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Chapterll nt roducti on

1.1 Scour Basics

1.1.1Definition of Bridge Scour

~

Bridge Scour is defined as Athe erosi

materi al from bridge f oWared,@13) Ovestimel u e t
this erosion can become deep enough to compromistabity of thefoundation of

the bridge and cause it to fail. Historically, bridge scour has been the most common
cause of bridge failure. One event in particular, the collapae mterstate Highway
bridge over Schoharie Creek in New York State in 19&& responsible for the
introduction of major revisions to federally mandated regulation pertaining to bridge
scour. As a result of these revisions, states are now requickbsify all bridges

over water based on theirtpatial for scour complication§Kattell & Merv, 1998)

1.1.2Difficulties Detecting Scour

There are several issues that make the detection of scour difficult. As it
occurs beneatliné surface of the water, sediment or debris can cause scour not to be
visible. Furthermore, scour is in constant flux, meaning a large scour event may
occur during a storm, only to be filled back in before being detected; never allowing

bridge maintainerto know the bridge was in danger of collapsing. Finally, large

0]

on

f



debris such as logs or rocks are constantly floaimglling down the river and have

the potential to cause damage to any installed monitoring system.

1.1.3Common Scour Detection Methods

The nmost common methods used to monitor scour involve human inspection
as depicted ifrigurel. For deeper bridges this involves sending specially trained
scuba divers to investigate the foundation around piers after large stofowdorg
events. The process is both expensive and inefficient, as typically the bridge must
remain closed until the divers have completed the inspection and insured its safety.
For smaller bridges, which includes the majority of the bridges in the UBiteds,
scour inspection consists of using a sounding rod to measure the depth of the
foundation in scour sensitive locations. While this method is inexpensive and can
produce accurate results, the task is typically only left to a few individuals, gausin
long lapses between inspections for a single bridge. Furthermore, human dependent
methods are susceptible to the fluctuations of scour as they are unable to be
performed during harsh weather, when the riveibadost susceptible to erosion,

and the scor holes are likely to refill as the weather settles.
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Figure 1. Most common methods used for scour detecti@aab8 Divers (left), Sounding Rods (right)

1.1.4Current High Tech Scour Monitoring Solutions

There are currently severalhi tech solutions available but none have been
widely adopted. Some of these solutions are illustratéegure2. Solutions such as
sonar detection prove to be too costly to implement on the vast number of bridges
requiring maitoring. Other solutions such as using a sliding collar that sinks with
the eroding riverbed, or floating beacons that rise to the surface and begin
transmitting as they are unearthed by displaced sediment are only good for detecting a
single scour eventAs mentioned above, the tendency for scour to constantly
fluctuate does not allow for such single use applications to provide a practical
solution. For this reason, it is desirable to have a robust, automated scour monitoring
system, capable of moniiog numerous, separate scour events under unfavorable

weather conditions.
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Figure 2. Current high tech solutions available for scour monitoring: Sonar (left), Sliding Collars

(middle), transmission beacons (right).

1.2 Proposed Solihn

The solution investigated in thikesisis depicted irFigure3. The design
consists of a series of sensors capable of detecting the presence of flowing water. The
underlying concept being that sensors buried underneativédr bed sediment will
not be deflected by the flow of the water and will therefore transmit a static signal.
Conversely, an unearthed sensor will be continually deflected by the water,
transmitting a dynamic signal. With knowledge of the depth di sansor, the
erosion state of the riverbed can be inferred. The results of these readings are then
transmitted to a base station as part of a network, where the scour health of several

bridges can be monitored simultaneously.
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Unearthed Sensor
- Dynamic Signal

Buried Sensor

- Static Signal

Figure 3. Proposed scour monitoring system composed flow sensors to detect the presence or absence

of water flow

As mentioned above, the system needs to be able to withstand impact from
large debris without sustaining appreciable damage. For this reaagnetostrictive
materials that can be made out of flexible metal alloys have been selected as the
material used to construct the flow sensors. These sensors can then be connected
directly to the bridge pier as depicted in the figure, or on a sturdypsionrresistant,

steel post in an area susceptible to scouring.



1.3 Magnetostriction

Magnetostrictive materials are ferromagnetic metals or metal alloys that
exhibit a coupling between magnetic inductance and stress forces. This coupling can

be leveraged tallow the material to be used as either an actuator or a sensor.

1.3.1Joule Effect

When acting as an actuator, magnetostrictive materials utilize the Joule Effect.
In order to maximize the potential displacement and force when used as an actuator,
the materibmust first be prestressed to align the magnetic dipoles of the material
anti-parallel to one another. Thisgnment is depicted ifigureda. Given this
alignment, a magnetic field can then be introduced along the lentite sample (+x
direction in this example), causing thelgoles to rotate and produce an increase in
boththe magnetization and dimensiofithe material in this direction. The
corresponding change in dimensions can be used to move or apply forcengr anot

object | ike the Hgaedbandené as depicted i

Figure 4. lllustration of the Joule Effect: (a) Petressed material, (b) Dipoles beginningdtate due
to external magnet, causing theteral to elongatéc) Dipoles fully rotated achieving maximum

elongation



1.3.2Villari Effect

Conversely, to act as a sensor, magnetostrictive materials utilize the Villari
Effect. In this scenario, the magnetic dipoles are aligned into a single diregtign us
a biasig magnet as depicted ligureba. Stress imposed by external forces will
now force the dipoles to rotatetic causing a
inductionasdepicted inFigure5b and c. The largest stress induced change is
expected to arisas a reduction in magnetization along the length (the +x direction) of
the sample. Energy minimization during this process would promote magnetic
domain reorientation into anpiarallel domais, thus we would not expect a
significant change in magnetization along the transverse directions of this sample. In
practice, however, samples and domains are generally not perfectly symmetric, and
thus tracking of the change in magnetization alongréresverse direction has also
been shown to provide a signal that correlates well to the changing applied stress
field. The signal to noise ratio is smaller than for changes along the +x direction,

howe\er the signal is still useful.
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Figure 5. lllustration of the Villari Effect: (a) Magnetic dipoles aligned by biasing magnet (b) Stress
from the applied force causes dipoles to rotate and create magnetic inductancediréhton (c)

Magnetic Dipoles are fully rotated achievingximumchange irmagnéic induction in the x direction

Mathematically, for a linearized exampl e, the magneti c i

produced by the Villari Effect is represented in Equation 1
I 0 QzY (@8]

I n this equati on bilitg H thecapptieel magneticdield,ch e per m
the magnetanechanical coupling, and T the stress. The first term of the equation,
£ TH, signifies the contribution of the permeability of the material and external
magnetic field introduced by the biasing magnehtdverall magnetic induction of
the material. The later term in the equation, dT, signifies the contribution of the
material 6s magnetostrictive properties to
stress state. A correlation between the stressatdtéhe magnetic induction can be

inferred from the equation.

1.3.3Magnetostrictive Material Selection

There are several types of magnetostrictive materials twsehfoom as

displayed inTablel. The most popular and well known greetostrictive material is
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TerfenotD. Although it possesses very highagnetostrictive propertiessivery

brittle nature would not allow for the robustness required of the seRsoe.iron and
nickel have the desired elastic characterisbos havevery little magnetostriction.
Researchers at the Magnetic Matertaiznch ofthe Naval Surface Weapons Center,
Carderock Division (NSWED), were instrumental in recognizing Ir@allium

alloys, now known as Galfenol, as the first of the family ofcstnal

magnetostrictive alloys. With the creation of Galfenol comes the adequate
combination of strength, elasticity, and magnetostriction needed to create a robust
flow sensor.Most importantly, Galfenol can be rolled into very thin sheets and cut
into the thin flexible whiskers capable of deflecting in water fldvar these reasons,

Galfenol has been selectas one of the materials be used for this study.

Table 1. Properties of common magnetostrictive materials

Terfenol-D | Iron Nickel | Galfenol | Alfenol
Saturation Magnetostrictiofppm) | 16002400 -24 -66 150420 100-200
Modulus of Elasticity (GPa) 2535 200 207 65 68
Ultimate Tensile Strength (MPa) 28 400 500 580 606
Hy st er édsamdBH curvesa Moderate | Low Low | VeryLow | Very Low
Mechanical Properties Brittle Flexible | Flexible | Flexible Flexible

In an effort to create a material with even higher compliance while still
maintaining adequate magnetostrictive propertiadronAluminum alloy, known as
Alfenol, wasinvestigated With apparent higher resilience and flexibility, and only

minor losses in magnetostriction, this is the primary material used in the study.



1.4 Design Requirements

The complexities of scour explained above, as well as the harsh and remote
environmet introduced by a riverequire a scour monitoring systemhave a

stringent set of desigequirements.

1.4.1Sensor Sensitivity to water

The most important and basic requirement for the project is to ensure that the
sensors are capable of dgteg flow. It is not necessary for the sensors to
guantitatively detect the velocity of the flow, but only to distinguish between a buried
sensor and a sensor that is exposed to the water. The sensors should have the ability
to distinguish between these two statggardless of the velocity steadinessf the

flow.

1.4.2Ten Year Lifespan

One of the greatest benefits of a scour monitoring system, such as the one
described in this study, is its ability provide sceaveritydata without a team
needing taconstantlyvisit the bridge and measure it witbuding rods. The
convenience of such a system would quickly be compromised if it needédual
routine maintenance or replacement. As a result, it is a requirement that the system
have at least a 10 year lifespdn.order to meet this requirement the system must be
physically robust, resistant to rust and other corrosion, and must require a minimal

amount of power to operate.
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1.4.3Simple Design

While not a specified requiremestriving forasimple design helps to
achieve the necessary lifespan for the system. Achieving a simple design primarily
involves avoiding the addition of moving parts. The monitoring sysatasigned to
remain buriedn mud for the majority of its lifespan, which would allow dirt and
moisture into the joints of any moving parts and likely cause them to prematurely fail.
Upon being unearthed by scour, moving parts would risk further damage from debris
floating down the river. This is why a solid state flow sensor whichgeimous to

water and tolerandf plastic deformation is ideal for the proposed monitoring system.

1.4.4Low Power consumption

Thesensors used in the proposed scour monitoring system as well as the
equipment used to log and transmit datvitably consume power. As an listed
system buriedinder a riverbedall of the power will likely be provided from a single
battery sourceapable of storing enough energy to run the systeitéoiull ten
years As a result, it is necessaligr the system to operate while consumisditle
power as possible.

Adding a power generatirdgevice to the system is desirable, but given the
environment of the system is not very feasible. Most power generating devices, such
asturbines require moving parts that would not be ideal for tlasoas listedh
Sectionl.4.3above. Solar power does not have these moving parts, but would not be

a viable option underwate@ne promising source of power mayilethe thermal
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differences between the top and bottom offbst, but &the time of this writing
such deviceare not developed enough for use in this study.

While power consumption will be considered and investigated, the Prototypes
constructed for tlsi study are connected to weather proof, brsige electrichboxes

where batteries can be easily exchanged.

1.4.5Wireless Communication

To monitor hundreds or thousands of scour sites in real time, each monitoring
system must be capable of communicatmg centralized information hub. Without
a wired infrastructue already present to connect each systeenmost feasible
option is to communicate wirelesslellular networks are accessible from many
bridge sitesalowing for asimple and cheap (~$20 fonzonthlydata plan at the
time of this writing)partialsdution to the problem For sites that do not have
accessibility to cellular networks, there are several cheap, long range wireless
communication devices available. If set up correctly these isolated sites would then
be able to communicate to one of titesconnected to a cellular network, which
could then communicate that information to the centralized Hubis important for
every bridge site to have a direct line of communication, satellite concation via
services such asidium could also beonsidered.

Our collaboratorérom Michigan Techareworking in parallel with this study
to create suchnetwork. FPototypes constructed for tharcent studysimply save the

data to a flash memory card for manual retrieval.
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1.4.6Easily Installable

Installaion of thescour monitoringystem would be very simple when
implemented on newly constructed bridges. However, the majority of the biges t
system would be usddr areagingbridges. With apossibleneed to install multiple
scour posts at each taflationlocation ease of installation is imperative. A
simplified installwould not only helpto reduce cost, butould also have implications
with respect tgermitting. Obtaining a permiio drill in the vicinity ofa bridge site is
much more difficllt thanobtaining a permit to drivapost into the ground like a nail.
Drilling is necessarfor the prototype instakions performed in this study to protect
the sensors, but a novel solution to protecting the sensdtgudog installation

methodss$ introduced iAppendix B:

1.4.7Cost Effective

In addition to all of the performance based requirements listed above, it is
important thathe cost of the scour maering system not become ovedypensive
to feasibly implement.Sincethe proposed system only provides information on the
scour immediately around the post, it is likely that it will be necessary to have
multiple posts at each bridge site. With thousands of bridges in each state of the
United States alone, the cdst a local @partment of transportation caompound
quickly. It is therefore necessary that the cost of each post ramapensive

relative to the budget of potential users.
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Chapter2Sensor Desi gn

Two types of bio inspired flow sensors have been createttié purposes of
this study. A higtlow velocity, whisker, sensor is disssed Sectio@.1and a low

flow velocity, seaweed, ssor is discussed in Sectidr2.

2.1 Whisker Sensor

2.1.1Bio Inspiration

Many aquatic creatures either navigate or supplement their navigation using
cantilever beantike structures commonly known adiskers. One such creature,
known as the Harbor Sed#ligure6, has whiskers sensitive enough to deend
follow the invisible wake of a small submarine more than ten seconds after the
submarine has pass@dehnhardt, Bjorn, Hanke, & Horst, 2001)he impressive
sensing abilities of such creatures provides the motivétioiihe whisker sensors

used in this study.

Figure 6. Harbor Seal with highly sensitive flow detectiwpiskers(Brenner, 2002)
14



The basic concept and design of the whisker is explained and analyzed
extensively i n MiDevalgpmdntohadBinapnel6s t hesi s,
Magnetostrictive Flow and Tactile SengdMichael, 2012) A summary of this

design and its utilization of magnetostriction is provided in this@ecti

2.1.2Magnetostriction within a Galfenol or Alfenol Whisker

While a basic understanding of magnetostriction has already been introduced,
it is helpful to illustrate the role of magnetostriction within the whisker itself.

Because it is desired to use theisiders as sensors, the Villari effect descrilved
Sectionl.3.2will be utilized.

Mechanically, whiskers can be modeled as cantilever beams, with tha root
the beam located where the whisker attaches to the animal. FAdfahel and
Galfenol whiskers the root is a clamg point where the whisker is immobilized. As
with all cantilever beams, when the tip is displaced, compressive and tensile stresses
develop on opposite sides of the beam, with the greatest magnitués®fbtresses
located at the root.

The resulting effect of tleestresses on the magnetic dipoles, and thus the
magneic induction is displayed irFigure7. As depicted ifFigure7a, prior to the
whiskerbeing deflecteda biasing magnet keeps all of the dipoles aligned parallel to
the length of the whisker. Upon deflection of the whisksrdepicted ifigure7b,
the dipoles located in the tensile region remain aligned wéthetingth of the whisker

andproduce little to no change in the magnetic inductance. The compressive stresses
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however, force the magnetic dipoles to rotate producing a measurable change in
magnetic inductiomn the axis parallel to the length of the whisk&his change is

highest at the roavhere the largest compressive stresses are experienced.

-0-. +0O

Clamping . .
Bias Bias
Magnet Magnet‘

(a) (b)

Clamping

/
as

Figure 7. Arrangemenbf magnetic dipoles in an (a) undeflected, stress free whisker and (b) deflected
whisker experiencing compressi¢i ) and tensile (+0) stresses
2.1.3BasicSensor Setup

Several variations of the whisker sensor have been utilized and experimented
with during the course of this study, but the overall design concept remains the same.

In all descriptions of the whiskersed in this study, width, thickness and length will
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be defned as depicted iRigure8. That is to say thkength will always be
identifiable by the longestveralldimension othe whisker, width as the longest
dimension of thevhisker crosssection, and thicknessthe shortestimension of the

whiskercrosssection.

L: Length
w: Width
t: Thickness

g

-;l

L 1w

r 3

Figure 8. Whisker Dimension Definitions

The basis of eaclhiskersensor consists of four main components. A
magnetostrictive whiskeg, holder, dlall Effectsensor, and a biasing magnet. The
holder is used to hold the whisker in plarelact as an anchdor thewhisker,
allowing the system to become a cantilever bedinis anchor poinacts as the root
of the cantilever beam, and mentioned in the previous subsectisrparamount in
its role of creating a high stress region in the whisker upon bendireganthor
point can be created by allowing the holder to clamp down on the whisker holding it
in place, or by simply epoxyindné whisker to the holder. For most situations, it is
better to epoxyather than clamp the whisker into place, as the clamping mechanism
can add its own prstress and cause the problaimest will bediscussed in Section

4.4.2
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In order to detect the changes in magnietiitiction a hall sensor is
embedded into the holder. The optimal placement of the hall sensor is as close to the
high stress regiomr anchorpoint, as possible. If design restrictions do not allow for
sucha placement, the sensor can sitbvidemeaningful readingwith the hall
sensor located a few millimeters behind the high stress region, as long as it is still in
contact with the whisker. ThHeenefitsof reading thenagnetic induction traveling
orthagonally through the width of the whisker verses orthogonally through the
thickness of the whiskes icurrently being studie@jthough preliminary results
indicate that it is optimal to read the flux lines traveling orthogonal to the width of the
whisker.

Finally, a biasing magnet must also be embedded into the holdezraadh
in contact with the whisker to aligts magnetic dipoles and allow for the induction
of the Villari Effect. Once again, the optimal locatemd strengtlof the biasing
magnet $ currently being investigated, buepminary results indicate @6 pull Ibs
magnet placedround2-3 mm from the anchor point is optimal

The basic concept of the whisksstup is illustrated ifrigure9, while a
photograph ban actual whiskesetup is presented Kigure1l0. FigurelQis an
example of a setup in which the hall sensor is not located directly at the area of high

stress concentration, but is still effectimeproviding readings of whisker deflection.
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Bias Hall effect
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Figure 9. lllustration of basic whisker sensor concept

Hall effect e
sensor

Figure 10. Photograph of basic whisker sensor setup

2.2 Seaweed Sensor

2.2.1Motivation and Bio-Inspiration

While testing the whisker design in different flow conditions, it became
apparent that a separate sensor design may be retyudetect flow speeds below
0.15m/s. In order to detect smaHlductuations thiglesignneeddo be as compliant
as wssible anduoyant enough to flex given the smallest alteration in flow velocity
or diredion. Such sensitivity to flow speed and direction is exhibited in nature

through seaweed, thus providing the-lrispiration for the second sensor.
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2.2.2Basic Design

As with thewhisker sensor, several variations of the seaweed sensor have
been used and experimented with during the course of this &tuidiyhe overall
design concept remains the saniée seaweed sensaonsists of a plastic holder, a
strip of fabric, a small magt and a hall sensor.

To best emulate the seaweed structargheet of synthetic fabric is cut irdo
strip typically 58 cm long and 42 cm wide. This strip is then hung frortne center
of a plastic holder with a hall sensor embedded intd ite hallsensor is positioned
to read the magnetic induction along the length of the of the fabric strip. Epoxied to
the fabric strip 5mm below the hall sem is a small 0.5 pull Ibs magnet.

The seaweedesign does not rely on magnetostriction, $iatply on the
variation of the magnetic field due to the movement of the magines. allows the
sensor to pick ufiow fluctuationsin nealy stagnatevater, creating a low speed

sensor. An example of the seaweed sensor is dejrckégure11.

Figure 11. Photographof a seaweed sensor with a holder for a vertical post
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While the seaweed sensor is optimal for low velocity flow, it can become
pinned against the holder in high speed flow, necessitating botvhtdeer and

seaweed sensors be used to create ansygigmized for all flow speeds.

2.3Flume Testing

Flume testing was performed to investigate the effectiveness of each sensor in

various conditions A photograph of the flume setup cb@ viewed irFigure12.

Holder

Figure 12. Setup for testing whisker performanceaifiume

Results for each sensor are preseirtdtie sectiondelow.

2.3.1Whisker SensorFlume Results

As mentioned above, the whisker sensor is opaohibr hgh velocity flow.
Although these sensors can successfully detect flow velocities greater tham'€).1

the nature of the flow must still be considered; particularly the turbulence of the flow.
21



In extremely steady flow, such as the flow founa iftume, the whisker will simply
reach a point ofleflecton and notoscillate around that pointWithout such

oscillations it is impossible to distinguiSletween a whisker that is beistatically
deflected by the flow and a whisker that is simply liinea deflected statefigure
13illustratesthis principle by displayingpoth the signal from a whisker continually
being deflected by steady flow and the same whisker undeflected in air. The signals
areindistinguishable It is therefore necessary for the whisker to have a dynamic

response.
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Figure 13. Comparison between a whisker being continuously deflected in steady state flow and an

undeflectedvhisker in air
22



In practice, it is unlikely that tahwhiskers would experience swehteady
flow in a river, especially at a location at risk for scour. The conditions experienced
at such locations are better represented byréimsient response of the whisker
presentduring the startup of the flume.uéh a respongaresents a clear
differentiation between a stationary whisker and whisker in water flow. A sample

transient response can be viewedrigure14
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Figure 14. Transient response of the whislkas experienced during the flume staifeft) compared

to a no flow condition (left)

In an attempt t@ptimize the whisker sensors for steady flow conditions,
several methods were utilizeddohieve a dyamic responseThese methods
primarily involvedusing differentwhisker lengths, widths and shapes in an attempt to

create vortex sheddingexamples othese unique whiskegreometriesre presented

in Figurel5.
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Figure 15. Unigque whisker geome#s used in an attempt to induce oscillations

Despite looking promising visuallyhé whiskers depicteabovedid not produce the
desired dynamic respongpon testing. A dynamic response was eventually achieved
in steady state conditioty attachinganunstable airfoil, and is discussed in detail in

Appendix A:

2.3.2Seaweed Flume Results

The seaweed sensors are desigodx optimized for flowthatis too slow for
the whisker sensors to detéc0.15m/s) Due to the extremelyigh compliance of
the fabric used for the seaweed sensor, it does not experience the same difficulties
under steady flow conditions as the whisker sensor.

Through the flume testing, it was determined that the seaweed sensors could
detectflow velocitiesless than 0.01 m/d=igure16 displaysresults depicting the

seaweed sensor performance at speeds betweem/3.®4 0.15m/s.
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Figure 16. Seaweed sensor flume results at 0.01 m/s, 0.03 m/s, 0.09 nUsland's

The motion of the seaweed is clearly evident in each of the plots. It carealso b
noticed that as the velociigcreass, the oscillations become more random and more
increasingly difficultto discern. Under these higher velocity conditiongatild be
preferential to have the more consistent and lower frequency response of the whisker

Sensor.
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Chapter3Dat a Acqui sition System

3.1 DAQ Requirements

As indicated in Sectioh.4.4the proposed scour monitoringssgm has very
stringent power consumption requirements. In addition to these requirements,
physical size, analog to digital conversioaaigition and sampling rate must als®
considered.The final physical size of the DAQ system is dictated by thedfittee
final post dimensions, and has yet to be determined. tHaweith the minimal
footprintrequired by modern electronics, rearranging the components of the DAQ

system to the necessary dimensions is not anticipated to be a problem.

3.1.1ADC Resolution and Sampling Rate

The resolution of a given analog to digital converterADC, is providel in
units of bits. The number of bits required fatesired measurement resolution
depemnls on the voltage range outmitthe sensor being read’he uppetimit of this
voltagerange is identified for thADC of the DAQ either internally or using an
external voltagas a referenceThe ADC can thewbtain a reading from the sensor
by receiving thevoltagebeing output and comparing it tieis upper limit The ADC
then outputs an integer between 0 amdaximuminteger defined by its bit resolution

that isproportional to the voltageeadandthe definedupper voltage limit.The
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numberof integer increments of voltage will bé& #r an nbit ADC (i.e. 4,096 for a
12-bit ADC). With higher bit resolutions, larger maximum integers can be
represented and greater resolutions achieved.

For examplethe maximummumber ofinteges that can be represented by 10
bits is21°= 1024 (integers: ©1023) and the sensors usedthis study output
voltages between OV and 5V. Therefore, ebfMAQ will output an integer using
Equation 2,

6’Ofﬁiébhé—(§é2pncT (2)
where \4is the voltagdeing output by the sensor.

Using this formula one can discern thiatng 10bit DAQ, a common
resolution value for ADCs found on microcontrollers, andvasensor gives a
resolutionof approximatelyb-mV. This resolution is adequate fibe large voltage
fluctuations outptiby the seaweed sensor, but fustthe small voltage oscillations
output by the whisker sensor. A-bi ADC with a resolution of approximately
0.1mV is much meoe desirable fothe whisker sensor.

The minimum necessary sampling rate is defined by the Nyquist frequency, or
twice the highest frequency expected in the si¢faak= fnyquist= fsample rat2). The
oscillations from both the seaweed and whisker@srare expected to be very low,
<10Hz, so a sampling rate of 2z would be sufficientWhile this is the minimum
sampling rateequiredfor detection of a signal of 10 Hit will provide only two

samples per cycle of oscillation at this frequencygeferal rule of thumb is to target
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closer to 10 samples per cycle of interest, and thus a minimum sample rate of 200 Hz
would be desirable for a 10 Hz signal. There is a tradeoff associated with file size
going up as sample rate goes up. While providimgroved fidelity of a signal in the

time domain, a file of one minute of data acquired at 500 Hz will contain 3000 data
points, while one minute of data acquired at 200 Hz will contain only 1200 data
points, which wil!/l | i k e |ldgsighperspeéagivet@rd e nougho
this study, the DAQs are set to achieMeequency of around 508z. This is the
maximum rate achievable by the DA€@r recording 10 sensors and is well above the
required Nyquist Frequenclt.is likely that for future field dployments this sample

rate will be reduced, however for the preliminary investigation and proof of concept
work in this thesis, the larger file set was manageable and desirable from the

perspective of learning more about how the system performs.

3.1.2Sleep Modeand Sensor Power Control

While scour constantly fluctuates, these fluctuation are not instantaneous,
especially in the absence of adverse weather conditions. It is therefore not necessary
that a scour monitoring system continuously record data withemuse. Instead it is
more logical for the system to conserve energy and onlydiatieesampleat
predetermined time intervalgith power down sleep cycles in between those
intervals.

While operating at 5V, the hall sensors used in this study consume

approximately 9mAand account foa large portion of the power consumption. It is
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important that any DAQ constructed for the scour monitoring systgranlybe
capable opowering itself down for sleep cycles, but also have the capability of

powering dowrthe sensors as well.

3.2Basic Arduino Setup

3.2.1Arduino Platform

Coding microcontrollers using C can be tedious and time consuming in nature.
One must manually look up and manipulate registers for the features of the
microcontrollersonewould like tousearnd pass those register valueghe
microcontroller inmachine codeAlthough here are typically code libraries for a
given microcontroller to ease this processnputing platforms can alleviate this
process even further by standardizgsgs of functios across multiple
microcontrollers effectively ceating its own programming language. Knowledge of
how to use the platform allows users the capability to program multiple
microcontroller packages without needing to learn new syntax. This abilityngeha
hardware without needing to write completely new code offers useful flexibility for
prototyping new electronic systems.

The Arduino platform was selected for developing the prototype DAQ system
in this study fortis simplicity and the largeasily acessible knowledgbasethat has
been created as a result of its popular&g defined by the Arduino websjtdt'sian
opensource physical computing platform based on a simple microcontroller board,

and a development environment fariting software forthe board (Arduino, n.d.)
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The platform is available through bdtie purchase d pre-constructed development
board like the one depicted Fgurel7 or by downloading tl source code fdree

and boot loading onto a compatible microcontroller of your own.

Figure 17. A pre-constructed Arduino development boaits Arduino Mega 256QArduino, n.d.)

3.2.2DAQ Components

The devéopment board used in the construction ofghealies most basic
DAQ prototypesis the one pictured iRigurel7, the Arduino Mega 2560. The
developmenboardincludes a 181Hz ATmega2560 processor and 16 ADC input
pins. In addtion to the componentdready provided by the boarithe system needs
a way totrack the time of day that the data samples are takédra place to store
recorded information to create a fully functional DAQ.

To keep track of when data samples are tatkenDAQ system utilizes a

surface mounted real tinedock, or RTC. In particular, the systeomsed in this study
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use the DS3234 mountedtomSpa Kk Fun El ectroni csE breakout
breakout board provides easy access to the pins &fftiepackagesawell as a

holder for al2 mm coin cell batteryor backuppower The complete mkageused is

presented ifrigure18. Communication with the RTC is performed via a Serial

Peripheral Interface Bus, or SPI, protocol.

(b)

Figure 18 DS3234 RTC with SparkFun Electroniesbreakout boarda) DS3234 RTC (b) 12mm
coin cell batteryholder(SparkFun Electronics, n.d.)

To store recorded dathe DAQ systenusesa micrdsD cardwhich also
communicates using an SPI protac8in external circuit is required for the
development board to communicate wtie microSD card. For thismaicroSD
fishield like the oneproduced by SparkFun Electrosiit  a piaiured inFigure19
can beused. This shield provides a socket for a microSD card to be inserted into, a
hex converter to step down the 5V logic levels from the development board to the
3.3V levels required by the microSD card, and the connections required for powering

and communicating with the microSD card.
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Figure19.Spar kf un EIl ect r o nithcHexEComaérter mral SibroSPISocket d

(SparkFun Electronics, n.d.)

Using these rudimentary and relatively inexgiga electronicsa basic data
recording system can be construct@a. create a powered down sleep cycliEva
extra compaents are requiredDifferent methods were used to achieve these cycles

and will be covered in the sections describing those régpgarototypes.

3.2.3Basic DAQ procedure andSD Card Bottleneck

For a typical data loggingystemusing the components listed above, the
procedure is as follows. First the microcontroller requests a reading, or readings in
the case of multiple sensors, frehe ADCs. The microcontroller then waits the
necessary time for each ADC to accept the command, take a reading from the sensor,
and return the resulting valuehichit stores in itsandom access memory or RAM
Next the micorocontroller sends thesdues to the microSD card to be stored.

Finally, upon the completion of thetsesks the microcontroller will simphyait the
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appropriate amount of time as dictated by the sampling rékegio the nexsample

This process has been illustrated for tredegin Figure20.

Request Data
Sample

<
<

Y

Has the ADC
returned the
Sample

Wait for Sample
from ADC

Store sample
into RAM

Y

Save data To
microSD card

-
<

Y

Is it time for
the next
sample?

Wait remainder
of the sampling
eriod

Figure 20. Visualizationthedata loggingprocesdor a simple DAQ

If the time it takes to compete the process outlined above is longer than the
input sampling rate, the microconteiwill simply start te new data sample as soon
as it s abk. This will cause the actusdmple rat¢o fall below the rate desired.
Furthermore, the time it takés complete the process of recording a single data point
can be affected by external facs, meaning there will not be a uniform sampling
period between each data point. For this reason, it is advisable to ensure that the

requested sampling rate does not exceed the limitations of the system.
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As with many processes a single feature can éwstiiied as the primary
limiting factor to performance, commonly referred to dbeattleneck. For the
DAQs identified in this study, this bottleneck feature is the speed at which data can be
stored to the microSD card. While this bottleneck can beapwannitigated by using

SD cards with faster write speeds, it remains the limiting factor.

3.2.4Utilization of NIIRTOS and a FIFO buffer

To further mitigate the microSBatasaving problemghe DAQ system
utilizes a real time operating systear RTOS With an operating system, the
programing for thd&dAQ can utilize threads, effectively allowing the system to
multitask. The operating system used in the current studfRFOS created by
Giovanni Di Sirio, and ported to the Arduino platfoby Bill Greiman(Sirio &
Greiman, 2013) nilIRTOS was selectefdr its minimalconsumption of flash
memory. The onlytradeoffof such a small size is thatgtovides only the most basic
operating system functions, which is all that is resplito create a data recording
system.

By using threadgproceduregan be divided intriority levels where higher
priority tasks have the ability to interrupt tasks of a lesser priofityis along with
the implementation ofa i | R Tfi@&Srofisst out, or FIFO, buffer allows for a
reduction inthelimiting capacity of the microSD card. This paper will provide a
simplified overview of how thesprincipleswork, but for a more in depth

understanding, the reader should research threading and Fite@rguon their own.
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First it is necessary to explain how the system uses a FIFO buffer. The buffer
is allocated a predetermined amount of RAM memory. For the system in this study,
it is allocatel all of the remaining available RAMot used to store oun the code.
Unli ke storing data in a memory card, | oad
is nearly instantaneous and is something the microprocessor must do before saving it
to the microSD card anywayow, however, when the microprocessor sdre
data into its RAM, it stores it with an identifier thetn beuseal to find the data later.
This way, if the processor is unable to finish savingsdrapleto the microSD card
in the time allotted by the sampling rate, it can temporarily suspenshthng
operation while it gathers the next data poWithen the processor returns to the point
of saving data to the microSD card, it will complete sadrggprevious point to the
microSD card and eragefrom its RAM before movingonto the nexbne;hence the
nomenclature Afirst in, first outo. The d
can be several samples behind the data point currently being taken, creating a
Abuffero between the two.

It should be noted that while this can signifitgmcrease the maximum
achievable sampling rate, a limit still exists whenlibfer becomes so large that it
uses up all of its allocated spanghe RAM In the event that this happens the
system will simply skip taking new data points until enoafthe allocated memory
isavailableThe system records the number of dat a
that the user can use this knowledge along with the sampling rate to detidn@nine

time gap between points.
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A single core processor is only capabf performing one task in a given
moment, son order to apply a FIFO buffeihe system must be able to utilize
prioritized threads In other words it mustave the capability to interrupt lower
priority threadsn the middle of their process to comigldnigher prioritythreads and
return to the lower prioritthreadwhere it left off.

The current systermnly utilizes two threads. A high priority thread
responsible for collecting and saving data points and low priority thread responsible
for savingthose points to the microSD carbh effect this means that the system is
constantly saving data whenever the high priority thread has no tasks to perform.
Logically this includes when the processor is waiting the requisite sample time before
taking thenextsample but also includes when the processor is waiting for the
conversion results from the ADC.

The new process including the nilRTOS implentation is illustrated in
Figure2l. This is the process usé¢o program the DAQ@ystems in this study. The
code used for the stem is available iAppendix C: Minor changesare required
based on the DAQ version used, but the majority of the code is identical. The

changes required based on the DAQ wmednoted in the code.
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the next
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Figure 21. Visualization of nilRTOS modifiedata loggingorocess

3.3 First Full Function DAQ

The first prototype DAQ utilized all of thexactcomponents described in

Section3.2.2as well as a few extra components.

3.3.1First Prototype Sleep Cycle

The AVR microcontroller used in the Arduino platform dbese low power
sleep modes that can be usledt they do not havan effect on thether components
present on the development pdan. These components account for much of the
power consumptiorespecially the FTDI board responsible for facilitating the USB

communication between the microcontroller and computer. To temporarily fix this
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problem for the first prototype,radimentay external circuitonsisting of an electric
relay and another small, low powered microcontroller to contrelused. Two %
regulators are also added to the system to provide regulated powes¢nsoes and
the added microcontroller.

The added narocontroller is an Atmel ATtiny 8&nd is used solely to switch
the relay on and off. As with the other microcontrollers used in this study it is boot
loaded with the Arduino platform for ease of use. The code used to run the
microcontrdler can be foud in Appendix C:

The double pole single throw (DPDT) relaged in the circuit is an NTE
R40-11D25 with a 5V switching voltage. When the requiredltage is supplied by
the microcontroller the relagirectly connects the D@ circuit to thebattery. The
power from the battery is then able to provide power to both the Arduino and/the 5
regulator connected to the sensors. This atbgower consumption is eliminated
during the sleep cycle, except tiénimal amount needed tun theATtiny micro
controller, which can be reduced even further by putting it into a sleep mode as well.

A photograph of the first protgpe DAQ is provided ifrigure22.
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Figure 22. Photograph oftte initial DAQ prototype with labeled components

3.3.2Lesson Learned: Continuous Reset

During the initial operation after the installation of the first prototype DAQ it
did not appear that the ATtiny microcontroller used to switch the system on and off
was poperly performing its function. Instead @dntinuallyswitching on the DAQ
once every hour for a minute long samigie it was programed, there would be long
periods in which the DAQ never shut off. This allowed data to still be gathered, but
caused the batteries to die very quickly.
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After construction of the fiHand Bui
became apparent thide problem was emanatifigm the lack obotha decoupling
capacitor to stabilize the power, and a pull up resistor oretiet pin. These are
elements that are built into Arduinievelopment boagibut are required to be added
to a bare microcontroller. It ikely that the power disruptions and drifting voltages
on the reset pin were causing the microcontroller toicoatisly restart. ThATtiny
is programmed to beginith the pin conneetd to the relay set to outpuds and the
restarts were likely quick enough to never disrupt power to the main DAQ system or
sensors.Only when the systerwas fortunateenough to hee a stable power input
and the correct reset pin voltagi] the system properly takes the data samples once
every hour.The systems seems to operate correctly with the addition of the

decoupling capacitor and pull up resistor.

3.4Hand Built DAQ

3.4.1Hand Build DAQ Motivation

The prebuilt Arduino development board is designetbtatain a sufficient
number offeatures to easily accommodate projects of all types and varieties for
prototyping purposes. The downside to this approatttatstconsumes additicat
power for unneeded electrical componend requires external circuitry to create a
low powerecsleepcyclel t i s therefore advisabl e t

only the necessary components.
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Recreating th®AQ from the most basic level alsdas for the
consideration of additional functionality. One of the most notable additions is the use

of 16-bit ADCs to achieve resolution high enough to read the whisker sensors.

3.4.2Hand Built DAQ Components and Construction

Construction of théandbuilt DAQ began with replicating the necessary
components from the development board, starting with the microcontroller. The
ATmega2560 microcontroller used in the deyehent platform is replaced with the
ATmegal284P. The ATmegal284P has twice the amourNf, Rihich can be
used to increase the size of the FIFO buffer and the maximum sampling rate. The
ATmegal284P also castbout half as much as the ATmega2560P. The features lost
by switching to the ATmegal284P, such as edigéal input/output pins or BRT
channels, are not necessary for the DAQs constructbds study. Therequired
16 MHz clocking crystal, decoupling capacitors, pull up resistors and other basic
componentsequired for the microcontroller to operate properbre also added to
the ystem. These are the same basic components required for the PCB DAQ
described in the next sectiand can be viewed in det#il the schematic preset in
Figure65found inAppendix D:

The Mighty 284P platform is used to run Arduino software on the

ATmegal284P. Mighty 1284P is an open source platform creatihe Bgonymous

user Amaniacbugodo that once boot | oaded,
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ATmegal284P, making it possible continue to ufRTOS andhecode created for
the previous DAQ(maniacbug, 2011)

The ADS1115 breakoutboafdr om Adafrui t E i s used to a
16-bit resolutionrequired by the whisker sensorBhe breakout board contains a
surface mounted ADS1115 as well as all of the balsictricalcomponents required
to ensure a clear signadtach ADS1115 has four analog inputs, communicates via an
inter-integrated circuit @C), and has a sampling rate of 866 samples per second.
EachADS1115 also includes an address pin capable of changir@ issltiress
based on which other pin you connect it to. This allows for up to four distinct
addresses to be utilized, permitting the use of four ADS1115 ADCs per
microcontroller. For a singlaicrocontroller this translates to 16 analog input
channels.

It should be notethatalthough each ADS1115 has four analog input
channels, it only has one ADC which switches between the thannels.
Therefore, if all four channels are used, the maxmsampling rate is cut by a
guarter to approximately 216 samples per second. In order to keep a sampling rate of
500 samples per secqriiehand builtDAQ has four consecutive minulieng
sampling periods as opposed to tmesampling periodisedbefore. The
consequence of having four consecutive sampling periods is thagthpower
consumption cycle lastsur times as long.

As with the initial prototype, thband builtDAQ has both an RTC and

microSD card reader. The RTC is the same SparkFum Elez n DI323&
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breakout board as usedfore. The microSD card reader is switched for a reader with
the same capabilities but a smaller footpr
The smaller footprint allows it to more easily fit onbe hand buit DAQ circuit
board
The microcontroller can be programmed via an external FTDI microchip such
as SparkFun ElectronicsE FTDI Basic Breako
poweral FTDI microchip allows for a low powered sleep cycle without the use of an
external relay and microcontroller. The DAQ now experiences significant power
reduction from simply putting the microcontrolleto a sleep cycle and using a
transistor to control power to the sensors.
The power is provided to the system vibadtery suply regulated by & V
regulator. A photograph of one of the constructeahd builtDAQs created is

depicted inFigure23.
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Figure 23. Photograph bone of thehand builtDAQs from thefront (top) andback (bottom)

3.4.3Problems Encountered

Two chief issues were encountered while working withhidwed builtDAQS,
they wouldcontinuouslyrestat or short. Theirst issue, thddAQ continually
restartingwas sporadianaking it very hard taecreate the probin for investigation
This resulted in the cause of the issue not being discoveredhentiand built DAQ

was no longer in use atitdbegan appearing in other DAQ revisionBhe restarting
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wasdeterminedo be a result of the power suppligdwill disaussedn detail in
Section3.7.

Thesecond issueshorting was determined to havet fairly straight forward
causes. The most obvioocgusevasthe excessive amount ekternal wire
necessarnyas clearly visible ifrigure23. Although the wires are insulated, it is easy
for exposed sections to accidentally come into contébtone anotheduring
normal handling. The less obvious cause of the shorting was the use of excess low
viscositysolderingflux. The flux used was thin enough that itsaeasy for it to drip
down the circuit board unnoticed, bridging sensitive connestid®ften times, when
the DAQ wa plugged in after such an ocamce the flux quickly vaporizedithout
causing damagelf the flux did not quickly vaporize, th@nnectionsreated from
theexcesdlux shorted the ADC boards causitigm to fail. This problem can be
easily mitigatedn future prototypesi s i ng a A nwhichadbes reoinconductl u x

electricity.

3.5PCB CAD DA

3.5.1PCB DAQ Description

After a prototype is created by hand it is a natural progression to then transfer
the design to a printed circuit boa@®CB). Using a printed circuit board has several
benefits over a typicdland builtprototype. Havingmetal tracesasopposed to wires
completelyeliminates the shortingoroblemsdue tohandlingof the DAQ described in

Section3.4.3 Copper fills allow for the creation of power planes, allowing
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components to easily connect to both poand ground sources. Designing the
circuit as a PCRisodecreases the overall size of the footprint used, especially when
using surface mount (SMT) components. Finally, having the connections hetwee
the components already manufactunathin the boad significantly reduces the time
required to construct each DAQ@rderingmanufactured®CB circuits can also cut
costdepending on the quantity ordered.
The primary components used in the PCB DAQ, such as the ADC microchips
and RTC, are the same as thased in thénand builtDAQ. Except now, instead of
using break out boards provided by Spar kFu
|l ndustriesE, the basic components are plac
components like the microcontroller are simply the SMTnteuparts of the ones
used with thénand builtDAQ.
The PCB DAQ waslesignedusin@ads of t E EAGLE. It consi
different copper layers. The top and bottom layers are simply used for routing signal
traces with all of the components mounted antdp layer. The second layer
provides a global ground as welle@sctromagnetinsulation between the power
layers and signals running through the traces. Finally, the third layer provides power
to the components and is divided up into three sectibng of the sections provide
5V power, one to the sensors and one to thleofiboardcomponents. These are
each supplied from twdifferent voltage regulatoit® avoid overheating. The third
section supplies 3.8, once again supplied by its own regola Ead PCB layer is

represented ifigure24. The schematic for the PGid a bill ofmaterialscan be
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found inAppendix A: At the time @ this writing, the boards ameaiting to be

manufacture@nd have not yet been tested.

3.5.2Additional Features

The PCB DAQ is designed to have a few minor but hegodditionalfeatures
when compared to theand builtDAQ. The most obvious dheseare the onboard
connectors for the battery and the sensors bblard hashree separate battery
connectors linked in paralled permit theaddition of extra batterige increase
power capacity without increasing voltage. It is not required however, to have more
than one battery connected for the DAQ to becomeatipeal.

It shouldbe noted that each sensor has its own power and ground connection
present on the board. While it may be simpler and more compact to have only one
powerand one ground connectiar supplyall of the sensors, the individual
connectorserve two purposes. First, it allows each sensor to be treated individually;
therefore, if one sensor is malfunctioning, it can easily be completely severed from
the system to avoid any disturbance to the other senétss, like thehand built
DAQ, four consecutive sampling periods are required to retrieve data from all
available sensord-aving separate peer connections for each senstlowsthe
capability toswitchon onlythe sensors needddr each individual sampling period,

resulting in signifiant power reduction, especially when extrapolated over time.
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With thehand builtDAQs needing continual repair due to shorting

components, it was decidedtemporarilyreturn to DAQs similar to the initial

prototypewhile waiting for the PCB DAQ to be manufactdreThe primary

improvemenof this temporary DAQver the initial prototype is the use of a new

development boardhat eliminates the need for arternal relay and microcontroller

convenience



toenterasleepmodd@he devel opment board siEs ddriod Spa
versionof the Arduino Mega sed before The pro version simply strips out many of

the components used to simplify use of the board for new electronics hobbyists,

including the FTDI microchip mentioned before. This reduces the extraneous power
consumption used by the board and allovis @chieve a low power sleep cycle.

Although an improvement over the initial design, the power savings are not as great

as expected from the PCB DAQ. An example oftdmporary DAQ is presented in

Figure25.

Figure 25. Tempoary DAQ created using SparkFun Electric'sE A

3.7 Batteries and Overheating

Lead acid batteries have been chosen to supply power to the DAQs used in
this study for their reliality and availability in long life capacity. Lead acid batteries
are primarily available in & and 12V options, although many others eixi The
12V batteries were initially used in order to ensure that tWeégulators could
achieve the desired 5 k® after compensating for enerdigsipationduring

regulation.
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It was discovered however that the use of a voltage over twice the required
voltage needed was the cause ofdperadicrestarting experienddyy both thehand
built DAQ and temporary DAQ entioned above. While the\bregulators used in
the study are rated to be able to handle such a drop in power, they could not do so
without overheatingind temporarily cuttinthepower. The problem was temporarily
fixed byapplying heat sink® the rgulators as picturechiFigure26. The final
solution involvesswitching to 6V batteries so that the regulators do not have to work
as hardand do not require heat sinkExamples of the & and 12V batteries useth

the studyare depicted ifrigure27.

Figure 26. Heat sink usetb prevent Figure 27. Typical batteries used to power the DAQs il

overheating of the\b regulators this study. 12V35amphr (left) 6V-13amphr (right)

The problem being caused byerheating also exginsthe sporadic naturef
the restarts The onset of overheating is greatly affected by two conditions, ambient
temperature and the number of sensors connected to the gmwee. Chages in

ambient temperature me#rat when the DAQs are tested on a cool day or in an air
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conditioned laboverheating is not an issue, or is at least delayed long enough to go
unnoticed. On a hot day the onset of overheating in the regidatery quick and
obvious. Adding more sensors to the systdmaws extra power that the voltage
regulator must adjust, causing itdissipatenore heat. This explains why the issue
was never observed with the initial prototyps itwasonly everconrected to four
sensors. Also, much of the testing done in the labpeegsrmedwith fewer sensors

to simplify problems that needed troubleshooting. Testing using the complete
number of sensomas performedbut failure was not observed due to the air
conditioned environment.

The two reasons listed above caused the failure to be observed only
sporadically, making it very hard to recreate and troubleshoot. The cause was only
discovered when a gust of wind caused the system to temporarily recovee The
issues haveot reappeared since thwitch to 6V batteries.As an additional safety
measure, eparate voltage regulasmre now used for theessors and other\s

onboard components.
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Chapter4Fi r st | nBacadn aRii dge

4.1Install Site Description

4.1.1Site Selection

The first installatn site selected is a tidsite, Bridge No. 02072pcated on
MD450 over Bacon Ridge Branctear Annapolis Maryland, in which the direction
of the water flow changes in correlation with the tide. The selection of a tiglal sit
was based on the assumption that the eom$iux of flow direction and a rarbed
composition of primarily loose sediment would create an environmennsfartt
scouring and refilling.The average depth of the water around the bridge is around

1 m. Photographs of the first instatlon site can be observedRrigure28.

4.1.2Flow Speeds

As measured bgnOTT MF pro flow meer with a resolution of 0.01 is)
typical flow speeds at the tidal site continuously changed betweemekgriow,
approximately 0.01 m/s, to unmeasuraldtebecame apparent that the whisker
sensors would not operate in these extremely low velocity condédimhghata new
design would be requiredt was necessary that this sensor remain as compliant as
possible, allowing it to deflect in response to the slightest fluctuation in velocity. The
necessity for this type of sensor provided motivation for the creation tdeheveed"”

sensor described iregtion2.2.2
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(c)

Figure 28. First install site at Bacon Ridge Branch tidal Iged (a)North face of the Bridge (b) South

side of the bridge (c) View of the bridge from the north looking south
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4.2 Scour Posts

Two posts are installed at this location, eachearent between the river banks
and located approximately8 m (6 ft) from opposite sides of the bridgé&n
illustration of theinstall site is presented Figure29to provide the reader with better

idea of the placement of eacbmponent described in the following sections.

‘ North Scour Post ‘

‘ South Scour Post |

Figure 29. lllustration of the first install site at Bacon Ridge depicting the general placement of each

component

4.2 .1Structural Characteristics

The basis of the first Scour post priytzes consist of 4.3m (14 ft) long
schedule @ stainless steel post with a £1& (3in) diameter. The bottoralf of the

postis encased in eoncrete cylinder to ensure the stability of the post when struck
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by large objects floating down the riveh clevis is installed.35cm (2.5in) from
the top of the post, creating an easy attachment point for pitkipg Photographs

of the structural components of thest can be viewed iRigure30.

(b)

Figure 30. Structural components of the first prototype scour post. (a) Clevis used to hoist the post (b)
Bare scour post encased with concrete (c) Process of encasing the scour post in concrete by vertically
standing i inside a Sano tube and pmg in corcrete.

4.2.2Sensors and Wiring

As depicted irFigure31l, four seaweed sensors are installed into each post

with the firsttwo sensaos installed7.6 cm (3in) from the top and each subsequent
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sensoiplaced in Gnchincrementghereafer. The sensors alterteasides of the post
so that two senssare present oapposite sides of the pesind when the post is
installed in the wategll sensors are positioned so that they are perpendicular to the

mean flow direction.

4th sensor 15 inches
Third from end of post
sensor 9

inches from

end of post

First two Sensors 3
inches from end of
post

Figure 31 lllustration and photograph of seaweed sensor placement for the first post installation

The basic seaweed sensor design needed to be modified to adapt to the curved
surfaceof the scour post. This task svgreatly simplified with these of a 3D
printer. The sensor wakesigned as a crescent moon, with its inner curved surface
matching the outer surface of the po&h opening in this curved surface allows
access to the hall sensor connections. These connections are then caveaed wi
water profputty that solidified upon curingSmall holes have been placed at ends of
the holder to allow it to be screwed directly into the post. A layarabérproofputty
is also added between the interface of the holder and post, to bettertsiscu
attachment. The synthetic fabric used to create the seaweed portion of the sensor is
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approximatelyb cm (2 in) long and1.9cm (0.75in) wide. Finally, the magnet is

hung5 mm from the hall sensorAn exampleof this holder is depicted iRigure32

Figure 32. Example of the seaweed sensor Figure 33. 22 gauge wire inserted and soldere
holders used on the first post installation into 18 gauge wire to allow for connémt to

hall sensors and DAQ

Each post is internally wired slightly differently, but in each case the wires
from the post are safely rout¢o the shore through a ZB (1in) conduitwhich acts
asprotection against objects floating down the river tloatid cut orcatch onto the
wire. The conduit is &rge enougldiameterto fit a total offour cables through it
allowing 14 connectiond his includes three cables containing three conductors and
one cable containing four conductors. In the post onahih side of the bridge, the
wired connections from the sensors are routed directly from the sensors and through
conduit to a land based electrical box lecabn the side of the bridge.n@e south

side post theensors are first wired tosmall circut board contained within the post
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that provides shared power and shared ground to the sensors. Utilizing this setup
eliminated the need for routinige power and ground connections for leaensor
through the conduit, therelrycreasing the number oflavable sensors from four to
eleven, withthe extra availability intended to be used for whisker sensors. These
sensorsvere notaddedfor reasons gxained inSection4.4.2 For waterproofingthe
internal PCB and its conng@nswerecompletely encased in epoxy.

The electrical components are wired using 18 gAliger® SJOOWwire
manufactured by Southwirel'hiswire is designed for use in wet environmebis,
not guaranteed for use in submerged settings. While not idealjire was selected
based on installation time constraints and the inglatithat timeo find a supplier
with truly submersibleable.

The wire B also a much lower gauge than desired making it too large to solder
into the platted holes in the semsand DAQ To compensate for this gauge
difference solid core 22 gauge wire watripped and inserted in to the strands of the
of the 18 gage wire as depicted iRigure33. The soldered connections, exposed
electrical compoents, and short strands of 22 gauge wire weza tovered in a

water proofputty.

4.3 Installation

Due to the heavy weight and large size of the initial scour posty luegy
construction equipment waequired to install it. Thiargest ofwhich being an

excavator and hollow stem auger. The hollow stem aagsras #arge, hollowdrill
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that the post can be dropped into. It comeksm 6 ft) sections that arattachecdhs

it is drilled deepeimto the riverbed. The auger giaeld and rotated by aspalized
excavator attachment via a shaft present on the top auger section. To avoid allowing
the riverbed to fill the hollovauger the bottomsectionwas compressiotiitted with a
disposable wooden pludJpon drilling to the requed depth, the augettachment

was removed so that the excavator cob&lused to place the scour post and conduit
containing the wiring insideA long steel pole and mallet wetteen used to knock

the wooden plug from the tiom of the auger so that it coudeé removed witbut
removing the scour post along with it. The wen plugs wersoaked in dawn soap
for over24 hours prior to the installation and coated with Crismtening
immediately before the installati@a help facilitate its unplugging. The elements of

theHollow stem auger are depictedrigure34.
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Figure 34. Hollow stem auger section with labeled shaft connector and cutter

Theconduit containing the wiring vBarun to a weathgaroof utility box
boltedto the side of the bridge containing the DAQ system and battery. Once
connected to the utility box, the above water portbthe conduit wa covered with
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the surrounding rip rap to avoid creating a tripping hazard. Therwater portion of
the conduitwas connected to a heavy chain to encouthgeconduit to bury itself in

the river bed, out of the way of debris floating down the riwduch of this process
wasperformed using a floating platform constructed specifically for this installation.

Phota highlightingkey stages of the instation process are providedfigure35.

Figure 35. Photos of fuliscale installation at Bridge No. 02072 on MD450 over Bacon Ridge Branch. a) students building

installation working platform; b) installation of electronics housing on bridgetsteja) contact Miss Utilityvell in advance
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asfiber optic cable had to be avoided the south side of the bridge; d) deploy hardware to installation site; e) assegeile au

on bridge deck; f) once hollow stem auger is to appropriate depth, knock loose plug at base of auger and with excavator, plac
sensor post into position; g) after removing auger, run wiring to data acquisition system on bridge wall; h) instalidba&esy;

data card periodically to download data recorded from flow sensors for one minute every hour until such time that a wireless

data logger is added to allow for interrogation of sensors from a remote location.

4.4 essons Learned

Analyzing the diffialties experienced in building and installing the first
prototype offers invaluable information for future installations. This section

describes the most substantial of these lessons.

4.4.1Simplification of Initial Prototype

Many of the initial lessons leaed involved rememberingpt to lose sight of
the number of uniqgue and new techniques being applied to perform the first
installation. Individually, the hurdles of incorporating these new techniques seems
easily manageable, but they can quickly compougdtter into much more difficult
obstacles. Below are a few ways the first installation could have been simplified to
lessen the compounding of obstacles.

As mentionedn Sectiord.1.], a tidal site was chosen for the firsttadkation
site because it was beliavthat with its loose sediment and reversal of flow
directionin correlationto the tide the height of the riverbed would constantly
fluctuate. While in theory this sounds like a promising environment to test a scour

monitoring ystem, it should have been notidkdtthe extremely low flow speeds
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would not be ideal for the initial proof of concept prototype. Furthermore, the
expected daily fluctuation in riverbéxbightwas not observed.

In hindsight, being the fitsnstalled prototype, tayhave been wiser tose
anincremental process by firkicusngon si mply proving the syst
discernwhich of its sensorare inthe presence of flowing anghich sensors are
buried underground. This wouldhveentailedsearching for an install site with ideal
flow velocity andnotbeing concerned with its probability of scour. The plosh
couldhave beenlesignedo ensure that a few sensarsrewell within thewater
flow and a few sensors wedeeply buried.Using this simplified proof of concept
post to work out bugs and flaws in the system, it would become &asiemuse
future installments to prove the detection of true scour and to optimize for extreme,
low or high velocity conditions.

In anticipation of having a constantly fluctuating initial test bed, it was
originally planned to have as many as 16 sensors installed on eacBecatise it
was believed thatensor constructiomad beemasteregdthis represented the
maximum number of sensors tlwatuld be connecteto theDAQ. However,
applying the sensors to the actual post itself and ensuring the water proofed integrity
of every connection proved to be a sizeable task. Given the time constraints of the
install date an@ problem encountedwith the installation of the whisker sensors
discussed in the next subsectigrwas decided to reduce the number of sersors
only four seaweed sensors. This madeuch more manageable to address some of

the other unforeseen probleriso discusseh this section.
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4.4 2\Whisker Pre-stress

Prior tothe constructon of the initial full scale scour pastincreasing the
clamping pressure appli¢d the whiskers in theshisker sensoralways proved
advantageous. Witmcreased clamping pressuitee whisker beomesmore
restrictedat the clamping point, therelaysoincreasing the stress generated upon
bending. Following this logic, theensod plastic holders were designed as cylinders
that hada gradually increasingrcumferential thickness frotmackto front. This
way when they were forced into the drdl holes of the steel posie tight fit at the
end of the cylinder would clamp onto the whisker with extremely high presshee.
addition of a waterproof putty to cement the holders into thefpdker tightened the
fit increasingthe pressure evanore

Upon the installation of the whiskerrs®rs using this method, the whiskers
became more brittle and susceptible to plastic deformation than had ever been
previously observed. The whiskers begarakirgy at the clamp point in response to
very small deflections, when they had previously been observed to be bent into 90
degree angles without breaking. An example of the whisker holderaysexsented

in Figure36.
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Figure 36. Whisker sensor used for the first installation prototype. The whiskers were angled at 45

degrees to allow them to fit into the auger

It was determined that thewly induced fragility was likely due to the
excessive amount gire-stress placed on the whisker by the clamping mechanism.

By creating such a tight clangm the whisker it is probable that the whisker was near
its maximum stress in an undeflected state. Deflecting the whisker further increased
this pressure to a patiwhereit is quickly work hardened and snapped.

To avoid creating high prstresses in future whisker designs, clamping
mechanisms have been abandoned. The whiskers are instead encased in a block of
epoxy at the desired clamped poillti t h e p b stryctural stififiegs and ability
to bond directly with the whisker, the whisker becomes highly immobilized without

the addition of any prstress whatsoever.
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4.4.3Wiring Lessons Learned

Many of the difficulties encountered during the first installatiom lwa
attributed to the use of the oversized, 18 gauge wire. These include problems dealing
with thephysical dimensions of the wies well as with the process$ effectively
increasing the gauge of the wirefit smaller connections

One of the first prblems encountered involved simply feeding the wire
through the conduit. While the s were able to fit through the 28 (1 in)
conduit, it was with a very tight talea n ¢ e . AFi sh tapedo was used
Thestiff fish tape wa first fed through the empty conduit and taped toehd of the
wires. Thefish tape andvires werethen forcefully pulled though the conduit while
being heavy coated with lubricant process that could have been made much easier
with the use of a thinner cabtonsisting of higher gauge wireghis would also
allow for the crossectional size of the post to be decreased as well, significantly
easing the installation process as a whole

As mentioned above, to increase the gauge of the wire from 18 tmalkers
22 gauge wires were partially stripped and inserted into the strands of the 18 gauge
wire. Besides being a more time consuming process than being able to connect the
wires directly to the sensors and DAQ, this prodessiglly did not appear to hae
any major pitalls. But, upontesting the sensors mafajledto produce a signallt
was determined that in several casdsere the 22 gauge wire was inserted into the
18 gauge wirgit often pierced through the casing of the wire it was beiagted

into and penetrated io the casing of aadjacentwire causing a shortThese bridges
65



between conductors initially went unnoticed due to the fact that they occurred inside
the cables outer shielding.

Given the lessons learned about the wiring disedsn this section it became
evident that finding a higher gauge and submersible classie@@ed to beconee
top priority. Throughextensive searches prior to the initial installation, such a
commercially available wire could not be located. Many beppwould offercables
for wet environmentbut not assure their capability submersibleenvironments An
alternative was discoverdkdroughordeing custom made cablésom Mercury Wre,
a companyspecialized in submersible wiring hese are the was used in the second
installation andaredescribed in Sectios.2.4

Not related to the gauge of the wire, it was discovered that the putty used as a
waterproofing and adhesion agent for the seaweed holder and wire camec®
not aptly suited for the task. Shortly after the first installation, it was discovered that
thepower connection to one of the top seaweed@®srhad become disconnected as
displayedn Figure37. This is likely a resulof the putty not having enough adhesion
to the sensor holder and the post, and becoming extremely brittle upon curing

causing it to easily break apart and the wire to break away with it.
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Figure 37. Broken seaweed sensor witlsdbnnected wire from first installation

4.4.40ther LessonsLearned

There were other lessons learned during the first installation which do not
require in depth explanatio.wo of these lessons are presented below.

Upon close examinationdtift is evident h the datgresented in Sectichb.
This can be avoided in future installations by tying the ground of the DAQ to the
earth Thiswould involve drivirng a copper pole into the terraandextending a wire
from the poletoth® AQds ground.

When the suth post was drilled into the ground #ngger was drilledoughly
a foot deeper than on the north side of the bridge to facilitate removable of the
wooden plug from the submerged end of the hollow stem augevel was poured
into the auger to backfill the hote the same elvations as the north post hole. While
thisappeared to worlluring the installatioywithin less than two weekt)e loo®
sediment and gravel allowed the post to sgakising it to become completely kedi

andleawe no sensors exposed to the water flow.
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4.5Results

Data from the seaweed sensors are shovAgimre 38 for the Bacon Ridge
Branchsiteand provides alear demonstration of the technology performing as
intended. Thisifure shows data from three seaweed sensors orottieposts
collected by the first generation prototype DAQ describeskiction3.3. The top
sensor with a severed connection alluded to in the lessons learned sectiearhas
omitted. For this post, all but the top ~28 cm of tke post was buried

The individual graphs are of &&cond long data tracekenhourly, starting
at low tide at 12:43 (left trasg and ending at high tide at 19:55 (right tracéd)e
top row of traces are from the sengoscm (3in) below the top of the sensor post,
the middle row of traces is from the sensor 22r9(9in) below the top of the sensor
post, and the bottom row of traces is from the sensonBgL5in) below the top of
thesensor post.

All seven data sets from tlsensor 7.5£m below the top of the sensor post
show the sensor is in water because the response exhibits flow induced motion. The
sensor aR2.9 cm below the top of the post is just barely buried and only shows
motion at the time of highest flow velocity, between low and high tide. The sensor
that is 38 cm below the top of the post idyflduried and shows no motiorsuch

data confirms the ability of the proposed scour monitoring system to detect scour.
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Low tide 10/23/13 - 12:43
High tide 10/23/13 - 19:55
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Figure 38. Preliminary results from the sensor post on the north side of the Bacon Ridge Branch Bridge. All seven data sets feamZtie ar(3 inches)
below the top of the sensor post show the sensor is in water becauspthmseeexhibits flow induced motion. The sensor at 22.9 cm (9 inches) below the top of
the post is just barely buried and only shows motion at the time of highest flow velocity, between low and high tideor tieasésn 38 cm (15 inches) below

the topof the post is fully buried and shows no motion.
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The South post has always remained buried, and consistently outputs a static signal
for every data set. The plotskigure39 are examples of what the sensors read
during each gapling period. The slight drop in voltage drift due to the absence of

an Earth ground as alluded to in Sectdof.4
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Figure 39. South post sensors reading constant static signal
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Chapter5Sec o mad t aibBheannett Cr eek

5.1Install Site Description

Thesecondnstallaton site selected is, Bridge ND00860Q located on
MD355 over Bennit Creek near Freagick Maryland. The site was selected for its
propensitytowardlateral riverbed migratianDifferent from conventional scour,
lateral riverbed migration occurs when the water flow eradeger bank effectively
causing the river to shift to a new locatidPhotographs of the first installation site
including dangerous effects of lateral riverbedjrationcan be observed irigure
40.

The location also has the advantage of much higher flow velocities compared
to the first installation site. Typical flow velocities observed at the site are roughly

0.3m/s (1ft/s) to 0.46m/s (1.5ft/s).
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Figure 40. Photographs of the second installation site before installation. (a) Exposed guard rail due to
lateral riverbed migration before the addition of rip rap protection. (b) Installation site as viewed from
up stream(c) View of upstream conditions as viewed from the installation site. (d) Bridge No.

1008600viewed at a distance

5.2 Scour Posts

5.2.1Method for M easuring Lateral Riverbed Migration

Unlike the posts for conventional scour, the lateral riverbedatagr posts
are installed horizontally as opposed to vertically, although the basic concept remains

the same. The sensors are installed along the length of the post so that as the river

72



bank erodes away, the extent of this erosion can be inferred byrtilenof sensors

exposed.This basic concept is illustrated figure41.

Bank Top

Erosion-Sensitive
Roadway

[T1K

Figure 41 lllustration of horizontal post installatidor detection of lateral riverbed migration

Two posts are installed fdine purpose of the current study. To understand
whether the proposed systean be utilized in aias well as wateone of the posts is
located several feet above the average water level, while the other postad locat

underwater as indicated gure42.

Figure 42. Installation locations of the lateral riverbed migration posts
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5.2.2Structural Characteristics

A 3 m (10ft) long, stainless steel post wittbaD8cm (2 in) squae cross
section is usedf the lateral migration posts. The flat outer surface of the square
crosssection greatly eases the process of installing the sensors to the post compared
to the previously used circular cressction. The concrete basin wagemecdotto
be required fothis installation making the post much lighter and capable of being
moved by hand. Five holes are drilled into the post to allow for the wiring from the
attached sensors to run insiddlod post. The first hole is 15.25 (6in) in from the
end of tle post and the for subsequent holes spaced in 3b(1ft) increments

behind it.

5.2.3New Seaweed Sensor Design

The scour posts are designed tditied with five seaweed sensors and the
capabilty to add orthreewhisker sensoraftertheinstallation. To accommodate the
horizontal placement of the posts, tleaweed sensor holder design needed to be
altered. Trs alteration actually simplifiethe sensor design into the shape of a large
coin that can be attached to the flat surface of the posappoximately 5cm long
by 1.5cm wide strip of synthetic fabric is epoxied to the holder andlddrfrom a
slit centered oiits circular facecreating the artificial seaweed.

One feature of the new seaweed sensor design includes using two hall sensors
perseaweed as opposed to one. Using two sensorasaatsafety redundangy

case one sensor fails, and also allows for experimenting with adding the two signals
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together in an attempt to achieve a higher signal to noise ratio in theTthatall

sensos are embedded intshallow square cutout of the senface and coated with
epoxyfor waterproofing and protection. This positions the hall sensors so that they
are reading the magnetic induction in the axis along the seaweed length. Finally, two
magrets, one epoxied to each side of the fabric, are humg ®elow the hall

sensors.Photographs of the new seaweedsor design are presentedrigure43.

Figure 43. Seaweed sensors specially desigitedhe horizontal posts

5.2.4Wiring

The higher gauge, smaller diameter and guaranteed submeesitde
required for the second installation is custom built for this project by Mercury Wire.
Two variations of theableare used. One variation consiststoge conductors and
is used to connect directly to the sensors. The other variation condi8ts of
conductos and is used tcombine the signals from thilereeconductorcables into a

smaller diameter to be transferred through the conduit to the DAQrsySd¢her
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than the number of conductors and their outer diametecathlesare identical. A
photograph of the newabless presented ifigure44, and the datasheet for each

wire can be found idppendix E:

Figure 44. Submersible wire used in the second installation, consisting of a 3 conductor wire (left) and
13-conductomwire (right)

As mentioned in the paragraph above, each hall sensor is cethb@ds own
thethreeconductorcable The connections are coated with epoxy for waterproofing,
being sure to covehe entire portion ofthecallles st r i ped Whidtleer nal casi
outer casing of the wire package is submersible, the casings around each individual
conducor are nat If the epoxy is not appliedghat it completely covers this area,
the capilary effect can cause the outasing to fill with water and eventualbpak
through the casing of each individual conductor.
The cabldrom each sensor is therdféhrough the post to a junction where
they are connected to thré8conductowires. They are connected is such a way
that the eachi3-conductomwire contains only power, ground or signal connections.

Connecing the sensors this way allovieg a logica organization of thevires Each
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of the conductor casingssitlethe 13-conductorcables possessets own unique
identifying color. With each of th&3-conductorcables being composed of the same
array of conductor colors, it mekit possible to assigeach coloto a sensor. For
example, themund connection from Sensombuld be connected to the red
conductor of the ground cable, the signal connedtmm Sensor vould be
connected to the red conductor of the signal cable, and the power confrect
Sensor Wwould be connected to the rednductor of the power cable. Thsakes it
easy to sort out what wires belong to which sensor when connectimg BAQ, so
long as the function of ead8-conductorcable iscorrectlylabeled.

Utilization of three 13conductor cables provides enough connectiond3
hall sensors, via 1ireeconductorcables, to be connected to each scour post. Ten
of these cables are used to connect the five seaweed sensors. Toidleritisee
remaining cables ampoxied over and left unconnected inside the pafter the
installation a cap with whisker sensoastached wa added to the post to which these
cables are then connectedaodiscussed iB.6. Until the addition of thigap, the
end of the posivas covered with &ut opertennis ball.

Special attention must be given to connecting the wires at the junction
between theéhreeconductorcables and the 1Gonductor cables. The conductors
musthave secure connectigrie pratected from the elements and must not short into
one another. To create a secure connection, the condwet@tvisted together ah
soldered. Heat activated shkitube is then used to cover and isolate the connection

from one anotherTo help insuréhe isolation of each wire connection, as well as to
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decrease the total diameter loé junction, the connections westaggered ~in from
each other. This created a total junction length of a little over a lioatder to
wateproof and protect thginction, a large heat activated shrink tube is placed over
all of the connections and filled with epoxy. This outer shrink tube is then heated
before the epoxy has a chance to cure, causing air bubbles and excess epoxy to
squeeze out of the junction. d&bs highlighting the key stages of wig the post are

presented ifrigure45.

Figure 45. Second post wiring process (a) Seaweed sensors are fed through the posg¢(b) thr
conductor and 1-8onductor chles are soldered together (c) Shrink tube on individual conductors
heated (d) Large shrink tube placed around connection bundle before being filled with epoxy

(e) Completed junction with cured epoxy
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5.3Installation

Being much smaller than the post usechimfirst installation and light
enough to be moved by hand, the amairteavy construction equipment needed
wasgreatly minimized for the lateral migration posts.horizontal drilling company
was hired to perform the drilling required to install thetgBelAir Underground
Services Inc., Joppa Md)They provided careful depth control and horizontal
placement of the two sensor poskor each post thdrilling was initiated
approximatelyd m (30 ft) from the river bank and concluded once the drillgteated
the riverbankwall.

Before retracting the drill head, it was attached to the end of the conduit
containing the post wiring. This way, while the drill was pulled back througtirithe
hole the conduit would be pulled through withtdat beconneced to an electrical box
installed where the drilling began. The conduit continued to be pulled through the
hole during the insertion of the post, helping it feed through the drill hole as well.
Both posts were installed leag two exposed seaweed serssand three buried
seaweed sensors. This proved to be much easier to achieve with the horizontal posts
compared to the previously installed vertical posthotos highlighting the key

stages of the instaltion process are providedkigure46.
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Figure 46. Photos of fullscale installation at Bridge No. 1008600 on MD355 over Bennett Creek. a) Jeff Knaub of MDSHA

showing UMD students target location for sensors; Rip rap protecting bank from priorsenuatetop left of photo; b)
installation of turbidity curtain on morning of installation; c) BelAir drill rig ~9.2m (30 ft) from where sensor will geofrom
bank; d) sensor used to track depth and lateral position of drill tip; ) feeding wirisgrsa post into bank ~60 cm (2 ft)
above nominal water level as drill bit is retracted; f) admiring successful installation ofahiesénsor post; g) feeding wiring

and sensor post into bank at depth of ~15.25cm (6 inches) below nominal waterrlévisl $ie.

Finally, as depicted ifigure47, a weather proof electrical utility box was

erected near the area the drilling began to contain the DAQ components. Copper rods
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were driven into the ground near the box and conneotigdia a copper wire to

provide an earth ground for the DAQ systems.

Figure 47. Electrical box for storing DAQ and electrical components for the second installation

5.4Lessons Learned

The lessons learned from the first instain were applied to the second
installation and proved to be very useful. The time and effort spent constructing and
installing the second scour post prototypes was significantly reduced while the
integrity of the system achieved a higher standardwaddd be expected, the
number and severity of lessons learned decreased with the subsequent installation.
That being stated, several valuable lessons stédréearned with the installation of

the second post, with the most pertinent ones discussed. below

5.4.1Erosion Due to Drilling

The most visibly evident lesson learned involved erosion around the riverbank

wall as a result of the drilling. After drilling artdeinsertion of the post, the outer
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opening of the drill hole was packed with mud from therrwkile natural settling of

the foundation was lefo fill in the rest. Upon the first return to the install site, it was

noticed that while settling appeared to have buried the portion of the postitt@ap

the foundationthe dirt that was packed aed the opening of the drill hole by hand

had eroded away. cov@ghiisn | teH & fuoubepdstas iadnd earfioun
depicted inFigure48. It should be studied how to preveunichcovesin future

horizontal scour poshstallations, as they could have the adverse effect of

contributing to lateral riverbed migration.

Figure 48. Residual cove formed from drilling

5.4.2Ice Formation around the Post

One unexpected phenomenon observed involved theafan of ice around
the underwater post. While it was expected that the post would be surrounded by ice
when the river itself became frozen, a thick coating of ice apgpéarferm around
the post while the surroumdy waterremainedunfrozen. The reasn for the buildip

of iceis not known
82



One possible explanation is that while thevement of the water causes it to
remain unfrozen in subzero temperafuhe presence of the pasay caus¢he water
to becomeslow enough to freezea its immediate vimity. Another explanation may
involve the ground temperature having a lower temperature than the flowing water,
causing the highly conductive post to also have a lower temperature and freeze the
surrounding water. Whatever the cause of the ice formatisrreasorfor concern,
as a sensor frozen in a block of ice would producesa fabsitive for a buried sensor
Future research should involve the brainstornahigleas to prevent this ice

formation, possibly by using specialized coatings to deergaszing temperature.

5.4.3Ferromagnetic Particle Clumping

Another natural occurrence not previously considered is the presesioalbf
ferromagnetic particles in the streaifhese particles do not appear to have any
immediate effect on the system, buvéa tendency to build up around the epoxy
surrounding thenagnets on the seaweed sensds.noticeable degdation in signal
is observedrom thebuildup and the particles are easily scragedy by hand, but an

investigation of the effects of these faes over time should be conducted.

5.4.4Underwater Post Specific DAQ Problems

The last lesson learned to be discussed was only recently discovered at the
time of this writing. It appearsa@hough something about the undater scour post
causes the DAQystems to prematurely failThis has been primarily studied using

the temporary DAGystems described in Sectidrg, but may also explain some of
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the failures experienced when attempting to usédmel builtDAQs. The failue

would not happen immediately but would instead be noticed when returning to the
DAQs to collect data cards. It always appeared as though the DAQ connected to the
underwater post stopped recording data after only a few hours. To rule out the DAQ
as thesource of the error, it was switched with the DAgading the irair post. In

both cases, only the DAQ connected to the water post fdti€sluncertain whether

the underwater post somehow expealtlof the battery power in thamount of time

or sinply causes failure within the DAQ to stop it from recording.

It is worth noting that at some point before this discovery, itdissovered
thatthe DAQs connected to the in water post were only receivy instead of the
expected %. It was suspded that there may be short in the system, and upon
disconnecting the power to one of the hall sensors orf'tf#ga&mosg deeply buried,
seaweed sensdath)e voltage partially recovered. The voltage then fully recovered
upon disconnecting the second tshsor on the same seaweed sensor. To test
whether the problem actually layithin the 3" seaweed sensor ansnot just the
result of thenumber of sensors connected, one of the hall sefreonghe &'
seaweed senswras reconnected and a hall sarfsom the 4' seaweed was
disconnected. In this scenario, the voltage remained below expected, leading to the
assumption that the problem did indeed lie within the wiring for theeaweed
sensor. It is unknown whether this issue is related to tretaratrfailure of the

underwater post DAQ systems.
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5.5SecondPrototypeResults

5.5.1System Verification

The preliminary data presented in this section is recordechighgowered
Texas Instrument®AQ as opposed to one of the QA constructed for this study.
While only feasible for use when a user is present and with a large power sbearce, t
D A Q dighresolution, high sampling rate, and ability to output a-tiea¢ graph in
LabView are desirable for the initial study of the signals. Data as recordatby
thetemporary DAQs is available in Sectibr.2

Figure49 depictsthe state of thewo installed posts located at the Bennett

Creek installation sitat the time of the recorded data

”~

o

= Sensor 2
3,

" Sensor 1

Figure 49. State of the lateral riverbed migration scour posts upon taking of data

Preliminary data fronthe firstfour sensors in the iair post are provided iRigure

50. A comparison between the photograpFkigure49 and the output data igure
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50displays a strong correlation. Oscillations are only evident in thedatee

response for Sensor 1, the only sensor completely unearthed and exposed to the
airflow. While Sensor 2 is also unearthed, it remairetected from the airflow by
thesmall cove in the bank and is not exposed to the air flow, causing it to remain
stationary. Sensor 3 and Sensor 4 remain completely buried as indicated by both the

phobgraph and the static signal.
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Figure 50. Datafrom the riverbed migratiom air postrecorded using a high powered DAQ

Preliminary data from four of the sensors in the water post are provided in
Figure51. While the state of the sensors cannot be ascertained from the photograph
presented ifrigure49, a firsthand inspection of the underwater post revealed a
completely unearthed Sensor 1, a mostly unearthed Sensor 2, an amplstely

buried Sensor 3, and a completely buried Sensor 4. Once again a strong correlation
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between the visual inspection of the post and the recorded data is present. Dynamic
responses are only present in Sensor 1 and Sensor 2 as these are theansly sen

exposed to the flow enough to produce strong oscillatiotieiseaweed.
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Figure 51. Datafrom the riverbed migrationndemwater postecorded using a high powered DAQ

5.5.2DAQ readings
Figure52 andFigure53 display typcal data traces taken by the temporary
DAQ at a later date than abovA comparison with the datakenfrom high end Tl
DAQ in the previous sectioprovides a verification ahetemporary DAQsystem. It
canbe ascertained from the-air postdata, that while the was less movemeirt
Sensor lindicating a less windy day, there is more movement in Sensor 2, indicating

possible further erosion of the riverbed.
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Figure 52. Data fran the riverbed migration in air post recorded using the teamp&AQ
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Figure 53. Data from the riverbed migration underwater post recorded using the temporary DAQ
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5.6Whisker Post Cap Addition

5.6.1Post Cap Descriptionand Attachment

To test the capabilities of the whisker sensors in river flow, the tennis balls on
the end of the post were replaced by a 3D priptastic cap as representedHigure
54a. The dome shape of the cap contains three placeholders wkchangeable
whisker inserts are screwed into placed. The whisker inserts utilize the basic senso
design described in Secti@al.3 with the hall sensor positioned directly under the
area of high stress concentrationbiding by the lesson learned from the first
installation, the whiskers are epoxied into a small rectangular opening on the face of
the whiskeilinstead of clamped in plac&’he whisker is positioned so that the hall
sensor is sensing the magnetic induactame an axis orthogonal to the whisker width.
Finally, all of the electrical connectisare epoxied over for water proofing and
physical protection. An individual insert and completely assembled post cap can be

observed irFigure54b andc respectively.

(a) (b)

Figure 54. Whisker Cap components (a) Cap design with place holders for whisker sensors (b)

Insertable whisker sensor (c) Complete whisker cap assembly

ThreeAlfenol whiskers were installed into thegaThe properties of each

whisker are presented ifable2.
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Table 2: Properties of the whiskers used on the scour post whisker caps

Thickness Length Crosssection Post
Whisker (mm) Width (mm) | (mm) Description Placement
1 0.25 2.2 143 | Flat Water Top
2 0.25 4.2 129 | Flat Water Middle
3 0.35 2.2 123 | Flat Water Bottom
4 0.3 6.25 141 | L shape Air Top
5 0.4 2.1 152 | flat Air Middle
6 0.3 7 137 | S shape Air Bottom

The post cap was attached to the end of tisé yging two zip ties fed through

holes present in the cap and on the end of the post. The cap was installed so that the

width of the whiskers are oriented parallel to the flow. Photographs of the caps

attachedo the posts are presentedHigure55.

Figure 55. Whisker post caps attached to both thaimand unwater posts via zip ties
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5.6.2Whisker Cap Results

The results presented in this section weregeasgain measured using the high
powered TIDAQ. The higher resolution of the DAQ is required to detect the small
fluctuations in the whisker signal. The resolution provided by the PCB DAQ will be
sufficient to take these data reading upon its completion.

With no movementisibly evident in the whiskerattached to the air post, the
data collected from these senswere used as a statientroldata sampleFigure56
displays the time response of the three water sensors as well as a time response from

the in air whisker to based as theontrol.
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Figure 56. Time response data for the whiskers attached to the whisker post cap
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While some movement may be observable from the time traces, it is much more
useful to take the Fourier Transform of the databtain the frequency responda.
exanining the lower range of the frequey response, as presentedrigure57, a

distinct increase of magnitude is evident in the water post for these frequencies when
compared to the air pbsontrol. The presence of this magnitude increase correlates
to the low frequencies observed visualliyshould also be noted that while this data
was being taken, the water level was low enough that Sensor 1 was partially sticking
out of the water. e may be a reason for its frequency response magnitude being

lower than the other sensors, although it is still visibly higher than the air sensor.
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Figure 57. Time response data for the whiskers attached to the whisker post cap
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Chapter6Concl usi ons

6.1 Summary

The current study proposed a solution to the complex task of monitoring scour
remotely and in real time. This solution utilizes the magnetostrictive properties of
Alfenol and Galfenol to create flow sensorspired by the whiskersf sea mammals.
These sensors acapable osensingvhether they are buried underiver bed or in
flowing water. Using the readings from these flow sensors and knowledge of their
depths, scour severity can be determinédo different bridges sitdsave each been
installed with two scour monitoring systeimased on thproposedsensor post
solution.

The first two posts were installe@rtically at a tidal site near Annapolis
Marylandto test for conventional scour. The low flow speeds of the simed
the design of a new loflow velocity sensor inspireldy the movement of seaweed.
Utilizing this new sensor, the scour posts were successfully capable of determining
the erosion state of the riverbed.

The third and fourth posts were installed horitally at a bridge site near
Frederick Maryland to test for lateral riverbed migration using both the seaweed
sensors and whisker sensors.eSposs proved capable of successfully determining
the erosion state of the riverbank using both the whiskesas's and seaweed sensors
independently.

As a result of this study, the followingilestones have been accomplished:
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A solution for continuous monitoring of scour utilizifigw velocity sensors

was proposed and design requirements for the solutiomediefi

Two variations of bignspired flow sensors have been designed and
constructed. The first sensor, inspired by the whiskers of agquatic mammals,
utilizes magnetostriction and is optimized for flow velocities greater than
0.15m/s. The second sensarspired by seaweed, utilizes only magnetics

and is optimized for velocities less than OmM&s

Torecord data fronthe sensors severnavisions of a low powered data
acquisition system were designed, constructed and tested. A final PCB
version of this sstemwas designedsing a culmination of the less®learned
from these revisions and presented in this study

Two conventional scour monitoring systems were installed near a tidal bridge.
The lessons learndobm thisinstallation were documented and dise

improve theoverallsystem design.

Applying the lessons learned from the first installation, two lateral riverbed
migration scour postwere installed at a second site. Potential improvements
for the system were once again documented.

A specialized ap was added to the lateral posts at the second site to allow for
the testing of whisker sensors in a natural river environment.

Data from each installation site and the added whisker were presented and

analyzed.
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6.2 Future Work

The success of the initiatgur monitoring system prototypes lends itself to
extensive future workmuch of which has been alluded to in the previous chapters of
this study.

One of the most important focuses of future works should be to
minimizethe systerés power usage. The niasbvious way to resolve power
consumption issues is to find ways to minimize the DAQ power consumption and
find lower power hall sensors. However, the viability of power generation, possibly
through thermal gradients, should still be considered.

Some adiional work has already commenced through a concurrent.study
Associates at Michigan Tech have begun to working on implementing wireless
capability to thedesign. This includes theireless systemfr sending data to the
hub andhow best toprocess théatalocally to minimize the amount of data
transmissiomeeded

Separate from the wireless system to transmit data from the install sites to a
base station, it may be advisable to investigate a method for wirelessly
communicating between the scour poud a local base station at the install ggelf.
This would eliminate the need for submersible cable which can be expensive and
susceptible to damage from floating debi&andard wireless communication
systems are not effective underwater, necdssgitéhe ned for a specialized solution.
Currently he most promising soluticavailableseems to be acstic modems.

Acoustic modems are commerciadlyailable but extremely expensive and
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overdesigned for the needed application. A cheap alternatiydent® create a
simplified version of such a system edp#lg suited to the needs of thisoject.

Finally, future studies could strive todrease sesa reliability and sensitivity.
This couldinclude studies to make the whisker sensors thjramel herefore more
suscepble to flow induced vibrationsyithout losing significant amounts of
magnetostriction. Thinner whiskers would also be more flexible and less susceptible
to plastic deformation and breaking. Similar means may also be achieved by

including additivedo the magnetostrictive alloys.
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Appendi ces

Appendix A:Ai r f ol | Study

A.lIntroduction of Airfoil Study

The experiment below was performed to investigate ways to improve the
signal from the sensors. While the final design was not used in the stisdy, it

helpful solution to keep in mind if a more oscillatory response is needed.

A.2 Necessity of Oscillatory Response

It is important for the magnetostrictive sensors in this study to not only deflect
when introduced to water flow, but to also produce sammeo$ dynamic or
oscillatory response. As alluded to in the introduction of this study, the sensors may
be struck by large debris floating down the river. As a result, the magnetostrictive
sensors will likely experience small plastic deformations,iatjeghe properties of the
material and therefore altering the value of magnetic induction produced by the
whisker in an undeflected state. As a result, a baseline reading from the sensor
cannot be ascertained, causing a getaically deflected whiskesignal to be
indistinguishable from an undeflected whisker signal. A constantly changing, or
dynamic, signal must therefore be produced to ascertain whether or not water is

flowing past the whisker.
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A.3Unstable Airfoil Concept

A.3.1 Static Margin

In an effort b forcesuch an oscillatory response, the study employs the use of
hydrodynamic airfoil stability. The principle of static margin is a topic taught in all
basic aerodynamic and hydrodynamic stability courses. The principle relies on the
placement of theenter of gravity of an airfoil to be forward of its neutral point. This
introduces inherent torsional stability to the airfoil, allowing it to naturally return to a
neutral angle of attack upon deflection. By reversing this relationship and placing the
center of gravity aft of the neutral point, the airfoil will become unstable and will not
naturally settle to a neutral angle of attack. For the purposes of this study, this
unstable configuration is produced by fixing the magnetostrictive whisker to the

trailing edge of the airfoil.

A.3.2 Experimental Setup

The sensor construction for this study utilizes the design described above. A
7.87mil thick, 78.7mil wide, and 6in long rectangular whisker is usbth has been
galvanized to avoid the negative effestsorrosion. The holder for keeping the
whisker in place is created out of plastic using a Stratasys EDEN350 3D printer. The
face of the holder has a vertical 0.06in x 0.4in rectangular slit cut into its center, into

to which the Galfenol whisker can beserted and secured with epoxy. After

98



insertion into the holder, the whisker protrudes 4in. The face of the plastic holder
alsofat ures ei ght dutwardig & circular patern te idedtifyn g
premeasured increments of 45 degrees.

A platform extruding out of the back of the holder contains the hall sensor and
biasing magnet. An EQ30L hall sensor manufactured by Asahi Kasei Microdevices
is centered 0.454in behind the face of holder, and oriented to read the magnetic
inductance along the dith of the whisker. The hall sensor has a sensitivity of
130mV/mT when operated at 5v, as it is in this experiment. The cylindrical biasing
magnet is located 0.83in behind the face of the holder with the flat of its surface in
contact with the thickness the whisker. The magnet is 0.1in thick with a radius of
0.125in and has a strength of 0.6 pull IBsphoto of one such holder used in this

study is presented frigure?.

\,}__ = -

Figure 58. Whisker holdeused in the experimental setup: side view (left), front view (Middle), top

Galfenol
Whisker

Biasing
Magnet

L

view (Right)

The plastic holder described above is compression fit between a plastic fence
post and a mounting plate to keep it secure in the flow of the water. The 1.7ft long
fenae post has a rectangular cross section measuring 3.5in x 2in and has 0.125in thick
walls. The mounting plate is a 0.4in thick, 2.46in x 6.132in 3D printed solid

rectangle with a cutout matching the shape of the eight fingered face of the whisker
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holderet hed 0. 3in through the platebds thickness
remainder of the plate thickness in the center of the cutout, allowing the whisker to
protrude out into the flow. Small pieces of electrical tape are added to the tips of the
fingers of the plastic holder in an attempt to increase the tightness of the compression
fit and reduce vibrations.
Finally, to simulate a steady state river flow condition, the entire setup is
placed into a flume with the top of the assembly clamped ttwghedge of the flume.
The flume is an Armfield S6 Glass sided tilting flume with a 1ft x 1.5ft cross section.
The whisker is placed into the flume with its width horizontal to the floor and tested
at 0, 0.33, 0.65 and 0.82 ft/s. These speeds aréesdeoy using an OTT MF pro flow

meter with a resolution of 0.01 ft/s. Thdlfeetup is depicted iRigure59.

Direction of
water flow

Figure 59. Assembled experimental setup: close up of mounting plate configurationKleftje

Setup (right)
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A.4Plastic Molded Airfoils

The airfoil chosen for the experiment has a NACA 0050 symmetric profile
with a 0.5in chord. The airfoil is applied by placing the whisker into a silicon mold
of the airfoil and pouring in a plastic resin. Aftbe resin cures, the whisker is
removed from the mold with a plastic airfoil attached to the last three inches of its
length. When the whisker is placed into the flume, the leading edge of the airfoil is
oriented into the flow. A photo of a whisker Wwian airfoil dtached is presented in

Figure60.

4”

o,

Figure 60. Galfenol Whisker with attached airfoil.

A.5Results

A.5.1 Data Format

An inspection of the time displacement results does not provide discernable
and rmeaningful data; therefore a frequency response is requtigdre61 presents a
comparison between a typical Reibrating (left) and vibrating (right) sensoA
strong output peak is clearly visible in the vibrating whiskeypgtroximately 6.5 Hz,

whereas no peaks are visible in thewibrating whisker data.
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Figure 61. Comparison between stationary whisker (left) and oscillating whisker (right)

A.5.2 Results for No Airfoil Configuration

The data for thevhisker without an airfoil is presentedfigure62
below. Speeds from Oft/s to 0.82 ft/s are represeniehks due to noise are present
in the system at 6Hz and 19Hz and should not be confused with an oscillating
whisker reponse. It is hypothesized that this noise is a result of looseness in the
compression fit between the whisker holder and attachment @#ber than the
peaks observed due to noise, no significant response is visible in flow speeds at or
below 0.82 ft/s A visual inspection of the whisker during the experiments agrees

with the findings presented in the plots below.
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Figure 62. Frequency responses of a whisker without an airfoil for flow rates frtifa ® 0.82 ft/s

A.5.3 Resultsfor Airfoil Configuration

The data for the whisker with an airfoil is presenteBigure63 below. These

results experience the same peaks due to noise as the system without arA&Edoil.
similar to the system without an faill, no response is evident at flow speeds at or
below 0.65 ft/s.But, when the system reaches 0.82ft/s a large vibration appears at
11Hz. Once again, a visual inspection of the whisker during the experiment agrees

with the findings presented in the Hdoelow.
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Figure 63. Frequency responses of a whisker with an airfoil for flow rates frés @ 0.82Aft/s

A.6 Airfoil StudyConclusions

A study has been performed to investigate a magnetostrictive flow sensor for
use in a scoumonitoring system. The sensor was tested both with and without the
presence of an attached unstable airfoil at various flow velocities. Three primary
conclusions can be inferred. First, the study has confirmed that Galfenol has the
structural propert®necessary to create a tactile sensor. Second it has been
demonstrated that this tactile sensor is capable of being sensitive to water flow.
Finally, it has been determined that alterations to the geometry of the whisker,
specifically the addition of amnstable airfoil, can create the necessary dynamic

response required for such a sensor.
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AppendixB:Sensor Protection Using

As mentioned irBectionl.4.6 the desired installation method for the scour
posts wold beto simply pound them into the ground like a nail. The process of
pounding poles into the ground is well established and @adiybe performed
using a h an pgostlrivér.dTheRdtificuitydids in protecting the sensors
from breaking offvhen exposed to the extrersieearing forces experienced while
being pounded into the ground.

While brainstorming for a solution, the desire for some kind of a hard casing
that dissolves in water was continually mentioned, but no commercially available
option could be found. In an attempt to create an in house dissolvable casing, it was
decided to attempb use the super saturation properties of sodium acetéthen
sodium acetate trihydrate crystals are heated they melt into liquid form. However, as
thesolution cools down past solidification temperature it will become supersaturated
and in liquid form until a seed crystal is added. Upon the addition of this seed crystal,
the entire solution rapidly solidifies.

These solidified Sodium Acetate crysthigl the desired characteristic of
beingsoluble in water, but did not prove to be hard enough to use as a casing for the
scour posts. It was discovered however, that whehdhaqueous sodium acetate
was poured ovea mix of dirt and rocksa very hardshell could be forrad This

shell alsdkeptthe advantage of remaining very soluble in water.
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To test the newly discovered Arock
approximately 4t section of PVC pipe containingrd whiskers sensors. This pipe
was then @ced into a very low velocity stream and left to sit overnight. Upon
returning in the morning, the rock salt had dissolved deayingthe whiskers intact
and undamagedPhotographs depictirthe process of encasing the Ppige wih
rock salt are preseed inFigure64 below. Further testing must be performed to
determine feasibility of the dissolvable rock salt encasement, but the solution seems

promising.
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(d)

Figure 64. Rock salt encaseent procedurea]) Hot aqueousodium acetate is poured owrt and
rocks contained in a Sano tube (b) Sano tube is removed after rock salt mix cools (¢) Rock salt remains

attached when lifting by the PVC pipe (d) Rock salt dissolving in low flow velocity water
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Appendix CDAQ €od

C.1DAQ Code

|

/ILibraries
[ T T
/I Simple ADC data logger that demonstrates NilAnalog, NilFIFO, and
NilTimer1.

#include <SdFat.h>

#include <NiIRTOS.h>

#include  <NilAnalog.h>

#include <NilFIFO.h>

#include <NilTimerl.h>

#include <SPI.h>

#include <stdlib.h> // for the atol() function

#include <Wire.h>

#include <Adafruit ADS1015.h>

#include <avr/wdt.h>

/I Use tiny unbuffered NIIRTOS NilSerial library.

#include <NilSe rial.h>

#include <MemoryFree.h>

[ T

/ILogger Properties
B R
/lIs this the temp DAQ?

const boolean tempDAQ = true;

/I Time between points in microseconds.

/I Maximum value is 4,194,304 (2722) usec.

const uint32_t PERIOD_USEC = 2500; //Less is faster (1000 = 1
reading every millisecond)

/ICalculate Hz by 1,000,000/period

/I Number of ADC channels to log
const uint8_t NADC = 3;

/I FIFO buffer size. Adjust so u nused idle thread stack is about 100
bytes.
const size_t FIFO_SIZE BYTES = 2000;

/[How long to sample for in seconds
const uint8_t SamplePeriod = 60;

/I Time between samples in minutes
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const uint8_t SleepTime = 5;

/I Type for a data record.

struct Record_t {
uintl6_t adc[NADC];
uint8_t ovr;

h

/I Number of data records in the FIFO.
const size_t FIFO_DIM = FIFO_SIZE_BYTES/sizeof(Record_t);

/I Declare FIFO with overrun a nd minimum free space statistics.
NilStatsFIFO<Record_t, FIFO_DIM> fifo;
1

[HHH IR R R
/IDefined Functions
[HHH AR BHHHHRHH

void(* resetFunc) (void) = 0; //declare reset function @ address 0

[[HHHHH AR
/112C Definitions
[[HHHHH A R R

int8_t Aadd = (0x0048);
int8_t Badd = ( 0x0049);
int8_t Cadd = (0x004A);
int8_t Dadd = (0x004B);

Adafruit ADS1115 adsA(Aadd); /* Use this for the 16 - bit version */
Adafruit ADS1115 adsB(Badd);
Adafruit ADS1115 adsC(Cadd);
Adafruit ADS1115 adsD(Dadd);

uintl6_t BBC = ADS1015_REG_CONFIG_CQUE_NON E |// (0x0003) (0011)
Disable the comparator (default val)

ADS1015 REG_CONFIG_CLAT_NONLAT | // (0x0000) Non
latching (default val)

ADS1015 REG_CONFIG_CPOL_ACTVLOW | // (0x0000)
Alert/Rdy active low (default val)

ADS1015 REG_CONFIG_CMODE_TRAD |//
(Ox0000) Traditional comparator (default val)

(OXOEQ) | // (0OXOE00)(1110 0000) 860 samples per
second (default)
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ADS1015 REG_CONFIG_MODE_CONTIN | // (0x0000)(0000
0000 0000) Cont  inuous mode

ADS1015 REG_CONFIG_PGA_6_144V; //(0x0000) +/ - 6.144V
range = Gain 2/3

[ B
//IDefinitions
[ B R R

/I Macro to redefine Serial as NilSeri al to save RAM.
/I Remove definition to use standard Arduino Serial.
#define Serial NilSerial

/I SD file system.
SdFat sd;

/I Log file.
SdFile file;

/Isecond,minute,hour,null,day,month,year
int DateTime[7];

String adStr;

String FullDnT;

String Day;

Str ing Mo;

String Yr;

String Hr;

String Mn;

String Sec;

[[HAHHHHHHH R
//IPin Definitions
[HHH IR R

/IO pin connected to reset
int resetPin = 44;

/I SD card chip select pin.
const uint8_t sdChipSelect = 20;

/IRTC Chip Select
constint RTC_CS=13;

/[Pin to activate tansistor giving the sensors power
int pwrPin = 19;

/l Maximum SD write latency.
uint32_t maxLatency = 0;
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|

/[Define T hread Working Area

| R
/I Declare a stack with 16 bytes beyond context switch and interrupt
needs.

/I The highest priority thread requires less stack than other

threads.

NIL_WORKING_AREA(waThreadl, 2 56);

B HHH

/[Thread 1

B HHHHHH R
/I Declare thread function for thread 1.

NIL_THREAD(Threadl, arg) {

/ICreate Pointer to
char* sc;

/I Start timer 1 with a period of PERIOD_USEC.
nilTimerl1Start(PERIOD_USEC);

//Set timing variables for sampling
uint32_t StartTime;

uint32_t ChkTime;

uint32_t RunTime= SamplePeriod * 1000;

if (tempDAQ){
StartTime = millis();
ChkTime = millis();

[Ireinitialize the FIFO
fifo.reinit();

/Irecord data for predefined time
while (RunTime>ChkTime - StartTime) {

/I Sleep until it's time for next data point.
nilTimer1Wait();

/I Get a free buffer.
Record _t* p = fifo.waitFree(TIME_IMMEDIATE);

/I Skip the point if no buffer is available , fifo will count
overrun.
if (Ip) continue;

/I Read ADCs
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for (inti=0;i<NADC; i++) {
p- >adc]i] = nilAnalogRead(i);
}

/I Save count of overruns since last point in high 6

adc]0].

}

uint16_t tmp = fifo.overrunCount();
p- >adc[0] |=tmp > 63 ? (63 << 10) : tmp << 10;

/I Signal SD write thread that new data is ready.
fifo.signal Data();

ChkTime = millis();

}
Serial.printin(F("Finished"));

/I Done, close the file and print stats.
file.print(F("Max Write Latency: "));
file.print(maxLatency);

file.printin(F(" usec"));

nilPrint UnusedStack(&file);
fifo.printStats(&file);

file.close();

Serial.printin(F("Done!"));
Serial.print(F("Max Write Latency: "));
Serial.print(maxLatency);
Serial.printin(F(" usec"));

1

nilPrintUnusedStack(&Serial);
nilPrintStackSizes(&Serial);
fifo.printStats(&Serial);

else{
/IStart Sensor For loop here
for(int si = 0; si<4; si++){

/IReset Fifo statistics
fifo.reinit();

/IConvert sensor set number to a character for folder namin
sc = itoa(si,0,10);
char adChar[12] = {'S''e','n",'s','0",r',*sc,".",'C",'S",'V'};

/[Open file save to on the SD card
if(!file.open(adChar, O_CREAT | O_WRITE | O_TRUNC)) {
Serial.printin(F("SD problem"));
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/lif there is an error, delay a short period and restart the
system

delay(5000);

resetFunc();

}

/I Write the file header.
file.print(F("PERIOD_USEC,"));
file.printin(PERIOD_USEC);
file.print(F("Date,"));
file.printin(FullDnT );
for (inti=0;i <NADC; i++) {
file.print(F("ADC"));
file.printField(i, ',";
}

file.printin(F("Overruns"));

Serial.printin(adChar);
/[Set Channel of the ADCs
adsA.setCh(si, BBC);
adsB.setCh(si, B BC);
adsC.setCh(si, BBC);
adsD.setCh(si, BBC);
fifo.reinit();

StartTime = millis();
ChkTime = millis();

/I Record data until serial input is available.
while (RunTime>ChkTime - StartTime) {

/I Sleep until it' s time for next data point.
nilTimer1Wait();

/I Get a free buffer.
Record_t* p = fifo.waitFree(TIME_IMMEDIATE);

/I Skip the point if no buffer is available , fifo will count
overrun.
if ('p) continue;

/l Read ADCs

[ffor (inti=0;i< NADC; i++) {

I/l p - >adc[i] = nilAnalogRead(i);
I

p- >adc[0] = adsA.ReadContADC();
p- >adc[1] = adsB.ReadContADC();
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p- >adc[2] = adsC.ReadContADC();
p- >adc[3] = adsD.ReadContADC();

/I for (inti=0;i<NADC; i++) {

I p - >adc]i] = I2CADCRead(i);

I}
/ISerial.printin(("12C Gathered"));
/I Save count of overruns since last point in high 6 - bits of

adc]0].

uint8_t tmp = fifo.overrunCount();
llp ->adc[0] |=tmp > 63 ? (63 << 10) : tmp << 10;
p- >ovr = tmp > 255 ? 255 : tmp;
//Serial.printin(("ovrs saved"));
/I Signal SD write thread that new data is ready.
fifo.signalData( )i

ChkTime = millis();
}
Serial.printin(F("Finished™));

/ILet Save loop finish
/InilThdSleepSeconds(10);

/I Done, close the file and print stats.
/ISerial.printin(F("Done!") );
file.print(F("Max Write Latency: "));
file.print(maxLatency);

file.printin(F(" usec"));
nilPrintUnusedStack(&file);
fifo.printStats(&file);

file.close();
Serial.printin(F("Done!™));
Serial.pr  int(F("Max Write Latency: "));
Serial.print(maxLatency);
Serial.printin(F(" usec"));
nilPrintUnusedStack(&Serial);
fifo.printStats(&Serial);

} //End for Sensor Select for loop here

/[Transistor Power Off
Serial.print In("Transistor Power Down");
digitalWrite(pwrPin,LOW);

/IBreak for the predetermined sleep time
for(int x = SleepTime; x > 0; x - N
delay(60000);
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Serial.print("Miniues Left");
Serial.printin(x - 1);
}

Serial.printin( "resetting");
resetFunc(); //call reset
Serial.printIn("this never happens");

[ B

/[Thread Prioritization

[ B R
/*

* Threads static table, one entry per thread. A thread's priority
is

* determined by its position in the table with highest priority
first.

*

* These threads start with a null argument. A thread's name is
also
* null to save RAM since the name is currently not used.
*/
NIL_THREADS TABLE BEGIN()
NIL_THREADS TABLE_ENTRY(NULL, Threadl, NULL, waThread1,
sizeof(waThread1l))
NIL_THREADS TABLE_END()
1

[[HHB B R R R R R R

11%%%%%% %%%%%%%%%%%%% %%%%%% %%%%%

1%% %% %% %% %% %%

I %%%% %%%%% %% %%%%% %%%%%

Il %% %% %% %% %%

11%%%%%% %%%%%% %% %%%%%% %%

/ISETUP FUNCTION

MR R R R R R R R R Rt
void setup() {

Serial.begin(9600);
delay(4000);
Serial.print("freeMemory()=");
Serial.printin(freeMemory());
Serial.printin(F("Begin™));
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delay(2000);

/MNnitialize RTC
RTC init();

/IGet Date and Time
ReadTimeDate(DateT ime);

//Save Data and Time

Yr = String(DateTime[6]);
Mo = String(DateTime[5]);
Day = String(DateTime[4]);
Hr = String(DateTime[2]);
Mn = String(DateTime[1]);
Sec = String(DateTime[0]);

/IFormat Printable Date and Time
FullDnT ="20" +Yr+""+Mo+"/"+Day+"/"+Hr+

"" + Sec;

/[Format Date and Time Filename
if (Mo.length() < 2){
adStr ="0";
adStr+= Mo;
}
else{
adStr = Mo;

}

if (Day.length() < 2){
adStr +="0";
adStr += Day;

}

else{
adstr += Day;

}

if (Hr.length() < 2){
adStr +="0";
adSstr += Hr;

}

else{
adSstr += Hr;

}

if (Mn.length() < 2§
adStr +="0";
adstr += Mn;

}

else{
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}

adStr += Mn;

/IAdd .CSV to the file name
adStr+ =".CSV";

Serial.printin(adStr); //Print File Name

char adChar[adStr.length()+1]; //Convert to Chars

adStr.toCharArray(adChar, adStr.length()+1); //Extra cell needed
in str array

Serial.printin((adChar)); //Print Char array

//[Begin SD communi  cations
if (Isd.begin(sdChipSelect)|| !sd.mkdir(adChar) ||
Isd.chdir(adChar)) {

}

Serial.printin(F("SD problem"));
sd.errorHalt();

/NIf temp DAQ then open file now
if (tempDAQ)
/I Initialize SD and create or open and truncate the data

}

if (!sd.begin(sdChipSelect)

|| 'file.open(adChar, O_CREAT | O_WRITE | O_TRUNC)) {

Serial.printin(F("SD problem™));
sd.errorHalt();
}
/I Write the file header.
file.print(F("PERIOD_USEC,");
file.printin(PERIOD_U SEC);
file.print(F("Date,"));
file.printin(FullDnT);
for (inti=0;i <NADC; i++) {
file.print(F("ADC"));
file.printField(i, ',";
}

file.printin(F("Overruns"));

/IBegin 12C Chanels
Wire.begin();

/[Set Ch annel of the ADCs
adsA.setCh(0, BBC);
adsB.setCh(0, BBC);
adsC.setCh(0, BBC);
adsD.setCh(0, BBC);

//Power On Sensors
Serial.printIn("Sensor Power On");
pinMode(pwrPin, OUTPUT);
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digitalWrite(pwrPin, HIGH);

Serial.printIn("Warming up" ):
for (int gg = 1; gg < 8; gg++){

delay(1000);
Serial.printin(7 - g9);

}
Serial.printin("Taking Data");

/I Start kernel.
nilSysBegin();

[ R A R R S R R

11%% %%%%  %%%% %%%%%

11%% %%%%%%%% %%%%%%%% %% %%
11%% %% %% %% %% %% %%

11%% %% %% %% %% %%%%%

11%%%%%%% %%%%%%%% %%%%%%%% %%
11%%%%%%% %%%%  %%%% %%

/ILOOP FUNCTION

| R T R R T R
/I Write data to the SD in the idle loop.

1

/I Loop is the idle thread. The idle thread must not invoke any
/I kernel primitive able to change its state to not runnable.
void loop() {

/I Record data until serial data is available()
while (1) {

/I Check for an available data record in the FIFO.
Record_t* p = fifo.waitData(TIME_IMMEDIATE);
/ISerial.printin(("Loop™));

/I Continue if no available data records in the FIFO.
if ('p) continue;

/ISerial.printin(("Past p"));

/I' W rite start time.

uint32_t u = micros();

/I Overruns are in the high 6 - bits of adc[0].
/luintl6_t overruns = p - >adc[0] >> 10;
uintl6_t overruns = p - >0vr;

/lp - >adc[0] &= OX3FF;
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/ISerial.printin(("Save"));

for (inti=0; i < NADC; i++) {
/l Print ADC value and a comma.
file.printField(p - >adcf[i], ',";
}
/I Print overrun count and CR/LF.
file.printField(overruns, ' \nY);
u = micros() -

if (u > maxLatency) maxLatency = u;

/I Sig  nal the read thread that the record is free.
fifo.signalFree();

}
/lwhile (1)

[HHH IR R R
/IADC Read Function
[HHH IR R R R

uint16_t I2CADCRead(uint8_t adcNum){
uintl6_t adc;

if (adcNum < 4){
adc = adsA.readADC_SingleEnded(adcNum);
}
else if (adcNum < 8){
adc = adsB.readADC_SingleEnded(adcNum - 4);
}
else if (adcNum < 12){
adc = adsC.readADC_SingleEnded(adcNum - 8);

}

else{

/la dc = adsD.readADC_SingleEnded(adcNum -12);
}

return adc;

}

B
/IRTC FUNCTIONS
B R R
i
int RTC_init(){
pinMode(RTC_CS ,OUTPUT); // chip select
/I start the SPI library:
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SPl.setDataMode(SPI_MODE3);
SPl.begin();
SPI.setBitOrder(MSBFIRST);
SPl.setDataMode(SPI_MODE3); // both mode 1 & 3 should work
/Iset control register
digitalWrite(RTC_CS, LOW);
SPl.tra nsfer(Ox8E);
SPl.transfer(0x60); //60= disable Osciallator and Battery SQ wave
@1hz, temp compensation, Alarms disabled
digitalWrite(RTC_CS, HIGH);
delay(10);
}
1
int SetTimeDate(int d, int mo, inty, int h, int mi, int s){
int TimeDate [7]={s,mi,h,0,d,mo,y};
for(int i=0; i<=6;i++){
if(i==3)
i++;
int b= TimeDate[i]/10;
int a= TimeDateli] - b*10;
if(i==2){
if (b==2)
b=B00000010;
else if (b==1)
b=B00000001;

}
TimeDate[i]= a+(b<<4);

digitalWrite(RTC_CS, LOW);

SPI.transfer(i+0x80);

SPl.transfer(TimeDate[i]);

digitalWrite(RTC_CS, HIGH);
}

}
I

void ReadTime Date(int TimeDate[7]){
/lchar[] temp;
/lint TimeDate [7]; //second,minute,hour,null,day,month,year

for(int i=0; i<=6;i++){
if(i==3)
i++;
digitalWrite(RTC_CS, LOW);
SPI.transfer(i+0x00);
unsigned int n = SPI.transfer(0x0 0);
digitalWrite(RTC_CS, HIGH);
int a=n & BO0001111;
if(i==2){
int b=(n & B00110000)>>4; //24 hour mode
if(b==B00000010)
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b=20;
else if(b==B00000001)
b=10;
TimeDate [i]=a+b;
}
else if(i==4){
int b=(n & B00110000)>>4;
TimeDate[i]=a+b*10;
}
else if(i==5){
int b=(n & BO0010000)>>4;
TimeDate[i]=a+b*10;

}

else if(i==6){
intb=(n & B11110000)>>4;
TimeDate[i]=a+b*10;

}

else{
int b=(n & B01110000)>>4;
TimeDate[i]=a+b*10;

}

/ltemp.concat(TimeDate[4]);
[temp.concat("/") ;
/ltemp.concat(TimeDate[5]);
/temp.concat("/") ;
/ltemp.concat(TimeDate[6]);
/temp.concat(" ") ;
/ltemp.concat(TimeDate[2]);
/temp.concat(":") ;
/ltemp.concat(TimeDate[1]);
/temp.concat(":") ;
/ltemp.concat(TimeDate[0]);
[Ireturn(TimeDate)

}

C.2ATtiny Code

/[Select pin that the relay is hooked up to
int pwr = 1;

void setup() {
/ initialize the digital pin as an output.
pinMode(pwr, OUTPUT);

}

/I the loop routine runs over and over again forever:
void loop() {
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digitalWrite(pwr, HIGH); // Switch Relay on
delay(70000); /I Sample for a minute
/l(add a 10 second safety buffer)
digitalWrite(pwr, LOW); // Switch relay off
delay(3600000); /I wait for an hour
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AppendixD:PCB DAQ Schematic

Table 3. Bill of Materials for PCB DAQ
Description

ADS1015 12-bit 4-Channel 12C ADC with Internal
PGA
Ferrite Bead

LED

Momentary Switch

NPN Transistor

CAPACITOR, American symbol
RESISTOR, American symbol
CRYSTAL

RESSTOR, American symbol
CAPACITOR, American symbol

CAPACITOR, Americaymbol

CR1216/CR1220/CR1225 12mm 3V lithium coin
cell
Mini FIT connector 16 pol

QT
Y

4

= 0 A~ b P

16

Ref Des

U1, U2, U3, u4

FB1, FB2, FBBB4, FB5, FB6, FB7

FB8

PINO, PIN1, PWR, REC, RX, SPW

X
S1

Q2, Q3, Q4, Q5

C2, C8, C18, C22
R1, R6, R7, R8, R11, R14, R17, F

Q1

R2, R3, R4, R5, R9, R19, R20

C1, Ce, C7,C9, C10, C11,C12, C
C14, C15, C16, C17, C19, C20, C

C23
C3,C4

BAT1

and

BOM

Mfg P/N #
ADS1115IDGST
MMZ2012Y152B

150080RS75000

PTS525SM10SMTRL

BC81740,215

08051C104KAZ2A

ESR10EZPJ103

ABLS216.000MHZ

DAYT

CRCWO08051K00JNE.
0805ZD105KAT2A

C0805C220J1GACTL

3000TR

SENSOR_GND, SENSOR_PWR, 39-299162

SENSOR_SIGNAL

123

Distribut
or
Digikey

Digikey
Digikey

Digikey
Digikey
Digikey
Digikey
Digikey

Digikey
Digikey
Digikey
Digikey

Digikey

Distributor P/N #

296-249341-ND

44515601-ND

732-49841-ND

CKN9104CGNRD
568-1631-1-ND
478-35621-ND
RHM10KKGND
53598751-ND

541-1.0KACND
47814121-ND

399-80351-ND
3000KCND

WM733END



Mini FIT connector 2 @l
AVR ISP HEADER

SPI RTC module with battery backup and interna
clock.
90degree through hole header

Hex Converter
ATMEGA1284 Microcontroller

Micro-SD / Transflash card holder with SPI pinou
800mA and 1A Low Dropout (LDO) Positive
Regulator

800mA and 1A Low Dropout (LDO) Positive
Regulator

BATT1, BATT2, BATT3
ISP1
us2

JP2
us
ATMEGA1284

Usl
5VREG, 5VREGSENSOR

3V3REG
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39-29-9023
10-89-7061
DS3234S#

9611065604AR
M74HC4050RM13TR
ATMEGA128AU

290805WBMG
REG111-6/2K5

REG111-8.3/2K5

Digikey
Digikey
Digikey

Digkey
Digikey
Digikey
Digikey
Digikey

Digikey

WM3853ND
WM5002206-ND
DS3234SMD

3M9471:ND
497-18441-ND

ATMEGA128AU-
ND
3M5607CIND

296-279241-ND

296-213211-ND



Figure 65. PCB DAQ Schematic
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