain Reflectometry Scour Sensors 

Time-domain reflectometry (TDR) sensors are a type of fixed sensor that detect changes 

along the length of a sensing element by tracking the time it takes for an energy packet (e.g., light, 

sound, electricity) to propagate away from a transducer to a location of interest (LOI) and back. 

The energy packet will be tailored to reflect from the LOI through a physical mechanism where it 

will return to the relative location of the transducer. Depending on the actuation type of the 

transducer, it will either be able to receive the signal as a sensor, or another sensor at a known 

location will receive the response energy packet. The main sensing parameter being monitored for 

a TDR is the time-of-flight – the time between the generation of the initial signal and its return to 

the location of the sensor. Based on known physical quantities of energy propagation speed, the 

distance to the LOI from the sensor/actuator can be determined. 

Although not used for local scour around bridge piers, optical time-domain reflectometry 

has been employed for detecting scour near buried pipelines. Here, scour would expose portions 

of the pipe, and the difference in temperature between sand and water causes a Doppler frequency 

shift in the light waves propagating through the optical fiber running parallel to the exposed area 

[70]. Using the speed of light, the location(s) and length of the exposed portion of the optical fiber 

could be determined. The advantage of optical TDR is that the entire length of the optical fiber is 

available for sensing, as opposed to FBGs that only offer discrete sensing locations at the Bragg 
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gratings. In general, a key advantage of TDR is that they are spatially continuous sensors and can 

provide information along the entire length of the sensing structure. 

Another promising bridge scour monitoring method uses electrical TDR to detect changes 

in the position of the soil-water interface to deduce scour depth. This mechanism works by 

detecting reflections due to electrical impedance shifts from changes in the surrounding material 

[71]–[75]. Initial applications of electrical TDR for scour and soil-water interface monitoring used 

solid metal rods, but they suffered from sensor fowling problems and had measurement limitations 

due to attenuation. Even after updating the previously solid metal rods to a multi-strand steel cable 

system, there were still issues with environmental influences - such as raindrops – that clung to 

the sensing cable, obscuring the air-water interface, and changing propagation velocity of the 

electrical signal in air. Significant improvements to durability were made using twisted cable 

systems, which were anchored between the bridge pier and a predetermined subsurface location 

[76]. This type of system successfully measured scour during a storm event. However, these 

sensors still faced issues with pull-out failure due to insufficient bottom anchorage and electrical 

shorts due to abrasion of its insulative polymer coating [77]. 

 

2.4. New Concept: Piezo-Rod Scour Sensor  

Azhari and Loh [67] developed scour sensor based on a slender piezoelectric 

polyvinylidene fluoride (PVDF) thin film encased in a flexible rod (piezo-rod), which mitigate 

drawbacks from the existing and emerging technologies. The piezo-rods could be buried 

systematically in locations surrounding a bridge pier. The electromechanical properties of PVDF 

allow these types of sensors to output voltage time histories when subjected to hydrodynamic 

excitations from flowing water. The voltage time history data are then acquired, processed, and 
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analyzed for its instantaneous fundamental frequency of vibration, whereby the length of the piezo-

rod (i.e., scour depth or exposed length of the rod) could be directly calculated. Using a network 

of these sensors, sediment depth at different locations could be plotted spatially to produce a scour 

topography map. The passive nature of piezoelectric transducers is ideal for scour monitoring, 

since it generates a voltage in response to strain, thus eliminating the need for an external power 

source. Although the tests showed that the piezo-rods located on the sides of the pier generated 

good voltage response, a wide spread of identified frequencies was found in areas where sensors 

underwent less excitation. Furthermore, the study by Azhari and Loh [67] did not find a significant 

link between fluid velocity and sensor frequency, which would significantly impact the sensor 

under varied flow conditions. Thus, sensor optimization and improvements in data processing are 

needed, as well as demonstration their potential to be scaled for larger scale field implementations. 

As stated earlier, Chapter 3 will also demonstrate that fluid flow effects, which impose 

complexities on the system that are not easily captured in closed-form equations, must be 

considered when deploying the piezo-rod system. 
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Chapter 3      Densely Distributed and Real-Time 
Scour Hole Monitoring using Piezo-Rod 
Sensors  

 

The objective of this study is to demonstrate that sensor design improvements to the piezo-

rod and different signal processing techniques can enhance the quality of frequency data extracted. 

This chapter begins with outlining the fabrication of an extendable PVDF sensor strip and the 

design of an appropriate footing system. Tests conducted in dry sand, followed by hydrodynamic 

scour testing, are discussed. Various signal-processing schemes are then employed to extract the 

frequency-domain features of the sensors for estimating scour depth. Finally, the relationship 

between flow velocities and sensor response is discussed. 
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3.1. Sensing Mechanism 

The scour sensor developed for this study is a thin strip of PVDF piezoelectric polymer 

film embedded in a slender, hollow, polymer rod. As mentioned earlier, the rod would be buried 

underneath the soil and, when exposed by scour, would undergo hydrodynamic excitation from 

ambient flowing water. The flow-induced vibrations of the piezo-rod would then output a voltage 

time history, owing to the PVDF film’s piezoelectricity. The natural frequencies of the piezo-rod 

can be determined by solving the well-known differential equation describing a continuous beam 

undergoing free-vibration using the boundary conditions of a fixed-end cantilevered beam [78]: 
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where E is elastic modulus, I is moment of inertia, y(x) is the deflection of the beam at location x 

along longitudinal axis of the beam or piezo-rod, & is density, A is cross-sectional area, and , is 

angular frequency. 

Wherein the fundamental frequency,	0', is calculated to be: 
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where exposed length L is equivalent to a distance x from the free- to the fixed-end of the beam. 

Solving for L, this yields: 
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As shown in Equation 2, frequency is inversely proportion to the square of the length. 

Therefore, the length of the cantilever exposed to excitation can be determined by analyzing the 

outputted voltage time history in the frequency domain. As sediment is removed from around the 

piezo-rod, its length will increase proportionally, which will alter the frequency content of its 
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generated voltage time history (Fig. 2). The depth of scour can be determined by subtracting the 

initial rod length from its instantaneous length (or exposed length of the beam).  

It should be noted that a cantilevered beam undergoing fluid excitation must consider the 

additional mass of exciting fluid (i.e., water) [79]. Since density is considered constant in the 

original differential equation, simply adding the density of water,	&6, to the sensor density,	&7, as 

part of Equation 2 enables one to estimate the cantilever’s new natural frequency in water: 
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where 0' corresponds to the natural frequency of the beam in a vacuum. The added mass lowers 

the expected frequency output. 

 

 

 

	
	

Figure 2. The illustration demonstrates the effect of scour on the piezo-rod’s exposed length and subsequent 
output. As sediment erodes from around the sensor, the exposed length increases and is subject to vibrations. The 

voltage outputs below show changing free-vibration time response at increasingly exposed sensor lengths. 
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3.2. Signal Processing Methods 

3.2.1. Digital Filtering and Frequency-Domain Analysis 

Traditional frequency analysis was employed as the starting point of this study, as it was 

proven effective in previous validation tests [67]. First, raw voltage data was smoothed using a 

moving average filter. Then the Chebyshev high-pass filter and a Butterworth low-pass filter were 

applied to remove frequencies outside of the range between 2 and 30 Hz. Furthermore, a 

Butterworth band-pass filter was applied to remove electric hum, which can sometimes be 

interpreted as a major frequency of sensor signals corresponding to low levels of excitation and 

low signal-to-noise ratio [80]. After filtering, a fast Fourier transform (FFT) was used to assess the 

prominent frequencies associated with the signal. A peak-picking algorithm with thresholding was 

used on the upper envelope of the estimated auto power spectral density (PSD) function for 

identifying the first fundamental modal frequency. The upper envelope is a smooth curve outlining 

the upper extremes of the PSD, which allows the peak-picking function to return only major peaks 

instead of the substantial number of local peaks that occur within the PSD. 

 

3.2.2. Wavelet Packet Transform and Hilbert Transform 

For comparison purposes, two different transforms to extract the major frequency from the 

collected signals were implemented in this study. First, wavelet packet transform (WPT) can be 

used to decompose the signals measured from the piezo-rods. Second, Hilbert transform (HT) can 

be applied to find the instantaneous phase within the decomposed signals. The major frequency 

can then be evaluated by performing polynomial regression on the phase of the analytic signal. 
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3.2.2.1. Wavelet Packet Transform 

WPT is a technique that partitions the time-frequency plane and delivers a decomposition 

for further analysis. WPT was utilized in this study for noise reduction purposes. Discrete wavelet 

transform (DWT) and WPT are performed by passing the signals through low-pass and high-pass 

quadrature mirror filters. WPT was selected because it outputs a selection of narrowband signal 

components that fall within a certain frequency range. Each of the WPT components comes with 

an equal bandwidth of fs/2j+1, where fs is the sampling rate of the signal. WPT is advantageous for 

processing discretely sampled piezo-rod voltage time history, as signals are naturally analyzed 

within a tailorable frequency band with respect to time. 

 

3.2.2.2. Hilbert Transform 

Once the signal was smoothed using WPT, Hilbert transform was employed to determine 

the instantaneous fundamental frequency. HT can be represented as a specific operator that 

produces a harmonic conjugate of a real function, x(t). It is defined as an improper integral: 
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where in this case, the function x(t) corresponds to the voltage time history of an individual sensor.  

HT also has a very simple interpretation in that it brings a 90° phase shift in the frequency 

domain. Consequently, the real and imaginary functions of H[x(t)] correspond to each other in a 

unique way to create an analytic function [81]: 

	 A(<) = *(<) + C:[*(<)] = D(<)E?@(<)	 (8) 

where a(t) and F(t) are amplitude and phase functions, respectively.  
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If the signals closely approach a narrowband condition, the imaginary function will be in 

quadrature to the real function, and the analytic signals will approximate well. On the other hand, 

this transform will not be able to distinguish the amplitude and phase functions once the spectra 

of the signals are spread in the frequency domain. 

For a continuous-time signal, the instantaneous frequency is obtained by computing [82]: 

	 0(<) =
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For a discrete-time signal, the instantaneous frequency can be estimated by directly 

discretizing Equation 9 [83], [84]. The major frequency can then be obtained based on polynomial 

phase modeling with order p [85]: 

	 F(<) = GA + G(< + G&<
& +⋯+ GB<

B	 (10) 

where c0, c1, c2, …, cp are constants.  

In this study, to simplify the frequency estimation process, order 1 was exploited, and the 

major frequency was derived by scaling c1 by 1/2I.  In this case, the major frequency corresponds 

to the fundamental frequency of the piezo-rod sensor. The instantaneous fundamental frequency 

was then averaged within time windows corresponding to those used in the windowed FFT 

technique.  

 

3.3. Experimental Details 

3.3.1. Sensor Development 

The shortfalls of the previous design of the piezo-rod system developed by Azhari and Loh 

[67] were the delicacy of the base where the lead wires were housed and the limitation of sensor 

lengths (to only 280 mm). To demonstrate that this technology is a viable option for full-scale 
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scour monitoring, the PVDF sensing element needed to be tailorable to a variety of lengths. 

Furthermore, this study investigated more sophisticated signal processing methods (versus FFT 

analysis) for extracting the piezo-rod’s instantaneous natural frequency (i.e., equivalent to exposed 

length or scour depth) during hydrodynamic excitations.  

 

3.3.1.1. Extension of PVDF Piezoelectric Strip 

Metallized Piezo Film Sheets with silver ink electrodes were purchased from Measurement 

Specialties Inc. The manufactured sheet was 110 µm thick, 280 mm long, and 203 mm wide. The 

sheets were cut lengthwise into 4 mm wide strips using a guillotine paper cutter. Leads were 

attached using 24 American Wire Gauge (AWG) multi-strand wire soldered to copper tape. The 

connection was further reinforced using colloidal silver paste (Ted Pella). The extension of the 

PVDF strip was done in accordance with the lead connection, which was shown to be effective. 

To prevent contact between the metallic faces, a double-sided acetate tape was used to connect 

two 4 mm strips end-to-end. Then, copper tape and silver paint were used to form a connection 

between the two films that now lay on the same plane (Fig. 3). To produce the maximum length 

	
	

Figure 3. Individual PVDF strips are connected to one another using copper tape to extend their lengths. 
	
	



	27	

shown in this study, this process was repeated twice, forming a 4 mm strip with a length of ~ 900 

mm. The extension process was performed in a similar manner to produce the 350 mm long sensor 

used during flume testing. 

 

3.3.1.2. Driven-Rod Sensor Design and Fabrication 

In this study, the piezo-rods were redesigned to incorporate materials suitable for long-

term water exposure [67]. The cross-section of the sensor is illustrated in Figure 4a. First, the outer 

structure of the piezo-rods was a 6 mm diameter polypropylene hollow cylinder that was 

temporarily capped at one end. Second, TAP Plastics Fast-Hardening Marine Grade Epoxy System 

was mixed at a 4:1 base to curing agent ratio. The mixture was rigorously shaken for ~ 1 min or 

until the mixture appeared to be fully homogenous and then transferred into the cylinder. Third, a 

PVDF strip was then affixed to an acrylic rod with a 3 mm diameter. Then, the acrylic rod with 

the PVDF film was then carefully inserted into the polypropylene hollow rod until the entire sensor 

was submerged in epoxy while ensurin3g that there was enough epoxy in the capped end to form 

a watertight plug. The sensors were then allowed to cure inside a fume hood overnight in an upright 

position.  

	

  
(a) (b) 

Figure 4. (a) The cross-section of the piezo-rod shows that the PVDF strip is embedded in the polypropylene 
cylinder and encased in marine epoxy. (b) Driven cone footings optimized for 3D batch printing were fabricated, 

fitted onto the base of the piezo-rod, and sealed with epoxy to prevent water infiltration. 
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In this study, a new footing system was developed and prototyped by 3D printing polylactic 

acid (PLA) cone tips (Fig. 4b). The cone tip features a stair-step face designed for being driven 

into soil, as one would do when driving piles into the ground. The stepped face is purposefully 

designed to add stability and rigidity so that sensors cannot be pulled out or displaced from the soil 

easily. Numerous cone halves were printed simultaneously and then bonded together using a 

quick-drying epoxy to obtain 10 cone tips in each batch. In larger scale implementations, these 

cones can be machined from metal alloys. It should be mentioned that two holes were included 

during printing of the cone, namely, one at the top to hold the base of the sensor and another on 

the side to accommodate the lead wires of the piezo-rods. Then, the lead wires were threaded 

through the side hole, followed by filling the top hole with quick-drying epoxy. The sensor was 

then press-fitted into the top hole, allowing the epoxy to form a complete seal around the base of 

the sensor and the protruding wires (Fig. 4b). Finally, each piezo-rod was also marked every 

centimeter along its length so that their exposed length could be determined visually during testing. 

 

3.3.1.3. Free-Vibration Testing with Fixed Support 

To validate the performance and quality of measurements of the lengthened PVDF strip 

(i.e., up to ~ 1 m long), a cantilevered beam test setup was employed. The test structure was a 1.2 

m long, 0.1 m wide, and 2.25 mm thick aluminum plate with one end screwed to a weighted (fixed) 

base. Holes were drilled on each side of the plate in 50 mm intervals to allow adjustment of the 

unsupported length of the beam. The PVDF strip was then affixed to the plate. Then, free-vibration 

was induced by manually displacing the free-end of the plate and then released. The generated 

voltage was collected using a Keysight InfiniiVision DSOX3024T oscilloscope. The voltage time 
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histories were then processed using FFT in MATLAB, and the natural frequency of the system 

was identified.  

Using this method of free-vibration response testing, the elastic modulus of each piezo-rod 

was determined. The different layers of the sensor system meant that they formed a composite 

structure. Therefore, the sensors’ density and elastic modulus were estimated using the rule of 

mixtures in terms of volume fractions and known material properties. The density was determined 

to be ρ = 1,213 kg/m3, and elastic modulus was ~ 3.0 GPa. For determining the moment of inertia, 

I, it was assumed that the acrylic rod was perfectly centered with the remaining space filled with 

marine epoxy (Fig. 4a). Due to differences in fabrication and epoxy cure, the elastic modulus was 

assessed individually for each sensor using free-vibration testing.  

 

3.3.2. Hydrodynamic Testing 

3.3.2.1. Flume Test Setup 

The full length, width, and height of the flume used during hydrodynamic testing are 10, 

0.6, and 0.7 m, respectively. In the center of the flume, there is a mobile bed zone 3 m long and 

0.3 m tall that served as the test area. The mock pier and piezo-rods were installed in the mobile 

bed zone, which was filled with 0.3 m of sand. The sensors were driven into the sand surrounding 

the pier with the wires buried (Fig. 5).  

To control speed of flow, the tail water board at the end of the flume can be adjusted to 

control water discharge. Consequently, a small angle between the tail water board and the flume 

yields a large discharge, and the opposite is also true. During the test, water was completely flushed 

and refilled prior to each set of tests for maintaining water clarity. All of the piezo-rods’ lead wires 
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were routed to one side and over the lip of the flume, staying as close to the sidewall as possible 

so as not to interfere with flow. The wires were then connected to a National Instruments DAQ 

PXIe-1062 chassis and PXIe-8133 controller equipped with a PXIe-4303, 32-channel analog input 

module with 24-bit resolution and ±10 V measurement range (sampling rate: 300 Hz). DAQ 

control and data storage was controlled using a customized program in LabVIEW.  

 

3.3.2.2. Scour Experimental Details  

Scour experiments were performed using two different piers, namely, one with a circular 

cross-section and the other square. Installation of each sensor began with driving the piezo-rod 

into the soil manually, without removing sand from the test bed. The lead wires were routed to one 

side of the flume and buried in sand. In total, 11 piezo-rods were installed in similar layouts for 

  

(a) (b) 

Figure 5. (a) Photo showing the 6 cm diameter circular pier with piezo-rods after installation but before flow 
began. (b) Photo showing the 6 cm side length square pier with piezo-rods after their installation but before the 

flume was filled with water. 
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both sets of tests (Fig. 6), assuming symmetry of the scour holes based on previous studies [67]. 

The piezo-rods were spaced to minimize interference between adjacent sensors but also so that a 

majority of the expected scour zone was covered. Sensors were oriented so that the face of the 

PVDF strip was orthogonal to the general direction of flow. After installation, the tail water board 

was brought to its highest angle. Water was then pumped into the flume at a controlled rate to 

gradually increase the water level to its maximum. Filling the flume with water allowed loose 

topsoil (or sand) to be removed while also compacting the sand near the pier and piezo-rods. This 

condition then served as the initial condition for which subsequent scour tests were performed. 

 

 Each scour test was separated into three data collection periods. The sand in this flume 

scoured rapidly, so by controlling the approximate flow velocity, three levels of increasing scour 

were induced. These periods will be referred to as (1) Low Scour, (2) Medium Scour, and (3) High 

Scour. For each period, flow conditions were maintained until the scour hole ceased to evolve. The 

  

(a) (b) 
Figure 6. These sensor layouts were chosen assuming symmetry in scour hole topography when flow is parallel 
to the main line of the sensor formation. (a) This schematic shows the location of piezo-rods installed around the 

circular pier (diameter: 6 cm). (b) Piezo-rod locations around the square pier (side length of 6 cm) are also 
shown. Each piezo-rod is labeled with the corresponding channel it was connected to during testing (i.e., 

Channel 0 is marked as C0). Sensors were arranged along two concentric circles with diameters d1 and d2. 
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increase in scour was confirmed visually and recorded manually at each sensor location before 

proceeding to the next scour period. Generated voltage data from all piezo-rods were collected 

simultaneously and throughout the entire test using the NI DAQ system.  

 

3.3.2.3. Velocity Experimental Procedure 

The piezo-rods were also tested under different flow velocities to measure flow effects on 

outputted fundamental frequencies. The sand bed was smoothed out as much as possible to allow 

flow to remain smooth throughout the test bed area. Three sensors, arranged in a row, were driven 

into the back portion of the mobile test bed and against the sandbox wall. A weighted plank was 

placed in front of the row of piezo-rods to prevent sediments from scouring away during the 

velocity test while also maintaining a fixed-end boundary condition. The flume was filled, and 

flow velocity was increased following the same procedure as mentioned earlier.  

 

3.4. Results and Discussion 

3.4.1. Calibration  

The first set of tests involved conducting cantilevered free-vibration tests of the PVDF strip 

mounted on an aluminum plate in air. The unsupported length of the cantilever was varied from 

0.3 to 1.05 m and in 0.05 m intervals. Figure 7a shows a representative time history voltage 

response of the aluminum plate (with an unsupported length of 0.4 m) undergoing free-vibration. 

This vibration testing was also performed on each of the developed piezo-rods in air to determine 

their elastic modulus. Processing the raw data using FFT resulted in its frequency response 
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function (Fig. 7b). Figure 7c summarizes how the natural frequency varied as a function of length 

(or simulated scour depth). A calibration curve, where frequency was related to length, was 

determined using: 

	 0 = J ∗
(

.!
	 (11)	

 where, for the case of a fully fixed cantilever beam in air, the calibration coefficient X is:  
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(a) (b) 

  
(c) (d) 

Figure 7. (a) Voltage output was collected from a sensor at 16 cm. (b) An FRF was used to make the 
fundamental frequency selection. (c) After determining the natural frequency at a set of length intervals, a LSQ 

fit line was used to estimate elastic modulus. (d) The lengths calculated from the estimated elastic modulus were 
plotted against the observed length during testing. 
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Using X, the corresponding elastic modulus could be calculated, especially since all other 

geometric parameters and density are known a priori.  

 The curve fitted to the raw data in Figure 7c was performed using a least-squares nonlinear 

fit line in MATLAB. For example, E as determined by curve fitting was ~ 63 GPa, which is 

consistent with the known properties of the cantilevered aluminum plate used for initial free 

vibration testing while considering influences from experimental error and an imperfect fixed 

boundary condition. Once the elastic modulus of the entire PVDF-and-aluminum cantilevered 

system is known, the length of the piezo-rod (or aluminum plate) can then be calculated for other 

test conditions, as shown in Figure 7d. It can be observed from Figure 7d that the calibration curve 

was able to predict the length of the sensor fairly accurately. These results confirmed that the 

PVDF sensing element could be extended using the proposed methodology and theoretically could 

be adjusted to whatever lengths needed for full-scale implementation. After the testing of multiple 

piezo-rods, it was found that the average elastic modulus, E, of 2.8 GPa was a more accurate 

estimation. 

 

3.4.2. Scour Experiments 

3.4.2.1. Frequency Domain Analysis and Filtering 

Upon validating piezo-rod behavior in air, scour tests were performed using both circular 

and square piers. For each pier, three consecutive tests were performed to vary the severity of the 

scour hole, as was previously discussed. During each test, the sensors’ lengths were recorded 

manually at the end of the Low, Medium, and High Scour periods. These lengths were used to 

produce scour topographies and to confirm deepening of the scour hole following each period (Fig. 
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8). These topographies also showed the presence of infill near the rear of the pier during both sets 

of tests. 

 

 

The acquired voltage data from the piezo-rods were first smoothed using a moving average 

filter, and then a band-pass filter was applied to remove frequencies outside the range of 2 to 30 

Hz. Data periods were then selected for analysis using windowing in the time domain, with each 

window being 10-s long and with 5-s of overlap with the previous window. Then, the PSD function 

for each window of data was computed, and a peak-picking algorithm identified the fundamental 

Circular	Pier	Scour	Test	 Square	Pier	Scour	Test	  

  

 

(a) (d)  

  

 

(b) (e)  

  

 

(c) (f)  
Figure 8. Manual measurements using the piezo-rod’s tick marks and relative location in cm (Fig. 6) were used 

to produce topography plots during scour testing. (a) Low Scour during the circular pier test produced a 
relatively shallow hole and showed infill downstream of the pier. (b) Scour progresses during the circular pier 

Medium Scour period. (c) The final circular pier scour hole produced during High Scour was the deepest and had 
no infill. (d) Low Scour for the square pier produced a relatively shallow hole and shows substantial infill 

downstream of the pier. (e) Scour progressed during the Medium Scour period. (f) The final square pier scour 
hole produced during High Scour was the deepest and showed minimal infill. 
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frequency. While most of the data analysis correctly identified the first mode of the piezo-rod, 

some datasets corresponded to times when the piezo-rod was only weakly excited. 

Figures 9 and 10 show sample results from piezo-rods during the circular pier and square 

pier tests, respectively. Figures 9a and 10a show that piezo-rods undergoing large amounts of 

excitation were able to output their natural frequencies throughout the entire tests (i.e., Low, 

Medium, and High Scour). These sensors, located upstream and to the side of the pier, typically 

showed higher voltage outputs than those downstream. Sensors on the side and downstream were 

observed to alternate between an in-line excitation plane (i.e., orthogonal to the face of the PVDF 

element) and in the cross-flow direction. In many cases, downstream sensors favored vibration in 

plane with the face of the PVDF element, thereby causing very little discernible frequency output 

as seen in Figures 9b and 10b. 

Overall, the topography of the scour hole deepened following the Low, Medium, and High 

Scour tests (Fig 8). In general, all channels with discernable data showed a corresponding 

downward trend in frequency as the sensors’ length was further exposed. However, inconsistencies 

in fundamental frequency identification were observed on multiple channels, particularly those 

corresponding to sensors undergoing low amounts of excitation. Therefore, an alternative option 

for signal processing was sought. 

 

 3.4.2.2. WPT and HT 

Based on the prominent frequency range found using FFT analysis, the decomposition 

levels for WPT were identified as 4 for the circular pier scour test and 3 for the square pier scour 

test. The time windows used were a total of 10-s with 5-s of overlap. The windowed data was first 

decomposed by WPT to approach a narrowband condition. The frequency range for the first 
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decomposed component in level 3 was from 0 to 18.75 Hz, and the frequency range for the first 

decomposed component in level 4 was from 9.38 to 18.75 Hz. HT eventually would have no 

practical meaning if the data occupied a wide bandwidth in the frequency domain, so 

decomposition levels were limited by the data’s expected frequency range.  

Then, HT was used to create the analytic functions, and the phase functions were 

unwrapped. This was followed by polynomial phase modeling to identify the major frequency. 

  
(a) (b) 

Figure 9. Representative plots show the FFT outputted frequencies during the circular pier scour test. Each point 
represents the frequency output from a 10-s time window during the test. The blue section represents the Low 

Scour period, red represents Medium Scour, and green represents High Scour. Each flow period was 
consecutive, and the test was continuous, where flow was not stopped in between periods. (a) Channel 1, located 
upstream of the pier, showed good output with a clear trend during each scour period. (b) Channel 9, which was 

downstream of the pier, showed poor output due to low excitation until the High Scour period. 
 

  
(a) (b) 

Figure 10. Representative plots show the FFT outputted frequencies during the square pier scour test. Each point 
represents the frequency output from a 10-s time window during the test. The blue, red, and green sections 

correspond to the Low, Medium, and High Scour periods, respectively. Each flow period was consecutive, and 
the test was continuous, where flow was not stopped in between periods. (a) Channel 5, located to the side of the 

pier, showed good output with a clear decreasing trend with increasing scour. (b) Channel 12, which was 
downstream of the circular pier, did not produce reliable natural frequency measurements. 
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Figure 11 shows how the major frequencies were identified from the windowed data. This example 

shows Channel 6 in the square pier test during Medium Scour; every window throughout the 

duration of the test looked similar. A first order polynomial equation (Eq. 10) was adopted to fit 

the unwrapped phase functions, as shown in Figure 11a. The instantaneous frequencies were 

obtained by substituting the phase function into Equation 9. The standard deviation showed that 

the major frequencies were very close to the average of the instantaneous frequencies, as shown 

in Figure 11b. Consequently, the major frequency derived from polynomial phase modeling 

corresponds to the fundamental frequency of the piezo-rod sensor. 

 

As shown in Figures 12 and 13, the two transforms not only successfully identified the 

fundamental frequencies, but they also showed a clearer, less scattered trend throughout each level 

of scour. For example, Channel 1 in both tests displayed a decreasing natural frequency trend, 

indicating that the piezo-rod was becoming more exposed due to increasing scour depth (as was 

also explained earlier). The natural frequency decreased from 13 to 11 Hz and from 11 to 9 Hz in 

the circular and square pier tests, respectively. This observation further confirmed that the piezo-

rods could monitor scour depth under variable flow conditions. Notably, Channel 12 in the square 

  

(a) (b) 
Figure 11. (a) The phase function was calculated from the analytic function created by HT. (b) The instantaneous 

frequencies were obtained by differentiating the phase function. The major frequency was evaluated based on 
polynomial phase modeling 
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pier test (Fig. 13) did not show an increasing trend moving from the Low to Medium Scour periods, 

in accordance with infill downstream during testing (Figs. 8d and 8e). However, after further 

review of this discrepancy, it was determined that Channel 12 experienced a fairly low signal-to-

noise ratio, likely due to water infiltration, and underwent low amounts of vibration, so outputs 

from this channel should be disregarded.  

Although a clearer trend could be extracted using the WPT and HT methods, some obscure 

results were observed during the circular pier test too (e.g., Channels 2 and 12 in Fig. 12 and 

Channel 0 in Fig. 13). This resulted from dual frequency indicators in the decomposed component. 

 
Figure 12. Plots show the WPT/HT outputted frequency from each time window during scour testing of the 

circular pier. The blue, red, and green sections represent the Low, Medium, and High Scour periods, 
respectively. Channels 6 and 10 were not used during the circular pier test. 
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The cause for this output was determined to be a dual resonance phenomenon, which occurs in 

long, slender cylinders. Such a bimodal response was captured due to a natural frequency occurring 

in each of the in-line and cross-flow directions [86], [87]. For Channel 2 in the circular pier test 

during High Scour, a biharmonic frequency condition, around 11.6 and 14.4 Hz, was seen during 

FFT analysis; however, in level 3, HT failed to distinguish the phase function. Therefore, 

decomposition to higher levels was used to separate frequencies on channels seen to have bimodal 

trends. After further decomposition (for instance, to level 6), the dual frequency could be separated, 

and a decreasing trend in natural frequency was found (Fig. 14). Similar decomposition could be 

Figure 13. The plots show the WPT/HT outputted frequency from each time window during scour testing of the 
square pier. The blue, red, and green sections represent the Low, Medium, and High Scour periods, respectively. 

Channels 6 and 8 were not used during the square pier test. 
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performed on Channel 12 in the circular pier test and Channel 0 in the square pier test. 

 

 After additional decompositions of these channels, the overall final result revealed a 

generally decreasing trend of natural frequencies as detected by each piezo-rod during each scour 

period. This result validated the ability of piezo-rods to detect very slight changes in their exposed 

lengths. As compared to conventional FFT analysis, the processing of the voltage time history data 

using WPT and HT is promising in that it allows a more discernable frequency trend to be 

extracted. WPT and HT also showed much better results when processing data collected during 

periods of low excitations, which are likely to present themselves in the field and during normal 

operations. 

 

3.4.2.3. Velocity-Frequency Relationship 

After processing the initial scour test data, upticks in frequency were noted at the beginning 

of each scour level, particularly during High Scour. This slight increase in natural frequency was 

attributed to one of two changing variables, namely, increase in velocity or decrease in scour depth. 

No notable infill was observed around the sensors in these periods during the scour test, so the 

piezo-rods’ natural frequencies were tested for flow velocity dependence. Thus, a test was 

conducted by mounting piezo-rods in the flume as it was subjected to fluid flow excitations. It 

	
	

Figure 14. The plots show the WPT/HT outputted frequency on channels with dual frequency indicators after 
further decomposition. 
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should be mentioned that the test followed the same fluid flow protocol employed during the Low, 

Medium, and High Scour tests; flow velocity was adjusted and increased with time as data was 

continuously being aggregated. The sensors were mounted in a way that the exposed length of 

each piezo-rod remained the same.  

For the velocity test, each channel’s voltage time history was processed using the 

spectrogram function in MATLAB, which uses FFT to produce time-frequency plots (Fig. 15). 

Windowing was performed using 4-s windows with 50% overlap. A smaller time window was 

used due to the shorter duration of the test period. As seen in Figure 15, the time-frequency plot 

indicated a relationship between the flow velocity and the sensors’ outputted fundamental 

frequency. As flow velocity increased, so did the natural frequency of the piezo-rod, which in this 

test remained fixed at a constant exposed length. The change in natural frequency due to overall 

velocity change for each channel did not exceed ~ 2 Hz, which is fairly small. This amount of 

natural frequency change matched well with the upticks seen in the frequency results (~ 1 or 2 Hz), 

particularly, at the beginning of the High Scour test, such as in Channels 0, 3, 4, 5, and 7 in Figure 

12, as well as Channels 2, 3, 4 and 5 in Figure 13.  

Discovery of this relationship goes against previous testing of an earlier generation piezo-

rod [67]. However, for long, slender cylinders, a relationship is known to exist between the 

cylindrical structure’s oscillation frequency and the excitation flow velocity, due to a reduced 

added mass condition at high flow [88], [89]. This effect is also most pronounced in cylinders 

where the mass per length of the cylinder is relatively close to the mass per length of the displaced 

fluid, such as in this case. It could be that the previous study by Azhari & Loh [67] did not vary 

flow velocity significant enough to observe this velocity-dependent frequency relationship. In 

addition, the length of the sensors used in the earlier study was also shorter. Regardless, further 
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investigation  will need to be undertaken to better correlate outputted frequency with length 

(especially at full-scale implementation), including precise velocity measurements throughout 

scour testing. 

 

3.5. Summary and Conclusions 

Local scour is a phenomenon that puts many bridges at risk of damage and ultimately 

failure. Currently, monitoring systems recommended for deployment by the FHWA have various 

shortcomings that may underestimate the extent of scour damage. Few technologies are able to 

provide substantial measurement of the area surrounding a pier without requiring ideal clear water 

 
(a) 

 
(b) 

 
(c) 

Figure 15. Time-frequency plots show the frequency spectra outputted during the velocity test.  Each piezo-rod 
was kept at a constant length, and velocity was increased using the parameters from the Low, Medium and High 
Scour tests respectively. (a) The piezo rod connected to Channel 0 showed a clear output with a bump around 0.9 
s. (b) The piezo-rod connected to Channel 1 showed a less clear response but sees its largest increase around 0.8 
s. (c) The piezo-rod connected to Channel 4 shows a clear increase around 0.3 s and ends at a higher frequency 

than it began. All channels showed a 1 to 2 Hz increase in the major frequency. 
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conditions, while others only provide simple feedback at a single point or at sparse locations. To 

address these limitations, the design of a flexible buried piezoelectric rod for scour monitoring was 

developed and improved. In particular, this study validated that the PVDF sensing element could 

be easily extended to accommodate different lengths of piezo-rods and can be ultimately used for 

full-scale implementation. A 3D-printed cone footing was also developed for more realistic 

installation of these sensors, where the entire system was then tested in a hydraulic flume.  

Results from the flume tests showed that the piezo-rod could be driven by hand using a 

cone footing system while successfully providing scour depth feedback throughout the entire 

duration of scour testing. First, traditional signal processing techniques based on Fourier analysis 

was used to detect changes in fundamental frequency as the piezo-rods were subjected to Low, 

Medium, and High Scour events. The results showed that the natural frequencies of the piezo-rods 

could be determined, although this was more challenging during the Low Scour test when the fluid 

flow excitation was weak. In addition, certain channels also exhibited two modal frequencies. 

Considering these findings, wavelet packet decomposition along with the Hilbert transform were 

used to estimate instantaneous frequency, and the results were compared with Fourier analysis 

results. It was found that WPT and HT could extract more points of frequency data from the same 

voltage time histories. Furthermore, clearer, and less scattered frequency outputs were identified 

more consistently. Overall, this study presented a set of new analytical tools for extracting piezo-

rod natural frequencies (and equivalently their exposed lengths or scour depth at their 

instrumentation locations). Future studies will focus on optimizing sensor design for different soil 

conditions and more complex flow environments, including more precise correlation of flow 

velocity with changes in natural frequency. More work is also needed to develop and test a full-

scale implementation of the piezo-rod. 
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Chapter 4      Accounting for Velocity Effects of 
Vibration-Based Scour Sensors using the 
Piezo-Rod to Capture Vortex-induced 
Vibration  

 
The study in Chapter 3 applied various signal processing techniques to extract the 

fundamental frequencies more reliably from experimental piezo-rod voltage data but was not able 

to back-calculate scour depths (i.e., exposed rod lengths). Results from this study showed that the 

frequencies increased over time, which was expected, but the back-calculated scour depths were 

not equal to the depths of scour that were observed during the experiments. Further testing revealed 

that the voltage response of piezo-rods was dependent on a link between the excitation fluid 

velocity and the vortex shedding frequency, herein referred to as the V-F relationship.  

Previous determination of the V-F relationship required use of a special apparatus and 

experimentation in a highly controlled environment [88], [89]. Therefore, this chapter presents a 

novel method for determining the V-F relationship using solely a flowmeter and the piezo-rod, by 

exploiting the piezoelectric element. The V-F relationship was then included in the back-
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calculation of piezo-rod length using a unitless coefficient of added mass (CAM) adjustment [89]. 

The CAM adjustment, along with two-dimensional (2-D) fluid-structure interaction modeling, 

improved the accuracy of piezo-rod length predictions in complex flow fields. The methodology 

proposed in this paper was then compared with other assumptions, which do not consider flow 

velocity effects, to verify the marked improvement in measuring scour depth.  

 

4.1. Theory and Background 

As stated in previous chapters, the piezo-rod sensors operate on the principle that the 

fundamental frequency of the sensor (which depends on multiple variables but most notably its 

length) can be used to back-calculate the exposed length or scour depth. When implemented in 

situ, the piezo-rods would be installed and buried vertically in the sediment surrounding a water-

disrupting structural asset, such as a bridge pier (Fig. 16). During scour, any changes in sensor 

length would correspond to sediment movement during scour, either due to erosion or infill. By 

tracking the changes in the length of the sensor, the amount of scour in the immediate region of 

the sensor could be determined. Thus, a distributed network of these piezo-rods near a structural 

asset could allow one to determine the scour hole topography [61], [69]. This section discusses a 

single-degree-of-freedom dynamic model of the piezo-rod while taking into consideration their 

use in fluid environments and soil boundary conditions. 

 

4.1.1. Dynamic Analysis 

As stated in Chapter 3, the piezo-rod sensor can be modeled as an elastic cantilevered beam 

using Euler-Bernoulli beam theory, which excludes considerations for shear deformations and is 
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the most commonly used beam model for high aspect ratio structures [90]. Assuming that the 

cross-sectional area and elasticity are constant along the length of the beam and that there is no 

axial deformation, the homogenous equation of motion can be written as: 

 
!!
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!"#

!!#(")
!"!

$ = 0	 (13) 

 where E is elastic modulus, I is moment of inertia, and y(x) is the distance along the longitudinal 

axis of the beam or piezo-rod. 

A single-degree-of-freedom system can be derived using Equation 13 and four boundary 

conditions corresponding to rotation and displacement perpendicular to the centerline of the beam. 

For simplicity, the starting assumption of the piezo-rod system is a fixed boundary on one end and 

a free boundary on the other. This yields a system with a mass, m, equivalent to the entire beam, 

and a structural stiffness of k=3EI/L3.  Thus, the fundamental frequency, fn, is calculated to be: 

 
Figure 16: Vortex shedding during fluid-flow excites the piezo-rod sensors. The inset illustrates the 

cross-section of each piezo-rod sensor. Each sensor outputs a voltage corresponding to the rate of strain 
induced. As scour occurs, changes in the outputted frequency can be detected. 
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However, this assumption places the lumped mass of the beam entirely at the free end, 

which can lead to an underestimation of the structure’s true natural frequency. Therefore, a more 

accurate value of the natural frequency of the beam system can be found by solving the differential 

equation describing a beam of distributed mass undergoing free-vibration [78], Equation 1 from 

Chapter 3: 
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where &  is density, A is cross-sectional area, and ,  is angular frequency. The fundamental 

frequency can now be calculated using Equation 2 from Chapter 3: 

 0' =
(.*+,!

&-.! 1
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For the purposes of this study and future implementation of this system, it is more 

convenient to calculate frequency in the form of Equation 14, so an equivalent mass, meq=33m/140, 

was used. By substituting meq for the lumped-mass value, m, in Equation 14, the same fundamental 

frequency value is outputted as would be by the distributed-mass system in Equation 2. The ratio 

can be solved for by setting Equation 14 equal to Equation 2 (L = &'). This equivalent mass and 

stiffness were used for frequency estimations of a fixed piezo-rod throughout the remainder of the 

study. When the sensor was submerged in still fluid, it was assumed that the weight of fluid is 

equivalent to the area displaced by the body [88]. The submerged mass of the sensor (i.e., the 

sensor mass plus the displaced water mass) was then altered to be an equivalent distributed mass. 
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4.1.2. Spring-Pin Soil Boundary 

A similar derivation of a single-degree-of-freedom system was used to incorporate a soil 

boundary condition seen during scour. The modeled soil boundary would replace the conventional 

fixed boundary with an approximate spring-pin system. The constrained end of the beam, y(L), 

would be inhibited from movement perpendicular to the centerline and would only have moment 

resistance equivalent to the stiffness of a rotational spring. The value of the rotational soil spring, 

kss, was solved using a load-displacement (p-δ) test as demonstrated in Azhari and Loh [67]. The 

generalized value of the soil spring for this system in loosely packed sand was 0.84 N/rad. To 

derive the lateral stiffness of the spring-pin system at the free-end, y(0), the following boundary 

conditions were applied to Eq. 13: 

((0) = 1,	

"#
!!#(A)
!"! = 0,	

((2) = 0,	
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The new stiffness, ksoil, was calculated to be: 

 N7E?F =
G/0C##

C##.+8G/0.!
	 (16) 

By substituting ksoil and meq into Equation 14 the complete system for calculating the fundamental 

frequency of a distributed mass system with a soil spring is given as: 
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 (17) 

Equation 17 can then be used to solve for the fundamental frequency of a cantilever beam 

in soil, while minimizing error introduced when simplifying to a lumped-mass assumption for a 

truly distributed-mass beam. and helps to minimize error in the one-degree-of-freedom frequency 
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calculation when the moment-spring is applied. 

 

4.2. Review of Scour Testing  

A series of laboratory scour tests were conducted using piezo-rod sensors and a scaled pier. 

A complete framework of these tests, as well as the processing techniques used to extract 

fundamental frequency, was explained in detail in Chapter 3. The previous chapter stopped short 

of back-calculating scour depth, which is the primary focus of Chapter 4. A summary of the 

relevant scour test will be outlined in this chapter. The frequency data extracted using Hilbert 

transform and wavelet packet transform in Chapter 3 from the square pier test series will be 

analyzed in depth using two different assumptions. In addition, with a priori knowledge of soil-

spring stiffness and piezo-rod material properties, length of the exposed rod (due to scour) is the 

only unknown variable and can therefore be quickly solved from the piezo-rod’s voltage time 

history data. Length values will be back-calculated using two separate fundamental frequency 

equations, which were presented in Sections 4.1.1 and 4.1.2, and compared.  

 

4.2.1. Piezo-Rod Design 

The 1.5 ft (0.46 m) piezo-rod sensors were made of a 6 mm diameter polypropylene shell 

with an embedded polyvinylidene fluoride (PVDF) piezoelectric thin film element and infilled 

with marine epoxy (Fig. 16). It is well known that the piezoelectric element produces an electric 

field and corresponding voltage output in response to dynamic strains. When the piezo-rod is 

placed in flowing water, it acts as an obstruction to fluid flow, where vortex-induced vibrations 

(VIV) would strain the PVDF film to cause it to output a corresponding voltage response. The 
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recorded voltage time history can then be converted to the frequency domain, where the dominant 

frequency of the signal corresponds to the natural frequency of the piezo-rod based on its structural 

properties and assumed boundary conditions.  

The fabrication process began by injecting marine epoxy into the polypropylene shell. 

Then, a pre-wired PVDF film cut to a width of 4 mm (with metallized electrodes on opposite faces 

of the PVDF) was affixed onto an acrylic rod and inserted into the center of the filled shell. After 

hardening the marine epoxy, a 3-D printed cone footing was fitted onto one end of the piezo-rod 

to protect the wiring and to ease the insertion of the rod into soil during scour testing. A stair-

stepped design was used on the cone footing to help prevent any movement or dislodging 

during testing.  

 

4.2.2. Hydrodynamic Scour Testing 

In this study, 11 piezo-rods were driven around a pier into the loosely packed sand of a 

hydrodynamic flume’s mobile bed zone. Piezo-rods were driven into sand by hand using only a 

small trowel to loosen sand in some areas. The sensors were not fixed in place and were only held 

upright by the surrounding soil. The face of the PVDF strip was placed orthogonal to the general 

direction of flow. The sensors were placed around one side of the base of a 6 cm square pier, since 

symmetry during scour hole formation was assumed (Fig. 17). The locations of the sensors were 

selected to best capture the expected scour hole topography. When used as a set, the length 

feedbacks from each location would together produce a full scour hole topography surrounding 

the pier.  

The sensor wires were buried near the pier and then kept close to the sidewall to avoid 

introducing unintended vortices into the testing zone. After the flume was filled with water, but 
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before scour testing, the pre-flow length of the sensors was noted. During scour testing, three  

increasing levels of flow velocities were used to induce three degrees (or severities) of scour 

referred hereto forth as Low Scour, Medium Scour and High Scour. The increase in scour during 

each flow period was confirmed visually before the flow velocity was increased. During the tests, 

flow velocity was measured with an acoustic Doppler velocimeter (ADV) and controlled by 

adjusting the flume’s pump voltage and its outflow ramp. Each period of scour was recorded 

individually, but there was no break in flow between periods. Voltage data was recorded and 

 
 

Figure 17: A total of 11 piezo-rod sensors were outfitted around a 6 cm square pier during scour experiments. 
The marked sensors (C9, C10, and C12) were removed from the results due to low excitation and therefore 

poor feedback. 
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digitized using a National Instruments DAQ PXIe-1062 chassis and PXIe-8133 controller 

equipped with a PXIe 4303, 32-channel, analog input module with 24-bit resolution and +/-10 V 

measurement range (sampling rate: 300 Hz). The DAQ and data storage was controlled manually 

using a customized program in LabVIEW. The lengths of each sensor were monitored visually and 

recorded before and after each scour period. These exposed lengths of the piezo-rods were assumed 

to be the ground truth and were used for comparison with piezo-rod post-processed results. 

Water temperature has the potential to influence the stiffness of the material 

surrounding the piezo-element and therefore the natural frequency of the system. However, 

due to the controlled nature of this scour test, temperature changes were not considered. 

Temperature is not expected to influence the density of water where it would have a significant 

effect on response as it varies in density by only 0.008 g/cm3 between 32 °F and 100 °F (0 °C 

and 38 °C) [91]. Furthermore, it should be noted that the impact of debris or physical damage 

to the sensor body once installed in situ would cause significant changes to the natural 

frequency, but debris effects are not considered in this study.  

 

4.3. Structural Analysis  

The post-processed piezo-rod exposed length results from the three periods of Low Scour, 

Medium Scour, and High Scour are shown from left to right, respectively, in Figures 18 and 19. 

The post-processed length results are shown as dots, while the observed visual piezo-rod lengths 

are shown with a darkened line. The observed visual length was collected by a team of observers, 

who manually recorded the exposed lengths by reading measurement markings on the piezo-rod. 

The thin dotted line represents the observed length before flow was initiated (i.e. pre-flow). Black 

stars within each time window represent the average of the post-processed data for that scour 
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period. This visualization will remain consistent in future figures. Differences in the average scour 

depth as determined by the piezo-rods and with respect to the visually observed levels of scour 

will be used to quantify the effectiveness of the proposed post-processing methods. 

 

4.3.1. Fixed Boundary Conditions 

Originally, it was assumed that a fixed boundary condition would be sufficient for 

estimating the piezo-rod’s exposed length. In Figure 18, the piezo-rod data were post-processed 

assuming a fully fixed boundary condition assumption. Prior to the scour test, each sensor was 

tested as a clamped cantilever in air to determine its elastic modulus. A composite assumption was 

 
Figure 18: The piezo-rod data back-calculated using a fixed boundary assumption show a significant length 

over-estimation and inconsistent trends. The three scour periods Low (leftmost), Medium (center), and 
High (rightmost) are shown for each channel.  

	



	56	

used to estimate a singular density of the piezo-rods. The results of the fully fixed assumption are 

shown in Figure 18 and, as expected, indicate that the exposed length (or scour depth) output was 

a gross overestimation due to the various simplified assumptions.  

 

4.3.2. Spring-Pin Results 

Results after incorporating the spring-pin soil assumption are shown in Figure 19. The 

lengths determined using this new boundary condition now fall closer to the actual range observed 

during testing, particularly in the Low Scour period, when it is hypothesized that behavior would 

be most similar to still water conditions. This indicates that the spring-pin assumption was more 

 
Figure 19: The piezo-rod data back-calculated using a pin-spring boundary condition show under-predicts the 

exposed length of each piezo-rod. The three scour periods Low (leftmost), Medium (center), and High 
(rightmost) are shown for each channel. 
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situatable for modeling the complexities associated with soil-driven rods for this application. Still, 

both sets of results (Figs. 18 and 19) also indicate a shortening of the sensor during periods where 

no infill was noted. This phenomenon can be seen across all eight functioning channels in Figure 

19 and is quite dramatic. On the other hand, three channels (namely, 9, 10, and 11) were excluded 

from the results due to the lack of flow excitation at those sensor locations, which led to a poor 

signal (and excitation) to noise ratio. Preliminary analysis of the data from these channels quickly 

revealed that the sensors were not experiencing sufficient excitation from vortex shedding, likely 

due to their positioning at the rear of the pier. The positioning of sensors will be discussed more 

in depth in Section 4.5.  

 

4.3.3. Justification for Flow Testing 

Based on these initial results, it was determined that the effects of dynamically shifting 

flow velocities had more impact on the outputted piezo-rod frequency than determined in prior 

studies [67], [69]. The necessity for quantifying a V-F relationship was likely overlooked during 

prior scour testing because flow velocity was kept constant during scour. With a constant velocity 

during scour testing, the V-F relationship was also relatively constant and could be accounted for 

within the range of structural parameters. Furthermore, minor changes to frequency output during 

prior V-F testing were not marked as significant by Azhari and Loh [67]. To develop a sufficiently 

accurate model of soil-driven scour rods, which relies on VIV fluid excitation, a method to account 

for the changes in distributed fluid mass in varied flow velocity is paramount and needed. 
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4.4. V-F Experiment 

 Two of the sensors used for scour testing were used to quantify the relationship between 

velocity and frequency. For this experiment, a triangular wooden truss was mounted to the base of 

a large concrete flume using bolts. The flume is 24 ft wide and can hold up to 10 ft of flowing 

water (Fig. 20a). The truss was designed as a right triangle to support two exposed piezo-rod 

 

(a) 

(b) 

 

(c) 

Figure 20: (a) The test specimen and supporting truss was bolted to the floor of a long concrete flume. (b) The  
piezo-rods were widely spaced and the ADV was placed both above and behind the piezo-rods, as not to disturb 

incoming flow. (c) The piezo-rods were clamped at the edge of the truss along the length below to prevent 
extraneous vibration. 
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sensors on the face, with the entirety of the truss placed downstream of the sensor (Fig. 20b). Two 

sensors were used simultaneously in order to collect more data during each test. The sensors were 

clamped with a free length exposed at the edge of a purposefully extended element facing the 

incoming flow (Fig. 20c). The reminder of the sensor was clamped further down the truss, to ensure 

that no vibrations occurred in the “fixed” portion. A test was also performed with a clamped sensor 

and no free portion of the piezo-rod exposed to ensure that the clamping method was sufficient in 

preventing vibration in the lower portion of the rod. The results, although not shown here, 

demonstrated that this method was suitable to mimic fully fixed piezo-rods of varying length. 

The piezo-rods were conservatively spaced ~100 times their diameter apart and at the same 

height so as to not affect the other piezo-rods’ vibrations. The acceptability of piezo-rod spacing 

was determined based on numerical simulations and secondarily by the observable wake during 

testing. An ADV was placed slightly downstream and above the tip of the exposed piezo-rod, 

visibly upstream of the wake crossing point behind the two piezo-rods (Fig. 20b). The flume was 

designed specifically for lock-and-dam testing and therefore had a unique system for circulating 

water. The circulation, and therefore bulk flow, of water was controlled by a series of four pumps 

and a large gate which lifted incrementally and allowed water to flow beneath it into the reserve 

basin. The velocity was limited by the pump capacity, the volume of water contained in the basin, 

and height of water needed in the testing area. 

The dimensions of the flume were 20 ft (6 m) wide, 120 ft (36.5 m) long, and up to 12 ft 

(3.5 m) deep, although realistically only 10 ft (3 m) of water could be circulated faster than 10 

cm/s. The complete test setup required 4.5 ft (1.5 m) of water to fully submerge the velocimeter. 

Imperfections existed along the floor of the flume, so the supporting structure was built with 

enough height so that the clamped edge of each piezo-rod was at least ~2 ft off the base of the 
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flume to avoid disrupted fluid flow. The piezo-rods were placed halfway down the length of the 

flume and downstream from outflow due to vortices created upstream by the pump. Fluid-flow 

was relatively smooth in this region, as recorded by the ADV. Visibility in the water was poor, but 

the increase in suspended sediment improved the ADV’s functionality. 

 

4.4.1. Testing Protocol 

Piezo-rods were fixed at 2 cm increments ranging from 20 cm to 28 cm, representing 

approximately the lengths seen during scour testing. After fixing the sensors to the desired length, 

the flume was filled using the smallest pump until the water level reached 4.5 ft or 1.5 m. The 

flume was put through a predetermined series of pump engagements and gate lifts in an effort to 

increase fluid flow incrementally while keeping the height of water in the flume constant. The 

exact procedure for changing these variables was decided prior to placement of the piezo-rods and 

was followed closely for each test. Although the velocity increased over time, it was not as steady 

or repeatable as desired.  

 

4.4.2. Data Acquisition Protocol 

The piezo-rods’ wires were attached to the rear of the truss and brought out of the water 

downstream of the test setup, then looped around a catwalk spanning the width of the flume. The 

direct wiring to the piezo-rod was of a copper wire twisted pair. The twisted pair is necessary for 

fabrication but was cut short and welded to a coaxial BNC cable to shield the voltage signal from 

electronic noise. All submerged connections were coated in two layers of epoxy to prevent water 

breach. The BNC cables were run along the catwalk and into a control room where they were 
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connected to a National Instruments data acquisition (NI DAQ) PXIe-1062 chassis and PXIe-8133 

controller equipped with a PXIe-4303, 32-channel, analog input module card with 24-bit resolution 

and ±10 V voltage range (sampling rate: 300 Hz). The differential leads were grounded to the NI 

DAQ using resistors to stop the signal from floating. DAQ control and data storage was performed 

using a customized LabVIEW program. 

 

4.4.3. Results and CAM Adjustment 

The Strouhal number (St) is a well-known relationship between the value of periodic vortex 

shedding behind a cylindrical body and the immersed freestream velocity. The St relationship to 

frequency is given as [92]: 

 O< =
3#H
I

 (18) 

where fs is the shedding frequency, U is the fluid velocity, and D is the hydraulic diameter. An St 

of 0.2 was assumed for the piezo-rod, which is well known to be acceptable for a cylinder over a 

wide range of Reynolds numbers.  

Voltage time history data from the piezo-rods was processed using a bandpass filter, 

Hilbert transform, and smoothed using a least squares (LSQ) regression with weighted outliers in 

MATLAB. The frequency data was averaged to contain the same number of points as the ADV 

data, which sampled significantly slower and at 25 Hz. Figure 21 shows the expected Strouhal 

frequency calculated from the ADV data as compared with the instantaneous frequencies extracted 

from the voltage data. It can be clearly seen that, while the two datasets follow similar trends, the 

Strouhal frequency does not govern the piezo-rods’ response due to the fixed boundary condition 

at one end. 
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An aggregate of the relevant data was used to produce a normalized relationship, which 

could be used to post-process piezo-rod data at a range of flow velocities, following 

experimentation seen in Vikestad et al [89]. The frequency was normalized using an equivalent 

coefficient of added mass, which was calculated using the fully fixed structural model by 

minimizing the error between the outputted frequency and the model from Equation 2. The CAM 

was used to adjust only the added mass of the fluid and was found to be between -0.6 and 0.6 in 

this experiment, although the upper limit approached infinity while the lower limit appeared 

asymptotic (Fig. 22a). Velocity data was normalized into a set of reduced velocities, Ur, using the 

relationship: 

 PJ =
I

H3"$
	 (19) 

where fnw is the submerged natural frequency in still water. 

CAM adjustment was then fitted with a lower boundary LSQ second degree polynomial 

curve, as this would eventually lead to a slight overestimation of lengths given the spread of data. 

The raw voltage data was also examined to look for the presence of lock-in. In Figure 22b, the 

maximum voltage output from each averaged time window is plotted with respect to the reduced 

 
Figure 21: The outputted frequency of the sensor does not match but corresponds well with the Strouhal 

frequency, which is directly related to flow velocity. 
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velocity for the 20 cm exposed length case, where a pronounced peak is apparent around a reduced 

velocity of 2. However, it was observed that this peak largely disappeared as the length increased 

past 24 cm, and large excitation was seen at a variety of velocities. The initial results suggested 

that the maximum voltage is a sufficient parameter determining the relative level of excitation of 

a body (corresponding to the amplitude of oscillation).  

 

4.5. 2-D Fluid-Structure Interaction Modeling 

A two-dimensional fluid-structure interaction model was developed in COMSOL to further 

understanding of piezo-rod placement and response. This model had the secondary aim of 

capturing localized velocity effects experienced by each sensor during scour testing. A 2-D model 

is preferred due the computational and time expense associated with 3-D fluid modeling.   

  

 
(a) 

 

 
(b) 

 
Figure 22: (a) Based on V-F experimentation, the coefficient of added mass is plotted against the reduced 

velocity exciting the system. (b) The maximum voltage output is representative of the relative amplitude of 
excitation. The maximum voltage output is plotted versus velocity, and the boundary of this relationship is 

shown.	
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(a) (b) 

 

(c) 

Figure 23: Results from the 2-D fluid-structure interaction COMSOL model were used to quantify the magnitude 
of velocity experienced by each channel in the flow field during the (a) Low, (b) Medium, and (c) High Scour 

periods. 
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4.5.1. Model Parameters 

  
The flume used in Chapter 3 was drawn to its specification, meaning that the fluid-flow 

area was the same width and length used during experimentation (Fig. 23). An inlet specifying 

maximum velocity was placed at one end of the flume with a zero pressure outlet at its opposite 

end.  A moving mesh was applied surrounding the cross-sections representing the piezo-rods. The 

square pier incorporated in the model was chosen to be a fixed rigid body, while the piezo-rods 

were modeled using their material properties. The piezo-rod cross-section was fixed with springs 

in the x- and y-directions and allowed to oscillate.  

Probes were placed in both the x- and y- direction to capture the displacement of the body 

at each time step (Fig. 24). An iterative model study showed that adjusting the stiffness of springs 

had no effect on the final vibration frequency. This is because the in two-dimensional assumption 

the cylindrical cross-section models a rigid- body cylinder which sheds vortices governed by the 

Strouhal equation (Eq. 18). An inlet specifying maximum parabolic approximation was used based  

on the central location of the ADV during scour testing. Large Eddy Simulation Regularized Based 

Variational Multiscale (LES RBVM) turbulence was employed. Flow velocities ranging from 15 

cm/s to 45 cm/s were run, which encompassed the entire range of the scour tests.  

 

4.5.2. Localized Velocity using Strouhal Number (St)  

The frequency of each sensor perpendicular to flow was extracted from a simple Fourier 

decomposition of the probe plots. An St of 0.2 was assumed, and the VIV driving velocity for each 

sensor was calculated. Three increasing levels of velocities were evaluated to account for the 

periods of Low Scour, Medium Scour, and High Scour (Fig. 23). The individualized velocity 
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extracted for each piezo-rod from this model was then used as an input for the length calculation 

with CAM adjustment. Notably, however, a 2-D assumption cannot capture any vortices that may 

occur due to scour hole formation, which undoubtedly play some role in the overall piezo-rod 

excitation. 

Figure 24: The displacement time history of each piezo-rod sensor in the direction perpendicular to flow during 
the Low, Medium, and High Scour periods are plotted, and the results were used to calculate localized velocity.	
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The displacement time history response of piezo-rods in the rear (i.e., channels 9, 10, and 

12) confirms their relatively low levels of excitation and therefore freestream velocities. As seen 

in Figure 25, the piezo-rods in the rear did not experience the same magnitudes of flow velocity 

versus those in the front and side of the pier. The low level of excitation seen during scour testing 

is therefore explained by placement behind a substantial obstruction in the flow-field. However, 

the low level of excitation in the rear does not hamper the capability of the piezo-rod to collect 

sufficient scour data. 

Typically, the most critical location for scour occurs at the face of the pier, where 

downflow initially displaces soil and allows erosive horseshoe vortices to form. The piezo-

rods function well along the front and side of the pier, where flow is more consistent. Further 

downstream from the pier, where smooth flow is restored, piezo-rods can be used to detect 

infill. The combination of depth measurements from the front and side topography, as well as 

information about downstream infill, provides a greater scope of topographic information than 

other anchored near-pier scour sensing systems. Even with the inability to function in 

locations where flow is obstructed, the piezo-rods are a useful tool for scour monitoring during 

extreme events, and can fill in the current gaps in capability left by current scour technologies, 

particularly in regards to topographic sensing during high or murky water flow conditions. 

 
Figure 25: Displacement perpendicular to flow is shown during the Low, Medium, and High Scour periods at 

locations corresponding to the low response channels. Channels showing relatively poor oscillation response in 
the COMSOL model were consistent with the channels that showed poor response during the scour experiments.  
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Furthermore, the use of the piezo-rods can be readily used to detect scour away from piers 

(i.e. open water or abutment) without the added concern of zero-flow pockets. The piezo-rods 

present a great advantage for use in scour locations in which an over-water structure is not 

available for anchorage. 

 

4.6. Scour Results with CAM Adjustment and Localized 

Velocity 

The final results of this study were processed using three main amendments to the fixed 

cantilevered beam approach, namely, by incorporating a spring-pin soil assumption, a lower-

boundary LSQ CAM adjustment fit line, and localized velocity results obtained from a 2-D fluid-

structure interaction model (Fig. 26). As shown in Figure 26, improvements in the average length 

levels are seen across all channels, where it approaches the observed results (i.e., assumed ground 

truths). An increase in length, and therefore increase in scour hole depth, was observed as scour 

progressed from Low to Medium to High. This is in contrast to previous iterations that incorrectly 

showed either constant or decreasing levels of scour. A comparison of the three methods shown in 

this study is presented in Table 1, and it is clear that the aforementioned enhancements for 

processing piezo-rod data can improve scour depth estimation accuracy. For comparison purposes, 

a length error metric will be used that uses the difference between the observed length, Ltrue, and 

length calculated from each modeling method, Lcalc, given as:    

 2EQR<ℎ	"TTUT =
(

'
∑ 	W2<JKL,? − 2NOFN,	?W
'
?Q(  (20) 

where n is equal to the number of channels (in this case there were nine). The standard deviation 

of the Length Error for each scour period was also calculated. 
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Results from Table 1 show that by using only a fixed condition, length estimation is 

particularly poor in the Low and Medium scour periods. This is due to an overestimation in the 

expected support provided by the soil, where vibration is present in the sensor system below the 

surface while appearing to have a shorter functional length. Once the soil is accounted for with the 

soil-spring assumption lengths in the Low and Medium Scour periods improve significantly, but 

the High Scour period remains elusively poor. This discrepancy matches the hypothesis that the 

increasing level of velocity during these three scour periods plays an increasingly significant role 

in their frequency output; the High Scour period is concurrent with the highest velocity period, 

where a lack of accounting for the velocity effect would be most apparent. With the introduction 

 
Figure 26: The piezo-rod data back-calculated using a pin-spring boundary condition and CAM adjustment 
show the expected “stair-stepped” data that were also in the range of the experimentally measured exposed 

lengths after each scour period. The three scour periods Low (leftmost), Medium (center), and High 
(rightmost) are shown for each channel. 
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of the CAM adjustment, it can be seen that the error and the standard deviation of error are reduced 

in all three scour periods. 

Even with use of the CAM adjustment, overestimation of lengths by about 3 cm is apparent 

in the High Scour regions, particularly in the channels corresponding the side of the pier (Fig. 26). 

This suggests that these sensors were experiencing higher velocities during the final scour period 

than estimated by numerical simulations. Other variances in the data are attributed to local vortices 

unaccounted for in the 2-D FSI model or from turbidity introduced by the flume pumps or flume 

imperfections. This local velocity phenomenon is hypothesized to present itself in data as dips and 

peaks in otherwise steady length prediction. Nevertheless, any variance in sensor behavior from 

the mathematical model would appear more significant due to the small-scale of this experiment. 

It is expected that these errors would be significantly reduced in a full-scale implementation of 

piezo-rods in the field. 

 

 

 

Table 1: Length errors and their standard deviations (SD) of error between observed and calculated piezo-rod 
exposed lengths based on different modeling methods  

 Length Error [cm] 
 Low Scour  Medium Scour High Scour 

 LE SD LE SD LE SD 
Fixed 6.7 1.7 5.4 1.4 4.0 1.8 
Soil Spring 1.5 0.8 2.5  1.1 4.0 1.5 
CAM-Soil Spring 1.1 0.8 1.3 0.9 1.9 1.3 

 
Note: The mean was computed as an absolute value and does not account for difference between under and over 
estimation of length. 
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4.7. Conclusions 

The study in this chapter demonstrated an enhanced processing scheme for improving the 

accuracy of scour depth measurements from data collected using prototype piezoelectric driven-

rod scour sensors excited by vortex shedding. Initially, as determined by previous studies, a spring-

pin soil assumption was included to increase the accuracy of an oversimplified fully-fixed 

assumption. However, the inclusion of the soil-spring did not remove the unusual instances of 

mismatch between the observed increase in depth of the scour hole and the calculated decrease in 

depth of the scour hole. This discrepancy was seen when using both the fully-fixed and soil-spring 

assumption to back-calculate the outputted frequencies. 

To correct these discrepancies in the final calculation, localized velocity effects near each 

piezo-rod, which were obtained from a 2-D fluid-structure interaction model, were newly 

incorporated using the CAM adjustment to account for dynamically shifting fluid velocity. 

Calibration of the added mass effect due to VIV excitation was shown to be successfully quantified 

using the novel approach of decomposing voltage time histories collected from the piezo-rod. 

When these methods were used for processing piezo-rod data obtained during hydraulic scour 

tests, the results clearly showed that scour depths could be accurately and reliably determined.  

Compared with widely used scour monitoring techniques, the piezo-rod was designed 

particularly to function during extreme events when entrained air and muddy water impede other 

measurement types.  As a system, the piezo-rods can give a topographic map of the scour damage 

(rather than just one location), and because they are passive, have the potential to function 

wirelessly without contributing to battery drain. The piezo-rods also have the distinct advantage 

of being able to function without an over water structure, such as a bridge, which allows them to 

cover a larger geographical region or monitor scour in open water. 
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Chapter 5     Mitigation of velocity influence on 
piezoelectric scour sensors and feature 
enhancement by creating multiple 
degrees-of-freedom on the piezo-rod 

 

The study presented in this chapter aims to reduce the influence of VIV changes in added 

mass on the piezo-rod and introduce more frequencies of interest into the free-vibration signal 

using added weights. Furthermore, the piezo-rod sensor will be scaled to 6 ft (1.8 m) in length, 

which is a much closer representation of the scale needed to collect scour data in field settings. 

 Vandiver et al. [88] reported that higher mass ratio cylinders (the mass of a cylinder 

compared to that of the submerged fluid of the same volume) are less affected by changes in added 

fluid mass due to the velocity, because the added fluid mass is a lower percentage of the mass per 

unit length. Therefore, this study will strategically introduce weight onto the piezo-rod which will 

not only increase the mass ratio, but also the participation of higher-order mode shapes in the 

signal. The frequencies of these mode shapes will create more signal features that are tied directly 

to the length of the sensor while avoiding large frequency shifts due to the influences of VIV. 
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The piezo-rod sensor is designed to be placed around a bridge pier where it begins vibrating 

due to water flow and outputs a corresponding voltage-time history from the piezoelectric effect. 

As scour worsens, the frequency of vibration shifts, which is directly connected to the exposed 

length of the sensor. In this study, additional weights are added to the sensor, hypothetically 

inducing higher-order modes. As more weights are exposed due to scour, hypothetically a greater 

number of modal frequencies would be captured in the signal (Fig. 27). 

 

5.1. Sensor Design 

Through the technique outlined in Chapter 3, PVDF can be extended in thin strips up to 6 

ft (and likely beyond) by making electrical connections using copper tape and silver paint between 

the two pre-metalized surfaces. After extension, the PVDF strip is wired using a twisted pair and 

 

Figure 27. A piezo-rod sensor is placed around a bridge pier to detect local scour. As scour exposes more 
weights, the increased participation of higher-order modes introduces more detectable frequencies into the 

output signal. 
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checked for functionality before being attached to the sensor body. Two sensor bodies were used 

in this study: (1) an aluminum plate with controlled unidirectional vibration and (2) an acrylic rod, 

which can be waterproofed and vibrates omnidirectionally, called the piezo-rod.  

On the plate sensor, the wired PVDF strip was attached directly to a the 2” by 4’, 1/8” thick 

(5 cm by 1.2 m, 3.2mm thick) aluminum using double-stick tape and protected using plastic 

sheeting. The plate was then attached to an upright wooden board using clamps. The plate sensor 

was chosen as the initial design because it was highly flexible, but only in the direction orthogonal 

to the plate’s surface. This unidirectional flexibility means that it was still stiff enough to hold 

itself upright but also highly sensitive to added weight. The plate was outfitted with rectangular 

weights that were attached with tensioned bolts. 

For the piezo-rod, the PVDF was attached to an acrylic support rod that was inserted into 

the 0.75” (1.9 cm) diameter, 6’ long acrylic tube. The PVDF was then surrounded by a waterproof 

epoxy and allowed to set. Typically, this sensor would then be outfitted with a footing that would 

allow insertion into soil. However, for the purposes of this study, the sensor was set in a concrete 

base to create a fixed boundary condition. The piezo-rod sensor was chosen as it has been tested 

in submerged aquatic conditions, and successfully excited using flowing water for the purposes of 

scour monitoring. 

 

5.2. Added Weight Optimization 

Solidworks was used to optimize the participation of the second mode and higher-order 

modes by adjusting the positioning of the weights. Figure 28 shows the effective mass participation 

factor (EMPF) of the two piezo-sensors used in this study. Figure 28a shows the Solidworks model 

of the plate sensor, while Figure 28b shows the piezo-rod. The EMPF for both sensor set-ups shows 
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that a strong second-order mode could be introduced, as well as some participation from higher 

mode shapes (Fig. 28c and d). As expected, the EMPF for the plate sensor was largely 

unidirectional in the Z-plane, which was orthogonal to the plate face (Fig 28c). The EMPF for the 

	

 
 

(a) (c) 

 

 

(b) (d) 

 

Figure 28. (a) The plate sensor was modeled in Solidworks to predict how shifting weight location could (b) 
increase higher-mode participation in the EMPF. (c) The piezo-rod sensor was also modeled and the (d) 

corresponding EMPF showed large second mode participation. 
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piezo-rod sensor shows large second-order modal contributions in two directions, albeit at the 

same frequencies, along with notable higher-order modal contributions. 

 

5.3. Data Acquisition and Data Processing 

Both weighted sensors (plate and piezo-rod) were connected to the oscilloscope using a 

twisted pair. The raw data was collected at the highest available sampling rate, 1000 s/S. After 

excitation, the sensor was allowed to vibrate for 6-seconds before data acquisition was stopped 

and the data was saved to a USB as a comma-separated values file. 

The data was uploaded and processed in MATLAB. Each vibration signal was decomposed 

into a spectrum of frequencies using a Fourier transform and presented as a power-spectral density 

(PSD). The PSDs were then normalized for comparison by dividing by the maximum value of each 

spectrum, resulting in a Fourier coefficient, ranging from 0 to 1. The Fourier coefficient was 

plotted over the range of relevant frequencies, where peaks were identified. 

 

5.4. Experiment and Discussion 

5.4.1 Plate Sensor 

A prototype sensor was developed to test the theory that a greater participation of higher-

order modes could be achieved using distributed weights. A plate was chosen due to the 

directionality of vibration and ease of installation for laboratory testing. The sensor was clamped 

to a solid, upright board in two positions, mimicking a fully fixed condition for the sensor body 

situated below the edge of the board. The weights were distributed along the bottom half of the 

aluminum plate, with one at the top, in accordance with the Solidworks optimization. To mimic 
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scour, the plate sensor was moved so that an increasing amount of the sensor was “exposed” as the 

fixed portion continued to remain “buried”. The plate sensor was adjusted so that each exposure 

resulted in a new bottom weight participating in the vibration of the sensor (Fig. 29) The sensor 

was excited by displacing the tip of the sensor by hand and releasing it, causing the sensor to 

undergo free vibration.  

Results from the plate sensor test are shown in Fig. 30. The normalized PSDs show that 

increasing the number of weights resulted in an increasing number of identifiable peaks in the 

signal (Fig 30a). The peak immediately following the fundamental frequency, what would be the 

“second mode”, was not chosen because it did not shift with respect to length. It was therefore 

assumed that this was a rigid body mode from the clamping surface, which was interfering with 

the true second mode of the plate. Nonetheless, it was found that the number of identified peaks 

was directly correlated to the number of exposed bottom weights (Fig 30b). Assuming there would 

 
Figure 29. A mock-MODF sensor was developed using an aluminum plate with a piezoelectric sensor attached. 
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also be a second mode present under fully-fixed conditions, the number of modes would be equal 

to the total number of exposed weights, not just the weights near the base of the sensor. These 

results show that it is indeed feasible to strategically position weights to produce more frequency 

peaks in a decomposed piezoelectric signal. However, the plate sensor is not an ideal candidate for 

scour sensing, as it is not designed to function under omnidirectional flow and is not designed to 

be easily buried and/or submerged in water.  

 

(a) 

 

(b) 

Figure 30. (a) Normalized PSDs are used to identify mode shapes with peak-picking. (b) The identified 
frequencies are plotted against the number of exposed weights, showing that the number of frequencies 

identified in the signal is directly correlated to the number of weights. 
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5.4.2. Piezo-Rod Sensor 

A sensor capable of performance underwater with omnidirectional flow was tested using 

3D-printed weights and with a fixed base (Fig. 31). The 3D-printed weights were filled with steel 

washers and weighed between 160 g and 180 g. The weights were slid over the end of the piezo-

rod and affixed in place using tape. The tape was positioned between the weight and the rod to 

create an outward pressure on the weight, holding it steadily in place while also reducing any 

unwanted vibrations. The weights were outfitted along the length of the sensor in accordance with 

the positioning optimized in the Solidworks model. Due to the permanence of the concrete 

foundation, scour was mimicked by cutting the piezo-rod’s length down using a Dremel power 

tool, and then reorienting the weights accordingly. Each cut removed a length of sensor equivalent 

  

(a) (b) 

Figure 31. (a) The scour rod sensor was adapted to be a MDOF system using (b) 3D-printed weights filled with 
steel washers. 
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to the distance between bottom weights, meaning that after each cut one bottom weight was 

removed. The piezo-rod was excited by displacing the tip of the sensor by hand and releasing it, 

and as previously stated, causing the sensor to undergo free vibration.  

Results from the piezo-rod test are shown in Fig. 32. Results show that the added weights 

on the piezo-rod still induced several higher-order mode shapes related to the amount of exposed 

bottom weights (Fig 31a). However, in Fig. 32b, it is clear that the number of exposed bottom 

weights does not correlate directly to the number of identified peaks as was the case in the plate 

sensor test. This result was somewhat expected due to the idealized unidirectional vibration pattern 

and flexibility designed into the plate sensor. Nonetheless, the number of identified peaks from the 

piezo-rod test clearly dropped off as the number of exposed weights was reduced. Even with only 

one exposed bottom weight, the number of identified peaks in the PSD was increased by one, 

compared to an unweighted sensor, and remains so for most of the test. Furthermore, when five 

bottom weights were exposed, there were four clearly identified peaks. 

 

5.5. Conclusions 

In this study, a vibrational sensor was designed to have increased higher-mode participation, 

which was captured in the voltage-time history, along with an increased mass ratio to avoid the 

frequency shift effect of VIV. Solidworks was used to optimize two types of weighted sensor 

bodies: (1) a plate sensor which was chosen to validate the lumped mass concept and (2) the piezo-

rod sensor, which has already been shown to be an effective way to detect scour under laboratory 

simulated river conditions. When the piezoelectric sensor was attached to a flexible plate and 

weighted according to the Solidworks optimization, the number of mode shapes corresponded 

directly to the number of exposed bottom weights. Similarly, when testing the piezo-rod sensor, it 
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was found that adding localized weight to the body of the sensor increased the number of mode 

shapes which could be identified in the PSD. Therefore, this study concludes that the participation 

of higher-order mode shapes can be reliably introduced into the piezo-rod sensor to serve as length-

related signal features for scour identification and provide added mass to lessen the influence of 

VIV frequency shifts. 

 

(a) 

 

(b) 

Figure 32. (a) The piezo-rod PSD results are plotted and (b) mode shape output based on the number of exposed 
bottom weights are shown. 
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Chapter 6     Ultrasonic Time-Domain Reflectometry 
to Detect a Soil Interface 

 

6.1. UTDR Background  

6.1.1. Principles of UTDR 

Ultrasonic time-domain reflectometry is a long-used and well-known technique for 

evaluating the damage in large structures. The UTDR method is based on two principles: (1) the 

constant speed of sound in homogenous materials and (2) the reflection of sound waves due to 

shifts in acoustic impedance. Damage causes either a significant shift in material properties (e.g. 

corrosion) or the formation of new impedance boundaries, wherein tiny regions of air serve as the 

impedance mismatch (e.g. cracking, delamination, or extreme cases of corrosion) [93]–[95]. 

A pulse-echo setup, where the piezoelectric actuator and sensor are at the same end of the 

sensing strip, was implemented for scour monitoring using UTDR. In a homogenous material, the 

time-of-flight (TOF) of a reflected wave is related to the distance as follows: 
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 2* = Y< (21) 

where x is the distance between the transducer and the location-of-interest (LOI), v is the phase 

velocity of the acoustic wave, and t is TOF. 

 

6.1.2 Lamb waves for UTDR 

Surface waves, which interact significantly with the interface between the structure and the 

surrounding material, hypothetically have a proclivity to react with changes to the surrounding 

environment. In plates, Lamb waves produce stresses throughout the thickness, which is often used 

for interrogating surface or internal defects in structural components [96], [97].  Therefore, Lamb 

waves are known to interact with the surrounding material on both the top and bottom sides of a 

plate structure [98]. Theoretically, an external constraint on the propagating material containing 

the Lamb wave could also cause an energy reflection at the site of the constraint due to a 

mechanical impedance change.  

Lamb waves occur in two deflected mode shapes throughout the plate, which are 

symmetric and asymmetric. Both mode shapes cause deformation on both the top and bottom 

surfaces, so either shape would theoretically be highly sensitive to changes in the surrounding 

material. The type of mode shape, as well as the propagation velocity, is dependent on the 

frequency-thickness product. Frequency is dependent on the input signal to the transducer and the 

thickness of the plate.  

Lamb waves are generally introduced into a structure by a piezoelectric device applied at 

an angle to the surface of interest [99]. However, macro-fiber composites (MFCs), which are thin, 

flexible, piezoelectric transducers bonded flush to the structure, could also introduce Lamb waves 

and are highly durable [100], [101]. MFCs are limited by their frequency output, and for most 
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plates they fall below the frequency needed to introduce higher order symmetric or asymmetric 

modes. However, the introduction of only a single Lamb wave mode could be advantageous and 

has been shown to be ideal for producing strong response signals without dispersion [99]. Lower 

frequency Lamb waves are also able to travel longer distances without attenuation, making them 

suitable for long-range inspections, such as for a deep scour hole. Furthermore, the group velocity 

of a single-mode Lamb wave remains constant over a narrow band of frequencies. Therefore, first-

order symmetric (S0) Lamb waves generated by MFCs were investigated for use in an UTDR 

sensing mechanism to detect soil-interfaces for the ultimate purpose of scour monitoring. 

 

6.2. Experimental Details 

6.2.2. UTDR Sensor Design 

A thin, long, rod-like sensor in the form of an aluminum strip was proposed.  Two M8514-

P2 MFCs from Smart Material were bonded on the same end and face of a 6 ft (1.8 m) long 

aluminum strip using double-sided tape (Fig. 33). One MFC acted as the actuator, while the other 

served as the sensor, so that an ultrasonic pulse-echo system was realized. The actuating MFC was 

excited using a multi-cycle Gaussian sine wave packet pulsed intermittently. The sensing MFC 

received the first pass of the input pulse, as well as a series of pulses reflected from impedance 

changes along the aluminum strip and from the end of the beam. For the experiments performed 

in this study, localized pressurized areas were introduced to the sensor strip using a buffered weight 

and various material interfaces (Fig. 33). 
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6.2.3. Waveform Generation and Data Acquisition  

A pulse-echo setup with a pair of MFCs was implemented for the scour rod sensor. The 

MFC actuator was connected to an Agilent 33220A Function Waveform generator that outputted 

a +/- 9.5 V, 8-cycle, Gaussian sine wave pulse at a packet frequency of 2.8 kHz, giving it an overall 

center frequency of approximately 22 kHz. The appropriate center frequency was determined by 

incrementally adjusting the packet frequency and selecting the frequency that produced the largest 

reflected response. The EM pulse was generated every 20 ms, which gave ample time for the 

reflections from the previous pulse to cease. The sensing MFC was connected to a Keysight 

InfiniiVision DSOX3024T oscilloscope, and the outputted waveform was averaged 10x. For all 

the experiments performed in this study, the aluminum strip was laid flat on a hard surface so as 

not to induce any unwanted strain into the strip. It should be mentioned that, to confirm that there 

was no unwanted interference from the surface, a preliminary test was performed with the strip 

suspended vertically mid-air; there was no notable change in the reflected waveforms between the 

air test and the surface test.  

 

 

Figure 33. Two MFCs were installed to form a pulse-echo setup at one end of a 6 ft long aluminum strip. 
Weights were applied to the aluminum strip with a buffer to keep the pressurized area constant. The experiments 

performed included an additional interface layer below the buffer. 



	88	

6.2.4. Velocity and Wave Mode 

An ultrasonic pitch-catch test was performed to confirm the type of ultrasonic wave being 

generated and to determine the precise velocity of the Lamb wave. Lamb wave speed can vary 

based on the propagating material, material thickness, wave mode number, wave type (i.e., 

symmetric or asymmetric), and the wave frequency. With the MFC actuator fixed at one end of 

the 1/16” (1.6 mm) thick aluminum strip, the MFC sensor was moved to multiple locations along 

its length to create different interrogation distances. Velocity was determined by taking an average 

of many interrogation distances divided by their corresponding times-of-arrival (Eq. 21). 

Furthermore, both faces of the strip were evaluated at the same locations to determine wave mode. 

The actuation frequency of the MFC produced the lowest symmetric mode (S0) Lamb wave that 

propagated along the length of the strip. These tests showed that the S0 Lamb wave was traveling 

at 16,400 ft/s (5,000 m/s). This velocity was then used to calculate the corresponding location of 

the response waveforms. Frequency-thickness curves confirmed the mode and velocity of a Lamb 

wave expected at 22 kHz for an aluminum plate of this thickness. No significant dispersion of the 

Lamb wave was observed. 

 

6.2.5. Metal-Metal Interface with Varied Pressure 

Metal-metal interface testing was conducted to determine if the S0 Lamb wave could be 

reflected by a non-damaging pressure interface and furthermore if the time-of-flight could be used 

to determine the precise location of that applied pressure. Steel weights were placed on the top 

face of the aluminum strip, which was the same face that the MFCs were bonded to (Fig. 34). The 

weights range from 0.22 to 3.30 lb (100 to 1,500 g) and have varied cross-sectional base areas, so 
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a buffer plate (washer) was employed to impart a consistent contact area between the weight and 

aluminum strip. Before pressure testing began, a baseline Lamb wave response signal was recorded 

without pressure applied to the strip. The buffered weights were then placed at 1 ft (30.5 cm) 

increments from 1 to 5 ft (0.35 to 1.5 m), and a residual signal (with respect to the baseline) was 

calculated for each location.  

 

6.2.6. Metal-Polymer and Metal-Soil Interfaces 

Additional tests were performed to investigate the influence of the material interface of 

applied pressure on the reflected wave-packet energy. Particularly of interest was the capability of 

UTDR to capture a substantial reflection from a metal-soil interface, as this is the mechanism 

which would be used for monitoring scour. The tests that were conducted followed the procedure 

outlined in Section 6.2.5 for the metal-metal testing. The interface study was performed using a 

3.30 lb (1.5 kg) weight placed on the buffer plate. The buffer plate was then separated from the 

aluminum strip using two types of interfaces, namely (1) Dragon Skin (i.e., a silicone elastomer 

	
Figure 34. Pressure was applied with a metal-metal interface at different positions along the strip by 

placing various amounts of weight on the constant buffer area. 
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molded to the desired thickness) and (2) wetted sand pressed into a 3D-printed mold. Before 

interface testing began, a baseline signal was also obtained. The interface weights were then placed 

at 1 ft increments from 1 to 5 ft (0.3 to 1.5 m), and a residual signal was calculated for each 

location. 

First, Dragon Skin testing was performed with three different thicknesses of the elastomer 

at the interface (Fig. 35). Films with thicknesses of 0.04, 0.08, and 0.2 in (1, 2, and 5 mm) were 

prepared by curing the two-part polymer in their respective 3D-printed molds after mixing. The 

films were then used to create five unique thicknesses by stacking the films in different 

combinations. Second, soil interface testing was performed using a layer of wetted sand. The sand 

was contained in a customized 3D-printed mold designed to hold the soil in an even layer without 

coming into direct contact with the metal strip (Fig 36a). A small bridge allowed the aluminum 

strip to run through-and-through which allowed soil to escape slightly around the edges. Wetting 

the soil gave it enough cohesion to compact densely and stay mostly within the frame. Weights 

were then stacked atop the buffer on the surface of the compacted sand to apply pressure (Fig. 

36b). 

 

6.3. Results and Discussion 

The residual signals were calculated for each series of the weighted tests discussed in 

Sections 6.2.5 and 6.2.6. The residual signal was calculated as the difference between the weighted 

signal and the baseline signal (i.e., the recorded signal when no weight was applied). Changes to 

temperature, which can add noise to the residual signal, were not considered as stable laboratory 

conditions were assumed. In this work, residual signal time histories are plotted with voltage on 

the y-axis and distance on the x-axis. Here, distance is given as distance from the MFC actuator 
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and is calculated by multiplying the time-of-flight by velocity (determined in Section 6.2.4) and 

then dividing the overall distance in half due to the pulse-echo setup (Eq. 21). Distance ranges 

from 0 to 6 ft (1.8 m), with 0 ft being the approximate location of the midline of the MFC actuator 

and 6 ft being the end of the aluminum strip. The blue number in each figure corresponds to the 

position (in feet) of the applied pressure interface. 

By evaluating the residual signal, changes due to the presence of the pressurized interface 

could be clearly seen and analyzed. If there was no interaction with a particular pressurized 

interface, the residual signal would be approximately 0, regardless of the location of the applied 

 
(a) 

 
(b) 

Figure 35. (a) Different thicknesses of a flexible Dragon Skin elastomer film were (b) placed beneath 
the weights and buffer along the length of the aluminum strip. 

 

 
(a) 

 
(b) 

Figure 36. (a) A small hollow frame was 3D-printed to contain soil atop the aluminum strip. (b) 
Weights were placed on top of the soil avoiding contact with the frame. 
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pressure interface. The presence of residual pulses occurring between 0 and 6 ft would indicate a 

reflection from the pressurized interface, followed by a subsequent energy difference in the pulse 

due to the Lamb wave reflection from the end of the 6 ft aluminum strip. A relatively large 

reflection would indicate that there was more interaction between the Lamb wave and the particular 

pressurized interface.  

 

6.3.1. Metal-Metal Interface Results 

As mentioned in the experimental details, weights were applied at different positions on 

the aluminum strip. The residual signals for the largest applied pressure (i.e., 3.30 lb) are plotted 

in Fig. 37, and each plot shows two distinct reflections for each location along the length of the 

aluminum strip. The occurrence of the first return pulse is well-correlated with its corresponding 

 

Figure 37. The residual signals collected from the MFC show a reflected wave-packet as 3.30 lb of 
weights are moved along the aluminum strips’ length in 1ft increments. The blue numbers correspond 
to the positioning of the weight in 1 ft increments (e.g., number 4 had the weights positioned at 4 ft). 
The distance on the x-axis was calculated by multiplying the measured time by the speed of the Lamb 

waves in aluminum. 
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applied pressure location, especially at locations from 1 to 4 ft. For the 5 ft case, a slight 

malignment in the peak of the response pulse occurs, which was likely due to interference with the 

second return pulse reflecting from the end of the aluminum strip. However, there is still a notable 

return pulse, cojoined with the end reflection, with a peak at approximately 4.75 ft. On the other 

hand, Figure 37 shows that the second pulse, induced by Lamb wave reflecting from the end of 

the aluminum strip, appears distinctly and generates a strong residual signal regardless of where 

the weight was placed.  

Figure 38 shows a comparison of the peak voltages of the first response pulses (i.e., the 

pulses returning from the pressurized interface) for all seven different weights applied. Pulses from 

the 1 ft location were excluded from the comparison, because residual signal peaks could not be 

identified when lower pressures were applied; signals from the 5 ft case were also excluded 

because of their interaction with the return pulse. In general, the results show a reduction in return 

energy as the amount of pressure was reduced, albeit with some inconsistencies potentially due to 

experimental and random errors. In fact, a major source of error between tests may be slight 

	
Figure 38. The peak voltages from the return wave-packet, which is related to the energy reflected, at 

various locations show a downward trend as the applied pressure at each location was decreased. 
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changes in the MFC bonding condition or variations in placement of the weights. Although each 

set of residual signals for varied weight is not shown, all the residual signals showed a visible 

response pulse corresponding to the location of the pressurized interface for the 2 to 4 ft locations, 

as well as an end-reflection pulse at 6 ft.  

 

6.3.2. Metal-Polymer Interface Results 

Section 6.2.6 discussed how the metal-metal interface was modified to accommodate 

different thickness Dragon Skin elastomers to create a metal-polymer interface. Fig. 39 shows the 

residual signals obtained when the thinnest Dragon Skin film (i.e., 0.04 in thick) was employed. 

Similar to the residual signals shown in Figure 37, each residual signal in Figure 39 shows at least 

two distinct pulses, while some show three. The first pulse occurred slightly after the 0 ft mark, 

and this location corresponds approximately to the midpoint of the MFC sensor just below the 

MFC actuator. The appearance of this feature in the residual signal indicated that there was likely 

	
Figure 39. The residual signals show a reflected wave packet as a 3.30 lb weight – with a Dragon Skin interface 
– was moved along the aluminum strip’s length in 1 ft increments. The distance on the x-axis was calculated by 

multiplying the measured time by the speed of the Lamb wave in aluminum. 
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debonding occurring between either the MFC actuator or sensor or possibly both. Poor 

actuator/sensor contact would alter the amount of energy delivered to the system. However, it was 

difficult to eliminate this error (besides permanently bonding the MFCs to the aluminum strip), 

because debonding could happen at any point during testing, even between the collection of the 

baseline and the following test. Future tests will consider bonding the MFCs to the aluminum strip 

using a suitable epoxy.  

The second residual signal feature was present only distinctly in the 2 and 3 ft locations 

and corresponds to the return pulse from the pressurized metal-polymer interface. No distinct 

return pulses appeared at 1 and 5 ft. There was a slight maximum occurring around 4 ft, but it was 

not as apparent as the features observed during the metal-metal interface tests (Fig. 37). The third 

pulse was the return pulse corresponding to the end of the aluminum strip, which was also observed 

in Figure 37. A comparison of residual signals from tests performed with the same pressure (i.e., 

3.30 lb on a buffer plate) showed that there was no notable change in return wave-packet energy 

when different thicknesses of Dragon Skin was used.  

 

6.3.3. Metal-Soil Interface Results 

The metal-polymer interface was replaced with a metal-soil interface using the 3-D printed 

frame. A representative set of residual signals from the metal-soil interface tests is plotted in Fig. 

40. Like the signals seen from the metal-polymer interface, there appear to be three distinct pulses. 

The first and last residual signal features correspond to the midline of the MFC sensor and the end 

of the beam. The center pulse was due to the 3.30 lb weight being applied at the 2, 3, 4, and 5 ft 

positions.  
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6.3.4. Interpretation and Comparison of Results 

Overall, the results indicated that the first symmetric mode (S0) Lamb wave was able to be 

reflected from mechanical impedance changes induced by changing the boundary conditions along 

the aluminum strip. This means that Lamb waves could be used to detect surface condition changes 

(e.g., due to scour) even if they do not cause permanent damage in the structure (i.e., aluminum 

strip). The results also showed that the amount of reflected energy (i.e., the peak pulse voltage) 

from an S0 Lamb wave is sensitive to both the amount of pressure and the type of interface applied. 

In general, a higher pressure caused a relatively larger reflection, while a lower pressure caused a 

relatively smaller reflection.  

The peak response pulse at different locations was compared between material interfaces, 

as shown in Figure 41a. Responses were only compared at 2, 3, and 4 ft pressure locations, because 

no response was observed for the other locations during metal-polymer interface testing. It should 

be noted that there is a potential bias in comparing peak reflected response voltages due to any loss 

	
Figure 40. The residual signals show a reflected wave packet as a 3.30 lb weight – with a soil interface – was 

moved along the aluminum strip’s length in 1 ft increments.  
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of energy that may have occurred from debonding. However, the weakest overall response 

occurred during Dragon Skin testing, which took place before the metal-soil interface tests. This 

means that, even in the presence of potential worsening debonding, a stronger residual signal was 

generated from the soil interface than when using Dragon Skin. The comparison of return peak-

voltages shows that the metal-metal interface produced the strongest response, followed by the 

metal-soil interface and, producing the lowest level of response, the metal-polymer.  

In addition, the squared averaged voltage response over the entire length of the aluminum 

strip when the pressurized soil interface was placed at the 3 ft position is shown in Figure 41b. The 

response voltage was averaged in windows corresponding to 0.25 ft (7.6 cm) length increments 

and was then squared to exaggerate the peaks and troughs. It can be seen from Fig. 41b that a 

localized peak occurred in the 2.75 window, which is 0.25 ft from the actual location of the metal-

soil interface placed at 3 ft. Through this simple local maximum processing technique, the relative 

location of the pressurized soil could be determined through UTDR. These initial results indicate 

 

(a) 
 

(b) 
Figure 41. (a) A comparison of return wave packet peak-voltages at various locations shows a 

reduction in return wave-packet energy when reflected from less stiff interfaces, even as applied 
pressure remains constant. (b) The averaged response voltage when the pressurized soil was at the 3-

foot position shows a notable peak during the 3 ft window. The response voltage was averaged in 
windows corresponding to 0.25 ft length increments and was then squared to exaggerate the peaks and 

dips. 
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that it may be possible to use UTDR to detect a soil interface using a metal sensing strip for the 

purposes of scour monitoring. 

 

6.4. Conclusions 

The objective of this work was to investigate the potential of using UTDR for scour depth 

monitoring in a controlled and dry laboratory setting. Lamb waves were introduced into a 6 ft 

aluminum strip using an MFC. When applied pressure was introduced onto the surface of an 

aluminum strip with a metal-to-metal interface, a reflected wave was produced and could be 

detected by an MFC sensor. The position of the reflected wave packet, which was determined 

using wave speed and time-of-flight, was found to be consistent with the known location of the 

applied pressure interface. The amount of reflected energy also correlated well with the magnitude 

of pressure applied strip. Furthermore, there were notable changes in the amount of reflected 

energy when the type of pressure interface was varied. Testing performed with metal-polymer 

interface showed a very low reflective response, while a metal-soil interface showed an 

intermediate response. These tests successfully showed that the propagating Lamb wave interacted 

with the locally applied pressure at different locations along the aluminum strip. In addition, the 

propagating Lamb waves reflected more or less energy depending on the type of material interface 

where pressure was applied. Although further study is needed, the return wave packets appearing 

from the metal-soil interface testing suggest the plausibility of using Lamb wave UTDR to detect 

a soil interface for the purposes of scour monitoring. 
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Chapter 7     Development of an Active UTDR 
Piezoelectric Strip for Scour Monitoring 

 

In this study, scour monitoring using ultrasonic time-domain reflectometry (UTDR) is 

proposed, where it leverages electrical TDR’s ability to localize features while eliminating issues 

related to electrical shorts. Overall, the objective of this study is to demonstrate a proof-of-concept 

for using UTDR as a viable candidate for full-scale scour monitoring. Therefore, this study aimed 

to demonstrate scalability by extending the sensing strip to be ~ 21 ft (6.4 m) in length, and the 

long-range capabilities of the UTDR sensing mechanism were validated by placing weights at 

different positions along the strip. Then, the sensor was tested in a soil box where it was able to be 

fully surrounded by compacted sand at controlled depths. Furthermore, UTDR was used to 

evaluate both compacted and uncompacted forms of sand interfaces, as either can be potentially 

present during scour. Overall, UTDR offers a few distinct advantages for detecting scour, namely, 

by providing spatially continuous measurements and the ability to detect erosion as well as infill.  
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7.1. UTDR for Scour Depth Monitoring 

UTDR for scour monitoring will be unique in that the propagating medium does not need 

to have any permanent damage, but rather impedance changes will stem from where the 

surrounding soil interface is in contact with the buried sensing strip. It was shown previously that 

Lamb waves are sensitive to external pressures that interact with the surface. To detect scour, 

Lamb waves are propagated down the length of a thin strip, which is essentially a plate that is 

much longer than its width. As the Lamb wave propagates and interacts with the soil interface and 

the associated pressure, it will cause an impedance change that is significant enough to send a 

reflected wave from the location of the interface. The distance to the soil interface can be calculated 

by finding the TOF of the reflection (i.e., using a priori knowledge of wave mode and speed) (Eq. 

21). Figure 42 shows the basic principles of the UTDR scour sensing mechanism. As local scour 

and erosion of sediments near the sensor occur, TOF will increase, thereby allowing the change in 

scour depth to be calculated.  

	

 
Figure 42. Vortices erode sediment and deepen the scour hole around the base of a bridge pier. As a result, the 

soil interface moves further down the length of the UTDR sensor.	
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The study presented in Chapter 6 utilized MFCs to generate first-order symmetric (S0) 

Lamb waves for detecting pressurized locations with various interfaces, including sand. However, 

this earlier test was short-range and did not demonstrate detection of a buried soil interface, as 

would be seen by a buried UTDR sensor undergoing in situ scour. Furthermore, the test involved 

a 6 ft (1.8 m) sensing strip, whereas local scour causes erosion that can be up to 10 ft (30 m) or 

more [12].  Opportunely, when consulting the widely used dispersion curves for steel [102], [103], 

at very low frequencies (< 1 MHz) and assuming a constant thickness, the symmetric mode has a 

relatively constant velocity, whereas the asymmetric mode is extremely unstable and increases 

exponentially with frequency. Therefore, the dispersive nature of Lamb waves is reduced in steel 

at low frequencies by exciting only the first symmetric mode shape. Therefore, the most 

advantageous mode shape to use for propagating Lamb waves over a distance is the S0 mode 

shape, meaning that the same actuation set-up that was used on the aluminum sensor would be the 

most likely to accurately detect the location of a soil interface over a long-range.  

 

7.2. Experimental Details 

Typically, transducers produce ultrasonic waves that inspect regions immediately adjacent 

or below them. For instance, a large plate structure can be inspected using C-Scan, where a 

longitudinal transducer is moved along the surface of the plate at a fixed distance to look for defects 

in the plate. C-scan transducers are coupled to the plate in a variety of ways but cannot be 

permanently attached due to its lateral movement along the surface. Conversely, non-dispersive 

Lamb waves can be propagated through plates over long distances and are generated by surface 

mounted transducers, making them ideal for UTDR in plates. For this test, Lamb waves will be 

introduced into a ¼ in (6.4 mm) thick steel strip using MFCs. For the generation of ultrasonic 
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waves, MFCs are actuated to elongate or contract directionally in-plane when voltage is applied. 

As sensors, they produce voltage when strained in the same manner. 

 

7.2.1. Sensor Design 

The study in Chapter 6 validated that an applied metal interface produced a detectable 

reflected wave response that varied according to the location of the interface. This previous study, 

however, was performed using an aluminum strip, which is lower in stiffness and could be more 

sensitive to localized pressure from to a weaker pressure interface, such as soil. For comparison 

purposes, similar tests were performed using the longer steel strip to reveal any significant 

sensitivity differences. 

Figure 43 shows the sensor design where two M8528-P1 MFCs (Smart Material) were 

bonded, using double-sided tape (3M), on the same face at one end of a 21 ft (6.4 m) long steel 

strip, 1.75 in wide steel strip. The MFCs have an 85 mm (3.3 in) active length and a 25 mm (0.98 

in) active width and elongate when a positive voltage is applied. In this case, a pulse-echo system 

was realized by using one MFC as an actuator and the other as a sensor. While it is possible to use 

a single sensor for both sensing and actuation, due to their compact size and ease of installation, it 

was deemed unnecessary to use the switching mechanism necessary to capture the return 

waveform using just one MFC. It should be noted that, throughout testing, it was determined that 

the width of the MFC should match closely with the width of the sensing strip to avoid extraneous 

wave formation that obscures results. MFCs that are closely matched the width of the strip 

essentially produce a Lamb wave that propagates in only one direction, which is down the length 

of the strip as opposed to the radial direction. Matching the width of the MFCs to the width of the 

sensor strip follows with the principles of 1D wave propagation, which assumes that stress from 
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the wavefront is applied to the end of a structure with just a single dimension [104]. For the strip 

to behave as a 1D structure, the wavefront needs to be forced along the x-direction by evenly 

exciting the other two dimensions (i.e., y and z). If it is assumed that the z-direction is the plate 

thickness (which due to its thinness already exclusively participates in the x-direction Lamb mode), 

then the plate’s y-direction (i.e., width of the strip) would need to be excited evenly as if to act as 

a single node. 

 

 
(a) 

 
(b) 

Figure 43. (a) The 21 ft steel UTDR sensor is set up to be tested with weights and (b) with a soil interface. 
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7.2.2. Signal Generation and Data Acquisition  

First, the MFC actuator was connected to a Ciprian US – TXP – 3 High-Voltage Linear 

Power Amplifier, which amplifies the input voltage approximately 200× and can handle high-

frequency signals between 10 kHz and 10 MHz. The amplifier was connected to an Agilent 

33220A Function Waveform generator that outputted a ±500 mV, 7.8-cycle, Gaussian sine wave 

pulse at a packet frequency of 2.5 kHz, giving it an overall center frequency of approximately 19.5 

kHz and an amplified input voltage of ±100V. The center frequency was determined by manually 

adjusting the packet frequency and selecting the frequency that produced the largest amplitude 

reflected response.  

The excitation waveform plays a critical role in producing a clean Lamb wave signal and 

therefore a simply analyzed reflected response. The actuating MFC was excited using a multi-

cycle sine wave packet that is modified by a Hanning window and pulsed every 150 ms to ensure 

that no interference occurred between consecutive signals [99]. The modified tone burst, rather 

than a simple sine wave tone burst, reduces the amplitude and therefore the participation of 

frequencies other than the center frequency. Over long ranges, by limiting the frequency spectrum 

of the input waveform, the possibility for unwanted dispersion is further reduced.  

Second, the sensing MFC received the first pass of the input pulse, as well as the reflected 

signals from impedance changes along the length of the steel strip and from the end of the strip. 

The sensing MFC was connected to a Keysight InfiniiVision DSOX3024T oscilloscope, and the 

outputted waveform was averaged 30× to reduce noise. Data was stored directly to a USB flash 

drive as text files containing comma-separated values. 
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7.2.3 Localized Pressure Sensitivity Tests 

Localized pressure tests were performed using 1500 kg weights placed at 1 ft (30.5 cm) 

increments along the 21 ft steel sensor strip as diagrammed in Figure 43a. The weight was placed 

between 2 to 20 ft (0.6 to 6 m), with the weight location serving as the LOI. The 1 ft location was 

excluded as it was too close to the sensor and wave reflections would be obscured by the input. 

The 21 ft location was also excluded because it was the end of the strip. An aluminum washer was 

used as a buffer between the weight and strip to ensure a fixed contact area and consistent applied 

pressure. The steel strip was laid flat on a hard concrete surface so as not to induce any unwanted 

strain into the strip. At each position where the weight was placed, UTDR tests were performed 

by exciting the MFC actuator and recording the reflected Lamb wave signals using the MFC 

sensor, as was described in Section 7.2.2. Once the input voltage was applied, the measured signal 

was allowed to stabilize visually before the oscilloscope was stopped and the resulting signal was 

saved to the USB.  It should be mentioned that a baseline signal was acquired before any weight 

was added to the strip. 

 

7.2.4 Simulated Scour Tests 

Simulated scour tests were conducted using a soil box that was 2 ft (61 cm) wide and 25 ft 

(7.6 m) long. The box was filled with an even 1 in (2.54 cm) thick base layer of wetted sand. 

Wetted sand was used to facilitate compaction while also simulating a scour environment. Notably, 

different soil materials might have different properties governing how ultrasonic energy behaves. 

Therefore, sand might behave differently than other types of soil (i.e. clay, silt, etc.). These tests 

will only show functionality of the UTDR technology when sand is selected as the soil medium. 
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 The sensor strip was placed on top of the leveled sand base layer, and a wooden plank was 

used to weigh down the end of the sensor strip with MFCs as shown in Figure 43b. Once the scour 

sensor was set into the box, additional sand was added to bury the sensor strip in 1 ft increments 

up to 20 ft, with the leading edge of the sand being the LOI, which is also referred to as the soil 

interface. Sand was added rather than removed, which is typical during scour, to prevent disturbing 

the base sand layer. Newly added sand was always compressed and compacted to ensure an even 

distribution of applied pressure. The process of adding sand is depicted in Figure 44, with the 

compacted sand shown in Figures 44b and 44d. After sand was added to the appropriate level, the 

excitation signal was applied to the MFC actuator. The response signal was allowed to visually 

stabilize before the oscilloscope data collection was stopped and the data saved. 

In addition, it was of interest to simulate in the laboratory conditions that reflected soil 

infill post-scour. Therefore, the scour sensor was tested for its ability to detect an uncompacted 

soil interface commonly found after infill. Infills are typically less compacted and have lower load 

carrying capacity than the pristine foundation materials. At the same time, many existing scour 

sensors cannot effectively detect infill. In this case, sand that was added to the soil box was left 

uncompacted following each fill event. Upon adding sand for the next fill event to bury the sensor 

    

(a) (b) (c) (d) 

Figure 44. The sand compaction process involved (a) adding a sand layer and (b) then compacting the same sand 
with distrubuted pressure. (c) Uncompacted sand was added adjacent to the previous top sand fill and measured 

before being (d) compacted.	
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strip an additional 1 ft, previously added sand was compacted as shown in Figure 44b. This process 

was repeated as more uncompacted sand was added adjacent to the previous layer, shown in figure 

44c, and then compacted as in Figure 44d. 

 

7.3 Results and Discussion 

7.3.1 Localized Pressure Results 

Localized pressure tests, as described in Section 3.3, were performed to verify that the 

scour sensor strip could detect changes in the boundary conditions. Figure 45 shows how the 

measured data was processed for each case (i.e., in this case, when the weight was placed at 10 ft). 

For visualization purposes, the plots show voltage as a function of distance rather than time. The 

y-axis distance was calculated using Equation 21 by multiplying the time value by the known 

velocity of the Lamb wave in the steel strip, which is in this case 5000 m/s. This velocity 

   
(a) (b) (c) 

Figure 45. (a) A baseline raw signal without additions is subtracted from (b) a signal from the sensor strip 
weighted at 10 ft to (c) calculate the final residual signal	
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corresponds to an S0 waveform, as expected, in accordance with the dispersion curves for a ¼ in 

thick steel plate.  

The experimental data was then processed by subtracting the baseline signal, as shown in 

Figure 45a, from the measured signals, which is shown in figure 45b, (i.e., with the weight), to 

obtain the corresponding residual signal in figure 45c. Only the signal representing the time 

between the first pulse and the first end-of-beam return pulse was analyzed in this study. However, 

it should be mentioned that an unburied strip saw more than 10 end-of-beam reflections, meaning 

that the wave generated is able to propagate over 400 ft and still be detected by the MFC sensor. 

Subtracting the baseline signal allows the residual signal to show a clear reflection at the LOI. In 

addition, there exists an inverted reflection signal at the end of the strip. The inversion and 

reduction in amplitude of the reflection returning from the end of the strip was likely because of 

energy losses due to the preceding weight reflection. Thus, the measured location was determined 

by selecting the maximum value of the residual signal that occurred before the appearance of the 

end-of-strip reflection. 

The residual signals from a complete set of localized pressure tests are presented in Figure 

46. In general, there is a clear change in the residual signal as the position of the weight was moved 

from 2 to 18 ft. Figure 46 shows the actual location, meaning the location where the weight was 

placed and diagramed in Figure 43a, as a green horizontal line; the location measured by the scour 

sensor strip based on the maximum residual value is indicated as a horizontal magenta line. The 

results show that the measured and actual locations coincide well with one another. Further 

examination of Figure 46 shows that the residual signal sees significant changes in voltage 

amplitude but does not appear to be correlated to the location of the weight. No determination was 

made as to why the amplitude of the reflected signal fluctuates so significantly based on the 
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location of the weight. This phenomenon is taken into consideration when post-processing the 

distributed pressure tests in Section 7.3.2. 

The accuracy of the scour sensor strip could be better analyzed by comparing and plotting 

the measured location with respect to the actual location in Figure 47. The graph shows a clear 

trend, and the data was overlaid over the ideal y=x sensor response. None of the reflected packets 

appeared to spread significantly, meaning that a dispersive wave propagation was avoided.  

7.3.2 Compacted Soil Interface 

Simulated scour tests, as described in Section 7.2.4, were performed to verify that the scour 

sensor strip could detect the leading edge of a distributed pressure interface. As with localized 

 
Figure 46. Results from weighted test (every 1 ft) are shown, where measured location was selected as the 

maximum value of the residual before the end return pulse. 
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pressure testing, a residual signal was calculated for all locations before further post-processing 

began.  

Due to the complexity of the signals returned from the distributed pressure of a simulated 

soil interface due to scour, a peak-picking algorithm was used. Oscillations in the residual signal 

are not compatible with a basic peak picking algorithm. Therefore, to determine the LOI utilizing 

peak picking more easily, the upper envelope of the signal was calculated. The maximum value of 

the upper envelope between the input pulse and the first reflection was determined. The maximum 

value of the upper envelope was not used outright to determine the soil location, as there can be 

large reflections seen for the duration of the distributed pressure section (i.e., the portion of the 

strip buried in sand). Instead, a peak threshold of half the maximum value, along with a minimum 

peak prominence of 0.6 mV, were used for peak selection. Thus, the measured soil interface 

location was based on the first selected peak with respect to time. 

The residual signals produced from the complete set of simulated scour tests are shown in 

Figure 48. The actual location, meaning the end of sand interface and diagramed in Figure 43b, is 

	
Figure 47. The measured location was selected from a peak-picking algorithm and comparted to the actual 

location of the weights.	
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denoted with a horizontal green line; the location measured by the scour sensor is indicated as a 

horizontal magenta line. The results show that the measured and actual locations coincide well 

with one another. The largest error is seen at the 6 ft soil-interface location, where the algorithm 

returned an overestimation of scour at 7.83 ft. The second and third largest errors were at the 13 

and 19 ft soil-interface locations, which returned a measured location of 14.1 and 17.8 ft, 

respectively. Nonetheless, no other locations returned an error larger than 1 ft, suggesting that error 

is less than 5%. As can be seen in figure 8a, the actual location of the soil-interface aligns well 

with the corresponding measured location, which is a ground truth location since it is based on the 

geometry of soil placement. Figure 49a shows a clear trend, and the data was again overlaid over 

the ideal y=x sensor response. Most errors close to the MFC actuator and sensor are 

overestimations of the sand interface (or scour depth); underestimations may occur at locations 

farther away from the excitation and measurement end. Overall, the soil-interface, and therefore 

the simulated location of scour, was captured within a reasonable range for this technology to be 

feasible for scour depth monitoring purposes. 

As seen in Figure 48, a distributed pressure system does not send back a single reflection 

but rather a series of intermittent pulses along the distributed soil boundary. For a scour sensor, 

this means that reflections would be seen along the total length of the buried portion of the sensor. 

Therefore, a secondary metric was investigated for identifying the effects of distributed pressure, 

which was the total reflected energy in the residual signal. The total reflected energy, ERtot, was 

calculated by taking an absolute value of the trapezoidal integral of the residual signal written as: 

 "R<E< = ∑ Z
S(<-12)8S(<-)

&
Z ∆<T

?Q&  (22) 
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where V(t) is the voltage as a function of time, in this case collected as a discrete voltage vector 

and a corresponding discrete time vector. Therefore, i indicates the index of the row for both 

vectors, N is the total number of rows, and Δt is the time step (which in this case is constant).  

Figure 49b shows the total reflected energy as a function of the actual soil location. There 

is an apparent linear downward trend, which is denoted with a blue line. This trend was expected 

due to the distribution of pressure over the buried length. An increase in the amount of length, and 

therefore time, over which reflections are occurring would mean a greater amount of total energy 

reflected. Changes in reflected energy were also notable when examining the raw signals during 

testing. Typically, six or more end-of-strip reflections could be seen from an unburied sensor. 

However, on sensors with most of their length buried, no end-of-strip reflections were visible. 

 

Figure 48. Results from a compacted sand test (every 1 ft) are shown, where measured soil location was 
chosen using a peak-picking algorithm based on a fraction of the maximum reflected value. 
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Figure 49b indicates that the relationship between the reflected energy and the soil-interface does 

not show the precision necessary to pinpoint scour location based on the reflected energy alone. 

However, the total reflected energy does give a nominal amount of insight into the effects of the 

surrounding sediment on the sensor, which will be explored further in Section 7.3.3.  

 

7.3.3. Uncompacted Soil Interface 

Uncompacted soil interface tests, also described in Section 7.2.4, were performed to study 

the capability of the scour sensor strip to identify the location of the sand interface under non-ideal 

conditions. As previously stated, scour can produce periods of erosion as well as infill. The results 

that follow are an indication of the scour sensor’s ability to perform under simulated infill 

conditions, where infilled sediments are less compacted than before when scour occurred. 

The residual signals from the uncompacted soil test are shown in Figure 50. As with the 

other residual signals, the actual soil interface location is denoted with a horizontal green line; the 

 
 

(a) (b) 
Figure 49. (a) The measured locations compared to the actual locations of sand show that the sensing 

mechanism could accurately capture the location of the soil interface. (b) The total reflected energy from the 
residual signal as scour occurs was calculated by taking the integral of the reflected signal. 
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measured location is marked with a magenta line. In three out of the four cases, the measured 

location for uncompacted sand was detected near the compacted sand location. Furthermore, for 

all four cases, the compacted sand location was measured to be within 0.5 ft of the LOI.  

For the 14 ft location, Figure 50c shows that the scour sensor failed to detect the additional 

uncompacted sand that was added. Instead, the sensor returned a location very near the previously 

detected compacted sand location of 17 ft. However, after examining the signal visually, there 

appears to be the formation of a small pulse with a leading edge near the location of the sand 

interface, so further testing is needed to adjust the sensitivity appropriately. A comparison of the 

  
(a) (b) 

  
(c) (d) 

 
Figure 50. The raw signals were captured from uncompacted (left) and compacted sand (right) at (a) 8, (b) 

11, (c) 14, and (d) 17 ft locations. 
	

	
	



	116	

measured locations and the actual locations for the compaction tests are shown in Figure 51a, again 

showing the ideal y=x sensor case. Overall, the scour sensor showed the ability to detect both 

compacted and uncompacted sand interfaces with reasonable accuracy.  

Interestingly, the residual signals show a difference to those seen during the 1 ft interval 

simulated scour testing. Clearly, the signals in Figure 50 do not show as many trailing pulses 

following the LOI as do the residual signals in Figure 48. This is hypothesized to be because of 

the way that sand was added, as this is the only significant difference between these two tests. 

Ideally, this would mean that the UTDR technique will perform well in the field, where the 

distribution of sand or other soil pressure is even (as it is not added in small portions) and a clear 

leading pulse will dominate the signal signature. More tests are needed in the future to confirm 

this hypothesis.  

The total reflected energy was also evaluated for both the uncompacted and compacted 

residual signals (Fig. 51b). As expected, the compacted sand at any given location has a higher 

amount of reflected energy than its uncompacted counterpart. This makes the classification of sand 

  
(a) (b) 

Figure 51. (a) Compacted and uncompacted soil interfaces are both measured by UTDR. (b) The total reflected 
energy from the integral of the residual was related to the level of compaction. 
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or other soil compaction probable with the UTDR method once the soil interface location is 

determined using TOF, or if the location is known a priori.  

The accuracy of the scour sensor in all four test cases is compared in Table 2, where the 

mean and standard deviations of error – the absolute difference between the ideal y=x case and the 

acquired measurement – are given. The table shows that the localized pressure detection is most 

accurate, which is expected. Simulated scour has a mean error below 1ft, even with the presence 

of the trailing pulses seen with distributed pressure. The compacted sand test, like simulated scour 

except for the intervals at which sand was applied, showed accuracy in a similar range to the 

localized pressure testing. This is very encouraging because, as stated earlier, soil in the field will 

likely not see as many trailing pulses because sediment is deposited with more even pressure. 

Furthermore, as expected, the uncompacted sediment has the lowest accuracy, and shows a higher 

standard deviation due to the missed measurement of the 14-foot location.  

Compared to the most recent work on an electrical TDR system, which has an estimated 

maximum error of 0.6 ft (0.19 m) [77], the UTDR Lamb wave method sees almost three times the 

maximum error in its current iteration (i.e., excluding the outlier observed at 14 ft in the 

uncompacted test). However, there are significant differences in the maturity of the two 

technologies, and this level of accuracy was not achieved until 2020. The average error of the 

proposed UTDR is below the 5% average error expected from earlier iterations of the electrical 

TDR sensor as discussed in Yankielun and Zabilansky (1999), Lin et al. (2017), and Yu et al. 

(2020) [71], [74], [75].  
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7.4. Conclusions 

This study tests the hypothesis that the Lamb wave UTDR method using a long, slender, 

and thin steel strip could detect a soil interface for the purposes of scour monitoring. First, scour 

sensor tests were performed using weights to produce a localized pressure interface. The results 

showed that the Lamb wave UTDR method could be used to detect external applied pressure 

interfaces along the steel strip and up to 21 ft in length. Second, a laboratory experiment that 

simulated scour conditions were performed using a soil box, where large portions of the scour 

sensor could be completely buried in sand. The scour sensor was able to detect the sand interface 

of a buried sensor with a high level of accuracy, with an average of less than 1 ft of error. The 

scour sensor was also tested with uncompacted sand interfaces, and it was able to detect these 

looser interfaces in three out of four test cases. By analyzing the total reflected energy in the 

residual signals, it was found that uncompacted sand consistently returned less energy than 

compacted sand at the same level. Therefore, the sensor could potentially provide feedback on the 

soil compaction level, which could help to identify the presence of compromised foundations that 

Table 2: Measurement errors calculated as the mean (M) and standard deviations (SD) of error 

 Measurement Error [ft] 

 M SD 
Localized Pressure 
(weight) 

0.25 0.12 

Simulated Scour 0.59 0.48 

Compacted Sand 0.20 0.17 

Uncompacted Sand 0.87 1.32 
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appear sufficient, assuming that the depth of soil has been determined or is known. Overall, the 

novel Lamb wave UTDR method showed that it could accurately detect the location of the soil-

interface of a buried strip for the purposes of scour monitoring. 
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Chapter 8     Concluding Remarks 

 

8.1. Summary of Research and Novel Contributions to the 

Body of Knowledge 

Local scour will undoubtably move to the forefront of infrastructure safety and 

maintenance in the coming century. As climate change disturbs weather patterns worldwide, 

extreme rain events and increased flooding will put more bridges in jeopardy of scour induced 

damage or failure. However, as extensively covered in this dissertation, scour monitoring is a 

complex problem without a catch-all solution. This dissertation presents three piezoelectric scour 

technologies, two of which are novel in their sensing capabilities.  

The first iteration of the piezo-rod sensor covered in Chapters 3 and 4 was first developed 

by Azhari and Loh [67]. However, this research failed to discern a significant relationship between 

the velocity of the driving water flow and the frequency output of the piezo-rod. This was likely 
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due to the V-F relationship being accounted for within a reasonable margin of the variation in 

structural properties or boundary conditions. However, Chapter 3 clearly determines that the V-F 

relationship is significant enough to produce large amounts of error when back-calculating sensor 

length (and therefore scour depth). Chapter 4 provides a novel method for determining the V-F 

relationship using the piezo-rod sensor itself, a test which was previously only performed with a 

complex apparatus in a highly controlled environment. Furthermore, the data is post-processed 

using the CAM adjustment, which was shown to considerably reduce the depth error, an 

adjustment which has not, to the authors knowledge, been used on of flow-driven scour sensors or 

within the field of structural health monitoring. 

The second iteration of the piezo-rod sensor developed in Chapter 5 was a novel design 

introduced specifically to limit the influence of the V-F relationship on sensor frequency output. 

While it is well documented that additional weight and/or increased density reduces the VIV 

influence on a submerged structures natural frequency, the author used the positioning of the 

weight as an opportunity to increase the number of length-related signal features. Original voltage 

time history data from the first iteration of the piezo-rod outputted only a single identifiable 

frequency. On a highly tailored plate structure, the location of weights was optimized using mass 

participation factor, and the resulting signal outputted several mode shapes equivalent to the 

number of additional weights on the structure. This methodology was repeated on the piezo-rod 

with newly designed weights, and the piezo-rod outputted two additional frequencies compared to 

an unweighted piezo-rod. Therefore, a novel weighted piezo-rod sensor was developed, along with 

a methodology for producing higher-order mode shapes for the purposes of producing a greater 

number of length-related signal features for ease of scour monitoring in complex environments.  
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The third iteration of a piezoelectric sensor, presented in Chapters 6 and 7, took the form 

of a piezo-strip due to the nature of the sensing mechanism. While UTDR is widely utilized in the 

field of structural health monitoring, it has not, to the authors best knowledge, been used to (1) 

detect non-permanent changes to structural systems or (2) detect a soil-interface. Therefore, the 

first novel contribution from these chapters is the development of the UTDR sensing mechanism 

for detecting surface pressure interfaces using Lamb waves. The second contribution is the 

application of the UTDR method to a large-scale sensing structure (i.e., the piezo-strip) to detect 

a soil interface for the purposes of scour monitoring. Furthermore, this research showed that the 

ultrasonic Lamb wave signal has features related to not only the location of the soil interface but 

also to the compaction level of the surrounding soil. This potentially allows the UTDR method to 

not only give continuous feedback about scour depth but also to help identify any compromised 

soil support. 

 

8.2. Recommendations for Future Research 

This dissertation advances the capabilities of three unique scour technologies: (1) a passive 

piezo-rod sensor developed in Chapters 3 and 4, (2) a weighted, passive piezo-rod sensor, and (3) 

an active piezo-strip sensor developed in Chapters 6 and 7. Notably, none of these technologies 

was deployed at full-scale or in a field setting, which should be the main focus of any future work.  

The research presented in Chapters 3 and 4 detailed live-bed flume testing of a small-scale 

piezo-rod sensor. Post-processing techniques accounted for localized velocity, the velocity-

frequency relationship, and soil conditions. However, this sensor, and the post-processing 

techniques, were never tested under full-scale conditions. The suggestions for development of this 

technology are as follows: 
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(a) Testing conditions: The scour sensor in these two studies was less than 2 ft in length. 

However, in Chapter 5 this same sensor was successfully scaled to 6 ft and was made 

from a thick acrylic shell to account for its increased length, and therefore lower 

frequency range. However, these larger scale sensors were never tested under 

simulated scour conditions. During these tests, any future iteration would aim to 

reduce any significant scouring around the sensor itself (some scouring is inevitable 

but keeping the design sensor with a small diameter would reduce any significant 

erosion). Furthermore, the level of vibration imparted on a sensor of a larger scale in 

soil was not tested during this research and could impact signal quality. 

(b) Physical properties: It is unlikely that a 6 ft sensor made of acrylic and marine epoxy 

would be suitable for long-term field deployment. However, any future iterations of 

the piezo-rod need to consider the frequency in water (ideally not lower than 2 Hz for 

signal processing) as well as any increased stiffness’ impact on voltage output. 

(c) Field conditions: Soil properties will vary widely depending on the area of installation. 

However, it is not convenient nor likely cost effective to perform the p-∆ testing used 

in Azhari and Loh [67] on the full-scale sensor before installation. Therefore, a 

protocol should be developed for a simple field test (after installation) or a set of 

geotechnical laboratory tests performed (before installation) that would provide the 

value of the torsional spring constant used in equations 15 and 16.  

(d) Environmental Effects: For the longevity and overall success of field 

implementation, studies are also needed to identify and quantify debris impacts. 

Hypothetically that structural health monitoring methods can be used to identify 

changes from impact and damage in the rod through the evaluation of signatures 

in the voltage time history. Other environmental changes that have the potential 
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to effect frequency, such as temperature, should also be considered in the future. 

If a temperature measurement is taken at the installation site, thermal effects on 

the piezo-rod’s material properties can likely be accounted for within the length 

prediction model. 

The research presented in Chapter 5 is an initial look at the capabilities of the scour sensor 

with weights added to increase the number of modes present in the voltage signal. The future work 

of the sensor is much like that of the unweighted piezo rod with the few differences discussed as 

follows: 

(a) Flow-driven signal features: The sensor was unable to be tested under flow-driven or 

even submerged conditions. It is likely that the added weight of water would reduce 

the number of signal features that could be extracted from the signal, but it is unknown 

by how much. Furthermore, there is no literature to show that these higher-order modes 

will be introduced during flow-driven excitation. Therefore, flume testing should be 

undertaken to understand the extent of the signal improvement under flow driven 

conditions.  

(b) Velocity-Frequency relationship: Existing literature clearly states that any added 

weight to the sensor system, thereby increasing the mass ratio of the sensor density to 

the density of water, should reduce the range of frequency change to the fundamental 

frequency of the sensor brought on by VIV. However, clearly, flow testing is needed 

to fully validate this technology, and determine the extent of improvement the increased 

mass provides.  

The research presented in Chapters 6 and 7 was on validating the UTDR method for scour 

monitoring, the steps beyond this work that are needed to develop a UTDR scour sensor ready for 

field deployment are discussed as follows: 
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(a) Testing conditions: The scour sensor used in this study was tested horizontally, since 

the strip was not rigid enough to hold itself vertically. During this study, it was found 

that flexion in the strip could introduce unwanted signatures in the residual signal. This 

might be solved by placing the strip sensor in tension close to the pier, as was done 

with ETDR sensors [76]. Furthermore, testing was only done using sand as the soil 

medium. Other tests should be performed to validate the UTDR sensors’ ability to 

detect other soil interfaces (i.e. clay, silt, etc.).  

(b) Physical properties: In the case of a standalone scour sensor design, a more robust strip 

that does not buckle or bend under self-weight would need to be developed. Based on 

studies by Funderburk et al. [69], [105] as well as Azhari and Loh [67], standalone 

scour sensors that are exposed to flowing water will undergo vortex-induced vibrations, 

which may also be a source of flexion.  

(c) MFC sensor and actuator: It is also possible to use only one MFC as both the sensor 

and the actuator, which would be more cost effective for large-scale deployment. 

Furthermore, a steel sensing strip is susceptible to corrosion, which over time would 

undoubtedly damage or destroy the sensor. 

(d) Environmental protection: The MFC sensor and actuator are not waterproofed or 

protected from environmental damage. This can be addressed by bonding and 

protecting the MFCs with epoxy, but more studies are needed to determine how they 

affect Lamb wave propagation.  

(e) Environmental effects: As with any sensor, some sensitivities to outside environmental 

effects may occur. Changes in water temperature could cause expansion or contraction 

of the metal sensing strip, which would change the propagation speed of the Lamb 
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wave and cause inaccuracies in soil interface location detection. Depending on the type 

of sensor developed (either standalone or adjacent to a pier), temperature changes could 

be uneven above and below the water surface.  
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