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1. Executive Summary

The main goal of the project was to address the several barriers that were limiting NDOTs ability to
implement MDSS and MMS systems in Nevada. The tasks listed below were developed in close
consultation with NDOT personnel at the kickoff meeting in early 2015. The UNR and NDOT
personnel took into account NDOTs current capabilities to address what was believed to be the
remaining barriers to implementation in Nevada. The four project tasks included:

Task 1:

Task 2:

Task 3:

Task 4:

Develop system for tracking sand and/or deicing material usage: tracking where and
when salt/sand and/or deicing materials are used is a key part of upgrading the MMS
system used so that overall winter maintenance material costs can be reduced. A
prototype system was developed and successfully tested during the 2016-2017 winter.
Additional upgrades were made during the summer of 2017 and will be deployed as part
of the IMO3 project for the 2017-2018 winter. The final system provides NDOT with
the ability to track the use of salt/sand and/or deicing materials and provides the plow
driver with a visual indicator of when the spreader is running but has run out of salt/sand.

Develop and deploy MMS data display capability: A web-based map was developed
that allows a supervisor (or driver) to view spread rate as a function of vehicle location.
The user selects the specific vehicle and time range on the interface and a webpage is
generated showing spread rate on a map overlay.

Studying the accuracy of the weather and road condition forecasts: Nevada’s many
microclimates coupled with sparsely located RWIS stations have resulted in reportedly
poor weather forecasts (according to NDOT personnel) and, hence, road condition
predictions. A detailed study of at 39 different RWIS sites for 4 winter events was
conducted. The study quantified the accuracy of Schneider Electric’s WeatherSentry
forecasts as compared to the actual RWIS data recorded. In general, the study showed
that the forecasts were accurate (~85%) at predicting no-snow days (days during a
winter event with either rain or no precipitation) but were very poor (<50%) at
predicting snow events correctly.

Study and develop technology for mobile freeze point and/or salinity sensors: The
state-of-the-art in mobile freeze point measurements is very limited. There is much
interest in the development of mobile sensing capability of road surface freezing point.
This task assessed the viability of using a spectroscopic method coupled with an
engineered optical system to permit mobile salinity measurements. Five common salt-
based road deicers, were subjected to Raman spectroscopy over a range of
concentrations and temperatures ranging from pure deionized water to saturated
solutions and from +22 to -18 °C. Under laboratory conditions, we demonstrated that it
is possible to determine the existing salt concentrations of various chloride and acetate
solutions. A proof-of-concept mobile implementation is still required but we are
confident it is possible to develop a low cost mobile salinity sensor based on the work
completed.
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2. Introduction

Growing demands for budgeting efficiencies, coupled with a growing expectation from the public to
keep roads clear of snow and ice can place strain on NDOT’s winter road maintenance system. In
response to this, NDOT has been conducting pilot tests of the infrastructural capabilities necessary to
implement systems such as Intelligent Transportation Systems (ITS), Materials Management Systems
(MMS) and/or Maintenance Decision Support Systems (MDSS).

Materials Management Systems (MMS) and Maintenance Decision Support Systems (MDSS) are
presently receiving growing interest in numerous states’ Department of Transportation across the
country. MMSs and MDSSs have significant potential connections with broader Federal efforts,
such as the U.S. DOT’s Intelligent Transportation System (ITS) effort, which is focused on
improvement of safety, mobility, environment, and productivity in transportation systems through
the development and implementation of new technologies.

The NDOT has been collaborating with UNR and several Federal agencies over the past several
years to bring the potential benefits of connected vehicles to NV through the Road Weather
Management Program. This collaboration is presently implementing a 40 vehicle pilot-scale system
that uses NDOT vehicles to gather road and vehicle maintenance data in real-time, for use in winter
road weather forecasting, as well as road and vehicle maintenance decisions.

At present, NDOT is working with the University of Nevada, Reno to develop data telemetry
capabilities using cellular modems as well as DSRC (Dedicated Short Range Communication) to
gather data in real-time from NDOT vehicles (plows, crew vehicles, etc.). These data are being
used, in turn, to develop Intelligent Mobile Observation (IMO) capabilities and applications such as
a Materials Management System (MMS) and Maintenance Decision Support System (MDSS).
These systems (developed in a pilot program with the National Center for Atmospheric Research,
NCAR) use the data gathered from mobile vehicles to make forecasts and recommendations that
help reduce maintenance costs and improve level of service.

The Connected Vehicle effort (Figure 2.1) is still in a pilot phase, although published literature from
the early work indicates that several states’ DOT currently employ a Maintenance Decision Support
System, which use many Connected Vehicle features. The consensus is that the primary benefits of
an MDSS are increased mobility, safety, level of service, and cost savings, reportedly reducing
winter material costs by up to 30% (WTI, 2009).

Figure 2.1. Connected vehicle concept. Figure courtesy of US DOT.
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The Maintenance Decision Support System (MDSS) concept (Dye, et. al, 2008) started in 1999 as a
Federal Highway Administration (FHWA) project aimed at helping winter maintenance personnel
make decisions (Pisano, et. al, 2005). The key component to an MDSS is accurate weather and road
condition information. Using this information, an MDSS employs data fusion, predicts local
weather conditions, and can recommend road maintenance actions—all in an effort to reduce
information overload and increase the efficiency of winter road maintenance (Mahoney, et. al,
2005). Widespread adoption of MDSS began with sixteen states sharing/pooling MDSS data
(Mewes, et. al. 2008, SDDOT, 2009).

In order to fully realize the benefits of an MDSS, a more advanced MMS system is required.
Knowledge of how much sand and deicing material was deployed combined with vehicle location
information would permit NDOT to better quantify their resource utilization. Additionally,
knowledge of the actual freeze point of a road surface would help maintenance crews better plan for
application of additional deicing material or whether other maintenance actions are required.
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3. Task 1: System for Tracking Sand and/or Deicing Material Usage

Task 1 dealt with the development of a system for tracking where and when salt/sand and/or deicing
materials were applied on the roadways.

3.1 Methods

This section discusses the spreader system that was developed, as well as the necessary methods for
determining the spread rate of this system. Descriptions of how the spreader motor behaves and
how material (salt and sand) is detected are provided.

3.1.1 Calculating Spread Rate

The majority of the spreader units available to the NDOT crews have the same basic layout. The
spreader, shown in Figure 3.1, is placed in the bed of the assigned dump truck and connected
through fasteners. Hydraulic lines run along the sides of the spreader and are attached to the
controller system near the rear of the truck's cabin. These hydraulic lines provide power to two
motors. The first motor runs a conveyor belt located on the floor of the spreader system. This
conveyor belt moves the material in the trough of the spreader towards the rear of the truck where a
gate is located (see Figure 3.2). This gate adjusts vertically to either increase or decrease a gap
through which the granular material escapes. Once past the gate, the material continues on the
conveyor for a short distance. It then falls down a chute, where a spinner that is run by the second
hydraulic motor detects the material into a wider spread pattern.

Figure 3.1: A typical spreader unit available to NDOT winter maintenance crews.

Figure 3.2: The basic spreader unit used by NDOT. The granular material is stored in
excess in a trough with a conveyor belt on the floor. This conveyor slowly drives the
material past a gate and down a chute, where it is spread outwardly by a spinning disk
and detected downwards by detector plates.
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Ultimately, the only two parameters that need to be accounted for to estimate the material spread
rate for these spreader units are the gate's height and the conveyor belt's velocity. Once the salt and
sand mixture passes through the gate at the rear of the spreader, that material will be applied to the
road. This volume is quantized by the size of the gap allowed by the gate and the speed of the
conveyor moving the material rearwards. This is given with Equation (3.1):

Q= hgateWgatevbelt 3.1

where Q is the volumetric spread rate, hyqq, is the height of the spreader gate, wy g is the width of
the spreader gate, and v, is the speed of the spreader's conveyor belt. It should also be noted that
the width of the gate is constant for each spreader model but differs between models. So the only
parameters for the spread rate are the conveyor's speed and the height of the gate.

To understand the likelihood of the rear spreader gate height being adjusted, a meeting with NDOT
plow drivers was held early during the project. This discussion both informed the drivers of this
spread rate measurement system being designed and sought input from the drivers about possible
flaws in the system. NDOT drivers reported that the spreaders had an assigned gate height for the
winter season, only adjusted to empty the truck at the end of storm events. An assumption of
constant gate height would be valid, reducing the expression to Equation (3.2).

Q X Vperr (3.2)

In the same meeting, NDOT drivers reported that it was common for dump truck drivers to dispense
all the material in their spreader bed during a shift. This becomes a problem during night shifts,
where the conveyor motor was often left running while not actually applying any material because
the bed was empty. This suggested that a method for determining whether material was being
applied needed to be included to improve the robustness of the spread rate measurement system.

These findings allowed for the expression for the volumetric flow rate to be reduced to Equation
(3.3):

Q = KvpeM (3.3)

where K is a constant associating the conveyor speed with the volumetric ow rate, and M is a binary
variable (1 or 0) determined by whether material is detected to be present in the spreader. Therefore,
the only two measurements required to determine the spreader's application rate are the conveyor
belt speed and a material detection binary value.

3.1.2 Spreader motor

The hydraulic motor that was chosen for the development of the spread rate measurement system
was an Eaton 10903 W/S, depicted in Figure 3.3. There were several of these spreader units already
in use in the Elko fleet and was available for purchase through businesses that are in the Eaton
distribution network, the northern Nevada distributor being Silver State International. The plow
trucks that were being outfitted for this project had four mounting holes for their conveyor motor,
so the four-hole angle motor was selected. If a two-hole angle motor were desired, the Eaton 75210
W/S should be purchased instead. The motor includes with two attachment points for the hydraulic
hoses which provide power to the motor, as well as a three-wire sensor harness. These wires
included a signal line with a frequency proportional to the rotational speed of the motor.
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Figure 3.3. The Eaton 10903 W/S hydraulic motor. When installed as the conveyor
belt's driving motor, the speed sensor returned values proportional to the rate of
material application.

Installation of the motor was a short process. As Figure 3.4(a) shows, the Eaton 10903 W/S
replaces a standard spreader conveyor motor, like the one pictured in Figure 3.4(b). The hydraulic
lines were removed from the conveyor motor, and the motor was unmounted by unbolting the four
connecting bolts. The new hydraulic motor was installed through the reverse order of steps as above;
the motor was mounted through the four attachment bolts and the spreader's hydraulic fluid lines
were reattached.

After the Eaton 10903 W/S was mounted onto the spreader, wiring the motor so that the motor's
frequency signal could be interpreted by OBU was necessary. The distance between the motor and
the Multiplexer was about 30 feet, so a large amount of cable was required. The cable needed to be
weather resistant and operate in temperature ranges suitable for the environment, with the Reno area
having extremes between -27° C and 42" C. The three spreader motor wires were:

e 5 Volt DC Power (Red)
e Ground (Black)
e Less than 0.5 V DC Output Voltage (White)

() (b)
Figure 3.4: The Eaton 10903 W/S hydraulic motor installed on an NDOT dump truck
spreader system (a). This motor included a three-wire harness that allow for the
observation of the motor's speed, while standard hydraulic motors (b) did not contain
such a wiring harness.
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An important installation requirement for the conveyor motor speed sensor wiring was to include a
connector near the cabin of the dump truck. This connector allowed for the removal of the dump
trucks spreader system during the summer months. The suggested lengths of the motor's cable
wiring are 20 feet for the spreader side and 10 feet for the cabin side. A weather resistant four pole
round trailer connector was chosen for this project as the junction of these two cabling sections
(purchased through NAPA Auto Parts). This junction (shown in Figure 3.5) was installed in the
same location as the spreader unit's hydraulic system release points. Only three of the four wires in
this cable were needed for the spreader motor speed sensor, while the fourth wire was left for use
with the proximity sensor's signal.

Figure 3.5: A four-pole trailer connector was included in the installation to allow for
easy detachment and reattachment of the spreader conveyor motor wiring from the
plow truck.

3.1.3 Gate Feed Rate

To demonstrate the feasibility of the proposed system, sample data was gathered with one of
NDOT's installed motors. From Equation (3.2) the volumetric ow rate is proportional to the speed
of the conveyor belt. The speed sensor reports a frequency that is also proportional to the speed of
the conveyor. This is expressed in Equation (3.4):

VUpelt X fmotor (3-4)

where f,,0t0r 1S the frequency reported by the hydraulic motor. These proportionalities can then be
combined into a single conversion constant, S in Equation (3.5). This value will be referred to as the
"calibration coefficient".

Q = Sfmotor (3.5)

Integrating this expression over a period of time will result in the volume of material, V , that was
spread. This is shown in Equation (3.6):

A
V= [ Sfiotordt (3.6)

This integral can be simplified by taking the average frequency over a discrete period of time.
Therefore, if during an application the frequency output from the hydraulic motor, time of
application, and amount of material applied are measured, the calibration coefficient S can be
determined for the gate height set. This is shown with Equation (3.7), where fg,,4 is the average
frequency for the duration of the application.

Page 8 of 34



_ 14
favgAt

S (3.7

Over different conveyor speeds and at a fixed gate height of 1 inch, an NDOT spreader unit applied
bursts of material onto a tarp. The time of application was recorded and the material measured. The
results of a calibration procedure, conducted for a typical NDOT material spreader, is shown in
Figure 3.6.

Figure 3.6: Calibration results for the spreader speed sensor. For this test, a
calibration coefficient of 0.01099 cubic yards/Hz-hour was determined for the gate
height setting of one inch. The R? correlation value of this linear trend is a strong
0.9875.

These calibration data show that a linear model with a calibration coefficient S = 0.01099 cubic
yards/hour-Hz ts the recorded data with an R* value of 0.9875, suggesting a strong linear correlation.
The spreader motor speed sensor has been shown from this test to be a viable option for measuring
the speed at which material is exiting the rear of the spreader system. If calibrated for an NDOT
crew's gate height, this frequency alone will estimate how much material is being applied to the
route driven (assuming the bed is not empty).

3.1.4 Empty Bed Scenario

With a known calibration coefficient and a measurable motor speed frequency, the volumetric
spread rate of a winter road maintenance vehicle can be estimated. However, the problem of no
material being present in the spreader could not be resolved with only the spreader motor sensor.
The frequency reported by the conveyor's hydraulic motor is independent of the presence of a
granular material and only reports how fast the conveyor motor is spinning. Therefore, there needed
to be the inclusion of a material detector to avoid the "empty bed scenario", where a spread rate is
estimated for no actual material application. Several methods for solving this problem were
examined.

This problem of detecting an empty trough or tank is common in industrial applications. Depending
on the material being detected, proximity sensors are often selected to solve this problem. These
sensors often produce a field that, when interrupted by an object, trigger a response that indicates
the object's presence. One specific type of proximity sensor is the capacitive type sensor. This
differs from the alternative inductive proximity sensor by producing an electrostatic field for
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detection, as opposed to an electromagnetic field. This difference allows for non-conducting
materials to disturb the capacitive proximity sensor, as opposed to only metallic objects. The
detecting surface of a capacitive proximity sensor is made from two electrodes of an unwound
capacitor, which changes the capacitance of an oscillator circuit when an object enters its
electrostatic field. This capacitance change causes the circuit to begin oscillating, and once it's
amplitude is large enough, a trigger is activated and a detection is reported. This output is typically
a step change in voltage, but this can be changed into a binary 1 or O value.

Any material that has a different dielectric constant than air can be measured through this
electrostatic field method, with significantly larger dielectric constants being easier to detect. Air
has a dielectric constant of 1.0, while salt and sand have constants of between 3.0 and 15. So, for
the application of salt and sand detection this method proved feasible. Proximity sensors are
commonly packaged in weather resistant enclosures suitable in industrial situations. Such
enclosures will be suitable for the winter weather environment.

For this project, a CT1-00-2H capacitive proximity sensor was chosen, shown in Figure 3.7. This
particular sensor was purchased through the online vendor automationdirect.com, along with the
accompanying cabling and mounting bracket. There were also plastic wells that the sensing end of
the proximity sensor could be housed inside of, but this accessory was not purchased for this project.

Due to the location of the proximity sensor on the NDOT spreaders, a shielding for the sensor was
necessary so that the granular material and brine would not damage the device. The sensor needed
be close enough to the sand mixture that it would detect when there was material present, but far
enough away from the conveyor belt that it would not give incorrect readings. Installing the sensor
in a location that achieves these goals was complicated by the brine solution sprayer that wets the
salt and sand immediately after it passes through the spreader's gate. To account for this, a shielding
container was designed to protect the proximity sensor from the brine (shown in Figure 3.8 housing
the sensor).

Figure 3.7: CT1-00-2H capacitive proximity sensor with the available 4-wire cable
attachment and the ST12A zinc plated iron axial bracket. The sensor length was
3.54 inches.
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Figure 3.8: The CT1-00-2H capacitive proximity sensor inside it's brine protective
housing.

A PVC pipe internally machined to fit the proximity sensor and was then cut into two sections to
cover the proximity sensor to protect it from the liquid brine. The rear end of the housing included
enough room for the cable attached to the proximity sensor to comfortably bend and exit the piping
through a hole drilled into the side. A PVC endcap was also glued to the cable end of the PVC
casing to seal the top of the casing.

Additionally, a small amount of insulation was placed between the mounting bracket and the
spreader chassis because the proximity sensor would trigger the sensor when it came into contact
with conductive objects. The sensor and housing were installed onto the gate of the spreader unit in
Figure 3.9, and the gap between the conveyor and sensor was adjusted until the empty conveyor did
not cause a positive reading.

Figure 3.9: The installed capacitive proximity sensor, lowered to the minimal
height before the system would determine a false reading of material being applied.
Larger gate heights would still properly detect the salt and sand.
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After the proximity sensor was mounted to the gate of the spreader unit, providing power to the
device and accessing the reported signal from the front of the truck were required. The CT1-00-2H
capacitive proximity sensor needed a DC voltage supply between 10 — 36 volts. The spreader unit
also had a 12-volt flashing light system that runs off of the truck battery. Thus, the proximity sensor
was powered from the rear lights and the reported signal was connected to the OBU through the
unused fourth wire of the conveyor motor's cabling.

Finally, based on feedback from NDOT personnel, a circuit was designed to provide visual
feedback to the plow driver. A pair of LEDs indicate when the empty bed scenario has occurred —
meaning the spreader motor is running but the proximity detector indicates that no material is
present and when the proximity sensor is dirty and needs to be cleaned. Note, the LED indicators
have been developed and tested in the laboratory but have not been installed onto any snow plows
at the time this report was written. As part of the ongoing IMO 3 project, the LEDs will be installed
for the upcoming 2017-2018 winter season.

3.2 Results and Findings

To validate the accuracy of the system spreader system, data for one vehicle was compared to the
MMS reports provided by NDOT for one winter event. Figure 3.10 shows the output of both the
spreader motor and proximity sensor, the middle of the storm and day with the most vehicle activity.
This graph shows that the proximity sensor detected material for a majority of the truck's shifts
while the conveyor motor was toggled between on and off fairly regularly.

Figure 3.10: Activity of the spread rate measurement system on board an NDOT
plow truck. The spreader motor was intermittently active throughout the day while
the proximity sensor detected material for a majority of the day.

Each spreader data point was converted into the volumetric amount spread using Equation (3.7) and
the calibration coefficient S = 0.021412 cubic yards/hour-Hz. Summing all of these discrete points
over the entire storm resulted in a total volume of 7.47 cubic yards. This estimate was then
compared to the MMS reports of the material applied by the same vehicle for the storm, which was
10 cubic yards. This equates to 74.7% of the material accounted for in the MMS report.

The automated system accounted for 7.47 cubic yards of salt and sand, while the MMS suggested
10 cubic yards were used by the vehicle, leaving a 2.53 cubic yard difference. It is likely that this
difference is due to the NDOT entry of 10 cubic yards being an over estimate. When asked if it
would be likely an application of 7.5 cubic yards would be reported as 10 cubic yards in the MMS,
an NDOT crew supervisor agreed that it was very common.
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To further justify the spread rate measurement system's total volume estimate, a post-season test
was performed. This test consisted of recording the spreader activity while dumping material onto a
tarp. The motor's speed was increased and decreased for about 10 minutes and the material dumped
was measured (the volume was measured using 5 gallon buckets). This measured volume was then
compared to the spread rate measurement system. The system reported 0.3798 cubic yards were
dispensed as compared to 0.4010 cubic yards that was measured by hand, or about 5.3% difference
in volume. This test suggested that the automated system (even months after the initial calibration)
is expected to be a better estimate of the total volume of material applied than the current methods,
which can consistently be several cubic yards short of the true application.

A phenomenon that was observed occasionally throughout this project was a drifting spreader
motor frequency. Even when the in-cabin spreader controller left in a fixed position the frequency
would rise at a consistent speed. This rise in frequency is still associated with a rise in motor speed
so there is no adverse effect on spread rate estimated made from the frequency. Either a reduced
load on the motor as the trough is emptied or fluctuations in the driving hydraulic pressure cause the
drifting motor speed.

3.3 Conclusions and Recommendations

The system developed is capable of tracking salt/sand usage to a higher accuracy than the current
(manual) accounting method. The tests conducted indicate that the system developed has
approximately a 95% accuracy. In addition to measuring how much deicing material was used, the
system also tracks the location (see Task 4 below), which is not possible with the current
accounting system.

As mentioned earlier, the visual (LED) warning system to alert the plow driver of the empty bed
scenario (spreader on but no material present) was developed and tested in the laboratory but has
not been installed onto any snow plows. A second LED was added to alert the driver when the
proximity sensor needs to be cleaned. As part of the ongoing IMO 3 project, the LEDs will be
installed for the upcoming 2017-2018 winter season.

Finally, it is noted that it may also be necessary to implement additional methods for monitoring the
gate height that throttles material flow in the future to increase the robustness of the system
developed. The current calibration was only conducted for a single gate height (which is used by
most plow drivers). It is recommended to develop a gate height sensor and conduct additional
calibrations for various gate heights.
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4. Task 2: MMS Data Display

Task 2 focused on the development of web-based display that would allow a supervisor (or driver)
to view spread rate as a function of vehicle location.

4.1 Methods

The spread rate data (cubic yards/hr) is included in the IMO 3 data packet. The data is first stored
on the NDOT back-end server database (coloimomessrvl) and is forwarded to the NDEX along
with all the other weather and vehicle data. Since the spread rate data is archived on the back-end
server, a script was created that queries the back-end server database for the spread rate data given
the specific vehicle and date/time range desired. The data returned by back-end server, which
includes GPS location and spread rate, is then plotted on a Google map.

4.2 Results and Findings

The webpage that is generated can be publicly accessed at: http://mess.its.nv.gov/maps4/. A
screenshot of the webpage generated for March 1,2017 is shown in Figure 4.1. NOTE: all dates and
times need to be specified in UTC time (Reno is either 7 or 8 hours behind UTC, depending on
daylight savings). Black indicates the spreader was not running, green represents 0-25%, yellow
represents 26-50%, orange represents 51-75%, and red represents 76-100% of the maximum spread
rate.

The user can toggle between the spreader map and the transmission type (DSCR or cellular) by
clicking on the “Do Radio Map” or “Do Spreader Map” (Figure 4.2). In the image shown, since
there are no DSRC towers along the Mt. Rose highway, all data packets were sent via cellular
communication.

Figure 4.1. Screenshot of the spread rate display: http://mess.its.nv.gov/maps4/.
Spread rate data for vehicle 0267 for March 1, 2017. Black indicates the spreader
was not running.
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Figure 4.2. Map also can show how the data was transmitted, either DSRC or
cellular. For the data shown in Figure 4.1, all data was sent over cellular.

4.3 Conclusions and Recommendations

The prototype map interface demonstrated the utility of being able to plot the spread rate data on a
map. Further refinements were not pursued because full integration between the back-end server
database (coloimomessrvl) and the NDEX was not available during this project (integration is
being handled by a separate contractor). Once full integration with the NDEX is complete, a similar
method as used for this project can be used to generate a map of spread rates (in cubic yrd/hr).
Additionally, custom reports such as end of shift reports can be generated via the NDEX to
document the amount of deicing material used.

Finally, it is recommended that a method to measure the amount of brine (liquid deicer) dispensed

be developed. The ability to track both salt/sand and brine is expected to be very useful for MMS
and MDSS.
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5. Task 3: accuracy of the weather and road condition forecasts

Nevada’s many microclimates coupled with sparsely located RWIS stations have resulted in
reportedly poor weather forecasts (according to NDOT personnel) and, hence, road condition
predictions. We compared the accuracy of Schneider Electric’s WeatherSentry forecasts to actual
RWIS data to address this concern. The results of this study should provide a first step towards
potential enhancements to the forecasts made possible through the addition of mobile observations.

5.1 Methods

To assess the accuracy of the WeatherSentry forecasts, we had to archive both the forecasts from
the WeatherSentry website and the RWIS data from NDOT. Based on several conversations with
NDOT personnel, of all the weather parameters available we focused our study on air and surface
temperatures and precipitation.

5.1.1 Collecting Weather Data

To archive the WeatherSentry forecasts, NDOT provided UNR with an account login and password
to the Schneider Electric WeatherSentry site. A Mac OS Automator script was written that saved
the WeatherSentry webpage for all 81 forecast locations in Nevada every 2 hours. The Automator
script was started manually before each winter storm event.

It was not possible to download the WeatherSentry forecast data directly. Rather, the
WeatherSentry webpage was saved and the data was extracted from the saved website using a
Matlab script. Occasional crashes of the Automator script or failure to manually start the Automator
script (e.g. an unexpected storm during a weekend) resulted in not all winter events being saved. If
more than 30% of the data for a particular site was missing for a given storm event, that site was not
included in the study for that particular storm event. This is the main reason for some of the sites
not being available for every storm. A total of 55,576 forecasts were archived between December
22,2016 and April 14,2017.

The RWIS data corresponding to each archived WeatherSentry forecast was downloaded using a
contractor’s account for the RWIS database that NDOT provided to UNR. Data for each RWIS site
that had surface and/or air temperature data available for each of the date ranges within a storm
event was downloaded. Since air temperature data was available at all RWIS sites around
Reno/Tahoe but surface temperature was not, there were fewer comparisons for surface
temperatures than air temperatures. A total of 39 sites were used for the air temperature
comparisons and 15 sites were used for surface temperature comparisons.

Like the forecast data, the data for any particular RWIS site was not always available for each storm
event (i.e. there were often gaps in the RWIS data downloaded). If an RWIS site had large gaps in
the data (larger than 12 hours) or entirely missing data for a date range, it was not used in the
comparisons.

While the WeatherSentry data was only archived once every 2 hours, the RWIS data was available

for much smaller time intervals. Thus, we selected the RWIS data that was the closest in time to the
WeatherSentry data.

Page 16 of 34



5.1.2 Method for Comparing Precipitation

Precipitation is a binary condition; it is either raining/snowing or it is not. Forecasts, however, only
report the chance of precipitation. Additionally, there is the possibility that it was not precipitating
at the exact moment the RWIS data was archived but it was precipitating a few minutes before or
after. Thus, we had to develop a method for comparing precipitation.

While the RWIS data reports precipitation rates, we used a binary representation for precipitation (it
was either raining/snowing or it was not). To handle the possibility where it was not precipitating at
the exact time the RWIS data was collected, a threshold for precipitation was used when there was
precipitation detected in a 20 minute window from the chosen RWIS time (our scripts examined
all the RWIS records within the £20 minute window). If it there was any precipitation within +20
minutes of the selected time, we recorded a positive for precipitation at the selected time.

To denote the variation in chance of precipitation on our graphs, we chose to use different size data
point markers (Figure 5.1). The RWIS data used only the largest or smallest sized markers to denote
either no precipitation or active precipitation respectively.

Figure 5.1. The chance of precipitation reported by WeatherSentry is denoted
by the size of the data point marker.

5.2 Results and Findings

After accounting for all the missing/partial datasets, a total of 4 winter storm events in 2017 were
used for this analysis: January 5-12, February 2-6, February 14-18 and February 20-26 (13 days
total). A total of 420 air temperature plots and 189 surface temperature plots were generated. A
sample air temperature plot is shown in Figure 5.2.

5.2.1 Interpreting the graphs

There is a label to the top right of each plot, the black “Air Temperature” label means that the
parameter being presented is air temperature, and the red “Surface Temperature” label means that
surface temperature is being presented.

The title of each plot is broken up into the date that the graph is showing (Jan 8 in Figure 5.2), the
date range of the storm event (Jan 5 - [2), the location of the station (Gardnerville), and the
forecasts on each of the three subplots (Ohr - 6hr, 12hr - 24hr, and 48hr — 70 hr). The forecasts are
denoted by color (consistent across all plots):

- Gray: RWIS Data

- Blue: 0-hour forecast (i.e. “nowcast™)

- Red: 2-hour forecast

- : 6-hour forecast

- : 12-hour forecast

- : 24-hour forecast

- : 48-hour forecast

- Black: 72-hour forecast

The blue horizontal line across each subplot is always at 32°F to show when precipitation would
change from rain to snow (air temperature) or when ice would form on the road (surface
temperature).
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Some data may be missing. For example, in Figure 5.2, the 24-hour forecast is missing (no Teal
data markers) and the first half of the 12-hr dataset is missing.

Figure 5.2. Sample air temperature plot.
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In Figure 5.3, the horizontal-axis label is Forecast for Time of Day in military time (O=midnight,
4=4AM, etc.). The horizontal-axis is showing the time of day for the date given on the title of the
graph. For example, there are three predictions for 4AM. The BLUE data point is the O-hour
forecast (i.e. “nowcast”) and was the prediction made at 4AM (it is NOT the same as the actual
RWIS data measured). The RED data point is the 2-hour forecast and was made at 2AM. The

data point is the 6-hour forecast and, thus, was made at 10PM the previous night (January
8™). The grey data points always represent the RWIS (true) data. In Figure 5.3, all 3 predictions for
4AM were 5-10 degrees below the actual temperature measured at 4AM.

Figure 5.3. Sample air temperature plot.

As mentioned earlier (Figure 5.1), the size of the circle denotes the forecasted chance of
precipitation. The RWIS data is either a filled small circle, meaning no precipitation detected, or a
large filled circle. The large filled circle means that precipitation was detected somewhere in a +20
minute range from the stated time. In Figure 5.3, the RWIS station reported precipitation at 4AM
(large grey circle) and each of the 3 forecasts predicted 51-75% chance of precipitation.

Because of the sheer volume of data, 589 pages in total, the reader is referred to the Appendix for
all of the plots generated.

5.2.2 Accuracy of Forecasts

Of primary interest for the air temperature plots are determining how often the forecasts correctly
predicted snow on days that RWIS recorded snow and how often forecasts predicted no snow on
days that RWIS recorded no snow. Each day was categorized as “snow” if RWIS reported snow
during any part of the day. All other days were categorized as “no snow”. On “no snow” days, it is
possible for precipitation in the form of rain (since type of precipitation is not reported by RWIS,
any precipitation with air temperature above 32°F was considered rain).

For this study, “correctly predicted snow” means that the forecast correctly predicted snow within 2
hours of the actual snow occurring. Thus, if the forecast predicted snow but was either more than 2
hours early or more than 2 hours late, then the forecast was considered in error. Figure 5.4
illustrates a case where snow was predicted but the precipitation was actually rain. This was
categorized as an “incorrect prediction of no snow” because RWIS indicated no snow but the
forecast was incorrect. Similarly, in Figure 5.5 at 4, 6 and 8AM the RWIS station reported snow

Page 19 of 34



(precipitation with air temperature below 32°F) but the forecast called for rain during those times.
This would be categorized as “incorrect prediction of snow” because RWIS indicated snow but the
forecast was incorrect. Later in the same day on Figure 5.5, the forecast called for snow, but RWIS
indicated no precipitation. This would be categorized as “incorrect prediction of no snow” because
RWIS indicated no snow occurred.

For days such as those depicted in Figure 5.5, where more than type of error occurred, a subjective
analysis was required. In this case, it appeared that the storm arrived ~12 hours in advance of the
prediction. Thus, this day was categorized as “incorrect prediction of snow” because snow occurred
much earlier than predicted and would have resulted in snow removal equipment not being
deployed in advance of the storm.

Figure 5.4. The 48- and 72-hour predictions for air temperature for February
6, 2017. Example of when snow was predicted but actual precipitation was
rain (incorrect no snow prediction).

Figure 5.5. The 12- and 24-hour predictions for air temperature for January
9,2017. At 4AM, 6AM and 8 AM rain was predicted but actual precipitation
was snow (incorrect no snow prediction). At 4PM and later, snow was
predicted but the was no precipitation (incorrect snow prediction).

Similarly, for the surface temperature plots, of interest are the accuracy of “ice-up” predictions
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(days where RWIS reported precipitation with road temperature below 32°F) and “no ice-up”
predictions (RWIS reported either no precipitation or precipitation with the road above freezing).

Table 5.1 summarizes the accuracy of the WeatherSentry predictions for all the sites and days
studied. Tabulated accuracy data for each individual site is included in the appendix. Table 5.1 lists
the total number of comparisons for each forecast window, the percentage of days that each of the
forecast window correctly and incorrectly predicted snow on days RWIS reported snow (or ice-up
for surface temperatures), and the percentage of days that each of the forecast windows correctly
and incorrectly predicted no snow (or no ice-up) on days RWIS reported no snow (RWIS may have
reported rain on days that are counted as not snowing).

Because snow/no-snow is a binary condition, any forecast that predicted the chance of snow
between 26-100% was considered a prediction of snow/ice in Table 5.1. If a stricker tolerance of
51-100% is used, the results are far worse for the WeatherSentry system because a much larger
number of snow/ice days are missed (the incorrect column would be in the range of 80-90%
consistently).

Table 5.1: Accuracy of WeatherSentry forecasts by forecast window. Percentages are the
percentage of days that the forecast correctly predicted snow/ice on days RWIS recorded
snow and percentage of days that the forecast correctly predicted no snow/ice on days RWIS
recorded no snow.

Number of Snow (Air) No snow (Air)
comparisons Ice-up (Surface) No ice-up (Surface)
Correct | Incorrect | Correct | Incorrect
Air Temperature, O-hr predictions 362 33% 67% 86% 14%
Air Temperature, 2-hr predictions 362 32% 68% 85% 15%
Air Temperature, 6-hr predictions 362 32% 68% 85% 15%
Air Temperature, 12-hr predictions 362 29% 71% 84% 16%
Air Temperature, 24-hr predictions 362 33% 67% 86% 14%
Air Temperature, 48-hr predictions 362 22% 78% 86% 14%
Air Temperature, 72-hr predictions 362 22% 78% 88% 12%
Surface Temperature, O-hr predictions 131 33% 67% 80% 20%
Surface Temperature, 2-hr predictions 131 41% 59% 79% 21%
Surface Temperature, 6-hr predictions 131 49% 51% 82% 18%
Surface Temperature, 12-hr predictions 131 36% 64% 85% 15%
Surface Temperature, 24-hr predictions 131 42% 58% 84% 16%

From Table 5.1 it can be concluded that WeatherSentry is poor at predicting snow/ice on days that
RWIS reported snow. At best, the forecast was correct 49% of the time. On the other hand,
WeatherSentry was consistently accurate (~85%) at reporting no snow on days that RWIS reported
Nno SNoOw.

The implications for NDOT are that WeatherSentry does not encourage deploying snow removal
equipment often when it is not needed, but falls very short in correctly predicting when to deploy
snow removal equipment when it is actually needed. Thus, our data corroborates the general
feeling of many NDOT personnel in that WeatherSentry is in error the majority of the time when it
comes to predicting when to deploy snow removal equipment in advance of winter storm.

One common error we found for surface temperatures, was the forecast predicting significant road
heating when none actually occurred (Figure 5.6). We hypothesize that this is caused by the
forecasting model predicting solar (radiant) heating when in actuality it was cloudy. Early in the
IMO project, NCAR (National Center for Atmospheric Research) told us that solar radiation sensors
can greatly improve weather forecasts. This appears to be the case for Northern Nevada.
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Figure 5.6. An example of the forecasts predicting road heating during the day
when none actually occurred.

5.2 Conclusions and Recommendations

In summary, our findings corroborate the general feeling of many NDOT personnel in that
WeatherSentry does a poor job the majority of the time when it comes to predicting when to deploy
snow removal equipment in advance of winter storm. However, WeatherSentry does a good job at
predicting no snow (either rain or no precipitation), which is the most common scenario for
Northern Nevada.

Based on the frequency that the forecasts predicted warming where none actually occurred, NDOT
should consider adding solar radiance sensors. Our informal conversations with NCAR indicates
incorporating data on solar radiation can greatly improve forecast accuracy.

Finally, several RWIS stations never reported any precipitation, which leads us to believe the RWIS
station was not functioning properly. RWIS sites that never reported precipitation were: Cave Rock,
Crystal Bay, Incline Village, Kahle Drive, MoorWells, and Pilot. Additionally, the Mt. Rose station
reported a constant temperature for several days in a row. These sites were not included in the
results in Table 5.1 but are included in the appendix.
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6. Task 4: mobile freeze point and/or salinity sensors

Task 4 focused on determining if was possible to develop a mobile the freeze point sensor. One
parameter that is of interest to winter road managers is the temperature at which any moisture on the
road surface will freeze (or melt). Nominally, this is 0 °C, but when additional chemicals are
present, such as residual amounts of salt on the road, this melting/freezing temperature is shifted
(this is the concept underlying the use of salt or other chemicals on roads). Excessive use of these
chemicals wastes resources (and money), and can have a detrimental impact on the environment
surrounding the road. It is useful to know whether a road segment has already been sufficiently
treated with chemicals, and (by extension) it is for road crews to know when the snow or ice on a
road will start to freeze or melt as the weather conditions evolve.

Freeze point sensors are commercially available at present, although they are not yet commonly
deployed, and at present, most commercially available technologies are permanently embedded into
the road surface. There is, however, interest in developing mobile sensors for detecting the salinity
of water on the road, which (through thermodynamics) permits accurate estimates of the melting or
freezing point (i.e., the water on the road, with dissolved salt present, constitutes a saline solution,
and a measurement of the salinity will directly lead to an estimate of the melting/freezing
temperature).

We studied the feasibility of using of a spectroscopic method coupled with an engineered optical
system to permit mobile salinity measurements. The description below is derived from a graduate
student thesis. The full thesis is included in the Appendix.

6.1 Methods

Our approach to the problem of measuring salinity from a mobile platform involves the use of
Raman spectroscopy. This technique uses a monochromatic light source (laser) to excite the
molecules of the saline solution. The excited molecules, in turn, re-emit the light at slightly shifted
wavelengths, where the shifts are characteristic of the chemical bonding that is present in the
solution (Figure 6.1). Therefore, the Raman spectra that are produced this way act as a “chemical
fingerprint” of the amount of salt that is present in the solution. This technique is non-contact in
nature, and has been demonstrated in the literature to be viable over the measurement distances that
would be needed for a mobile sensor platform (vehicle mounted).

Figure 6.1. Raman spectra of water, revealing the impact of dissolved salts on the
spectral peaks. This can be readily quantified for use in non-contact salinity
measurements.
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6.1.1 Experimental Methodology

Raman spectroscopy is an established methodology in which inelastic scattering processes results
from monochromatic light interacting with matter. Emitted light (Raman emissions or Raman
scattering) takes on characteristic features that reveals information about the atomic bonding
characteristics of the substance being studied (see Carey & Korenowski (1998) for example, for an
overview of Raman spectroscopy of water). In the case of aqueous saline solutions, the dissolved
salts are not directly evident in Raman spectra. Instead, the dissolved salts alter the spectra of the
water molecules and clusters in a quantifiable way (Bashenko & Marchenko, 2011). That is, the
presence of salt ions in an aqueous solution will alter the appearance of the peaks of the water
spectrum in the OH bond-stretching region of the spectra between approximately 2800 to 3800 cm-
1 (Figure 6.2), due to influences on the inter-molecular hydrogen bonding between water molecules
in this range. Like salt ions, temperature also affects the inter-molecular bonds in a similar manner,
which necessitates examination of this phenomena over a range of temperatures (Bashenko &
Marchenko, 2011).

Figure 6.2: Raman spectrum of pure deionized water at 22 °C with the shaded
region between 2800 and 3800 cm-1 denoting the bond stretching region. This
region can be further divided into peaks created by water polymers and
monomers.

Aqueous solution samples were prepared using chlorides of sodium, calcium, and magnesium, as
well as potassium acetate, and 96% pure commercial-grade CMA. All samples were prepared at
room temperature by dissolving a measured mass of salt in deionized water to produce the desired
concentration. Sample concentrations were determined using mass calculations, and verified with a
conductivity probe, and through ICP-MS (inductively coupled plasma mass spectrometry). Samples
were prepared to cover a range of concentrations from pure deionized water to a saturated solution,
including the system’s eutectic concentration.

Liquid salt solution samples were readied for Raman spectroscopy by placing a 0.6 mL volume of
the solution in a cavity milled into the top surface of a high thermal conductivity aluminum plate.
The plate was fixed to a thermoelectrically-cooled cold plate (TE Technology CP-200HT-TT),
which controlled the sample temperature using a proportional-integral-derivative (PID) controller
(TE Technology TC-36-25-RS485). Temperature was measured using a thermistor bonded to the
aluminum plate next to the sample cavity.
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The Raman spectroscopy was performed using a Thermo Scientific DXR Raman Microscope
equipped with an extended range grating recording from 50 to 6000 cm-1 (11 cm-1 FWHM
resolution and 400 lines/mm), an InPhotonics fiber optic probe, and a 10 mW 532 nm excitation
laser. The fiber optic probe was positioned approximately at a 4-mm focal distance from the sample
surface and was adjusted slightly to achieve maximum signal intensity. Each used spectrum was
produced by averaging 12 individual spectra, each collected with a 5 second integration time (for a
total of 60 seconds) to provide the cleanest graph in a reasonable amount of time.

6.1.2 Analysis

Once the Raman spectra for each salt, concentration, and temperature were collected, they were
analyzed to back-estimate the concentration of salt in the sample. To best compare the collected
spectra with previously published results, the graphs were normalized to an arbitrary intensity value,
with a 1,000 Raman intensity, taken at the isosbestic point (all the Raman spectra for a certain salt
will intersect at the isosbestic point regardless of the salt concentration of the sample). For this
study, the collected Raman spectra were normalized to the isosbestic point used by Purickovi¢ and
co-workers (2010), 3325 cm-1, for comparison with their results.

The analysis of the present work applies the basic methodology of Puri¢kovi¢ and co-workers,
which manifests as a parameter representing the ratio of two characteristic integrated areas of the
Raman spectrum on either side of the isosbestic point of 3325 cm-1. Figure 6.3a illustrates this
graphically, where the integrated area to the left of the isosbestic point (lower wavenumbers)
characterize the polymer bonding within liquid water, and the area to the right representing the
monomer bonding.

Figure 6.3: Raman spectra analysis techniques where (a) displays the ratio of the
areas with 1 M sodium chloride at 22 °C with the extreme end points at 15% of
the maximum intensity, and the isosbestic point, 3325 cm-1, as the midpoint and
(b) demonstrates the Gaussian deconvolutions performed on 2 M potassium
acetate at 22 °C to remove the acetate peaks’ influence on the original spectrum.

The areas in these integrals are represented in the numerator and denominator of Equation 6.1, and
are readily calculated using the spectroscopic intensities at the measured (discrete) wavenumbers.
The ratio of the areas, RA, is calculated using:

I(D)+I130- .
X )
=

A 2‘3,\;3125{10)+12(i_1)x[i—(i—1)]}

(6.1)
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where wy, is the wavenumber greater than the isosbestic wavenumber where the intensity falls to
15% of the maximum intensity of the tallest peak, w; is the wavenumber below the isosbestic
wavenumber where the intensity reaches 15% of the maximum intensity of the tallest peak, and (i)
is the intensity at each wavenumber i. Figure 6.3a shows the two areas in the numerator (Ah) and
denominator (Al) of Equation 6.1, with the dividing line of the isosbestic point at 3325 cm -1.

By normalizing the isosbestic points to 1000 Raman intensity, it is possible to observe the change in
area of the monomer and polymer portions of the water stretching region in a graphical form. The
normalized results permitted comparisons with the results of Purickovi¢ and co-workers, whereas
the raw (un-normalized) results (e.g. Figure 6.1) reduced the amount of data processing required to
apply the analysis, which is of additional interest for future implementation into field-portable
systems with limited processing capability.

The Gaussian deconvolutions were performed using an open source Matlab® peak fitting utility
(O’Haver, 2016). The intensity and full width half maximum (FWHM) of the acetate peaks were
found for each acetate salt and temperature combination by performing 1,000 optimization
iterations of Gaussian deconvolution on each Raman spectrum to identify the best fit to the original
spectrum of Figure 6.3b with a coefficient of determination of at least r* = 0.99. The standard
deviation, mean, and height of the acetate peaks were then calculated from the recorded FWHM,
peak location, and peak intensities. The acetate peaks were then subtracted from the original
spectrum to produce the adjusted spectrum. Figure 6.3b illustrates both the original KAc spectra and
the reconstructed spectra without the acetate peaks (as well as the other peaks used to achieve a
high goodness of fit of r* > 0.99). By subtracting out the acetate ion influences produced an
adjusted spectrum which could be analyzed with the same ratio of area calculations as used for the
non-acetate salts and produced clear correlations between the ratio of the areas and the solution’s
salt concentration.

The analysis was repeated using the above methods for NaCl, CaCl2, MgCl2, KAc, and CMA at
concentrations ranging from pure water to saturated solutions and for temperatures ranging from
+22 to -18 °C (limited by the liquidus temperature).

6.1.3 Mobile Spectroscopy Feasibility

Two special cases to of the experimental methods described above were also investigated to
specifically address concerns with the feasibility of using Raman spectroscopy in a mobile
environment. The first case involved additional tests to characterize the changes in the Raman
signal caused by the presence of sand. A special NaCl sample was made to determine the Raman
spectrum of a solution contaminated by sand. Following the FHWA'’s recipe for a 23% NaCl
solution commonly used for anti-icing measures, a eutectic concentration solution was made based
on the volume of water (Ketcham, et al., 1996). While the FHWA’s formula was designed for
commercial grade rock salt with a maximum of 5% impurities, the sample in this study was made
using 99% pure anhydrous NaCl. This NaCl sample for the contaminated sample test is more
concentrated than most DOTs make in-house, but it provides a good model for how the sand grains
will affect the Raman spectrum when a sample is taken from the roadway.

NDOT’s salt-sand pile provided the sand grains for this portion of the study. The salt-sand mixture
was dissolved in deionized water to separate the sand particles. A filter then separated the sand
grains from the liquid solution, and the resulting sand particles were rinsed with ethanol to ensure
that only the sand grains remained. ICP-MS was used to characterize the ions in the strained liquid
solution created by mixing the salt-sand mixture with deionized water. All of these steps were taken
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to fully understand the solution placed in the sample area prior to testing.

Prior to testing, a few sand grains were placed in the sample dimple milled into the aluminum plate.
The FHWA NaCl salt solution then filled the sample area, making certain to not overfill the sample
dimple. With the contaminated sample setup complete, the test setup described in earlier was used
to collected the Raman spectrum for the contaminated sample scenario.

The second special case investigated involved determining whether a change in the testing surface
would change the calculated concentration values or the fluorescence in the Raman spectrum.
Throughout this study the samples were placed on a milled aluminum plate; however, the final
design of the mobile salinity sensors using Raman spectroscopy will most likely use a stainless steel
plate as the surface. Thus, various tests were performed with deionized water on 410 stainless steel
surfaces with various surface preparation techniques and surface orientations.

The 410 stainless steel samples were subjected to two different surface treatments: unidirectional
and non-directional surface finishing. The unidirectional sawn surface finishing resulted from
cutting the stainless steel disk samples from a rod. Using an optical profilometer housed inside an
RTec Universal Tribometer, it was determined that the average surface roughness (Ra) for the as-
cut sawn specimen was 091 pum. The two non-directional surface finishes were created by first
sanding both samples with 120 Grit sandpaper by hand using a lapping machine until the
unidirectional grooves were no longer present and the average roughness was about 0.14 um. One
of the disks was then subjected to 240 Grit sandpaper which further reduced it average surface
roughness to 0.07 um.

Each 410 stainless steel sample was first tested with the surface lying horizontal on the cold plate
and the long axis of the fiber optic probe oriented perpendicularly to the surface. Next, the surface
was inclined at a 30 degree angle. For the as-cut sawn samples, test were performed separately with
the grooves perpendicular (Figure 6.4a) and parallel (Figure 6.4b) to the incline. In this orientation,
the fiber optic probe was first oriented perpendicular to the cold plate when the Raman spectrum
was collected (Figure 6.5a). Lastly, the Raman spectrum was collected with the fiber optic probe
perpendicular to the testing surface while the focal distance adjusted slightly to ensure the
maximum Raman intensity signal was collected (Figure 6.5b).

Figure 6.4: Orientation of the as-cut sawn surface with the grooves (a)
perpendicular to the incline and (b) parallel to the incline.
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(a) (b)

Figure 6.5: Image of the sample surface inclined 30 degrees from the cold plate
surface with the fiber optic probe (a) perpendicular to the cold plate surface and (b)
perpendicular to the testing surface.

6.2 Results and Findings

Representative raw Raman spectra for the NaCl system are show in Figure 6.6a. When the spectra
are normalized to 3325 cm-1 using their isosbestic point intensities, Figure 6.6b results to show
more clearly the identical intensity at the isosbestic point. Any differences in the intensities at this
point in the un-normalized data (Figure 6.6a) are attributed to run-to-run variations in the
acquisition of the spectra that affect the overall intensity of the measured spectrum. Note that the
magnitude of the overall intensity of the un-normalized data do not significantly affect the
calculated ratio of the areas, RA.

Figure 6.6: Raman spectra for the sodium chloride system at 22 °C with (a) the raw
Raman spectra showing no clear isosbestic point and (b) the Raman spectra
normalized to the isosbestic point at 3325 cm-1 clearly showing the shift in the two
main peaks as the concentration increases.

Page 28 of 34



The Raman spectra were collected and the RA values were then combined into plots relating the RA
value to the temperature and concentration for each salt deicer. The plots were created by mapping
each RA value to the corresponding temperature and concentration. From the created plots, the
concentration of an unknown sample can be determined as long as the temperature of the sample is
known. The results for the five most common chloride and acetate salt deicers are shown in Figures
6.7,6.8 and 6.9.

Figure 6.7: Plot created from the non-normalized Raman spectra of NaCl and
MgCI® solutions over a range of concentrations and temperatures.

Figure 6.8: Plot created from the non-normalized Raman spectra for the acetates
KAc and CMA solutions over a range of concentrations and temperatures.

In most published studies, the results are plotted to show the RA scalar values versus sample
temperature over a range of concentrations (Figures 6.7, 6.8 and 6.9a). However, an alternate form
to present the data compares the RA scalar values to the concentration of the salt solution over a
range of temperatures (Figure 6.9b). We feel the alternative plot more useful for the DOTs. Using
the alternative format, the concentration of an unknown sample can be determined after calculating
the RA scalar value and comparing it to the temperature line on the plot for the corresponding salt.
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Figure 6.9: (a) Data for the non-normalized Raman spectra of NaCl solutions over
a range of temperatures and concentrations. (b) Alternative plot created using non-
normalized Raman spectra from NaCl solutions with a few temperature shown.

The alternate form of the plot is created in the same way as the traditional plot; however, more
concentrations are required for each deicing salt to clearly define the relationship between the RA
scalar value and the concentration of the sample over a range of temperatures. Additionally, the
temperature line plots become clustered as tests are performed at more temperatures. In conclusion,
while the alternate plot form facilitates estimating the concentration of an unknown sample when
the salt and sample temperature are known, the traditional benchmark plot requires fewer
concentrations to generate the trendlines.

6.2.1 Contaminated Sample Results

To complete the sample characterization tests, the effect of sand grains on the calculated
concentration of a solution had to be quantified. The Raman spectrum for a eutectic concentration
of NaCl was collected at 5°C with and without sand grains and was plotted in Figure 6.10. With a
close comparison of the water stretching region of the Raman spectra, it becomes apparent that the
sand grains simultaneously increase the Raman intensity of the collected spectrum and increase the
amount of fluorescence of the fiber optic material. It is hypothesized that both are caused by a larger
amount of light reflecting back to the fiber optic probe. While a change in the Raman signal is
apparent, possible changes in the calculated concentration cannot be determined by inspection alone.

To determine the effect of the sand grains on the calculated concentration, the RA calculations were
applied to the non-normalized Raman spectra found with and without sand grains. Because of the
large amount of fluorescence that the sand grains created in the Raman spectrum, the contaminated
sample did not fall below 15% of the maximum peak intensity within the limits of the water
stretching region (2800 to 3800 cm-1). To compare the concentration calculations, the integration
limits were altered for the contaminated sample so that the tail ends were included without
incorporating the entire fluorescing region. This corresponded to using 30% for the start and end
point for the RA integration limits for the contaminated sample while 15% was used for the pure
sample. Using the new integration limits, the contaminated sample had a RA value of 1.84 while the
pure solution had a RA value of 2.24 which is a 20% difference. The NaCl non-normalized
benchmark plot (Figure 6.9a) was used to determine the accuracy of the concentration calculations.
Raman Intensity.
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Figure 6.10: Close up of the Raman spectra for the contaminated sample and pure
sample tested on a milled aluminum sample plate.

From the benchmark plot, the pure NaCl eutectic sample is slightly more concentrated than the
eutectic concentration (234 g/L) used in this study. This was expected because the FHWA formula
assumed the salt used in making the sample had up to 5% impurities while the salt used was 99%
pure. Additionally, the contaminated sample calculation RA value corresponds to a concentration
value slightly less than 175 g/L. For the sample collected, the lowest integration value that was
possible within the stretching region corresponds to 29% of the maximum peak intensity which
gives an RA value of 1.82 while choosing integration limits of 33% of the maximum peak intensity
or greater results in an RA value of 3.33 which corresponds to a sample more concentrated than the
saturated mixture. Therefore, the integration limits used for the contaminated sample greatly change
the calculated concentration. When the monomer and polymer peaks are chosen for the RA
calculations, the contaminated sample has a scalar ratio that corresponds to a weaker solution.
Therefore, sand grains may cause the system to underestimate the concentration of salt currently on
the roadway.

Because the solution with sand grains has fluorescence that causes the Raman spectrum to stay
above 15% of the maximum peak intensity, the concentration of the solution is misrepresented. To
work around this issue, the concentration of the solution will need to be compared to the
concentrations calculated before and after. If the calculated concentration varies significantly (20%
difference or more), it can be assumed that there are sand grains affecting the collected sample.
Because the sample will be continuously changed as the tires move across the roadway, there is a
small chance that the samples will all have sand grains in the view of the fiber optic probe; therefore,
the proposed integration limits should be applied.

6.2.2 Varying Surfaces

To determine the effect of the testing surface on the concentration calculated from the Raman
spectrum, the Raman spectra were collected for deionized water samples on testing surfaces with
varying treatments. Additionally, the surfaces were then tested under varying orientations to
determine how the testing surface orientation affects the calculated concentration.

As the orientation of the sample surface was varied throughout the tests, the height of the water

droplets changed which altered the depth of the sample that the excitation laser interacted with. As a
result, the inclined surfaces had lower Raman intensity as compared to the horizontal surface
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(Tables 6.1, 6.2 and 6.3). Additionally, for all three surfaces and three orientations, the maximum
intensity was less than that found in the sample characterization tests (about 2,000 Raman intensity)
because the sample characterization tests used a 3 mm thick layer of sample. Even without the
surface inclined, the maximum height of the water droplets sprayed on the surface was about 2.22
mm. With fewer water molecules to interact with, a lower quantity of light was altered in
wavelength which results in a lower intensity of the signal. Despite the low Raman intensities, the
RA calculations were performed on the non-normalized Raman spectra.

Table 6.1: Comparison of the maximum Raman intensity values for various surface treatments
when the sample is laying horizontal on the cold plate.

Table 6.2: Comparison of the maximum Raman intensity values for various surface treatments
when the sample is laying at a 30° angle to the cold plate surface with the probe perpendicular to
the cold plate surface (Figure 6.5a).

Table 6.3: Comparison of the maximum Raman intensity values for various surface treatments
when the sample is laying at a 30° angle to the cold plate surface with the probe perpendicular to
the stainless steel sample surface (Figure 6.5b).

With the deionized water droplets quantified, the effect of the sample testing surface treatment on
the water Raman spectra could be determined. For each test the water droplet was applied and the
Raman spectrum was collected for each surface and probe orientation. Throughout the tests, the
ideal focal distance for the fiber optic probe was 4 mm, but this was diffcult to obtain when the
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probe was perpendicular to the cold plate and the testing surface was inclined at 30°. The inability
to easily obtain the desired focal distance decrease the Raman intensity for those samples. While the
decreased Raman intensity allows noise to have a larger effect on the calculations performed on the
Raman spectra, the RA calculations showed only a 0.01 difference in the RA scalar value for each
surface and orientation combination. The difference of 0.01 corresponds to a few g/L. Figure 6.11
demonstrates the difference in the collected Raman intensities for the different surface treatments
with the surface inclined at 30° while the fiber optic probe remains perpendicular to the cold plate
surface. Fluorescence is present in each sample, but it has a larger effect on the concentration
calculations performed on surfaces producing low Raman intensity signals.

Figure 6.11: Comparison of the Raman spectra for the various sample treatments
with the sample at a 30° angle from the cold plate surface and the probe
perpendicular to the cold plate.

6.3. Conclusions and Recommendations

Our finding, while limited to laboratory conditions, show that this methodology is feasible. We used
Raman spectroscopy to determine the “fingerprints” of numerous saline solutions using chemicals
commonly employed in winter road maintenance (i.e., NaCl, MgCl,, CaCl,, KAc (potassium
acetate), and CMA (calcium magnesium acetate)).

Our tests using samples contaminated with sand along with tests on rough and inclined surfaces
indicate that neither contamination nor surface condition should pose significant technical
difficulties when trying to develop the mobile Raman spectrometer.

At present, the key remaining challenges are in development of a ruggedized vehicle-mountable
system that works at the desired standoff distances and under typical ambient light conditions.
Viable approaches to each of these remaining challenges have been addressed in the existing
literature, and are considered “engineering challenges” and implementation tasks.
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Appendix A:

Comparison plots of weather forecast versus RWIS data.

Plots are sorted in the following sequence:
e Type of measurement (air temperature or surface temperature)
e Site name (alphabetical)
e Winter event date
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Appendix B:

Summary results tables for all RWIS sites.

Tables are sorted in the following sequence:
e Type of measurement (air temperature or surface temperature)
e Site name (alphabetical)



Anchorite snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 86% 14% 8
Red 0% 100% 86% 14% 8
Green 0% 100% 86% 14% 8
Magenta 0% 100% 86% 14% 8
Teal 0% 100% 86% 14% 8
Orange 0% 100% 71% 29% 8
Black 0% 100% 86% 14% 8
Arrowhead snow No snow

Correct missed Correct FALSE Total # of days
Blue 67% 33% 100% 0% 13
Red 33% 67% 100% 0% 13
Green 33% 67% 100% 0% 13
Magenta 0% 100% 100% 0% 13
Teal 33% 67% 100% 0% 13
Orange 33% 67% 100% 0% 13
Black 33% 67% 100% 0% 13
Browns creek snow No snow

Correct missed Correct FALSE Total # of days
Blue 20% 80% 100% 0% 13
Red 20% 80% 100% 0% 13
Green 20% 80% 100% 0% 13
Magenta 20% 80% 100% 0% 13
Teal 20% 80% 100% 0% 13
Orange 20% 80% 100% 0% 13
Black 0% 100% 100% 0% 13




Bullseye snow No snow

Correct missed Correct FALSE Total # of days
Blue 80% 20% 100% 0% 8
Red 60% 40% 100% 0% 8
Green 60% 40% 100% 0% 8
Magenta 50% 50% 50% 50% 8
Teal 40% 60% 33% 67% 8
Orange 20% 80% 33% 67% 8
Black 40% 60% 67% 33% 8
Carson Valley snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 83% 17% 13
Red 0% 100% 83% 17% 13
Green 0% 100% 83% 17% 13
Magenta 0% 100% 83% 17% 13
Teal 0% 100% 92% 8% 13
Orange 0% 100% 100% 0% 13
Black 0% 100% 100% 0% 13
Cave Rock snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 100% 0% 4
Red N/A N/A 100% 0% 4
Green N/A N/A 100% 0% 4
Magenta N/A N/A 100% 0% 4
Teal N/A N/A 75% 25% 4
Orange N/A N/A 100% 0% 4
Black N/A N/A 100% 0% 4




Cold Springs snow No snow

Correct missed Correct FALSE Total # of days
Blue 25% 75% 100% 0% 13
Red 25% 75% 100% 0% 13
Green 25% 75% 100% 0% 13
Magenta 25% 75% 100% 0% 13
Teal 25% 75% 100% 0% 13
Orange 25% 75% 100% 0% 13
Black 25% 75% 100% 0% 13
Crystal Bay snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 100% 0% 2
Red N/A N/A 100% 0% 2
Green N/A N/A 100% 0% 2
Magenta N/A N/A 100% 0% 2
Teal N/A N/A 100% 0% 2
Orange N/A N/A 100% 0% 2
Black N/A N/A 100% 0% 2
Deeth EB snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 100% 0% 8
Red N/A N/A 100% 0% 8
Green N/A N/A 88% 13% 8
Magenta N/A N/A 88% 13% 8
Teal N/A N/A 88% 13% 8
Orange N/A N/A 88% 13% 8
Black N/A N/A 88% 13% 8




Diamond Peak snow No snow

Correct missed Correct FALSE Total # of days
Blue 70% 30% 0% 100% 12
Red 70% 30% 0% 100% 12
Green 70% 30% 0% 100% 12
Magenta 60% 40% 0% 100% 12
Teal 70% 30% 50% 50% 12
Orange 60% 40% 50% 50% 12
Black 60% 40% 50% 50% 12
Emigrant Summit snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 82% 18% 13
Red 0% 100% 73% 27% 13
Green 0% 100% 82% 18% 13
Magenta 0% 100% 82% 18% 13
Teal 0% 100% 91% 9% 13
Orange 0% 100% 73% 27% 13
Black 0% 100% 73% 27% 13
Galena Creek snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 100% 0% 13
Red 0% 100% 100% 0% 13
Green 25% 75% 100% 0% 13
Magenta 0% 100% 100% 0% 13
Teal 25% 75% 100% 0% 13
Orange 25% 75% 100% 0% 13
Black 0% 100% 100% 0% 13




Gardnerville snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 100% 0% 13
Red 0% 100% 100% 0% 13
Green 0% 100% 100% 0% 13
Magenta 0% 100% 100% 0% 13
Teal 0% 100% 100% 0% 13
Orange 0% 100% 100% 0% 13
Black 0% 100% 100% 0% 13
Glenbrook snow No snow

Correct missed Correct FALSE Total # of days
Blue 33% 67% 50% 50% 8
Red 50% 50% 50% 50% 8
Green 50% 50% 50% 50% 8
Magenta 50% 50% 50% 50% 8
Teal 50% 50% 50% 50% 8
Orange 50% 50% 100% 0% 8
Black 38% 63% N/a N/a 8
Golconda Summit snow No snow

Correct missed Correct FALSE Total # of days
Blue 100% 0% 100% 0% 13
Red 100% 0% 92% 8% 13
Green 100% 0% 92% 8% 13
Magenta 100% 0% 92% 8% 13
Teal 100% 0% 100% 0% 13
Orange 100% 0% 83% 17% 13
Black 100% 0% 92% 8% 13




Halleck snow No snow

Correct missed Correct FALSE Total # of days
Blue 50% 50% 89% 11% 13
Red 50% 50% 100% 0% 13
Green 50% 50% 89% 11% 13
Magenta 50% 50% 78% 22% 13
Teal 50% 50% 89% 11% 13
Orange 50% 50% 67% 33% 13
Black 50% 50% 100% 0% 13
Highland Flats snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 69% 31% 13
Red N/A N/A 85% 15% 13
Green N/A N/A 77% 23% 13
Magenta N/A N/A 92% 8% 13
Teal N/A N/A 85% 15% 13
Orange N/A N/A 85% 15% 13
Black N/A N/A 85% 15% 13
Incline Village snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 62% 38% 13
Red N/A N/A 62% 38% 13
Green N/A N/A 62% 38% 13
Magenta N/A N/A 69% 31% 13
Teal N/A N/A 62% 38% 13
Orange N/A N/A 69% 31% 13
Black N/A N/A 77% 23% 13




Kahle Drive snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 77% 23% 13
Red N/A N/A 62% 38% 13
Green N/A N/A 62% 38% 13
Magenta N/A N/A 77% 23% 13
Teal N/A N/A 77% 23% 13
Orange N/A N/A 69% 31% 13
Black N/A N/A 85% 15% 13
Kingsbury snow No snow

Correct missed Correct FALSE Total # of days
Blue 50% 50% 89% 11% 13
Red 25% 75% 89% 11% 13
Green 25% 75% 89% 11% 13
Magenta 50% 50% 89% 11% 13
Teal 50% 50% 100% 0% 13
Orange 0% 100% 100% 0% 13
Black 25% 75% 100% 0% 13
Lamoille Summit snow No snow

Correct missed Correct FALSE Total # of days
Blue 50% 50% 82% 18% 13
Red 50% 50% 73% 27% 13
Green 50% 50% 82% 18% 13
Magenta 50% 50% 82% 18% 13
Teal 50% 50% 73% 27% 13
Orange 50% 50% 73% 27% 13
Black 50% 50% 91% 9% 13




MoorWells snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 85% 15% 13
Red N/A N/A 77% 23% 13
Green N/A N/A 69% 31% 13
Magenta N/A N/A 69% 31% 13
Teal N/A N/A 77% 23% 13
Orange N/A N/A 77% 23% 13
Black N/A N/A 77% 23% 13
Mount Rose Snow No snow

Correct missed Correct FALSE Total # of days
Blue 50% 50% 0% 100% 4
Red 0% 100% 50% 50% 4
Green 0% 100% 33% 67% 4
Magenta 0% 100% 33% 67% 4
Teal 0% 100% 67% 33% 4
Orange N/A N/A 50% 50% 4
Black 0% 100% 100% 0% 4
Pequop Summit snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 0% 100% 5
Red N/A N/A 0% 100% 5
Green 0% 100% 0% 100% 5
Magenta 0% 100% 0% 100% 5
Teal 0% 100% 0% 100% 5
Orange 0% 100% 25% 75% 5
Black 0% 100% 0% 100% 5




Pilot snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 77% 23% 13
Red N/A N/A 77% 23% 13
Green N/A N/A 85% 15% 13
Magenta N/A N/A 92% 8% 13
Teal N/A N/A 92% 8% 13
Orange N/A N/A 92% 8% 13
Black N/A N/A 92% 8% 13
Reno Yard Snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 100% 0% 13
Red 0% 100% 91% 9% 13
Green 0% 100% 91% 9% 13
Magenta 0% 100% 91% 9% 13
Teal 0% 100% 100% 0% 13
Orange 0% 100% 91% 9% 13
Black 0% 100% 90% 10% 13
Sand Harbor snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 100% 0% 13
Red 33% 67% 100% 0% 13
Green 33% 67% 100% 0% 13
Magenta 33% 67% 100% 0% 13
Teal 33% 67% 100% 0% 13
Orange 33% 67% 100% 0% 13
Black 33% 67% 100% 0% 13




Sand Springs snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 100% 0% 8
Red N/A N/A 100% 0% 8
Green N/A N/A 100% 0% 8
Magenta N/A N/A 100% 0% 8
Teal N/A N/A 100% 0% 8
Orange N/A N/A 100% 0% 8
Black N/A N/A 100% 0% 8
Schurz snow No snow

Correct missed Correct FALSE Total # of days
Blue 100% 0% 100% 0% 13
Red 100% 0% 100% 0% 13
Green 100% 0% 100% 0% 13
Magenta 100% 0% 100% 0% 13
Teal 100% 0% 100% 0% 13
Orange 0% 100% 100% 0% 13
Black 0% 100% 100% 0% 13
South Virginia St snow No show

Correct missed Correct FALSE Total # of days
Blue N/A N/A 100% 0% 2
Red N/A N/A 100% 0% 2
Green N/A N/A 100% 0% 2
Magenta N/A N/A 100% 0% 2
Teal N/A N/A 100% 0% 2
Orange N/A N/A 100% 0% 2
Black N/A N/A 100% 0% 2




Sparks Blvd snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 100% 0% 13
Red 0% 100% 100% 0% 13
Green 0% 100% 100% 0% 13
Magenta 0% 100% 100% 0% 13
Teal 0% 100% 100% 0% 13
Orange 0% 100% 100% 0% 13
Black 0% 100% 100% 0% 13
Spooner Summit snow No snow

Correct missed Correct FALSE Total # of days
Blue 38% 63% 60% 40% 13
Red 38% 63% 60% 40% 13
Green 50% 50% 60% 40% 13
Magenta 50% 50% 60% 40% 13
Teal 50% 50% 60% 40% 13
Orange 38% 63% 60% 40% 13
Black 50% 50% 40% 60% 13
Stagecoach snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 86% 14% 7
Red N/A N/A 86% 14% 7
Green N/A N/A 86% 14% 7
Magenta N/A N/A 86% 14% 7
Teal N/A N/A 86% 14% 7
Orange N/A N/A 86% 14% 7
Black N/A N/A 100% 0% 7




Sweetwater snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 90% 10% 13
Red 0% 100% 90% 10% 13
Green 0% 100% 90% 10% 13
Magenta 0% 100% 100% 0% 13
Teal 0% 100% 100% 0% 13
Orange 0% 100% 100% 0% 13
Black 0% 100% 100% 0% 13
Toulon Snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 92% 8% 13
Red N/A N/A 92% 8% 13
Green N/A N/A 92% 8% 13
Magenta N/A N/A 92% 8% 13
Teal N/A N/A 92% 8% 13
Orange N/A N/A 92% 8% 13
Black N/A N/A 92% 8% 13
Tracey Clark snow No snow

Correct missed Correct FALSE Total # of days
Blue 0% 100% 89% 11% 11
Red 0% 100% 89% 11% 11
Green 0% 100% 89% 11% 11
Magenta 0% 100% 100% 0% 11
Teal 0% 100% 100% 0% 11
Orange 0% 100% 100% 0% 11
Black 0% 100% 100% 0% 11




Walker Lake snow No snow

Correct missed Correct FALSE Total # of days
Blue N/A N/A 100% 0% 13
Red N/A N/A 100% 0% 13
Green N/A N/A 92% 8% 13
Magenta N/A N/A 92% 8% 13
Teal N/A N/A 100% 0% 13
Orange N/A N/A 100% 0% 13
Black N/A N/A 92% 8% 13
Washoe Valley snow No snow

Correct missed Correct FALSE Total # of days
Blue 67% 33% 100% 0% 8
Red 67% 33% 100% 0% 8
Green 67% 33% 100% 0% 8
Magenta 33% 67% 100% 0% 8
Teal 33% 67% 100% 0% 8
Orange 0% 100% 100% 0% 8
Black 0% 100% 100% 0% 8
Zephyr Cove snow No snow

Correct missed Correct FALSE Total # of days
Blue 50% 50% 100% 0% 8
Red 50% 50% 83% 17% 8
Green 50% 50% 100% 0% 8
Magenta 50% 50% 100% 0% 8
Teal 100% 0% 83% 17% 8
Orange 50% 50% 83% 17% 8
Black 50% 50% 83% 17% 8




Arrowhead Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 33% 67% 90% 10% 13
Red 33% 67% 90% 10% 13
Green 25% 75% 89% 11% 13
Magenta 25% 75% 100% 0% 13
Teal 25% 75% 100% 0% 13
Browns creek Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 57% 43% 100% 0% 13
Red 57% 43% 100% 0% 13
Green 57% 43% 100% 0% 13
Magenta 43% 57% 100% 0% 13
Teal 43% 57% 100% 0% 13
Cold Springs Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 33% 67% 86% 14% 13
Red 33% 67% 86% 14% 13
Green 17% 83% 100% 0% 13
Magenta 33% 67% 100% 0% 13
Teal 17% 83% 100% 0% 13
Deeth EB Ice No Ice

Correct missed Correct FALSE Total # of days
Blue N/A N/A 88% 13% 8
Red N/A N/A 88% 13% 8
Green N/A N/A 88% 13% 8
Magenta N/A N/A 88% 13% 8
Teal N/A N/A 88% 13% 8




Emigrant Summit Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 0% 100% 64% 36% 13
Red 0% 100% 64% 36% 13
Green 0% 100% 91% 9% 13
Magenta 0% 100% 91% 9% 13
Teal 0% 100% 91% 9% 13
Galena Creek Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 33% 67% 90% 10% 13
Red 50% 50% 91% 9% 13
Green 50% 50% 100% 0% 13
Magenta 0% 100% 100% 0% 13
Teal 67% 33% 90% 10% 13
Golconda Summit Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 0% 100% 100% 0% 9
Red 0% 100% 100% 0% 9
Green 0% 100% 100% 0% 9
Magenta 0% 100% 100% 0% 9
Teal 0% 100% 100% 0% 9
Halleck Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 33% 67% 100% 0% 9
Red 33% 67% 100% 0% 9
Green 33% 67% 100% 0% 9
Magenta 33% 67% 100% 0% 9
Teal 33% 67% 100% 0% 9




Lamoille Summit Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 0% 100% 71% 29% 9
Red 50% 50% 57% 43% 9
Green 50% 50% 71% 29% 9
Magenta 0% 100% 71% 29% 9
Teal 0% 100% 71% 29% 9
MoorWells Ice No Ice

Correct missed Correct FALSE Total # of days
Blue N/A N/A 69% 31% 13
Red N/A N/A 77% 23% 13
Green N/A N/A 77% 23% 13
Magenta N/A N/A 85% 15% 13
Teal N/A N/A 85% 15% 13
Pequop Summit Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 0% 100% 0% 100% 5
Red 33% 67% 0% 100% 5
Green 50% 50% 0% 100% 5
Magenta 0% 100% 0% 100% 5
Teal 25% 75% 0% 100% 5
Pilot Ice No Ice

Correct missed Correct FALSE Total # of days
Blue N/A N/A 78% 22% 9
Red N/A N/A 78% 22% 9
Green N/A N/A 78% 22% 9
Magenta N/A N/A 78% 22% 9
Teal N/A N/A 78% 22% 9




Reno Yard Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 0% 100% 100% 0% 9
Red 0% 100% 100% 0% 9
Green 100% 0% 100% 0% 9
Magenta 100% 0% 100% 0% 9
Teal 100% 0% 100% 0% 9
Sparks Blvd Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 100% 0% 100% 0% 13
Red 100% 0% 100% 0% 13
Green 100% 0% 100% 0% 13
Magenta 100% 0% 100% 0% 13
Teal 100% 0% 100% 0% 13
Spooner Summit Ice No Ice

Correct missed Correct FALSE Total # of days
Blue 100% 0% 50% 50% 9
Red 100% 0% 50% 50% 9
Green 100% 0% 25% 75% 9
Magenta 100% 0% 50% 50% 9
Teal 100% 0% 50% 50% 9




Appendix C:

Graduate student thesis dealing with the fundamentals of developing a mobile
freeze point sensor.
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Abstract

To quantify the amount of deicing salt on the roadway in near-real time, this thesis
proposes a mobile salinity sensor using Raman spectroscopy. This thesis investigates
the viability of using Raman spectroscopy to determine the concentration of salt
deicer in an aqueous solution in near-real time through a two part study. The first
portion describes the use of Raman spectroscopy to determine the concentration of
aqueous solutions consisting of the five most common salt deicers: sodium, calcium,
and magnesium chloride, potassium acetate, and calcium magnesium acetate. The
Raman spectra are analyzed using previously established methods for determining
chloride salt concentration that were optimized to work with both acetate and chloride
salt solutions. These analyses output a benchmark plot for each salt solution over a
range of concentrations and temperatures. The second portion of this study focuses
on characterizing the effect that the testing surface substrate has on the concentration
found from the Raman spectrum of the sample. This was completed by recording the
Raman spectrum on a variety of surfaces with multiple surface treatments. The results
were compared to the benchmark plots previously determined. Using the optimized
analysis methods and the ideal surface found via this study, a mobile salinity sensor
using Raman spectroscopy can be designed to work consistently and accurately in

near-real time.
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Chapter 1

Introduction

1.1 Motivation

Transportation agencies spend considerable amounts of resources each year to main-
tain safer winter driving conditions; however, many state agencies face strict budget
constraints and backlash from the public on the environmental effects of current snow
and ice removal techniques. Over the last five years, the Nevada Department of Trans-
portation (NDOT) has spent an average of $6 million annually to remove snow and
ice from over 5,000 miles of roadways [1-5]. Additionally, as much as 11% of NDOT’s
overall materials budget is devoted to salt and sand each year to create safer winter
driving conditions. Though NDOT allocates a significant amount of monetary and
physical resources each year to winter maintenance efforts, other transportation agen-
cies in areas subjected to harsh winters, such as Minnesota DOT and Maryland DOT,
or with more miles of maintained roads can spend upwards of $98 million annually on
snow and ice removal [6-8]. A portion of the transportation agencies implementing

chloride salt based deicers have noted damage to trees and structures in areas where



the deicer has been applied due to the corrosive nature of chloride based salts [9,10].
While large budgets can create safer driving conditions, transportation agencies have
an obligation to reduce both their expenditures and the environmental impact of their
deicing methods.

To reduce the environmental impact and structural damage that chloride based
deicing salts can cause, many transportation agencies have begun using acetate based
deicing salts; however, these acetate salts are more expensive than chloride based
deicing salts. In 2010, acetate salts cost from 10 to 40 times more per ton than chloride
deicing salts [11]. Because these "environmentally friendly" salts cost significantly
more, the amount of material applied to the roadway must be monitored.

In conclusion, whether a transportation agency applies chloride or acetate based
deicing salts, a system must be used to determine the amount of deicer in use to

prevent over-salting which will mitigate the environmental impact and budget impact.

1.2 Thesis Objectives

The goal of this project was to assess the viability of using Raman spectroscopy to
determine the concentration of salt deicer on the roadway from a vehicle mounted

mobile salinity sensor in near-real time. The objectives of this thesis were as follows:

1. Develop a method for determining the concentration of all five of the most com-
mon salt deicers consistently by building on existing methods and optimizing

the method to produce results in near-real time.

2. Characterize the Raman spectrum for a deionized water solution placed on a

variety of surfaces with different textures.

3. Generate benchmark plots showing the relationship between a scalar represen-



tation of the Raman spectrum, temperature, and concentration for all five of

the most common salt deicers.

1.3 Summary of Completed Work

The work completed in this thesis was performed to guide the design phase for a
Raman spectrometer mobile salinity sensor. Previously published methods for deter-
mining the concentration of chloride salt solutions were optimized to accurately and
efficiently determine the concentration of both acetate and chloride salt solutions.
From the optimized method, benchmark plots were created for all five of the most
common salt deicers. Using the benchmark plots, the effect of the testing surface on
the collected Raman spectrum was determined. Stainless steel surfaces were tested
with a variety of surface treatments in order to create a working list of useful surface
preparations for the test plate of the mobile salinity sensor. With the analysis op-
timized and a list of useful surfaces started, the design of the mobile salinity sensor

can more easily follow.

1.4 Thesis Organization

This thesis was completed to investigate the viability of using Raman spectroscopy
to determine the concentration of salt deicer on the roadway in near-real time. This
was done by showing that Raman spectroscopy can be used to determine the concen-
tration of aqueous solutions with various chemical makeups and by determining what
surfaces can be used to achieve clear results. Since this project is a crossover between
two disciplines, an extensive background on current winter roadway maintenance sys-

tems, the theory behind Raman spectroscopy, and the current applications of Raman



spectroscopy in related areas are provided in Chapter 2. Additionally, a discussion
of the current state of technology for determining roadway salt deicer concentrations
is included. Chapter 3 describes the methodology for the solution characterization
tests used to determine the viability of using Raman spectroscopy to determine the
concentration of samples containing one of the five most common salt deicers. The
sample and test setup as well as the data analysis techniques are also included in
this section. Chapter 4 details the methodology for collecting the Raman spectrum
of deionized water samples on stainless steel surfaces with various surface treatments
performed to reduce fluorescence of the sample. The results from both the sample
tests and the surfaces tests are presented in Chapter 5. These figures include the
benchmark plots of the results achieved from optimizing the Raman spectra data
analysis. The conclusions drawn from this project are outlined in Chapter 6 while

areas with potential for future work are detailed in Chapter 7.



Chapter 2

Background

2.1 Winter Road Maintenance

Transportation agencies in areas subjected to harsh winter weather conditions ded-
icate considerable amounts of resources to snow and ice removal annually to create
safer winter driving conditions. In the United States, approximately 70% of main-
tained roads are in areas subjected to five or more inches of snow annually [12]. Sev-
eral state and local transportation agencies are tasked with maintaining the roadways
through various anti- and decing methods. In 1991, the National Research Council
estimated that the United States spent around $1.5 billion each year on highway
snow and ice control with roughly a third of the budget devoted to chemical deicing
agents [13]. The Federal Highway Administration (FHWA) now estimates that more
than $2.3 billion are spent annually by state and local transportation agencies on
snow and ice control efforts [12]. Despite these efforts, 1,300 people are killed annu-
ally in the United States in vehicular accidents caused by precipitation covering the

roadway [12].



In addition to vehicular accidents, many researchers have hypothesized that the
deicing measures put forth by transportation agencies also create a level of harm to the
environment. Many concerned research groups have put forth effort in analyzing the
effect that deicing salts have on the environment [9,14-16]. In the Reno area, a portion
of these studies focus around the loss of trees in the Lake Tahoe basin [9,16]. One
research group found elevated chloride levels in waterways near roadways subjected
to chloride salt deicers [9]. This was a cause for concern because previous studies had
suggested a link between elevated chloride levels and tree loss; however, further review
showed that the chloride itself does not cause permanent damage to the trees [16].
Instead, the chloride weakens the tree’s natural defenses which makes them more
prone to damage from insects and micro-organisms [16]. Upon showing this, the
study hypothesized that trees subjected to high chloride levels could recover when
the water chloride levels were reduced. This precipitated the call for preventing over-
salting of the roadways from an environmental perspective.

In an effort to ensure proper snow and ice control methods are implemented across
the country to reduce vehicular accidents and environmental impact, in 1996 the
Federal Highway Administration (FHWA) released a manual on effective anti-icing
techniques [17]. The manual outlines when and how to apply the most common
deicing salts, sodium (NaCl), calcium (CaCly), and magnesium chloride (MgCly),
potassium acetate (KAc), and calcium magnesium acetate (CMA). Since each salt
deicer has different chemical properties and varying effects on the melting point of ice,
the manual lists which salt to use for each expected temperature and how to prepare
an effective solution. The manual provides information for each state department
of transportation, DOT, or other local transportation agencies on how to tailor the
anti-icing program to the local conditions and climate, agency resources, and desired

level of service. The following subsections outline how NDOT and other DOT’s across



the country have implemented the information in this manual to suit their location.

2.1.1 NDOT

The Nevada Department of Transportation (NDOT) expends considerable monetary
and physical resources each year to remove ice and snow from over 5,000 miles of
roads to create safer winter driving conditions. These snow and ice removal efforts
have cost an average of $6 million annually over the last five years with up to 11% of
the total material budget spent on deicing salt and sand [1-5]. In spite of NDOT’s
preventative measures, over 2,000 vehicular accidents occur statewide with snow, ice,
and wet roadway conditions reported as the cause [18]. Because of this, NDOT is
constantly looking to improve their anti- and deicing methods while reducing their
overall snow and ice removal costs so that the budget can be allocated elsewhere.
NDOT currently employs multiple chemical salt deicers to aid with both ice and
snow removal and anti-icing procedures. For general anti-icing procedures, NDOT ap-
plied a 23% salt brine solution directly to the roadway to prevent ice from bonding to
the roadway surface, as recommended by the FHWA [12,18]. This salt brine solution
is crafted from rock salt or commercial grade NaCl with a maximum of 5% impurities
and is recommended for roadway surface temperatures as low as -21 °C [12]. Deicing
measures often require salt solutions with lower eutectic points (the lowest freez-
ing point temperature for a solution) than NaCl solutions can provide. In this case,
NDOT has elected to use MgCly or KAc solutions [18,19]. These deicing solutions are
dispensed through automatic deicing systems embedded in the pavement activated
remotely that spray the solution directly onto the roadway; however, NDOT has only
placed these systems on bridges as of yet, which means salt/sand spreaders are still
used to deice additional portions of the road [18]. In addition to chemical deicing

solutions, NDOT commonly spreads salt and sand mixtures on the roadway with de-



icing solutions sprayed over the top of the mixture to create a dense layer to provide
traction while the ice melts. All of these methods combine to make the roadways safer
in winter conditions, but NDOT desires to be able to determine the concentration
of salt already on the roadway to ensure the correct mixture is applied for effective

anti-icing without wasting material or creating unnecessary environmental stress.

2.1.2 Other DOT’s

While Nevada is known for hazardous winter weather conditions, especially in the
Sierra Nevada Mountain passes, there are other states that require larger budgets
and more resources to keep their roadways safe in winter conditions. The Maryland
Department of Transportation (MDOT) spent over $87.9 million in snow and ice
removal last year [6,7], and the Minnesota Department of Transportation (MnDOT)
spent over $98.5 million on average for snow and ice removal each year over the last
five years [8]. The snow and ice removal budgets cover equipment, material, and
labor costs [8]. In addition to having more miles of roadway to service and more
frequent winter weather conditions as compared to Nevada, these DOTs and other
transportation agencies devote significantly larger monetary resources to snow and ice
removal because of their use of acetate and chloride deicing salts chosen to replace rock
salt. While these alternative deicing salts lower the freezing point of the precipitation
beyond what rock salt can achieve, the acetate salts can cost anywhere from 10 to 40
times more per ton than chloride salts [11]. In addition to costing more, the FHWA
noted that the acetate solutions require a higher concentration to reach their eutectic
concentration (concentration producing the lowest freezing point) as compared to the
chloride salt solutions [12]. Since these alternative salts are often required because of
the low temperatures these areas experience, each DOT must determine an effective

method for controlling their deicing salt application to maintain their budgets while



providing the best service possible for their constituents.

To reduce expenditures and preserve the environment, multiple DOTs have im-
plemented systems to optimize their use of chemical and physical deicing agents. A
Maintenance Decision Support System (MDSS) is often employed by state and local
transportation agencies to manage the use of snow and ice removal resources and
allows agencies to plan for and apply necessary roadway treatments when they are
needed [20]. With this system in place, the transportation agencies can ensure that
they are only applying deicing salts to the roadway when required. While the MDSS
can advise on whether or not an anti-icing solution is necessary, it cannot quantify
the amount of deicing salt currently on the roadway; therefore, there is a need for a
system to determine the concentration of salt solutions on the roadway in real time

to help prevent over-salting.

2.2 State of Technology

Hand-held salinity sensors have been used for years in environmental studies to de-
termine the amount of salt in bodies of water or in plant life [21]; however, various
transportation agencies and researchers in recent years have developed means for
measuring the concentration of deicing salt on the roadway remotely. A few of these
methods have been designed as stand-alone systems while others have been imple-
mented in parallel to provide the best service. While no technology currently exhibits
widespread use, the following roadway salinity sensors are some of the most commonly

used systems currently under investigation or employed at this time.
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2.2.1 In-Road Precipitation Sensor Units

Transportation agencies commonly embed sensors in the roadway surface to accu-
rately determine roadway conditions and use the information to improve the road-
way. One such sensor that can be implemented is an in-road precipitation sensor that
detects the presence and phase of precipitation on the roadway which in turn gives
information about the concentration of the solution. Most commonly, these in-road
devices incorporate sample wells to collect a small sample of precipitation from the
roadway to run tests on, though the methods in which the tests are performed can
vary [22,23].

Whitener designed an in-road sensor capable to determining the depth and current
phase of precipitation (liquid, snow, etc.) on the roadway in real time [22]. Using an
electrode and a sensor, an electric current is passed through the collected sample and
varied with time. The conductive losses between the sensor and electrode reveal the
amount of precipitation collected in the sample well and the presence of impurities.
Unfortunately, this method does not directly calculate the salt concentration in the
solution.

Leonhardt and coworkers built upon Whitener’s designs by allowing the system
to determine the concentration of deicing salt in the precipitation sample via the use
of a conductivity probe [23]. Knowing the type of salt that the transportation agency
applies to the roadway, the conductivity reading can determine the concentration of
the solution. Leonhardt and coworkers then programmed the unit to calculate the
approximate freezing point of the precipitation on the roadway to alert transportation
agencies. Though this sensor is stationary and cannot read the salt concentration of
the entire roadway, it has the benefit of sending the freezing point, salt concentra-
tion, and temperature information digitally. This means that the device can be used

remotely to sense whether the roads need additional salt or sand applied to combat
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hazardous conditions.

Clearly, in-road precipitation sensors can calculate the concentration of deicer on
the roadway by analyzing the phase of the precipitation collected on the roadway
when the temperature of the sample is known. Unfortunately, this method becomes
complicated when multiple deicing salts are present and other impurities, such as

sand, are found in the solution.

2.2.2 Conductivity Probes

As an alternative to in-road precipitation sensors, some researchers have developed
mobile salinity sensors using conductivity sensors to determine the concentration of
salt on the roadway. Handheld conductivity sensors have been used for environmental
studies for years to determine the effect of road salt on the environment [21], but
Garrick and coworkers designed an on-vehicle mobile salinity sensor capable of reading
the concentration of aqueous chloride salt solutions on a roadway [24].

Garrick and coworkers’ setup features a collection box mounted behind the tire
wheel well in order to collect tire splash from the roadway. The design uses a heater to
ensure that the sample is in liquid form and relies upon a thermometer to determine
the temperature of the sample since the conductivity reading can be altered by the
temperature [24]. The tire splash is then collected, and 66 mL volume of roadway
sample must be retained to measure the conductivity of the sample.

At slow speeds, Garrick and coworkers’ design takes an average of 26 seconds to
collect and measure the conductivity of the sample [24]. This means that results can
be seen in near-real time. While the speed of their system is impressive, conductivity
probes have difficulty determining the concentration of some acetate salt solutions on

the roadway because of the low molar conductivity that the acetate ions provide [25].
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2.2.3 Laser spectroscopy

Both the in-road precipitation sensors and the conductivity probe system rely on
liquid roadway salt samples to determine the concentration of salt on the roadway;
however, many transportation agencies would like to determine the amount of dry
residual salt on the roadway to determine an effective anti-icing concentration to
apply without over-salting. Researchers like Ruiz-Llata and coworkers and the Japan
Highway Public Corporation (JH) have employed the use of laser spectroscopy to
quantify the concentration of residual salt on the roadway [26,27].

In order to evaluate the concentration of residual dry salt on the roadway, Ruiz-
Llata and coworkers implemented a system for sensing concentration directly from
the roadway instead of collecting samples from the tire splash of the vehicle when
the vehicle is in motion [26]. An on-vehicle fluorimeter was used to achieve this.
The fluorimeter recorded the fluorescence of the roadway and compiled the data into
excitation-emission maps that can be used to determine the concentration of salt on
the roadway in near-real time [26]. The results of the tests allowed Ruiz-Llata and
coworkers to determine that temperature does not affect the fluorescence readings.
With these findings, Ruiz-Llata and coworkers determined that their system could
accurately determine the concentration of dried salt deicer on the roadway without
knowledge of the roadway temperature. However, they admitted that their design
would have to be altered t