Effectiveness of Alternative Chemicals
for Snow Removal on Highways

Liping Fu, Rudolph Sooklall, and Max S. Perchanok

Thispaper describesan empirical study aimed at quantifying and com-
paring the effectiveness of several alter native chemicalsfor snow andice
control under specificweather, site, and traffic conditions. Data collected
from alarge scalefield test are used in thisanalysis, involving measure-
ments on snow cover, weather and pavement conditions, and treatment
operations at 10-min intervals over 16 snowstorms. The paper detailsa
case-by-case comparison of several alternative chemical treatments
including dry salt and salt prewetted with different agents. Statistical
models are developed and used to explain the effects on snow melting
trend of variousweather and treatment factors.

Maintenance of bare pavement conditions during or soon after win-
ter stormsiis critical to economical flow of traffic on modern high-
way systems. Accumulation of winter contaminants such as frost,
slush, snow, and ice reduces traffic flow and increases the risk of
accidents on highways by reducing the average traction level and
increasing variance of traction between vehicle tires and pavement
(2). Contaminantsare removed conventional ly by plowing, followed
by application of granular rock salt. By the 1970s, many highway
operators recognized that the application of salt had adverse effects
on highway infrastructure, vehicles, and roadside environment (2),
and aternative application methods were developed to reduce the
overall quantities needed. Principal among the methods s the use of
liquid salts, either as an additive to conventional rock salt (prewet-
ting) or applied on its own before snow accumulation (direct liquid
application) (3, 4).

While these aternative methods have been widely implemented,
assessment of their performance in comparison with conventional
rock salt, and estimation of overall potential for salt reduction, isan
unresolved issue. That is, their effectiveness isinfluenced by many
uncontrolled variables during winter maintenance operations.

The primary objective of thisresearch isto quantify and compare
the effectiveness of rock salt with and without prewetting liquid, and
distinguish among different chemical species of prewetting liquids.
The research involves a statistical analysis of data collected by the
Ministry of Transportation of Ontario (MTO) (5) through alarge-
scale field experiment called De-icing/Anti-icing Response Treat-
ment (DART) (6). The paper first provides an overview of test sites
and data collected from thetests. Thisisfollowed by acase-by-case
comparison of several aternative maintenance treatments. A set of
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statistical models is developed that quantify the effects of various
factors on snow removal. Finally, conclusions are summarized and
future research directions are highlighted.

DESCRIPTION OF STUDY SITE AND DATA

Datain thisanalysis were collected at the DART field siteby MTO
forcesin the winter season of 2002 to 2003. Thetest siteisa50-km
maintenance route on Highway 21 in the Great L akes-St. Lawrence
climatic region of southwestern Ontario, Canada (Figure 1laand 1b).
Because of its proximity to Lake Huron and Georgian Bay, theroute
issubject to frequent |ake-effect snowfall, with normal winter snow
accumulation of 2.8 m over 75 to 80 snowfall days. The mean daily
temperature (MDT) at this areais below 0°C for from December
through March, and the coldest month is January, with an MDT of
—7°C. Thetopography of the route consists of rolling farmland and
woodlots with a combination of open and sheltered terrain (6).

Highway 21 is a Service Class 2 highway with winter average
daily traffic in the range 2,000 to 6,000 vehicles, which requires
plowing when snow accumulation reaches 20 mm and recovery of
bare pavement within 8 h after astorm (6). The 50-km test route was
divided into eight sections, labeled sequentially from 1 to 8, with
lengths varying from 2 to 5 km. Sections 1 through 7 are two-lane,
two-way highways, while Section 8 isafour-lane collector with two
lanesin each direction. All sections are paved with asphalt concrete.

Different chemical application protocols, varying by material type,
application rate, and application method, were tested. The prewetting
chemicals included near-saturation solutions of NaCl (sodium chlo-
ride brine), CaCl, (calcium chloride brine with corrosion inhibiting
additives marketed as Corguard), and MgCl, (magnesium chloride
brine with corrosion inhibiting additives marketed as Freezeguard).
All tests were conducted as part of normal winter mai ntenance oper-
ations while the highway was open to traffic. All test sections were
plowed before chemical application, and chemicals or winter sand
was reapplied if the surface was not cleared within the maintenance
circuit time of approximately 1.5 h. Each pass of the plow or spreader
across each test section was recorded either manually or with an auto-
mated vehiclelocation system, providing records of timeand direction,
chemical type, and application rate (6).

A video surveillance camerawas installed near the center of each
test section to record pavement snow coverage at a pavement mark-
ing grid that divided the pavement into three consecutive 1.3-m
sguares across each lane. Snow cover fraction, defined asthefraction
of areacovered by snow (0.0to 1.0), was estimated visually from the
recorded video and tabulated for each square at a 10-min interval
over the duration of astorm event.

Air and pavement temperature, wind speed, and precipitation
were obtained from aroadway weather information system (RWIS)
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FIGURE 1 Study site: (a) Great Lakes—St. Lawrence climatic region and (b) test sections and roadway weather
information system station.
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station located at Allenford (Figure 1b). Dataon daily snowfall were
obtained from the nearest Environment Canada observing stations
and were used to estimate snowfall rate during each storm (total
snowfall divided by storm duration). Storm duration was defined as
the time from onset of snow accumulation until restoration of bare
pavement (<5% snow cover).

Datafrom test Sections 6, 7, and 8, with similar weather and expo-
sure conditions, were used in this study. Each direction of ahighway
section is considered a separate analysis unit. Note that snow cover
measurementsat all test sectionswere postprocessed to determinethe
average snow cover in each direction. Preliminary analysis showed
that snow cover in the right wheel track of both Sections 6 and 7 was
several timeshigher thanintheleft wheel track and lane center, while
Nno across-pavement trend was seen in Section 8. To avoid biasdueto
across-lane variance in snow cover, lane center snow cover in Sec-
tions 6 and 7 was compared with mean snow cover in each direction
of Section 8.

A total of 16 stormswere recorded during thewinter season of 2002
to 2003, with average snowfall ratein therange of 0.01 to 3.13 cm per
h. Different chemical protocolswere used, with dry rock salt and fine
gradation salt applied at rates varying from 50 to 85 kg per lane km.
Granular ratesfor prewetted salt ranged from 37 to 90 kg per lanekm.
The prewetting agents (CaCl,, MgCl,, and NaCl) were applied at 7%
or 15% of the granular mass.

The rock salt used conformed to MTO standard specification
(OPSS 2502, December 1990) (7), which specifies at least 96% by
mass sodium chloride, 100% smaller than 9.5-mm sieve, and maxi-
mum 65% passing the 2.36-mm sieve. Thegradationissimilar to that
of coarse sand. Fine salt consisted of 100% grains smaller than 4.75
mm and at |east 35% smaller than 1.18 mm. Winter sand was applied
to provide immediate traction when snow could not be removed by
plowing or salting. It was premixed with granular salt at arate of 5%
by massto prevent stockpile freezing and is referred to as dry sand
to distinguish it from sand that was prewetted with chemical agents
in sometests.

The spreaders discharged material from theleft side of the hopper
between the front and rear wheels. Spreading speeds are specified by
Maintenance Best Practice 702 as 32 to 48 kmh, and during opera-
tions, speed was adjusted to maintain a constant centerline windrow
pattern (8).

COMPARATIVE ANALYSIS

Discussed here are results of acomparative analysis on the effective-
ness of different chemical application protocols on snow removal,
through data obtained at the three test sections mentioned. Perfor-
mance of atreatment ismeasured by the fraction of pavement covered
by snow (snow cover). Two measures of effectiveness were used:
change in snow cover over time and average Snow cover.

Change in snow cover was evauated visually by graphing snow
cover against time. Average snow cover is used as a surrogate for
level of service (LOS) by each particular chemical application pro-
tocol. Itiscalculated asaverage of all snow coversmeasured over the
snowstorm, from thefirst chemical application to the end of the storm
(or end of observation period). A lower value of average snow cover
can be tranglated as a higher LOS experienced by drivers.

To ensurevalidity of the comparative analys's, each comparisonis
formed with casesthat had similar storm characteristics, location, and
traffic. For example, if one compares the effectiveness of prewetted
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salt and dry salt, cases should be selected in which the two types of
materialsare applied with similar amounts (dry rates) to similar high-
way sections(e.g., geographical features) under similar weather con-
ditions. Where there were differences, detailed descriptions of the
differences are provided.

On the basis of chemical application protocols tested at the three
highway sections, two pair-wise comparisons—prewetted versusdry
salt, and prewetted salt with different prewetting chemicals—are
performed as explained in the following section.

Effectiveness of Prewetted Salt

Prewetting salt hasbeen widely accepted asan effectivetechniquefor
improving the deicing capability of salt. That isbecauseit accel erates
the start of themelting processby directly providing the necessary ini-
tial moisture; it also assists salt particles in adhering to pavement.
However, itislargely unknown how much more effective prewetted
salt is over regular dry salt. This analysis attempts to address this
question through data from the DART test.

Seven cases identified from the DART tests can be used for com-
parison, as shown in Table 1. The temporal variation of snow cover
for two example cases is shown in Figure 2. From results shown in
Table1 and Figure 2, one can seethat in five of seven cases, prewetted
salt outperformed dry salt in reducing snow cover, with relative
improvement ranging from 17.9% to 40.0%. For example, inthe snow
event of January 25, 2003 (Figure 2a), the same amount of dry salt
(70 kg/lanekm) was used for both prewetted salt applicationsand dry
sat applications; however, the average snow cover for the section
applied with prewetted salt was 40% lower than the section with dry
salt. Also, in the case of January 27, 2003 (Figure 2b), prewetted fine
salt (with 7% CaCl,) was found to be 19% more effective than dry
fine gradation salt even though the latter (dry fine salt) was applied
twice more than prewetted salt. These results further confirm the
benefit of the prewetting strategy and are consistent with findings
intheliterature [e.g., (9, 10)].

Dry salt outperformed prewetted salt in reducing average snow
cover for Cases4 and 7. Case 4 occurred on January 25, 2003, which
experienced heavy snowfall; salt was applied during the first half of
the storm duration and sand in the latter stage. The site treated with
prewetted salt outperformed the site treated with dry salt for the
storm’ sfirst half, which is consistent with the majority of the cases.
However, both sites then experienced an increase in snow cover in
the latter part of the storm before achieving bare pavement, with the
prewetted site having alarger increase in snow cover. The greater
increase at the prewetted site resulted in ahigher average snow cover,
thus showing that dry salt outperformed prewetted salt over thestorm’s
duration. Possible causes for the rapid increase in snow cover at the
prewetted site include blowing snow due to fairly high winds and a
lower residual effect due to prewetted salt going into solution faster
combined with heavy snowfall. It was difficult to pinpoint why dry
salt outperformed prewetted salt for Case 7.

Effectiveness of Alternative Prewetting Agents

This section investigates the relative effectiveness of alternative
chemicals used for prewetting dry salt: CaCl,, MgCl,, and NaCl. A
total of 13 casesareidentified fromthe DART test database: 11 cases
related to CaCl, and MgCl, and theremaining 2 for comparing CaCl,
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TABLE 1 Summary of Treatment Cases and Effectiveness of Prewetted Salt Versus Dry Salt
LOS®
Wesather and Chemicals Used®
Date of Surface Prewetted Dry Difference
Case Event Conditions? Prewetted Salt Dry Salt Salt Salt (%)
1 1/24/2003 1.0cm 8E 8W 0.13 0.18 27.8
6.5h Prewet rock salt at 15% CaCl 4 Dry rock salt
-14.1°C 70 kg/lane km (2/1) 70 kg/lane km (2/1)
0.6 km/h Dry sand Dry sand
285 kg/lane km (2/0) 285 kg/lane km (2/0)
2 1/25/2003 25.0cm 8E 8w 0.21 0.35 40.0
8.0h Prewet rock salt at 7% CaCl, Dry rock salt
-6.1°C 70 kg/lane km (5/3) 70 kg/lane km (5/3)
27.9 km/h
3 1/25/2003 25.0cm W™ 6W 0.23 0.33 30.3
8.0h Prewet rock salt at 7% CaCl, Dry rock salt
-6.1°C 70 kg/lane km (2/0) 70 kg/lane km (2/0)
27.9 km/h
4 1/25/2003 25.0cm 7E 6E 0.22 0.18 -22.2
8.0h Prewet rock salt at 7% CaCl, Dry rock salt
-6.1°C 70 kg/lane km (2/0) 70 kg/lane km (2/0)
27.9 km/h Sand/salt mix (20% salt) Dry sand
285 kg/lane km (1/0) 285 kg/lane km (1/0)
5 1/27/2003 45cm 8E 8w 0.23 0.28 17.9
7.0h Prewet fine salt at 7% CaCl, Dry fine salt
-18.8°C 56 kg/lane km (4/2) 66 kg/lane km (6/0)
2.8 km/h
6 2/14/2003 0.2cm 7E 6E 0.44 0.66 333
8.3h Prewet fine st at 15% CaCl, Dry fine salt
-10.0°C 56 kg/lane km (2/0) 66 kg/lane km (2/0)
0.3km/h
7 2/14/2003 0.2cm W™ 6W 0.62 0.57 -8.8
8.3h Prewet fine salt at 15% CaCl, Dry fine salt
-10.0°C 56 kg/lane km (2/0) 66 kg/lane km (2/0)
0.3km/h

aSnowfall/storm duration/pavement temperature/wind speed; bsite/material/granular application rate in kg/lane km (number of applications/plow only); caverage snow

cover; 9percentage of liquid added to granular mass.

and brine, as shown in Table 2. As with the previous analysis, the
average snow cover under each treatment is provided (Table 2) as
well astwo example charts showing snow cover variation over time
for visual illustration (Figure 3). From results shown in Table 2 and
Figure 3a and 3b, the following observations can be made:

e Salt prewetted with CaCl, appeared to start the melting process
faster than did salt with MgCl,, resulting in lower average snow
cover, regardless of dry salt rate and prewetting ratio. In all except
one case, CaCl, outperformed MgCl, by 9.5% to 71.4% in regard to
average snow cover. It was also observed that salt prewetted with the
two chemicals generally achieved bare pavement around the same
time. This outcome is consistent with Minsk (4), who stated that
CaCl, in liquid form, at about 32% concentration, is most effective
in lowering the effective melting temperature, and that MgCl, and
NaCl are also effective prewetting agents.

e CaCl, was aso found to be more effective than sat brine in
regard to snow cover reduction asshownin Cases 12 and 13. In Case
12 (February 14, 2003), the effectiveness of CaCl, wassimilar to that
of brine, but in the case with brine, one extra salt application was
made. In Case 13, salt with CaCl, resulted in an average snow cover
37.5% lower than with the brine counterpart. Nixon et al. (11) con-
ducted alaboratory test of theice melting capacity of both liquid cal-

cium chloride and salt brine, which appeared to suggest that CaCl,
performed better than NaCl.

MODELS FOR SNOW MELTING TREND

Asdiscussed, one major challenge to quantifying the effectiveness of
snow removal isthe uncontrollable nature of field experimentsand the
multiplefactors simultaneoudly influencing the snow melting process.
A common approach to this challengeisto calibrate regression mod-
els between the response variable and influencing factors based on
observational data. These models could then be used to explain the
degree of effectsthat individua factors have on theresponse variable
and also to predict future responses under a given condition.

The response variable in this study could be either the snow
cover at agiven time or snow melting rate at a given time interval
during a snow event. In this study, snow melting rate was chosen
as the response variabl e representing effectiveness of snow removal,
for it better meets the requirement of independency between obser-
vations than the variable snow cover. Because snow-melting rateisa
continuous variable, the researchers first attempted ordinary linear
regression modelsaswell astheir variants (e.g., using nonlinear trans-
formed functions). However, results were not satisfactory; a model
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FIGURE 2 Temporal variation of snow cover with prewetted salt versus dry salt: (a) Case 2, January 25, 2003, and

(b) Case 5, January 27, 2003.

with an acceptable explanatory power could not beidentified asbased
on observations. This outcome could be attributed to the large varia-
tion in the observed snow melting rate caused by large random varia-
tionsininfluencing factors, such asroad surface and traffic conditions,
snow drifting, and even estimating snow cover. The snow-melting
rates were aggregated into three categories: snow cover decreased
(melting rate > 0); snow cover unchanged (melting rate= 0); and snow
cover increased (melting rate < 0). Also, theresearcherstried to iden-
tify factorsinfluencing the probability of observing each outcome. Of
noteisthat asimilar approach wasused by Perchanok (6). That author
represented snow cover trend over agiven period (e.g., % or 1 h) as
avariable with two states: increased or did not increase (stayed the
same or decreased) in evaluating the effectiveness of salt application
in reducing snow cover.

As commonly used in literature to model discrete response vari-
ables, amultinomial logit model was applied in thisstudy to capture
the propensity toward each snow melting outcome under various
operating conditions. For convenience of calibration and interpreta-
tion, the researchersformulate the multinomial logit model asratios
of odds between two of the three outcomes, using the third category
(snow cover increased) asthe basis, that is

=e” )]
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TABLE 2 Summary of Treatment Cases for Comparing Prewetting Chemicals

Weather and Prewetting Chemicals Used® LOS
Date of Pavement
Case Event Conditions? CaCl, MgCl, CaCl, MgCl, Difference (%)
1 2/3/2003 0.2cm (19.3 h) 8E 8W 0.12 0.14 14.3
-1.4°C (14.4km/h)  Rock salt 50 kg/lane km Rock salt 50 kg/lane km
at 15% (4/1)¢ at 15% (4/1)
2 2/6/2003 13.0cm (6.0 h) 8E 8W 0.26 0.39 333
-5.5°C (14.4km/h)  Rock salt 56 kg/lane km Rock salt 56 kg/lane km
at 7% (4/1) at 7% (5/0)°
3 2/6/2003 13.0cm (6.0 h) T7E 6E 0.27 0.31 129
-5.5°C (14.4km/h)  Rock salt 56 kg/lane km Rock salt 56 kg/lane km
at 7% (2/0) at 15% (2/0)
4 2/6/2003 13.0cm (6.0 h) ™w 6W 0.29 0.26 -115
-5.5°C (14.4km/h)  Rock salt 56 kg/lane km Rock salt 56 kg/lane km
at 7% (2/0) at 15% (2/0)
5 3/2/2003 0.5cm (23.8h) 8E 8W 0.19 0.30 36.7
-5.7°C (20.6 km/h)  Rock salt 37 kg/lane km Rock salt 37 kg/lane km
at 15% (4/0) at 7% (4/0)
6 3/2/2003 0.5cm (23.8h) TE 6E 0.10 0.21 52.4
-5.7°C (20.6 km/h)  Rock salt 50 kg/lane km Rock salt 50 kg/lane km
at 15% (2/3) at 7% (2/3)
Dry sand 300 kg/lane km (3/0) Dry sand 300 kg/lane km (3/0)
7 3/2/2003 0.5cm (23.8h) ™w 6W 0.06 021 714
-5.7°C (20.6 km/h)  Rock salt 50 kg/lane km Rock salt 50 kg/lane km
at 15% (2/5) at 7% (2/5)
Dry sand 300 kg/lane km (1/0) Dry sand 300 kg/lane km (1/0)
8 3/5/2003 16.0cm (11.0h) 8E 8W 0.67 0.74 9.5
-1.8°C (16.1 km/h)  Rock salt 90 kg/lane km Rock salt 90 kg/lane km
at 7% (2/1) at 7% (3/0)
9 3/5/2003 16.0cm (11.0h) 8E 8W 0.14 0.32 56.3
-1.8°C (16.1 km/h)  Rock salt 46 kg/lane km Rock salt 46 kg/lane km
at 15% (3/0) at 15% (3/0)
10 3/5/2003 16.0cm (11.0h) TE 6E 0.45 0.51 11.8
-1.8°C (16.1 km/h)  Fine salt 46 kg/lane km Fine salt 46 kg/lane km
at 7% (1/1) at 7% (1/1)
11 3/5/2003 16.0cm (11.0h) ™w 6W 0.43 0.48 104
-1.8°C (16.1 km/h)  Fine salt 46 kg/lane km Fine salt 46 kg/lane km
at 7% (1/1) at 7% (1/1)
Sand 285 kg/lane km Sand 285 kg/lane km
at 15% (2/0) at 7% (2/0)
CaCl, NaCl CaCl, NaCl
12 2/14/2003  0.2cm (8.3 h) 8E 8W 0.66 0.65 -15
—10.0°C (0.3 kph) Rock salt 56 kg/lane km Rock salt 56 kg/lane km
at 15% (4/1) at 15% (5/0)
13 2/25/2003  0.2cm(9.0h) 8E 8W 0.05 0.08 375
—6.7 °C (12.5 kph) Rock salt 46-50 kg/lane km Rock salt 46-50 kg/lane km
at 7-15% (6/2) at 7% (6/2)

aSnowfall (storm duration)/pavement temperature (wind speed); site/material/granular application rate in kg/lane km (number of applications/plow only); caverage
snow cover; 9percentage of liquid added to granular mass; cone of the five applications was dry rock salt.

where

Po, P, P, = probabilities for observing outcome O (snow cover
increased), 1 (snow cover unchanged), and 2 (snow
cover decreased), respectively,

Z; = anintermediate variabl e representing therel ative ten-
dency toward the outcome of i (i = 1 or 2) compared
with the outcome of the base category of snow cov-
erage increased, and

e = the base of natural logarithms.

Z :Bi0+B1Xi1+"

This variable can be expressed as a linear function of covariates

+ Bikxik

where

Bo, Br, - -

representing factors that influence the snow melting trend, that is

@

., Bx = regression parameters estimated from the data.
X = covariates, and
X = the kth covariate for the ith outcome.



Fu, Sooklall, and Perchanok

1.0
0.9 A
0.8
0.7
0.6

0.5 1

Snow Cover

0.4 4

0.3 A

0.2 A

0.1 4

0.0 T T T

131

CacCl, Snow Cover Trend (Site 8E)
[ ] Prewetted Rock Salt at 7% CacCl, (Site 8E)
° Plow Only (Site 8E)

= = = = MgCl, Snow Cover Trend (Site 8W)
o Prewetted Rock Salt at 7% MgClI, (Site 8W)
A Rock Salt (Site 8W)

5:24

1.0 q

0.9 A

0.8 A

0.7 A

0.6 -

0.5 A

Snow Cover

0.4 -

0.3 4

0.2 A

0.1+

0.0

12:36

CacCl, Snow Cover Trend (Site 8E)
[ ] Prewetted Rock Salt at 15% CaCl, (Site 8E)
° Plow Only (Site 8E)

- = = = NaCl Snow Cover Trend (Site 8W)

o Prewetted Rock Salt at 15% NaCl (Site 8W)

T
7:48
Time

T
3:00 5:24

T
10:12

(b)

T
12:36

FIGURE 3 Temporal variation of snow cover—prewetting with CaCl, versus prewetting with MgCl, and prewetting
with CaCl, versus prewetting with NaCl: (a) Case 2, February 6, 2003, and (b) Case 12, February 14, 2003.

In consideration of available dataand anticipation of possiblefac-
torsinfluencing the snow-melting trend, the following factors were
considered independent variablesin regression analysis:

e Weather conditions: snowfall rate, air temperature, and wind
speed;

e Road conditions: initial snow cover (snow cover at the beginning
of timeinterval) and pavement surface temperature; and

e Maintenance treatment: total amount of salts remaining on the
road at beginning of the timeinterval and material type.

The total amount of salts previously applied during the storm that
remain active on the pavement is an intermediate variable with no
field data available; it must also be estimated. As discussed previ-
ously, data on treatment operationsinclude only the application rate

of dry salt, mixing ratio in the case of prewetted salt and brine, and
timethe salt was applied. Oncethe saltsare applied, part of them will
belost over time dueto theimpacts of traffic and the melting process
itself. It is still an open question about how the applied salt depreci-
atesover time (10, 12). In this study, the following simple empirical
model is assumed to simulate the process:

s=se”

where

®

S = initial amount of saltsapplied, expressedin dry salt kilograms
per lane kilometers,

S = amount of salts remaining at time t, expressed in dry salt
kilograms per lane kilometers; and

b = parameter to capture rate of depreciation.
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A b-value of zero means that the salts will remain unchanged over
timewhile alarger value of b indicates afaster rate of st loss.

Because there are not direct observations on the amount of salts
remaining on the road by timefor calibrating the parameter of b, the
b-valueis chosen as part of the calibration process, discussed |ater.
In addition to use of the foregoing variables, confounding effects of
some of the influencing factors are evaluated, such as wind speed,
snow cover or snowfall, pavement temperature, and amount of salts
remaining; they are included as two-way interaction terms.

The statistical software package SPSS was used to obtain model
coefficients and performance statistics. Each calibration started with
an assumed b-valuefor calculating theresidual amount of salt onroad,
which, combined other data items, was used to calibrate the multi-
nomial logit model as described. After aset of b-vauesranging from
0to 1.0 weretried, it was found that a b-value ranging from 0.01 to
0.2 generdlly yielded the best results and the significance of variables
other than salt were insensitive to the b-value. As aresult, acommon
b-value of 0.1 was chosen for al test sections in further analysis.
Tables3 and 4 summarize the calibration resultsfor Sections 7 and 8,
respectively. (Section 6 was not included because the majority of
the snow trend observed at this site was zero; that is, no change in
snow cover was observed.) Separate modelswere calibrated for the
two directions of each test section; this allowed one to capture any
directional differences in response variation and to cross-validate
the calibrated models.

The log likelihood values (-2 log likelihood) given in Tables 3
and 4 are used to test the significance of the multinomial logit model
compared with the intercept-only model. The intercept-only model
assumes that the probability of snow cover remaining the same or
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decreasing is not related to the proposed model variables. By com-
paring thelikelihood ratio to the critical 2 value, one can test the null
hypothesis, Hy, in which all coefficients except the intercepts are
zeros. Statistics shown in Tables 3 and 4 indicate that all models
adequately fit the data at alevel of significance o, less than 0.1%.

The pseudo R? provided in Tables 3 and 4 is a statistic similar to
the R? used in ordinary linear regression, for measuring explanatory
power of the estimated multinomial logit models. The benchmark
pseudo R? value for multinomial logit modelsis usually much lower
than the R?-value acceptable for ordinary linear regression, with a
value aslow as 0.15 considered reasonable. On the basis of this sta-
tistic, all the models could be considered as statistically reliablewith
an acceptable explanatory power.

Columns headed “B” in Tables 3 and 4 provide coefficients of the
calibrated models, with their corresponding level of significancelisted
in columns headed “ Sig.” In this analysis, alevel of significance of
20% or lessis considered acceptable in further interpretation.

A comparison between modelsfor different sectionsand directions
indicates that most of the calibrated models are comparablein regard
to magnitude and sign of the coefficients, providing further evidence
of their validity. From results, the following observations are made:

e The effect of wind speed on snow cover was statistically sig-
nificant and consistent across all locations. At both sites, wind
speed alone was associated with increase in snow cover (negative
coefficients). Furthermore, the two-way interaction term, initial
snow cover and wind speed, wasfound to have asignificant effect on
snow accumulation. This result statistically confirms the expected
effect of blowing snow. Also, based on the magnitude of the coef-

TABLE 3 Model Estimation Results: Parameter Values and Significance Tests for Test Section 7

Site 7 Eastbound Site 7 Westbound
Factor B Std. Error  Wald (t) Sig. Exp(B) B Std. Error  Wald (t) Sig. Exp(B)
1 Intercept 2.042 739 7.642 .006 1.281 671 3.643 .056
Snowfall rate (cm/h) —.284 334 127 3% 752 —-1.350 .326 17.138 .000 .259
Wind speed (km/h) —-.098 049 4.079 .043 .906 -.014 .027 271 .603 .986
Surface temperature (°C) —-.055 .030 3.316 .069 947 -.075 .037 4.257 .039 927
Initial snow cover (fraction) -.335 1135 .087 .768 715 .651 .893 531 466 1.917
Snowfall rate* .010 .014 529 467 1.010 .040 .014 7.730 .005 1.041
Wind speed
Initial snow cover * -.076 058 1.737 .188 .926 -.074 .046 2.586 .108 .929
Wind speed
Applied salt (kg/lane km) -.012 .009 2.050 .152 .988 .016 .009 3.381 .066 1.016
Applied sand (kg/lane km) .005 .002 10884  .001  1.005 .001 .001 5.363 021 1.001
2 Intercept 1.663 .818 4131 .042 1.290 .756 2911 .088
Snowfall rate (cm/h) —434 .373 1.354 .245 .648 —-.740 .364 4.118 .042 ATT7
Wind speed (km/h) —-.044 .053 .687 407 957 —-.040 .031 1.600 .206 961
Surface temperature (°C) -.072 .035 4.219 .040 931 .018 .042 .180 .672 1.018
Initial snow cover (fraction) -.815 1.256 421 517 443 219 .996 .048 .826 1.245
Snowfall rate* .024 .016 2.281 131 1.024 .031 .016 3.546 .060 1.031
Wind speed
Initial snow cover * -.041 .065 405 525 .959 -.078 .055 1.978 .160 .925
Wind speed
Applied salt (kg/lane km) -.009 .009 842 359 991 .002 .010 024 878  1.002
Applied sand (kg/lane km) .002 .002 1.040 .308 1.002 .001 .001 3.238 072 1.001
—2log likelihood (Intercept)/ 992.62/925.27 992.6/931.2
-2 log likelihood (model)
Chi-sguare/significance 67.3/0.000 61.4/0.000
Pseudo R? 0.142 0.178

Note: Thereference category is: —1. Wald (t) isa statistic used to test the statistical significance of each coefficient (B) and it isthe ratio of the coefficient to its
standard error, squared. Exp(B) isanotation for €2 and it is the odds of observing an outcome to the reference outcome.
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TABLE 4 Model Estimation Results of Parameter Values and Significance Tests for Test Section 8

Site 8 Eastbound Site 8 Westbound
Factor B Std. Error  Wald (t) Sig. Exp(B) B Std. Error - Wald (t) Sig. Exp(B)
1 Intercept 1.228 419 8.591 .003 1.000 484 4.264 .039
Snowfall rate (cm/h) —-.065 291 .050 .824 .937 -.054 .346 .024 .876 .947
Wind speed (km/h) -.016 .024 457 499 .984 -.020 .028 .505 AT7 .980
Surface temperature (°C) .032 .020 2.539 11 1.032 .059 .025 5.429 .020 1.061
Initial snow cover (fraction) -.100 728 .019 .890 .905 1.059 .935 1.282 .257 2.883
Snowfall rate * .000 .013 .000 .997 1.000 -.016 .015 1.213 271 .984
Wind speed
Initial snow cover * -.247 .054 20.547 .000 .781 —.244 .064 14.285 .000 784
Wind speed
Applied salt (kg/lane km) .001 .001 .229 .632 1.001 .003 .001 5.972 .015 1.003
Applied sand (kg/lane km) .000 .001 .655 418 1.000 .000 .001 .162 .687 1.000
2 Intercept —.682 .503 1.840 175 -1.522 .583 6.812 .009
Snowfall rate (cm/h) .080 .281 .080 77 1.083 .001 371 .000 .998 1.001
Wind speed (km/h) —-.063 .027 5.559 .018 .939 —-.080 .031 6.716 .010 .923
Surface temperature (°C) .004 .023 .035 .853 1.004 .048 .029 2.793 .095 1.049
Initial snow cover (fraction) 1.310 734 3.187 .074 3.705 2.776 .984 7.963 .005  16.059
Snowfall rate * .003 .013 .068 795 1.003 -.016 .016 .990 .320 .985
Wind speed
Initial snow cover * —-.094 .045 4371 .037 911 -.150 .067 4.946 .026 .861
Wind speed
Applied salt (kg/lane km) .004 .001 8.589 .003 1.004 .006 .001 23.717 .000 1.006
Applied sand (kg/lane km) .000 .001 .005 .942 1.000 .000 .001 .202 .653 1.000
-2 log likelihood (Intercept)/ 1531.6/1368.3 1348.0/1209.7
—2log likelihood (model)
Chi-square/significance 163.3/0.001 138.3/0.001
Pseudo R? 0.220 0.200

NotEe: Thereference category is: —1.

ficients, the effect of blowing snow at Section 8 appeared larger
than the effect at Section 7 (0.094~0.247 for Section 8 versus
0.041~0.078 for Section 7). However, analysisrejected the possible
effect of combined snowfall and wind speed; it might make sense,
in that wind moves the snow around, though it does not increase
snowfalls.

e The snow cover at the beginning of each observation interval
wasfound to have a significant effect on the snow melting trend at
Section 8: the higher the initial snow cover, the more frequent the
snow cover had decreased. Snow cover alone (without wind),
however, was not found to be a significant factor influencing the
snow-melting trend at Section 7.

e Snowfall rate was found to be a significant factor only in the
westbound lane of Section 7. Theresult, somehow unexpected, could
be attributed to the fact that this variable was not measured directly
but estimated on the basis of total snowfall.

e Pavement surface temperature was found to have a positive
effect on snow melting at Section 8

e The total amount of salts applied was found to have a positive
effect on snow removal at Section 8 in both directions. However,
resultsat Section 7 were mixed. Theresearcherscould not statistically
confirm the effect of salts on the outcome of decreased snow cover,
or they obtained conflicting results on the status of unchanged snow
cover (—0.012 for eastbound versus 0.016 for westbound).

e Themodel coefficientsassociated with sand were positivefor al
cases, suggesting its positive effect on snow melting trend. However,
the effect was confirmed statistically only for Section 7. Sand was
applied mostly for increasing pavement friction instead of for deicing.

The reason that sand had a positive effect on snow removal at these
test sitesis till unclear; further investigation is needed.

CONCLUSIONS

Quantifying the effectiveness of alternative winter maintenancetreat-
mentsisachallenging and elusivegoal dueto large variationin obser-
vational environments such as westher, traffic, and location. This
research has attempted to compare the effects of treatmentsinvolving
different prewetting chemicals. A systematic statistical analysis was
performed on observational data, toward identifying quantitative
effects of weather and mai ntenance operations on snow melting trend.
Results obtained from this study are based on data from one winter
season, and further investigation using data from other winter sea-
sons may be required to confirm the results. Mgjor conclusions and
findings obtained from this analysis are asfollows:

e Prewetted salt outperformed dry salt in most test cases by a
reduction in snow cover from 17.9% to 40.0%.

e Asaprewetting agent, CaCl,, wasfound to be much more effec-
tive than MgCl,, providing higher overall LOS (or lower average
snow cover), regardless of dry salt rate or prewetting ratio. CaCl, out-
performed MgCl, by 9.5% to 71.4% pertaining to reduction in aver-
age snow cover. CaCl, was also found to be more effective than salt
brine, NaCl.

e Statistical analysis of the snow-melting trend indicated that
snow removal was not successful under high wind speeds dueto the
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expected effect of blowing snow. The cumulative amount of salt and
sand-salt mix applied also had a positive effect on snow removal.

e Thisresearch introduced amultinomial logit model framework
for capturing the relationship between time-varying, random snow
melting trend and variousinfluencing factors. Resulting modelswere
found to make intuitive sense, signifying its potential as an appro-
priatetool for analyzing the effectiveness of alternative winter main-
tenance methods and relative importance of various environmental
factors.
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