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ABSTRACT 

 

 The recent legislation requiring the reduction of salt usage in California prompted 

the California Department of Transportation to investigate the best practices for winter 

maintenance using alternative chemicals. The objective of this research was to develop 

guidelines for optimal snow and ice removal operations designed specifically for 

California’s typical highway environments. In particular, the research effort 1) 

synthesized information regarding winter maintenance best practices, and 2) designed 

and constructed an apparatus based on current practices, to perform a load-controlled 

anti-icing test in a controlled laboratory environment. These experiments were used to 

determine best practices for applying anti-icing chemicals to roads for three precipitation 

scenarios. Of specific importance is the temperature at which the bond between the 

precipitation and the road surface can be easily broken by a snowplow. 

The pavement samples and snow were conditioned by subjecting them to 

temperatures associated with each storm scenario. Chemical and snow were then applied 

to the pavement samples using a highly calibrated spray nozzle. Samples were placed on 

the temperature-controlled plow table, loaded with transverse and normal forces, and 

subjected to a warming cycle. Pavement temperature at the moment the ice bond was 

broken from the pavement was recorded, as well as a relative friction value of the 

pavement surface.  

The data available from the experiments was studied in an effort to correlate 

changes in the chemical performance with the various pavement types, application rates 

and storm scenarios, and then further to evaluate the relative performance of the five 

chemical types. A review and analysis of the friction and temperature data was 

performed. The primary conclusion from the analysis was that the presence of chemical, 

regardless of chemical type, increased the friction of the pavement surface and reduced 

the shearing temperature as compared to non-chemically treated substrates for all 

pavement types, all application rates and all storm scenarios. A secondary conclusion is 

that less chemical is required to prevent a bond on asphalt than on concrete. Although the 

behavior of all five chemicals was similar in nearly all respects, a few nominal 

differences were observed between them. 
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INTRODUCTION 

 

 

Background 

 

 

Departments of transportation are faced with the difficult task of providing 

transportation infrastructure while maintaining safety, economic development, 

emergency management, environmental stewardship, infrastructure maintenance, winter 

operations and more. Maintaining and operating roadways during the winter season can 

complicate the balance of these priorities. California is no exception, and must operate 

and maintain roadways in the seven snow districts predominantly located in the 

mountainous regions of the state. Recent legislation has mandated that salt usage be 

reduced, which has led the California Department of Transportation (Caltrans) to alter 

their means of maintaining roads in winter. Even though Caltrans has responded to this 

legislation by reducing overall salt usage, insufficient research is available to establish 

the best practices for winter maintenance using alternative chemicals within the state of 

California. 

Alternative anti-icing and de-icing chemicals are being developed at a rapid pace. 

Many are being tested and tried to verify their many attributes. While many departments 

use de-icing techniques as a reactive method, anti-icing is a technique that continues to 

gain favor worldwide for better control of roadway snow and ice. However, there are 

three major limitations that have slowed full implementation of anti-icing methodologies: 

1) lack of established dispersal rates, 2) lack of laboratory studies to verify field studies, 
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and 3) lack of understanding of the science associated with anti-icing principles. These 

limitations may lead to inappropriate use, which may have significant economic, 

environmental or safety repercussions. To ensure an appropriate balance between cost, 

effectiveness, safety, infrastructure service life and environmental stewardship, 

transportation agencies must determine how to apply the right amount and type of 

chemicals in the right place at the right time. 

 

Scope of Work 

 

 

The objective of this research is to help develop guidelines for optimal snow and 

ice removal operations designed specifically for California’s typical highway 

environments. In particular, the research will 1) synthesize the information on best 

practices of anti-icing and de-icing in other states and other countries, 2) identify 

chemicals for winter maintenance purposes, and 3) investigate their effective working 

temperature and appropriate application rate under various road weather scenarios. 

Investigating these chemicals in controlled laboratory and field environments 

provides the confidence needed by Caltrans to integrate these findings into their snow 

and ice removal practices for winter roadway maintenance. The research produced 

valuable information to be used by Caltrans maintenance staff and may lead to 

improvements in the current Caltrans snow and ice removal practices in reducing the use 

of salt statewide without jeopardizing traveler safety.  
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In order to investigate the chemicals in a laboratory setting the research effort 

designed and constructed an apparatus, to perform a constant load-controlled anti-icing 

test.  The laboratory experiments were conducted in one of several state-of-the-art testing 

facility located on the Montana State University campus. The Sub-Zero Science and 

Engineering Laboratories can mimic most climates ranging from -40° to 50°F. Bonding 

between the compacted snow and the road surface was studied using five chemicals at 

three dispersal rates, on top of two types of pavement surfaces, and under three different 

storm scenarios. From this matrix of tests, optimal dispersal rates were established for 

varying climates and roadway combinations. Friction was measured after the snow/ice 

was removed to evaluate effectiveness. Information from these experiments will be used 

in the next phase of the research, the field operational test (FOT), to predict and/or verify 

the viability of select chemicals under various road and weather scenarios. This thesis 

will cover the laboratory experimentation only.  

The research results from this project will allow the Department to utilize better 

decision-making and management practices with respect to reducing the amount of 

chemicals and cost for snow and ice removal operations while providing safe, reliable 

winter highways for the traveling public. The implementation of better snow and ice 

removal practices will have immediate positive impact on the California highway system, 

including cost savings, enhanced traveler safety, reduced traveler delays, and minimized 

environmental impacts.  
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Organization of Thesis 

 

 

 A critical review of existing literature of the state-of-the-practices and state-of-

the-art winter highway maintenance practices is contained in Chapter 2. Chapter 2 also 

contains a survey of Caltrans personnel with experience or expertise in the snow and ice 

control operations. A detailed description of the design and construction of the apparatus 

used in this research is included in Chapter 3, which also describes the experimental 

procedure used for preparing and performing the laboratory tests. A discussion of 

experimental results and an in depth description of the analytical methods used is 

outlined in Chapter 4. Conclusions drawn from this study and recommendations for 

further research are made in Chapter 5.  
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LITERATURE REVIEW AND SURVEY OF WINTER MAINTENANCE BEST 

PRACTICES 

 

 

Literature Review 

 

 

Introduction 

 

A comprehensive literature review was conducted to summarize state-of-the-

practices and state-of-the-art winter highway maintenance practices. Understanding the 

evolution of snow and ice control practices will provide the necessary insight to impart a 

useful guide for best practices for California. The review describes current practices and 

recent advances in winter operations used by other states and countries. Findings from 

recent publications and reports were considered on key issues associated with snow and 

ice control materials and methods including abrasives, freeze-point-depressant chemicals, 

plowing, de-icing, prewetting, anti-icing, and RWIS (road weather information system).  

The main objective of winter maintenance is to return the road to a safe state for 

the traveling public within a responsible period of time. Winter events present a variety 

of weather and pavement conditions which require various strategies to maintain the 

desired level of service of the roadway. Keeping roads and highways clear of snow and 

ice during winter months is a challenge to winter maintenance agencies. To meet these 

challenges three main strategies typically are used: mechanical removal with or without 

friction enhancements, deicing and anti-icing. A combination of strategies is almost 

always used (Blackburn et al., 2004). 
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Over the past two decades, snow and ice control has shifted from a reactive 

approach to a more proactive approach.  Traditionally, maintenance operations wait until 

a predetermined amount of snow accumulates before mechanically removing the snow 

accompanied with de-icing chemicals or abrasives. Because concerns are being voiced 

about the environmental and corrosion effects of deicing chemicals and abrasives to the 

roadside environment, water supplies, vehicles and highway structures, other winter 

maintenance strategies are being implemented (Boselly, 2001).  

Traditionally, large amounts of sodium chloride (salt) are used for winter 

maintenance practices. When temperatures are too cold for the use of road salts, abrasives 

are added to provide traction. Research from the past two decades has shown that the use 

of chloride and abrasive materials may adversely affect the environment and that 

chlorides are corrosive to vehicles and highway infrastructure. Due to the growing 

concern for the environment and corrosion effects due to winter maintenance chemicals 

and abrasives, alternative winter maintenance chemicals are being used and tested.  

 

Existing Practices 

 

Strategies have changed and will continue to change as agencies are integrating 

new technologies. Treatments to prevent bonding are increasingly used, but the classic 

methodology, such as snow removal by plowing with chemical and abrasives, remain a 

mainstay in winter operations.  Alternatives to chlorides, such as acetates, for snow and 

ice control material, have been a source of extensive research due to the corrosion and 

environmental impacts of traditional materials. Research is being conducted to better 
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understand in what conditions and circumstances certain methods and materials work.  

The following subsections will look at existing practices in the winter maintenance 

methods and materials, as well as recent research and advancements in the field. 

 

Materials: When agencies are faced with the task of choosing which material to 

use for their snow and ice control operations, they have various factors to consider such 

as performance, corrosion impacts, environmental impacts, and cost. A group of technical 

experts formed the Pacific Northwest Snowfighters (PNS) Association to develop 

specifications for winter maintenance chemicals. In order for products to be placed on the 

PNS qualified list, products must pass stringent friction, toxicology and corrosion testing. 

Corrosion inhibitor products must prove to be 70 percent less corrosive to mild steel than 

sodium chloride (Fay et al., 2008). The chemical specifications and stringent quality 

control guidelines help transportation agencies identify the best products available. PNS 

approved chemicals pose no significant damage to human health, vehicles or the 

environment when used correctly (O’Keefe and Shi, 2005). Most chemical products used 

for winter maintenance activities consist of sodium chloride (NaCl), magnesium chloride 

(MgCl2), calcium chloride (CaCl2), calcium magnesium acetate (CMA), and potassium 

acetate (KA).  

Abrasives create temporary traction, thereby allowing roads to remain operable. 

Typically, abrasives are used at very low pavement temperatures, below -11 C (12.2 F), 

and on roads with low traffic and low levels of service (Blackburn et al., 2004). Because 

of their inability to lower the freezing point of water, abrasives are not used for deicing or 
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anti-icing operations. Montana Department of Transportation (MDT) commented that 

“abrasives are costly to purchase, store, use and clean up. Additionally, they are poor in 

performance, have a short beneficial life, and are hard on the environment as well as 

human health, and cause wear to pavement markings” (Williams and Linebarger, 2002). 

Due to concerns like MDT’s, snow and ice control operations are shifting away from the 

dependency on abrasives, and more toward the use of winter maintenance chemicals to 

maintain levels of service. 

Each year the United States uses approximately 8 to 12 million tons of chloride 

salts for winter maintenance operations (Fischel, 2001). The most commonly used snow 

and ice control chemical is sodium chloride. Magnesium chloride and calcium chloride 

are also basic options for snow and ice control strategies. NaCl has been the chemical of 

choice since the early 20
th

 century because it is inexpensive, abundant and generally 

effective. Harmful effects to the environment and corrosion of highway structures have 

been recognized, but the benefits of safety have generally kept chlorides in use.  Based on 

a review of available literature by Environment Canada (2000), it was determined that 

“road salts are entering the environment in a quantity or concentration or under 

conditions that have or may have an immediate or long-term harmful effect on the 

environment or its biological diversity, and that constitute or may constitute a danger to 

the environment on which life depends.” Therefore, in 1999, the Canadian Environmental 

Protection Act declared road salt as “toxic” and in 2001 declared all chlorides as toxic; 

however, the act acknowledged the importance of chloride’s role in providing safe 
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highway systems and that human safety must never be compromised (Fischel, 2001 and 

Williams and Linebarger, 2002).  

Based on an analysis by Fischel (2001), the use of NaCl has decreased each year 

since 1995 as the use of alternative chemicals has increased.  Agencies are making an 

effort to use less harmful alternatives such as acetates. Even though acetates are 

minimally corrosive to highway structures, relatively environmentally benign, and 

perform relatively well compared to chlorides, the cost of the material impedes the use 

for many highway agencies (O’Keefe and Shi, 2005; Perchanok, 2008 and Warrington, 

1998). Calcium magnesium acetate, potassium acetate and a combination of the two are 

the most commonly used, manufactured and studied acetates. 

Performance: Chemical performance is based on the ability to penetrate, undercut 

and break the bond with the pavement or the ability to prevent the ice-pavement bond 

from forming. The chemical’s ability to do so is determined by the eutectic and effective 

temperature. The eutectic temperature is an important property of chemical deicer as it 

establishes the lower temperature limit for ice melting. Because the function of a deicer is 

to lower the freezing point of water, freezing points of liquid deicers and eutectic 

measurements are frequently used to predict the effectiveness of a given chemical. The 

way any deicing or anti-icing chemical works is by forming an “alloy” with water to 

depress the freezing point. The lowest temperature the water-chemical mixture can go to 

before it freezes is termed the eutectic temperature (Blackburn et al., 1994). The lowest 

effective temperature for a deicer is defined as the temperature at which the deicer will 
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produce reasonable amount of melting within a reasonable amount of time. A Federal 

Highway Administration (FHWA) study conducted by Ketcham at al. (1996) found the 

eutectic temperatures for several types of chemical, shown in Table 1. The study found 

the eutectic temperature of CMA to be -27°C (-16.6°F) at 32.5 percent concentration but 

also found that if the concentration exceeds 28.5 percent, the liquid solution would 

recrystalize and clog the spray nozzles during application.  Because of this it is 

recommended that a 25 percent concentration and 3:7 Ca:Mg ratio be utilized. 

 

Table 1: Eutectic Temperatures (after Ketcham et al., 1996) 

Chemical Concentration 

Eutectic 

Temperature 

C °F 

Sodium Chloride 23% -21 -5.8 

Calcium Chloride 29.80% -51 -59.8 

Magnesium Chloride 21.60% -33 -27.4 

Calcium Magnesium Acetate 32.50% -27 -16.6 

Potassium Acetate 49% -60 -76 

 

Studies have been done to study ice penetration abilities of chemicals. Under lab 

conditions in Ontario, Canada sodium chloride particles penetrated ice at a rate of one 

centimeter per minute, varying slightly with temperature and grain size, and one gram 

was found to undercut and debond approximately 58 cm
2
 (9in

2
) of ice once the chemical 
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penetrates to the pavement surface (Perchanok et al., 1991). Various ice melting 

attributes have been studied for CaCl2, MgCl2, CMA and KA, often in comparison to 

NaCl.  

A study by Chang et al. (1994) showed that calcium chloride works two times 

faster than sodium chloride, and Cheng and Guthrie (1998) found that when the 

effectiveness is compared to sodium chloride, “calcium chloride tends to adhere to the 

roads better, dissolve more rapidly, and melt at lower ambient temperatures.” Warrington 

agrees that calcium chloride is a more effective chemical at lower temperatures because 

of its ability to attract moisture and stay on the road longer (Warrington, 1998). Ontario 

Ministry of Transportation (MTO) chooses not to use calcium chloride because the 

solution left on the road does not dry creating a potentially slippery driving surface, and 

the solution may become diluted and refreeze (Perchanok et al., 1991).  In contrast to the 

other researchers, Blackburn (1994) asserts that “the fact that calcium chloride has a 

much lower eutectic temperature than sodium chloride is not of importance for anti-icing 

operations” because research shows that at temperatures below -10°C (14 F) chemicals 

are too slow and should not be used. Therefore, calcium chloride and sodium chloride 

exhibit similar freezing characteristics in the effective working range (Ketcham et al., 

1996). 

Like calcium chloride, experience and lab tests show that magnesium chloride 

melts ice more quickly and at colder temperatures than sodium chloride. However, the 

magnesium chloride requires less chemical than the other two chlorides and has a greater 
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melting capacity than calcium chloride. According to a FHWA publication, the melting 

capacity of magnesium chloride is 40 percent greater than calcium chloride (Ketcham et 

al., 1996). MDT found that compared with calcium chloride, magnesium chloride will 

keep 30 percent more water from freezing at -18°C (-0.4°F) (Williams, 2001). 

Lab and field studies have provided promising results about the performance of 

acetates. Fay et al. (2008) performed lab studies of the ice melting capacity of various 

freeze depressant chemicals and found that CMA was the only chemical still melting 

after 30 minutes. The Washington Department of Transportation found that if applied 

before a storm CMA provided residual benefit for up to 24 hours under certain conditions 

and areas treated four or five times with a sand-chloride mix could be treated once with 

60 gallons per lane mile of CMA (Wyant, 1998). 

Field trials by multiple agencies found CMA to be acceptable as a winter 

maintenance chemical at certain temperatures but not as consistent or effective as sodium 

chloride when applied in equal amounts (Fischel, 2001). To obtain equivalent deicing 

results, CMA has to be applied at a rate of 1.7 times that of NaCl. However, California, 

Wisconsin, Alberta, and Ontario commented that the CMA residual remained on the 

highway longer than the residual of NaCl thus reducing the number of applications 

(Perchanok et al., 1991). Another study found that below -10°C (14°F) no significant 

melting occurred and no ice penetration occurred. Also in order to obtain dry pavement 

conditions, 2.6 times as much CMA as NaCl was needed (Fischel, 2001). Minnesota 

reported CMA to be non-corrosive and non-polluting, but a higher concentration of CMA 
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was needed compared to NaCl. At -9.4°C (15.1°F), 1.41 times higher concentrations were 

necessary to keep the roads from freezing which translated into higher costs (Ketcham et 

al., 1996). 

A common conclusion among studies is that acetates do not provide effective 

snow melting capabilities but do effectively prevent ice from forming and depress the 

freezing point. Also, a reduction in crashes and less severe accidents have been reported 

due to the use of acetates on bridges (Fay et al., 2008).  New Zealand changed from using 

only abrasives to using CMA. Five years of field monitoring in central North Island 

showed a reduction in road closure duration and a reduction in maintenance vehicle 

operation cost and occupation time.  Field observations also showed a reduction in 

crashes, a decrease in travel time, increased skid resistance by 24 percent and the ability 

to maintain residual effects thus reducing the number of applications (Burkett and Gurr, 

2004). 

Potassium acetate (KA) is used at most U.S. airports and, according to Fischel 

(2004), is the most effective acetate at low temperatures. KA is the most common 

chemical used in fixed automated systems, because it is non-corrosive to steel rebar, 

bridge structures, and concrete (Beckwith, 2007). Applications of the chemical on bridges 

have shown to reduce the number and severity of accidents (Fay et al., 2008). 

Corrosion Impacts: Vehicle and structural damage resulting from corrosion due to 

the use of chemicals is an area of concern in snow and ice control operations.  Chlorides 

are considered to be the most corrosive of winter maintenance chemicals (Fay et al., 
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2008). Chlorides penetrate concrete to reinforcing steel on highway structures which may 

result in deterioration and thus a reduction in strength, serviceability, and aesthetics of the 

structure. Transportation Canada claims that the chloride ion (Cl
-
) migrates into the 

concrete creating major damage to structures by corroding steel. Research by Mends and 

Carter (2002) determined the diffusion coefficients through concrete of magnesium 

chloride to be two to three times greater than sodium chlorides which reduced the time to 

corrosion initiation for concrete embedded reinforcing steel by 10 to 15 years (O’Keefe 

and Shi, 2005). Colorado Department of Transportation (CDOT) shifted from primarily 

using sodium chloride to magnesium chloride based deicers because more current 

research has shown magnesium chloride to have a greater impact to infrastructure and 

roadside vegetation than originally thought; therefore, some areas in Colorado have 

returned to using sodium chloride (Fay et al., 2008).  

Motorists and the trucking industry are concerned about chloride use because of 

vehicular corrosion. Chlorides damage vehicle and equipment chrome, tractor and trailer 

bodies, aluminum parts, wheels, hoses, and electrical parts (Fischel, 2001). The National 

Bureau of Standards and Batelle Laboratories estimate automobile corrosion costs 

attributed to sodium chloride to exceed $1.2 billion a year (Blackburn et al., 1994). A 

FHWA funded study estimated the cost of corrosion to vehicles to be $2.3 billion 

annually (Salt Institute, 2004). 

Long term use of chlorides does not result in strength loss in the cement paste 

matrix except for the slow process of accelerating alkali-silica-reaction (Fay et al., 2008). 
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A study on the effect of chemicals on pavement condition deterioration found that 

although chlorides can worsen scaling problems when cement goes through freeze/thaw 

cycles, using properly cured, air-entrained portland cement concrete will help prevent 

scaling. The study also showed that chlorides have little negative effects on asphalt 

pavement (Lee et al., 2000).  

Acetates are less corrosive to metals than chlorides. Electrochemical and weight 

loss tests during a 14 to 17 month duration indicated that bridge structural metals 

including steel, cast iron, aluminum and galvanized steel corroded significantly less with 

acetate than sodium chloride treated members (O’Keefe and Shi, 2005). Oregon studied 

the corrosion effects on two bridges that used to be treated with chloride based de-icers 

and determined improvements with the use of CMA (Wyant, 1998). 

While acetates are less corrosive to steel than chlorides, research has shown a 

greater corrosion effect on concrete. Ongoing research, by the Innovative Pavement 

Research Foundation found that acetates could “induce increased levels of expansion in 

concrete with ASR [alkali-silica reactivity] susceptible aggregates” (Lee et al., 2000). 

Lab studies for CDOT found that acetates can cause significant emulsification of asphalt 

resulting in strength loss of asphalt concrete. Because of these findings and the 

environmental impacts, Colorado no longer uses acetates (Fay et al., 2008).  

Environmental Impacts: Studies by FHWA, Strategic Highway Research Program 

(SHRP), National Cooperative Highway Research Program (NCHRP), Canadian 

Strategic Highway Research Program, state agencies and private research firms found 
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that winter maintenance chemicals adversely affect air quality, soil, roadside vegetation, 

and surface and ground water. 

During snow and ice control operations, chloride-based chemicals such as sodium 

chloride, magnesium chloride and calcium chloride, enter into the environment at 

quantities, concentrations and conditions that can have immediate and long term harmful 

effects on the environment and biological diversity by affecting vegetation near the 

roadway and increasing chloride concentration in nearby waterways. Calcium chloride 

and magnesium chloride commonly cause more damage to the environment than sodium 

chloride when applied at the same rate because they contain higher chloride 

concentrations.  High concentrations of chloride chemicals are known to adversely affect 

water, soil and vegetation but are relatively benign to animals and air quality. 

Acetates are organic and have different kinds of effects on the environment than 

chloride based chemicals (Fischel, 2001). Research consistently found acetates do not 

severely impact soil, vegetation, wildlife and human health but can adversely affect 

nearby water by elevating biochemical oxygen demand (BOD) levels which cause anoxic 

conditions in water and stimulate growth of bacteria and algae (Fay et al., 2008 and 

Fischel, 2001). Oxygen depletion, due to the presents of acetates, will most likely occur 

in slow moving streams and small ponds with dilution 100 to 500 fold.  Demonstrated in 

lab tests, in two days an acetate concentration of 100 ppm would completely deplete the 

dissolved oxygen in field ponds where as acetate concentration of 10 ppm would 

temporarily reduce oxygen supplies (Fischel, 2001). In contrast, environmental 
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monitoring over a five year period in North Island, New Zealand, where CMA is the 

primary chemical used indicates no negative impacts on soil, vegetation, and streams. No 

discernable affects on dissolved oxygen concentrations or biological attributes have been 

found in the streams (Burkett and Gurr, 2004).  

Cost: According to a CDOT study, abrasives are the least expensive snow and ice 

control material with prices ranging from $6 to $16 per ton (Fischel, 2001). When 

surveyed, highway agencies reported using abrasives because of cost considerations. 

However, the overall costs of the use of abrasives is higher than the material cost because 

of the need for of increased application rates, repeated applications, and clean up 

requirements (Fay et al., 2008).  

Many agencies prefer to use chlorides because of the low initial material cost. 

Magnesium chloride typically costs around $0.25 to $0.35 per gallon. Magnesium 

chloride is more costly than sodium chloride but typically less magnesium chloride is 

applied (Fischel, 2001 and Williams and Linebarger, 2002). Calcium chloride typically 

costs around $0.73 per gallon. One state agency estimated that using calcium chloride 

costs approximately 4.5 times more to melt ice and six times more to debond ice when 

compared to sodium chloride (Perchanok et al., 1991). Depending on the quantities and 

location, sodium chloride can cost as little as $0.03 per gallon but typically costs $30 to 

$60 per ton (Boselly, 2001).  

The high cost of acetates is their principal disadvantage of using acetates. In New 

Zealand using acetates is five times more expensive than using chlorides, but report that 
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the greater cost of the material is offset by the increased benefits to road users (Burkett 

and Gurr, 2004). The initial price of acetates costs the MTO 30 times more than the initial 

price of salt and the increased application rates required using acetates increase the rate 

45 times greater than the cost of using salt (Perchanok, 1991). If MDT chose to use 

CMA, the material cost would be five times higher than their current cost using 

magnesium chloride and would be 12 times higher if they chose to use potassium acetate 

(Williams 2001). The EPA estimates the cost factors of using acetates to exceed salt by 

10 to 20 times (Environmental Protection Agency, 1999).  

While sodium chloride may be inexpensive total costs considering corrosion and 

environmental impacts may be much greater. One study estimates that the indirect costs 

associated with corrosion and environmental impacts of sodium chloride are five billion 

dollars per year (Blackburn et al., 2004). A Transportation Research Board study found 

bridge decks prematurely deteriorating due to chlorides and a FHWA study showed the 

remediation of concrete bridges, where damage directly resulted from chlorides, could 

cost $5 billion per year (FHWA, 1996). As of 1999, 583,000 bridges (15 percent) were 

considered structurally deficient due to chloride damages (O’Keefe and Shi, 2005).  A 

Transportation Research Program special study found that indirect costs due to corrosion 

and environmental effects of sodium chloride cost ten times more than the initial material 

cost (Blackburn et al., 1994). An economic assessment of the social costs of salting 

estimates the cost of sodium chloride to be $800 per ton “including costs of repair and 
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maintenance of roads and bridges, vehicle corrosion costs and loss of aesthetic values 

through roadside tree damage” (Vitaliano, 1992).  

Many studies have been conducted to evaluate the performance, corrosion 

impacts, environmental impacts, and cost of winter maintenance materials. Table 2 

summaries the main findings for the following winter maintenance materials: abrasives, 

sodium chloride, calcium chloride, magnesium chloride, calcium magnesium acetate, and 

potassium acetate.  
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Table 2: Summary of Current Winter Maintenance Materials (after Fischel et al., 2001)  

 

 

 

Abrasives Sodium Chloride
Calcium 

Chloride

Magnesium 

Chloride

Calcium 

Magnesium 

Acetate

Potassium 

Acetate

Eutectic 

Temperature 
NA -21°C @ 23% -51°C @ 29.8% -33°C @ 21.6% -27°C @ 32.5% -60°C @ 49%

General <11°C

Effectively 

depresses the 

freeze point of 

water

Effective at low 

temperatures; 

melts ice faster 

than NaCl

Effective at low 

temperatures; 

melts ice faster 

than NaCl

Effetive as a 

liquid anti-

icer;Melts 

longer than NaCl

Effetive as a 

liquid anti-icer; 

Effective at low 

temperatures

Highway Structure Non-corrosive Corrosive
Moderately 

corrosive

Moderately 

corrosive
Non-corrosive Non-corrosive

Asphalt Concrete Non-corrosive
Slightly 

corrosive

Slightly 

corrosive

Slightly 

corrosive

Moderatley 

corrosive

Moderatley 

corrosive

Air Quality

Fine particulate 

material 

increases air 

pollution

Net decrease in 

air pollution 

from reduction 

in use of 

abrasives

Net decrease in 

air pollution 

from reduction 

in use of 

abrasives

Net decrease in 

air pollution 

from reduction 

in use of 

abrasives

Net decrease in 

air pollution 

from reduction 

in use of 

abrasives

Net decrease in 

air pollution 

from reduction 

in use of 

abrasives

Vegetation

Can smother 

roadside 

vegetation 

causing 

mortaility

Inhibits water 

and nutrient 

uptake ; 

vegetation and 

damage 

mortaility

Inhibits water 

and nutrient 

uptake ; 

vegetation and 

damage 

mortaility

Inhibits water 

and nutrient 

uptake ; 

vegetation and 

damage 

mortaility

Potential 

mortality from 

oxygen 

depleation in 

soil

Potential 

mortality from 

oxygen 

depleation in 

soil

Soil
Little effect on 

soil expected

Increases soil 

salinity; 

decreases soil 

stability and 

permeability

Increases soil 

salinity; 

improves soil 

structure

Increases soil 

salinity; 

improves soil 

structure and 

permeability

Potential 

oxyegen 

depleation from 

break down of 

acetate; 

improves soil 

structure

Potential 

oxyegen 

depleation from 

break down of 

acetate

Surface/Ground 

Water

Increases 

turbidity; 

inhibits 

photosynthesis 

in aquatic 

plants

Potential 

increase in 

water salinity; 

slight increase 

in metals

Potential 

increase in 

water salinity; 

slight increase 

in metals

Potential 

increase in 

water salinity; 

slight increase 

in metals

Potential oxygen 

depletion

Potential oxygen 

depletion

Initial Low cost Low cost
Relatively low 

cost

Relatively low 

cost
High cost High cost

Associated High cost High cost High cost High cost Low cost Low cost
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Methods: Plowing: Plowing is the most important and most often used tool in 

snow removal (Blackburn et al., 1994). Plowing is used in almost all snow and ice 

removal strategies: mechanical alone, mechanical and abrasives, mechanical and deicing, 

and mechanical and anti-icing. Snow plow equipment and technology are continuously 

advancing creating an enormous variety in tools to increase efficiency and safety and to 

reduce cost. Technology advances in snow plows have generally reduced the amount of 

energy needed to remove snow and ice (Epps and Ardila-Coulson, 1997). Most states use 

the same basic type of equipment: dump trucks with plows, motor patrols, rotary plows 

and loaders (Williams and Linebarger, 2000).  Some common types of plows are one-

way front plows, reversible plows, deformable mold board plows, underbody plows, and 

side wing plows.  Some plows can be shifted side-to-side using hydraulics which allows 

the width of the plow to extend to the side by 9 to 12 feet (Ketcham et al., 1996). 

Because of “the need for improved methods of removing ice from roads,” many 

studies on the cutting edge blade of snowplows have been conducted in Iowa.  Nixon and 

Chung (1992) conducted lab tests that examined the mechanics of scraping snow and ice 

and developing better snow blade geometry. The cutting edge geometry parameters 

examined were rake, clearance, and attack angles, and blade width. The study concluded 

that fairly minor changes in the cutting edge geometry results in substantially improved 

ice cutting and that the most influential parameters are clearance angle and blade width 

(Nixon, 1993). 
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Another study was conducted investigating the effectiveness of serrated blades for 

scraping.  Compared to classic blades, serrated blades require smaller forces to remove a 

given ice thickness; however, slightly less ice is removed (Nixon et al., 1996). Nixon and 

Potter found that the maximum scraping effectiveness occurred with a blade angle of 15° 

(Nixon and Potter, 1997). It was also found that trucks with underbody plow blades are 

the best for snow removal because of the ability to vary downloads forces on the cutting 

edge or plow blade. Front mounted blades only have their own weight as the download 

force. Because most agencies use front mounted plows it would be beneficial if front 

mounted plows could be used more efficiently; therefore, Iowa conducted a study using 

accelerometers to determine the downward force of front mounted plows on the road 

surface.  The results of the field test showed that front mounted plows were not able to 

cut the ice thus applying no scraping force. This makes front mounted plows “undesirable 

equipment” according to Nixon et al., 1997.  The studies in Iowa found that “by 

application of significant down-force, and the use of an appropriate cutting edge angle, 

compacted snow and ice can be removed very effectively by snow plows, with much 

greater efficiency than any other tool under those circumstances.” 

Deicing: Deicing is a reactive snow and ice control strategy that destroys the bond 

between the snow and ice and the pavement by chemical and mechanical means. This 

traditional, reactive strategy is still highly used today. Deicing allows for higher traffic 

speed and volume, reduces the need for abrasives thus improving air quality, and saves 

on vehicle fuel consumption compared to plowing alone (Fischel, 2001).  It is still the 
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favored practice of most departments of transportation, because it is effective, and 

relatively inexpensive (Williams and Linebarger, 2000). 

Using the deicing approach, chemicals are applied after the snow and ice have 

already bonded to the pavement.  The chemicals melt channels through the snow and ice 

to the pavement.  A thin layer of the chemical solution spreads at the interface between 

the ice and pavement and the ice-pavement bond is eventually weakened so that it can be 

mechanically removed. Blackburn et al. (2004) reported that deicing is a suitable strategy 

for most weather, sites, and traffic conditions. Solid chemicals were found to be the most 

effective for thicker snow accumulations. Montana Department of Transportation 

reported that deicing typically produced bare and wet road conditions over time and 

increased traction to create safer roads (Bergstrom, 2002).  According to the SHRP 

Project H-332, the effectiveness of deicing is dependent on the chemical and mechanical 

equipment used (Chappelow et al., 1992). 

One concern about deicing is the increased potential for accidents due to poor 

road conditions while the maintenance crews are being deployed. Also alarming is the 

large quantity of materials and labor hours required to maintain the desired level of 

service (O’Keefe and Shi, 2005). While preventive strategies are being increasingly used, 

deicing is still a mainstay in winter operations. 

Prewetting: An innovative practice in winter maintenance that is increasingly 

being implemented is the practice of prewetting where solid chemicals are coated with a 

liquid prior to being spread on the road. A survey of state agencies found that one of the 
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most significant changes in winter operations was the increased use of prewetting 

(Conger, 2005). 

Prewetted solid chemicals are used in both anti-icing and deicing strategies. The 

NCHRP Report 526 explains that prewetting coats a solid chemical with a liquid 

chemical in which the liquid triggers the brine process and accelerates the deicing 

process. Prewetted solids and abrasives better adhere to the surface reducing bounce and 

scatter (Blackburn et al., 2004). Because of the elevated adhesion to the road, fewer 

materials are wasted, and the chemicals have a longer lasting effect (Ketcham et al., 

1996). A field evaluation in Michigan monitored the placement of dry salt verses 

prewetted salt.  When prewetted salt was applied, 96 percent of the material was retained 

as compared to only 70 percent retained because of bounce and scatter, when using dry 

salt (O’Keefe and Shi, 2005). It was also found that prewetted salt is effective at 

temperatures below -10°C when dry salt was not (Luker et al., 2004).  Overall, the 

strategy decreases maintenance costs, improves roadway safety, and lowers the accident 

rate (O’Keefe and Shi, 2005). 

British Columbia experimented with prewetting and found that the effective 

temperature range of sodium chloride increased by prewetting with magnesium and 

calcium chloride which means that it is more effective at colder temperatures.  The 

Illinois Department of Transportation reported success using a variation of prewetting. 

The agency applied dry salt immediately followed by liquid sodium chloride or calcium 

chloride (Blackburn et al., 2004). The Virginia Department of Transportation prewetted 
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salt and sand with magnesium and calcium chloride and found that it not only accelerated 

the ice melting process but also the corrosion of the equipment (Roosevelt, 1997). In a 

recent study, Williams (2001) found that by prewetting, the amount of abrasives needed 

was decreased by approximately 50 percent in cold temperatures (O’Keefe and Shi, 

2005). The Washington Department of Transportation conducted a field observation 

study near Peshastin Creek which is home to steelhead, Chinook salmon and bull trout, 

which are threatened or endangered species. When the agency started  to use magnesium 

chloride to prewet sand as opposed to non-prewetted sand, they found that the amount of 

abrasives used to provide the desired level of service was not detrimental to the 

streambeds and that although the chloride levels increased, they did not reach toxic 

levels.  In addition to the environmental benefit of a reduction of abrasives, the agency 

found prewetting to also reduce labor, and spring clean up costs. The limitations to 

prewetting cited by the study are the lack of experience, training and equipment, but 

predict that the use of the strategy will become more widespread in the following decade 

(O’Keefe and Shi, 2005). 

Anti-Icing: The FHWA defines anti-icing as “the snow and ice control practice of 

preventing the formation or development of bonded snow and ice by timely applications 

of a chemical freeze-point depressant” (Ketcham and Minsk, 1996). State agencies are 

faced with the task of providing high level of service during the storm with limited 

financial and staffing resources.  Because of this and the emphasis on protecting the 

environment, agencies are shifting towards anti-icing snow and ice control strategies. 
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Five times more energy is needed to remove ice and snow once the ice-pavement bond is 

formed (Boselly, 2001). A common misunderstanding is that anti-icing is limited to the 

pretreatment of chemical at the onset of a storm; this is just one tactic. Another tactic 

includes pretreatment on a regular schedule (e.g., biweekly treatments on bridge decks) 

(Boselly, 2001). 

Anti-icing is suitable for most weather conditions, sites and traffic conditions. 

Anti-icing should not be used when the pavement temperature is less than the effective 

temperature of the chemical and during blowing snow and rain (Nixon, 2002).  If anti-

icing is used in windy conditions, the liquid chemicals can cause snow to adhere to the 

pavement and if used during rainy conditions the liquid chemicals will be washed away.  

The key to an effective anti-icing program is to “apply the right type and amount 

of material in the right place at the right time” (Federal Highway Administration, 1996). 

Anti-icing provides a higher level of service with the same or less amount of chemicals, 

but the chemical treatment is needed in conjunction with a RWIS to make timely 

decisions.  The “Manual of Practice for an Effective Anti-icing Program” provides a 

summary of proper methods (Blackburn et al., 2004). 

Nixon estimates anti-icing creates a savings of 10 to 20 percent of the snow and 

ice budget, and the winter maintenance cost per lane mile is reduced by up to 50 percent 

(Nixon, 2002). Savings result from lower materials and labor costs, higher levels of 

service, less environmental impacts, and improved safety. The reduced amount of 

chemicals used on the roadways also help decrease indirect costs from corrosion to 
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vehicles and highway infrastructure (Boon and Cluett, 2002; Canadian Strategic Highway 

Research Program, 2000; and Nixon, 2002).  By anti-icing, CDOT reduced sand use by 

55 percent and the cost of winter operations went from $5,200 per lane mile to $2,500 per 

lane mile when using anti-icing. In freezing rain conditions, Oregon DOT reduced the 

costs per lane mile from $94 to $24 (Nixon, 2002). Wisconsin Department of 

Transportation (WisDOT) changed to anti-icing to lower costs of materials and reported 

that only 0.9 percent of the total winter maintenance cost went towards anti-icing. 

In 2000, MDT performed a case study on a storm on State Highway MT-200 on 

two road sections located in different maintenance divisions, the Plaines section and the 

Thompson Falls section. Anti-icing was used on the Plaines section of the highway and 

not on the Thompson Falls section (Williams, 2001). Compared to the Thompson Falls 

section which used a deicing approach, the Plains section reduced sand usage by 44 

percent, reduced equipment cost by 44 percent, and reduced labor cost by 52 percent.  

Although more chemicals were applied in the Plains section, the overall cost was 37 

percent less per lane mile as compared to the Thompson Falls section (Goodwin, 2003). 

In a case study in Idaho, years of anti-icing with liquid magnesium chloride on 

US-12 has reduced accidents by 83 percent, abrasive use by 83 percent, and labor hours 

by 62 percent. Because of the success on US-12, Idaho is expanding its anti-icing 

operations throughout the state (Breen, 2001). 

The higher level of service produced by anti-icing creates safer travel, and a 

reduction in insurance claims, accidents, and road closures (Alger et al., 2004, Blackburn 
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et al., 1994, Boon and Cluett, 2002, Canadian Strategic Highway Research Program, 

2000, and Nixon, 2002).  The Insurance Corporation of British Columbia reported that 

accident claims on snow days in Kamloop, BC were reduced by 8 percent since the plan 

was implemented. The estimated savings for the insurance company are between 

$350,000 and $750,000 with an additional potential annual savings of $6 million for 

reduction in windshield replacement costs. Because of such savings and benefits, state 

agencies are increasingly implementing anti-icing into their snow and ice control 

practices.  A survey by the FHWA reports an increased use of anti-icing by states from 

79 percent in 1997 to 90 percent in 2000 (Canadian Strategic Highway Research 

Program, 2000).  The results of a 2000 survey claimed that 86 percent of the responding 

state agencies plan to start expanding anti-icing efforts and that one-fourth of lane miles 

are currently using the treatment (Strategic Highway Research Program, 2000). 

Road Weather Information System: A road weather information system, RWIS, 

provides agencies with weather information and real time pavement conditions used to 

decide the appropriate type of treatment, material, and application rate. Technological 

developments in weather forecasting have allowed for successful, cost effective anti-icing 

programs. 

Ketchum describes a RWIS as a “network of data-gathering and road condition 

monitoring systems and their associated communications, processing, and display 

facilities which provide decision information to maintenance managers” (Ketcham, 

1996).  The sensors provide real time, accurate and site specific pavement surface 
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conditions such as pavement temperature and the presence of water, ice, and chemical, 

and weather data such as ambient temperature, relative humidity, solar radiation, wind 

speed and direction, precipitation and other climate conditions (Blackburn et al., 1994; 

Boselly, 2001; and Canadian Strategic Highway Research Program, 2000). This 

information used with available algorithms allows agencies to reasonably predict 

pavement conditions for the next 24 hours (Blackburn et al., 1994). 

Because of the ability to forecast, agencies can maximize the effectiveness of 

icing and plowing efforts. A survey of Washington State maintenance personnel reported 

improved employee satisfaction and increased productivity by eliminating most regularly 

scheduled night shifts also 65 percent of the supervisory staff agreed that there was more 

efficient allocation of labor as a result of weather information systems (Boon and Cluett, 

2002). A system can reduce the use of routine patrols, provide travelers better 

information, provide a cost effective higher level of service and increase environmental 

quality by reducing the amount of unnecessary chemical applications (Boon and Cluett, 

2001; Boselly, 2001; and Environmental Protection Agency, 1999). 

Research indicates RWIS technologies improve efficiency and effectiveness as 

well as reducing the cost of highway winter maintenance.  Agencies using RWIS see 

potential savings in labor hours, equipment, and materials along with indirect savings of 

reduced accidents, increased mobility, and reduced economic costs (Boselly, 2001). A 

cost/benefit model from AASHTO Project 20-7 Task 117 indicated a cost/benefit ratio of 

up to five from RWIS implementation (Boselly, 2001). Virginia estimated a $48,000 cost 
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savings in salaries and equipment the first year a RWIS was used (Wyant, 1998). A $4.5 

million system in Maryland was projected to pay for itself in five to seven years by 

reduced maintenance personnel stand-by time (Boselly, 2001). Researchers estimated a 

300 percent return on a 26-sensor RWIS network on a joint project between the Nevada 

and California near Lake Tahoe (Wyant, 1998). Massachusetts saved $53,000 in the first 

year by using a network of nine sensors in the Boston area. They saved $21,000 for one 

storm and the agency estimated a $150,000 to $250,000 savings over a typical Boston 

winter (Boselly, 2001). 

Many agencies recommend installing sensors at typical rather than extreme 

locations to most accurately predict storm events. A case study in a mountainous region 

in Japan examined a road surface prediction model and concluded that there is a need for 

pavement temperature sensors at a local not regional scale (Sato et al., 1004). The 

University of Applied Sciences developed an algorithm to predict road conditions based 

on local parameters.  The algorithm is a physical model of the heat equation along with 

non local parameters of seasonal surface, air and dew point temperatures, wind direction 

and velocity, and prognosis of precipitation and local parameters such as horizon or 

shading of the road. The algorithm allows users to interactively calculate the state of the 

road (Battig, 2008). 

Barriers to employ a RWIS are lack of experience, lack of confidence, lack of 

training, resistance to change, equipment reliability, long term maintenance concerns, 

cost, and limitation of existing technology (Boon and Cluett, 2002). To overcome some 
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of the barriers, Wisconsin Department of Transportation (WisDOT) schedules annual 

training including regional workshops (Wisconsin Department of Transportation, 2007). 

A survey of MDT RWIS users indicated that the RWIS is being used, but more 

confidence in the information, ease of use and additional RWIS sites are needed (Ballard, 

2003). 

Another limitation of RWIS is that it lacks spatial coverage because it only 

produces point measurements at fixed locations. Infrared thermometers, used to measure 

the pavement temperatures between sensor locations, where the temperature is unknown, 

can be mounted on patrol vehicles (Wisconsin Department of Transportation, 2007). 

Many researchers and agencies predict better deployment and utilization of RWIS as the 

cost is lowered and better training is available. 

 

Recent Advances 

 

 

Materials: Research has been underway for many years to mitigate adverse effects 

of winter maintenance materials and find alternative chemical options. Snow and ice 

control is continuing to move towards increasingly innovative materials such as 

agricultural-by-products (Ag-based products). 

Agricultural Based Products: Ag-based products are commonly by-products and 

are used as additives to inorganic winter maintenance chemicals. Some ag-based products 

are produced by the fermentation and processing of cane or beet sugar syrup, corn barley, 

other carbohydrates and milk (Fay et al., 2008; Fischel, 2001; and O’Keefe and Shi, 
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2005). Research in recent years shows that adding a variety of organic compound to 

common winter maintenance chemicals can significantly decrease the freezing point 

(Koefod, 2008). Nixon suggests that ag-based products are combined with winter 

maintenance materials to act as corrosion inhibitors and increase melting capacity (Nixon 

and Williams, 2001). Ag-based products have low eutectic and effective temperatures 

and are relatively benign to the environment and highway infrastructure. 

According to Fischel (2004), adding ag-based products increases the cost of 

winter maintenance materials by $142 per ton. When Colorado anti-iced with a corn-

based product added to magnesium chloride, the materials cost increased from $0.34 per 

gallon to $0.60 per gallon (O’Keefe and Shi, 2005). 

In a survey of highway agencies, ag-based products were ranked as the most 

advantageous snow and ice control chemical and agencies agreed that they performed 

similarly well at low temperatures to chlorides and acetates. Lab tests for Colorado found 

ag-based products effective at -5°C (23°F) (Fay et al., 2008). Another study indicated that 

such products melt snow faster and at lower temperatures and provide more consistent, 

longer lasting residuals than magnesium chloride (Fischel, 2001). 

Michigan reported that using ag-based products reduced maintenance to 

equipment by minimizing rusting on truck hoppers, spinners and other parts (Kahl, 2004).  

However, other lab tests showed some ag-based products to be “highly” corrosive to mild 

steel (Fay et al., 2008).  Organic inhibitors contain high concentrations of phosphorus, 

sulfate, ammonia and nitrate which adversely affect water quality and can result in the 
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growth of unwanted aquatic vegetation (Fischel, 2001). Another concern is the oxygen 

depletion of the water (Nixon and Williams, 2001). Soil microorganisms break down the 

organic material which temporarily creates anoxic conditions in soil which can kill 

vegetation.  Some ag-based products lower the pH level of the soil and cause leaching of 

metals from the soil into ground water (Fischel, 2001). 

Michigan claims that ag-based products perform better, are more environmentally 

friendly, and are less corrosive than conventional materials.  The state evaluated the 

product on test roadways and concluded that using ag-based products for winter 

maintenance showed promising results. Highlights from the study included reduced costs 

due to reduced maintenance and equipment hours and an overall decreased material cost. 

Accidents were reduced on I-94 as compared to the previous year, and bare pavements 

were maintained longer. The agency commented that “when ABP [agricultural-by-

products] are used appropriately for anti-icing, they can be a powerful tool in providing 

safer roads to the traveling public at less cost” (Kahl, 2004). Agricultural-based products 

are a promising addition to winter maintenance chemicals. 

 

Methods: Ongoing research continues to explore different areas in an effort to 

maintain the safest roads possible in the most economical way while protecting the 

environment.  As technology continues to advance so does winter maintenance 

operations. Winter operations now include not only the traditional methods of mechanical 

and deicing, and the proactive approach of anti-icing but also in-place anti-icing systems, 

heated bridge decks, and surface overlays. Conger (2005) reports that strategies have 



34 

 

changed and will continue to evolve as new technologies emerge and prove their worth. 

Strides have also been made in information technologies and advanced snowfighting 

equipment. 

In-place Anti-Icing System: In-place anti-icing systems apply “timely, localized, 

and repeated treatments of optimum amount of chemical without the deployment of 

typical maintenance equipment and personnel” (Walderman, 2004). The three main 

reasons to use an in-place system are if the site is located in an area that could take 

maintenance vehicles two to three hours to reach and treat the roadway, on a road where 

a plow could cause congestion because of the high traffic volume, and to increase safety 

on segments of roadway that are particularly prone to accidents, such as bridge decks 

(Bell et al., 2006).  Although the technology is rapidly changing with new designs, 

hardware, software and installation techniques, a basic in-place system is comprised of a 

storage tank, pump system, system of pipes and valves, system of nozzles, and a 

triggering device. Systems are either triggered manually or automatically.  Automatic 

systems, known as Fixed Automated Spray Technology (FAST), use computer 

algorithms to determine when adverse conditions occur and when chemicals need to be 

applied. RWIS play a key role in the success of a system. 

In-place systems are used extensively in Europe on on/off ramps, tunnel 

entrances, steep roads, hazardous intersections and bridges (Wyant, 1998). Including 

capital, interest and depreciation costs, material costs, savings due to accidents avoided, 

and avoided work crew time, Switzerland reports a benefit/cost ratio of 1.45. Germany 
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reported an even greater ratio of 1.9 with their system that has been in use since 1983. 

European countries view in-place systems as “a proven technology” (Bell et al., 2006). 

The United States has also utilized in-place systems. In 2004, Virginia conducted 

a pilot field test on FAST systems with the intent to become familiar with the 

construction, maintenance, and operational issues of the state’s FAST systems.  In the 

late 1990’s, a FAST system was installed on the bridge on-ramp from Route 7 to I-66. 

Virginia concluded that the system did not substitute for plowing snow but did provide 

vehicle traction and a uniform spread of chemical (Bell et al., 2006). 

In New York, an automated fixed system is located on a portion of the Brooklyn 

Bridge.  The New York Department of Transportation found that the bridge section 

treated with the in-place anti-icing system had a higher LOS than segments treated by 

snowplows and truck-mounted chemical sprayers. However, embedding the spray 

nozzles in the road surface increased the corrosion of the steel grid members in the 

concrete bridge deck; therefore, the nozzles are now barrier mounted. In addition to the 

system, warning signs are displayed to alert divers when the system is spraying 

(Goodwin, 2003). The Utah Department of Transportation reports a significant reduction 

of accidents compared to the previous five seasons when an in-place system was installed 

on the I-215 overpass in Salt Lake City (Bell et al., 2006). 

The Maryland Department of Transportation considers the automatic system on a 

bridge on I-68 to be a “major success.” Compared to the previous winters, the accident 

rate on the bridge was reduced by 40 percent. The first year the system was installed the 
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department dealt with plugged nozzles and pipelines and software issues. The agency 

fixed these issues and added a few changes: low level warning signs on the storage tanks 

and cameras that allowed the simultaneous view of the east and westbound lanes. CDOT 

reported a benefit/cost ratio of 2.36 and a 60 percent accident reduction with their FAST 

system (Bell et al., 2006). 

The Minnesota Department of Transportation (MinDot) has years of experience 

with in-place systems and has two fully automated systems and one semi-automated 

system (Johnson, 2001). The agency reported that the systems have been “working very 

well since installation and require surprisingly little maintenance and intervention” 

(Beckwith, 2007). Post snow clean up was significantly reduced and, in comparison to 

similar winters, accidents were reduced by 68 percent (Johnson, 2001). 

Heated Bridge Deck: Another innovative snow and ice control technology is 

heated bridge decks.  Smith and Zogg (1998) claim that “pavement temperature is the 

controlling item in the treatment of highways during winter storms.” Therefore, heating 

technologies have the potential to be used for prevention of snow and ice accumulation. 

According to a FHWA report, three heating technologies are commonly used in the 

United States: hydronic, heat pipe, and electric.  In a hydronically-heated system, heated 

fluid is pumped through pipe or tubing in pavement close to the surface. In a heat pipe 

system, a working fluid contained in steel pipes vaporizes and condenses resulting in a 

passive transfer of heat. Heat is generated by electric resistance cables buried in the 

pavement near the surface in an electrically heated system (Minsk, 1999). According to 
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Conger (2005), the operating costs of a heat pipe system are lower than electrical and 

hydronic systems. A NCHRP synthesis report concluded that heated pavement 

technologies are feasible, do not pose construction problems, and do not appear to have 

adverse effects on the durability of a bridge. But the report cautioned that the failure of a 

single sensor resulted in the failure of the entire system and that selecting a proper 

working fluid for the heat pipes is critical (Conger, 2005). 

A study on the prevention of the ice-pavement bond found that “local heating of 

the ice-substrate interface (without heating the bulk ice) coupled with an extremely small 

shear load easily debonds ice, even through a rough substrate. With an economical means 

to heat only the interface to near the melting temperature, ice could easily be removed 

mechanically with very little effort” (Penn and Meyerson, 2002).  Research projects at 

Oklahoma State University on bridge deck deicing systems tested ground source heat 

pump systems to provide the necessary heating. The system included hydronically-

heated, vertical ground loop heat exchanger, and water to water heat pumps (Spitler and 

Ramamoorthy, 2000). 

Surface Overlay: A surface overlay, a relatively new technology used primarily to 

protect bridges against frost and ice formation, applies an overlay which holds anti-icing 

chemicals and gradually releases them onto the surface.  Nixon explained that one surface 

overlay “uses special aggregate that acts, together with an adhesive, in a sponge like 

manner such that when anti-icing liquid is applied to the surface, it is retained for a 

significant portion of time (typically several days) and remains effective as an anti-icing 
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chemical during those times.” During the 2005-2006 winter, Nixon studied the 

performance of a pavement overlay product, Safelane
TM

, which was installed in eight 

locations in the United States. In a number of instances the test section was clear of snow 

and ice when the section with no Safelane
TM

 was not. The test section required fewer 

chemicals to keep clear which resulted in cost, environmental, and safety benefits. At a 

bridge in Wisconsin crashes were reduced from 49 during the previous two years to zero 

with the overlay.  Nixon cautioned that the observations are only from one winter, 

winters vary, and the study needs more years to be conclusive (Nixon, 2006). 

The Wisconsin Department of Transportation performed an evaluation of their 

surface overlay which consists of a thin layer of epoxy spread over a layer of absorptive 

aggregate. Results from the evaluation showed that the overlay produced friction values 

similar to dry pavement and appeared to be preventing accidents. Monitoring the long 

range performance of the surface overlay was recommended (Martinelli, 2007). 

In a SHRP study on preventing ice-pavement bonding, researchers performed 

surface analysis, mechanical testing of ice-substrate joints, and computer simulations of 

crystallization under different conditions of freezing water on Portland cement concrete 

and asphalt cement concrete to see how to prevent a strong bond. The research found that 

small scale roughness on pavement and high surface energy increased the bond and 

suggested using low energy pavement coating material or poor thermal conductivity 

materials to reduce the strength of the bond (Penn and Meyerson, 2002). Penn and 

Meyerson (2002) also conducted an ice-substrate bond analysis and concluded that a 
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thermal insulator resulted in slow-to-freeze regions of the surface which can become 

trapped water regions.  When the regions finally freeze, they exert so much internal 

pressure that the whole ice-substrate bond fails with very low applied load. In Alaska, 

Wyant (1998) reported working and experimenting with rubber asphaltic mixes trying to 

produce a pliable mix that would flex and break the ice as the temperature changed. 

The University of Nebraska-Lincoln and Western Michigan University studied 

the implementation of a conductive concrete overlay on a bridge in Nebraska.  The 

researchers designed and applied a concrete overlay to achieve high electrical 

conductivity and high mechanical strength. Because of electrical resistance and 

impedance, a thin overlay can generate enough heat to prevent ice formation when 

connected to a power source. The first field test averaged 500 W/m
2
 (0.062 hp/ft

2
) which 

generated enough heat to raise the surface temperature 9°C (48.2°F) above the ambient 

temperature (Tuan and Yehia, 2004). 

Information Technology: A FHWA program developed a winter road 

maintenance decision support system (MDSS) “to provide objective guidance to winter 

control decisions concerning appropriate strategies” (Petty et al., 2008).  MDSS uses 

environmental and road condition information provided by RWIS to construct 

recommended treatments. Currently five versions of MDSS prototypes are available and 

lessons from recent field tests are used to improve and refine MDSS (Hart et al., 2008, 

and Petty et al., 2008). 
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The 2003, American Meteorological Society Forum of Weather and Highways 

recognized the benefits of a denser network of RWIS sites but also realized the cost 

limitations agencies face. The Society introduced non-invasive road temperature and 

condition sensors to compensate for limited funding. Over 300 sensors have been 

installed in over a dozen countries including 50 states in the United States. The ease and 

low cost of the sensors allow for a growing network of RWIS (Bridge, 2008). 

An innovative weather observation technology that the FHWA is studying is the 

Vehicle Infrastructure Integration (VII). VII utilizes passenger vehicles as weather probes 

by having automobile manufactures equip cars with on board units and receivers than can 

collect data such as windshield wiper state or outside air temperature, and transmit the 

data to a national communication station (Pisano et al., 2008). 

Equipment: Advancements over the years have produced improved technologies.  

In 2002, the Virginia Department of Transportation performed a pilot test on automatic 

vehicle location (AVL) technologies.  The tests found AVL could be used to track winter 

maintenance operations satisfactorily and timely (Conger, 2005).  AVL consists of on 

board computer systems, pavement sensing devices, multiple material distribution 

systems, increased horse power, automated activity reporting, and a friction measuring 

device (Andrel, 2002).  

The Highway Maintenance Concept Vehicle (HMCV) was designed by 

incorporating applications from other industries to maintenance vehicles. The HMCV is 

capable of applying the precise amount of material at a given time and uses a friction 
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meter to adjust the chemical rate (Andrel, 2002).  The AVL technology was installed and 

field tested on the HMVC.  The new technology increased safety, reduced environmental 

impacts, and increased efficiency (Smithson, 2004). The HMVC includes air and 

pavement temperature sensors, data communications, global positioning system, material 

application, fiber optic lights, back up sensors, friction meter, on board computer, power 

booster, high intensity discharge lights, freeze point detection system, dual side mounted 

prewetting tanks, stainless steel anti-icing tanks, salter/sander, front plow, spray bar 

system, and data management system (Andrel, 2002). 

Advancements in snowplow technology are also occurring. The Missouri 

Department of Transportation is able to plow wider and faster by using 14-ft front plows 

and trailer plows effectively. The agency is able to clear more roads with the same or less 

number of trucks and operators and is able to save fuel, reduce the number of passes, and 

reduce labor. Of the 1,800 trucks in the Minnesota snow and ice control fleet, 400 are 

now equipped with the wider plows (Lannert, 2008). 

The Swedish Road Administration tested a high speed environmental plow which, 

compared to a traditional plow, goes faster and is cheaper because fewer chemicals are 

needed.  The desired quality of road is achieved with the use of fewer chemicals using the 

new technology because of new wheels and cutting edge technology. The plow has been 

evaluated in the lab but not tested “objectively and scientifically on the road.” The high 

speed environmental plow is equipped with flexible cutting edges, uses a plow angle of 

55°, which is normally 90°, and can plow at speed up to 43 miles per hour (Gruhs, 2008). 
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A high skill level is required to operate a plow; therefore, Nixon et al. (2006) 

experimented with an automated system and developed a set of “rules” which were coded 

into a computer system.  In the system, various load and angle inputs were analyzed to 

determine when, whether, and how they violate the “rules.” The results of the computer 

testing and simulation show that an automated computer controlled underbody plow is 

possible. 

Global information systems (GIS) and artificial intelligent techniques are being 

used to develop an intelligent snow removal asset management system.  In a case study in 

Iowa, a GIS was used to access and manage road data with normal snow removal and 

used that data to prioritize snowplowing routes which improved snowplowing time by 1.9 

percent for a moderate snowfall (Conger, 2005). The future holds promise for these new 

strategies and equipment even though more research and experience is necessary. 

 

Review of Previous Relevant Laboratory Studies 

 

Very few laboratory experiments have been done that analyze the performance of 

winter maintenance chemicals with realistic, but idealized, field conditions.  Furthermore, 

not many variables are given enough consideration within their full range of possibilities.  

Several procedures found in published literature are described below followed by a 

critical discussion of limitations and advantages of the procedures.  A review of these 

studies provided valuable insights for the development of the laboratory experiment for 

this project. 
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Ashworth et al., 1989: Ashworth et al. (1989) developed an interface shear test to 

compare the effectiveness of several different deicers and their individual component 

materials when applied as anti-icers to Portland cement concrete (PCC) and asphalt 

concrete substrates. This may have been one of the earliest “anti-icing” experiments. The 

researchers found even a very small application of material (10 pounds per lane mile) 

significantly reduced ice bonding. Thus, they may have stumbled upon the newer, and 

now preferred option, of anti-icing for maintaining roadways during the winter. The 

effectiveness of the anti-icers was also compared to reference tests in which no anti-icers 

were applied. PCC substrates were prepared in accordance to ASTM C 192-76 (historical 

standard) and could be reused after a verifiable cleaning sequence. Open-graded asphalt 

and sealed asphalt at low temperatures resulted in serious damage during ice debonding 

and were removed from further experimental consideration. Four substrates were used for 

each test and each substrate accommodated two specimens; thus eight test specimens 

were prepared for each chemical/temperature combination. The entire substrate surface 

was brushed with the anti-icer, based on the desired application rate, and air dried. The 

application rates varied from 0 to 400 pounds per lane mile. Teflon rings were placed on 

the substrate and the specimen was kept at -25°C (-13°F) overnight. The specimen and 

ring were also kept at -25°C (-13°F) for an additional hour after 0°C (32°F) water was 

introduced in the rings. 

The shearing apparatus was mounted outside of the temperature controlled 

chamber. The substrate was placed in the chamber and connected to the loader with two 
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cables, allowing two specimens to be tested without opening the door. After four hours, 

the first sample was tested. One hour elapsed between testing each of the remaining three 

substrates so the chamber could return to the desired temperature. The tensile loading rate 

was 4,000 lb/min resulting in a shear rate of 2 kg/cm
2
/sec (28.44 lb/in

2
/sec). The force 

coinciding with ice debonding was recorded and the corresponding shear strength was 

calculated to compare the performance of the deicers at different application rates and 

temperatures.   

The researchers noted that the chemical-treated substrates generally exhibited 

clean breaking during shear testing, whereas the reference specimens usually left about 

one mm thick ice on about ten percent of the area, especially at lower temperatures. Due 

to the variability of ice adhesion, comparisons were only made between the two 

specimens on a given substrate. For untreated substrates, the average standard deviation 

was reported as nine percent, but decreased to five percent when comparing the same 

locations of a substrate. 

The researchers were forthright in addressing possible criticism that “these tests 

do not mirror the realities of roads” by conveying the importance of control and 

repeatability necessary for analyzing results (Ashworth et al., 1989).  They also insist that 

comparisons of shear strengths at ice debonding can allow performance determinations to 

be made among the tested chemicals, even if the highway engineer won’t be able to use 

the individual shear strength results to their “immediate advantage.” 
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Advances in low-temperature performance-graded asphalt binders may be 

sufficient to allow this same procedure to now include asphalt samples without the brittle 

failures Ashworth et al. (1989) experienced. However, the variation between results due 

to differences in substrate performance is worth noting. 

 

McElroy et al., 1990 and Kirchner, 1992: A debonding test was reported by 

Kirchner (1992) and McElroy et al. (1990) in which 1/8-inch ice on mortar specimens, 

frozen from the bottom up in a controlled chamber, was exposed to solid deicer for 30 

minutes and then pulled under a blade. The test apparatus measured and recorded the 

horizontal and vertical forces required to remove ice from a concrete specimen as it was 

drawn beneath a 1.5- in stationary blade. The data collected included the deicer 

parameters (loading rate, number of chemical pellets, weight of chemical pellets), 

estimated area undercut by the deicer prior to loading (in percent of total area), the 

magnitude of the force generated (horizontal, vertical, and resultant with angle), and the 

estimated percent of ice removed. In most cases, the percent removed equaled the percent 

undercut. 

Each mortar/ice specimen accommodated two tests and, in general, all 

combinations of chemical and temperatures were tested in duplicate.  The resultant force 

per 1.5 inch averaged at 32.6 pounds and ranged from 5.3 to 61.9 pounds.  The standard 

error ranged from 0 to 11 with an average of 4.4 pounds. Table 3 shows the average of all 

temperatures disbondment results for each deicer.  
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Table 3: Disbondment results - average of all temperatures with each deicer (Kirchner, 1992) 

 

It is worth noting that the ice debonding test was not standardized during the 

development of the Strategic Highway Research Program Handbook of Test Methods for 

Evaluating Chemical Deicers (Chappelow et al., 1992).  This is primarily because the 

debonding test described above showed relatively easy removal in undercut areas and that 

excessive force was required in non-undercut areas.  Thus, the simpler SHRP H-205.5 

and H-205.6 ice undercutting tests provided enough indication of the debonding 

characteristics of deicers (Chappelow et al., 1992). 

A displacement controlled test in this situation was advantageous since the effort 

required to remove the ice was inversely proportional to the undercutting that had taken 

place from deicer application.  This allowed the amount of effort to be correlated to the 

amount of undercutting that resulted from deicer application. 

 

Adams et al., 1992: Shear testing of compressed snow on treated and untreated 

pavement aggregate materials was published by Adams et al. (1992).  Granite and 
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limestone coupons (8.6 cm by 11.7 cm, 3.4 in by 4.6 in), two common types of aggregate 

used in pavements, were first surface-ground and then treated with 2.5 mL of 

concentrated brine (CMA or NaCl, or untreated to provide a baseline).  Snow was applied 

to the coupon instead of ice, but to ensure uniformity the harvested snow was stored at -

18°C (-4°F) until two days before testing at which point it was transferred to a -4°C 

(24.8°F) cold room (the testing temperature).  One hundred twenty (120) grams of snow 

sifted through a 2.0 mm sieve was applied to the substrate and compressed for 10 minutes 

at 216 kPa (to simulate the compressive forces exerted by a car or light truck). Two 

samples measuring 5 cm by 5 cm were sawed to accommodate a rectangular shear band. 

The shear load was applied with a displacement rate of 3 mm/minute and the shear load 

at failure was recorded. To investigate the behavior of residual anti-icing material, the 

snow application, compression, and shear loading procedure was repeated up to 42 times 

without any additional salt treatment.   

Four total testing sequences were completed for each of the aggregate types.  The 

average adhesive strength of snow for the four tests at each snow application was 

reported, but the amount of variation was not mentioned for the treated conditions.  For 

the baseline (untreated), the average adhesive strength of snow was 49.0 kPa with a 

standard deviation of 7.9 kPa for granite.  For limestone, the respective average and 

standard deviation were 94.2 and 20.2 kPa (Adams et al., 1992).   

This study utilized a displacement controlled approach since it was desirable to 

study the substrate-deicer-ice interactions under constant conditions. However, even with 
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constant conditions, there was considerable variability in results despite using surface-

ground smooth substrates. Furthermore, the substrates were simply solid pieces of granite 

and limestone where as typical highway substrates are asphalt concrete and PCC. For 

asphalt pavements this is fairly reasonable comparison since snow generally bonds to the 

aggregate and not the asphalt oil. However, for PCC pavements, the mortar plays a 

greater role in the ice-substrate bond. 

 

Bernardin et al., 1996 and Bernardin et al., 1998: The Anti-Bonding Endurance 

Test (ABET) was developed by the Anti-Icing Materials International Laboratory for 

Transport Canada to measure the effectiveness of anti-icers on concrete surfaces 

(Bernardin et al., 1996 and Bernardin et al., 1998).  Deicers were distributed onto the 

substrate when the substrate temperature is -5°C (23°F) and the air is -3°C (26.6°F). 

Freezing rain precipitation was introduced by evenly spraying a fine mist of water at an 

intensity of 25 g/dm
2
. Six specimens were prepared, three of which were used for 

verification of the icing intensity. After being subjected to a specific precipitation 

duration, the ice was scraped and the friction was measured. The scraping apparatus 

(Figure 1) was specially designed for the test procedure taking into consideration typical 

vertical plow loads at airports of 1,500 N/m (8.57 lb/in); the apparatus is close by 

providing 1,000 N/m (5.71 lb/in) at a velocity of 7 mm/sec (0.276 in/sec). After scraping, 

the blade was switched out for a rubber-footed block to measure friction. The rubber pad 

was similar to the standard ribbed tire of ASTM E501 for skid-resistance tests. The 

precipitation duration times at which ice removal was successful make up the ABT (Anti-
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Bonding Times) range for a deicer. The ABT is the range of from the shortest to the 

longest precipitation time at which the layer of ice can be removed from the concrete 

plates by scraping. Several substrates were tested: concrete, high-density polymer 

concrete, molded aluminum, and coated aluminum. The porous nature of concrete made 

it difficult to completely remove absorbed deicers (Bernardin et al., 1998). The purpose 

of this research was to develop a standard test to evaluate the debonding performance of 

chemical runway deicers used after the formation of an ice layer and the aluminum plates 

coated with a proprietary Performance Friction Surface (commonly used on marine 

helipads) was chosen. The non-porous high friction surface provided more reproducible 

and realistic results than concrete or aluminum substrates and allowed the friction results 

to indicate success instead of relying on subjective operator judgment. 

 

Figure 1: Scraping and friction system (Bernardin et al., 1996). 
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This is also an example of a displacement controlled test, where the ice is sheared 

at a constant rate under a constant downward force.  The force required to remove the ice 

was not reported but rather the friction condition of the surface after the ice had been 

scraped off.  There is no indication that the concrete substrates were damaged during 

testing, but the researchers indicated that the concrete absorbed enough anti-icer to affect 

later results in subsequent tests. 

 

Nixon and Wei, 2003: Nixon and Wei (2003) compared the effectiveness of 

various deicers on three types of ice formed on PCC specimens prepared using an Iowa 

DOT concrete mix design. The three types of ice studied were refrozen ice, atmospheric 

ice, and compacted snow ice, all with a thickness of 10 mm. The refrozen ice was 

prepared on the concrete specimens in one mm lifts at 15 to 30 minute intervals until 10 

mm of depth was achieved.  Atmospheric ice formation was simulated at -5 and -20°C 

(23 and -4°F) by spraying water in a fine mist onto samples until the desired thickness 

was achieved. The compacted snow ice was prepared by compressing sifted harvested 

snow for 10 minutes at 83 psi; cooled water was sprayed onto the snow-ice prior to 

overnight storage.  The average ice density of the three types was 0.90, 0.86, and 0.69 

g/cm
3
, respectively. Solid sodium chloride, solid calcium chloride, and 27.3 percent by 

weight aqueous sodium chloride were tested. Four grams of chemical were needed to 

reduce variability of the load of the results, even though this corresponds to field rates 

four to six times greater than normal. Furthermore, the solid chemicals were ground for 

more even distribution. After 10, 20, 30, or 40 minutes of exposure, the ice was scraped 
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at -5°C (23°F) at 6 mph using a hydraulic ram scraping machine. Supposedly the cutting 

edge was “shown to be particularly representative of field behavior,” as determined in 

Nixon et al. (1996). The cutting edge is instrumented with a three-dimensional load cell 

and provides the horizontal (scraping) and vertical (downward) forces generated during 

scraping. Tests on 108 ice samples without chemical treatment had 44 “successful” 

results in which ice bonding to the concrete was statistically significant (scraping and 

downward forces were both greater than zero with 95% level of confidence).  With the 

chemical-treated specimens, zero-load samples due to poorly bonded ice were not 

distinguished from zero-load samples due to successful chemical performance.   

Since 64 out of 108 attempts to bond ice to untreated substrate were unsuccessful, 

significant doubt was cast on the assumption that all treated substrates had low debonding 

loads due to the deicer and not to poorly bonded ice. Ability to bond snow to untreated 

concrete means effort was put into how snow is compacted on the substrates during the 

laboratory experiments. 

The mechanism that Nixon and Wei (2003) used to shave ice off the concrete 

specimens was sophisticated and bulky. The mechanism was designed so that the blade 

was stationary and the ice and concrete moved past the blade, ice side down. This 

configuration made it easier to measure forces on the blade. It was also a displacement 

controlled test where debonding load was recorded. The charts showing the loads 

generated during scraping are erratic with large spikes (Figure 2 and Figure 3).  
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Figure 2: A test defined as successful (sample DF-01) (Nixon and Wei, 2003). 

 

Figure 3: A test defined as unsuccessful (sample DS-18) (Nixon and Wei, 2003) 

 

Summary of Previous Related Laboratory Studies 

 

Several test procedures were identified, each possessing its own advantages and 

limitations. Table 4 summaries the studies. Regarding application rate, deicing or “post-

ice” laboratory studies usually found the need to apply chemicals at rates significantly 
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higher than common field practices.  This was the case for the development of the ice 

melting test in the SHRP Handbook of Test Methods for Evaluating Chemicals Deicers 

(Chappelow et al., 1993) and the ice debonding test reported in Nixon and Wei (2003). 

On the other hand Ashworth et al. (1989) used very common “field” rates for solid 

deicers, but added water to perform anti-icing experiments; therefore, this is also higher 

application than typically seen in the field since the consensus is that less chemical is 

used in anti-icing than deicing. 

A more difficult assessment was involved in comparing the load-controlled versus 

displacement-controlled ice/snow removal, though it seems that most researchers prefer a 

displacement-control test. In instances where a load-controlled test was used, load was 

the only dynamic variable, all other conditions, including temperature, were held 

constant. Usually displacement was controlled by shearing ice or snow off a sample at a 

constant velocity while effort was made to hold temperatures and other variables 

constant. The test apparatuses used in displacement-controlled tests were massive in 

order to use inertia as an advantage for maintaining speed and also provided some space 

for acceleration. When either displacement- or load-controlled experiments were selected 

and plow loading was a measured variable, the load required to remove the snow and ice 

was a measure of chemical performance.  
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Table 4: Summary of Now-Ice Laboratory Debonding Research 

 

 

Caltrans Survey 

 

 

A survey was conducted with Caltrans personnel with experience or expertise in 

the snow and ice control operations.  David Frame (Caltrans) provided the appropriate 

contacts for each district. A brief survey was sent to Caltrans employees via email and 

phone interviews followed.  

Authors 
Tests 

Considered 
Chemical 

Information 
Research 

Components 
Brief Summary/ 

Recommendations 

Ashworth et 
al., 1989 

Anti-icing; 
Load-

controlled 

 CMA, NaCl, MgCl2, 

and SD2 (sodium 
glycolate-formate-
acetate-maleate-

formate) 

Interfaical 
shear strength 

between ice 
and PCC  

One of the earliest "anti-
icing" experiments; Small 

application of material 
significantly reduced ice 

bonding 

McElroy et 
al., 1990 

and 
Kirchner, 

1992 

Deicing; 
Displacement-

controlled 

CaCl2 pellets, 
Potassium Chloride, 

Pelletized Urea, 
CMA, NaCl solid (2 

suppliers) 

Penetration 
test; 

disbondment 
test 

Effort to remove the ice 
was inversely proportional 
to the undercutting from 

deicer application 

Adams et 
al., 1992 

Deicing; 
Displacement-

controlled 
CMA and NaCl Shear testing 

Reported the average 
adhesive strength of 
compressed snow on 

treated and untreated 
granite and limestone 

coupons 

Bernardin 
et al., 1996 

and 
Bernardin 

et al., 1998 

Anti-icing; 
Displacement-

controlled 
Urea and glycol urea 

Anti-bonding 
endurance 

test 

Ice sheared at a constant 
rate with a constant down 

force; Force required to 
remove the ice was not 
reported but rather the 

friction condition after the 
ice was removed 

Nixon and 
Wei, 2003 

Deicing; 
Displacement-

controlled 

NaCl-solid, NaCl-
liquid, CaCl2-solid,  

Chemical test, 
Ice Scraping 

test 

Compared effectiveness of 
chemicals on 3 types of ice; 
64 of the 108 attempts to 

bond ice to untreated 
substrates were 

unsuccessful 
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The objective of the questionnaire was to gain insight on current snow and ice 

control operations and to provide Caltrans personnel an opportunity to suggest techniques 

and/or materials that they would like to see evaluated. Two main topics were discussed: 

methods and materials. The survey inquired about the current practices, equipment, 

material type, application rate, strategy and/or governing policy and use of the RWIS 

system. It then allowed the Caltrans personnel to suggest what they would like to see 

tested or used in the future. The Caltrans survey questions can be found in Appendix A.  

The districts did not report typically using liquid chemicals as a bond breaker 

(deicing) because it was found to be ineffective in practice.  The majority of the districts 

use deicing practices rather than anti-icing for a variety of reported reasons.  One 

common reason for not utilizing anti-icing is a result of certain weather patterns.  

According to survey participants, it is counterproductive to apply anti-icing techniques 

during storms that consist of rain turning into snow or wet snow because the liquid 

chemical washes away.  Another reason for not using anti-icing was the inability to 

predict when a storm will hit.  Caltrans is equipped with an extensive RWIS and the 

information is available on line.  Most personnel agreed that anti-icing is appropriate for 

a certain time and place but there is a lack of knowledge and ability to implement.  One 

district reported using anti-icing during dryer, colder weather, frost, and in spots with no 

sun.  The current materials being used are ice-slicer (inhibited magnesium, potassium and 

sodium chloride mix), NC-3000 (ag-based inhibitor and potassium acetate mix), sodium 

chloride, salt brine, and magnesium chloride with the most common being sodium 
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chloride and magnesium chloride.  Magnesium chloride seemed to be the preferred 

chemical but sodium chloride is used more because it is less expensive.  There is a desire 

to find a more effective, less environmentally harmful chemical with a cost that still 

remains within the budget.  
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EXPERIMENTAL METHODS 

 

 

Introduction 

 

 

The purpose of these laboratory experiments was to determine the optimum 

application rates under different meteorological conditions for various anti-icing 

chemicals on a road surface to mitigate bonding of ice and/or snow to the pavement 

surface during a winter storm event. A set of experiments was used to determine the 

optimum application rates for specific hypothetical precipitation scenarios using selected 

chemical types at different application rates. This section will discuss the variables tested, 

provide a description of the equipment used and the test procedures.  

 

Experimental Variables 

 

 

The bond between snow/ice and the road is not controlled by one specific 

variable. Therefore, these laboratory tests simultaneously examined the effects of four 

different variables including: 

• pavement surface types, 

• chemical type,  

• application rate, and  

• storm scenarios. 

These variables all contribute to the bond strength between the precipitation and 

the road surface. Therefore, it was essential to devise a set of experiments to 
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simultaneously study their individual effects. Each test studied a single chemical with 

different application rates (low, medium, high, and control) on one type of substrate at a 

specific storm scenario. Each of these tests needed four pavement sections, one for each 

application rate and a control. In total, using all the variables defined above, 30 different 

tests were run. Table 5 is a matrix of the tests that were run in an environmental chamber. 

Alternately shaded areas of the table indicate a single test run.  

 
Table 5: Matrix of Experiments Run in the Environmental Chamber 

 

 

 

 

 

Storm Event I Storm Event II Storm Event III Storm Event I Storm Event II Storm Event III

Low Rate Low Rate Low Rate Low Rate Low Rate Low Rate

Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate

High Rate High Rate High Rate High Rate High Rate High Rate

Control Control Control Control Control Control

Low Rate Low Rate Low Rate Low Rate Low Rate Low Rate

Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate

High Rate High Rate High Rate High Rate High Rate High Rate

Control Control Control Control Control Control

Low Rate Low Rate Low Rate Low Rate Low Rate Low Rate

Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate

High Rate High Rate High Rate High Rate High Rate High Rate

Control Control Control Control Control Control

Low Rate Low Rate Low Rate Low Rate Low Rate Low Rate

Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate

High Rate High Rate High Rate High Rate High Rate High Rate

Control Control Control Control Control Control

Low Rate Low Rate Low Rate Low Rate Low Rate Low Rate

Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate Medium Rate

High Rate High Rate High Rate High Rate High Rate High Rate

Control Control Control Control Control Control

Chemical D

Chemical E

Chemical
Pavement Type I Pavement Type II

Chemical A

Chemical B

Chemical C
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Pavement Types 

 

The two pavement types, representative of California road surfaces, selected were 

asphalt concrete and portland concrete cement (PCC). These road surface types were 

determined in consultation with Caltrans personnel to ensure their applicability. The mix 

designs used to produce the laboratory pavement samples closely resembled those of a 

typical pavement located in a snow district in California.  

 

Anti-Icing Chemicals 

 

Chemicals used for laboratory testing include sodium chloride brine with (GLT) 

inhibitor (NaCl+GLT), Calcium Chloride with Boost (CCB), Freezegaurd CI Plus
®

 (FG), 

Potassium Acetate (KA), and Ice Clear Roads (ICR). These chemicals were selected 

based on results from the literature review and survey of Caltrans maintenance personnel, 

as well as attempting to use a variety of chemicals for this study. 

 

Sodium Chloride Brine with GLT: State agencies continually use sodium chloride 

as the preferred method because it provides safe travel, is readily available, inexpensive 

and effectively depresses the freezing point of water to melt ice at relatively low 

temperatures. FHWA tests found the eutectic temperature of 23 percent concentrated 

sodium chloride brine to be -21°C (-5.8°F). For anti-icing operations sodium chloride is 

applied at rates between 20 and 50 gallons per lane mile (gal/LM). Five percent Shield 

GLT Brine inhibitor, a corrosion inhibitor manufactured by and Redmond Minerals 
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(Redmond, UT), was added to the sodium chloride brine manufactured by MDT in 

Helena, MT. 

 

Calcium Chloride with Boost: Calcium Chloride with Boost is a combination of 

calcium chloride with 30 percent Geomelt C®, a corrosion inhibitor. The corrosion 

inhibitor is an agricultural product made of sugar beet-based organic material.  The 

product is PNS approved and has a freezing point of -42°C (-4.3°F). It is 84 percent less 

corrosive than sodium chloride and is typically applied at rates of 20 to 40 gal/LM for 

anti-icing operations. 

 

Freezegaurd CI Plus®: Freezegaurd CI Plus® is a magnesium chloride liquid 

produced by Great Salt Lake Mineral Corporation (Overland Parks, KS). The CI Plus® is 

an added corrosion inhibitor to liquid magnesium chloride.  The anti-icing application 

rate for magnesium chloride is reported to be between 20 and 50 gal/LM.   

 

Potassium Acetate: The potassium acetate used is manufactured under the name 

CF-7
®
 by Cryotech (San Diego, CA). It is recommended to be applied at rates of 25 to 60 

gal/LM and is essentially non-corrosive to vehicles and highway infrastructure.  The 

advantages reported are that it is non-corrosive, causes minimal damage to roadside 

vegetation, is effective at low temperatures, and does not attract wildlife. The main 

disadvantages are its high cost (approximately $6.00 a gallon) and its potential for 

oxygen depletion of soil and water.   
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Ice Clear Roads: Ice Clear Roads, formerly NC-3000, is a non-chloride, 

agricultural-based product manufactured by Glacial Technologies (Malvern, OH). It is 

composed primarily of materials derived from the processing of starches and sugars. It is 

nontoxic and non-hazardous to plant and animal life making it an ideal alternative for use 

in sensitive areas. Ice Clear Roads passes the purity requirements set by the PNS. It has a 

freezing point of -38°C (-36.4°F). Glacial Technologies suggest the chemical be applied 

as a pretreatment at the rate of 20 to 40 gal/LM.  

 

Application Rates 

 

 Low, moderate and high application rates were product specific and were verified 

from product to product. Chemical application rates were determined through a series of 

proof tests conducted in the lab. Generally, no bond was formed at all between the snow 

and the pavement unless very low chemical application rates were used (2.5-15 gal/LM 

depending on pavement type). According to the literature review, typical field application 

rates range from 10 to 60 gal/LM for most anti-icing operations. Application rates in the 

lab were reduced until a bond was formed. Ideally, a bond was desired at two distinct 

application rates; however, application rates below 2.5 gal/LM were unfeasible to apply 

accurately. For the asphalt substrate, application rates of 2.5, 5.0 and 10.0 gallons per 

lane mile were applied to the pavement surface as low, medium and high rates, 

respectively for all chemicals. Application rates were greater for the concrete substrate: 

5.0, 10.0 and 15.0 gal/LM for the low, medium and high rates, respectively.  It is 

recognized that much lower application rates are being tested than typically used in field 
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settings. This is due to the controlled environment of the laboratory. The chemicals are 

applied in a smooth continuous fan pattern compared to solid streams that are generally 

used in the field. Also no trafficking is occurring that causes the loss of chemical.  

 

Storm Scenarios 

 

Three temperature related storm scenarios were studied during the course of this 

research that resemble typical storms in California. Storm events were characterized by 

the initial temperature of the air, snow, and pavement.  Temperature of the substrate was 

controlled using a temperature controlled table. The air temperature was controlled using 

a specially designed environmental chamber.  The storm scenarios and respective 

temperatures for the three storm scenarios are shown in Table 6.   

 

 

 

Table 7 shows the matrix of experiments run with the specified variables chosen to 

be studied. 

 

Table 6: Storm Scenarios and Respective Temperatures 

 
*P = Pavement temperature and SA = snow and air temperature in degrees Fahrenheit 

 

Storm Scenarios 

Initial Conditions 

Pavement 
Temperature 

Snow 
Temperature 

Air 
Temperature 

I (P14-SA14)* 14 °F 14 °F 14 °F 

II (P32-SA23)* 32 °F 23 °F 23 °F 

III (P32-SA30)* 32 °F 30 °F 30 °F 
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Table 7: Matrix of Experiments Run with Specified Variables 

 

 

Test Procedures and Equipment Description 

 

 

The test procedures in this study were developed to ensure that the pavement 

specimens were fabricated and tested similarly to one another. Uniformity between 

samples and tests provided assurance that experimental results represented repeatable 

behavior of the snow-pavement bond. The laboratory experiment consisted of eight main 

P14-SA14 P32-SA23 P32-SA30 P14-SA14 P32-SA23 P32-SA30

2.5 gal/LM 2.5 gal/LM 2.5 gal/LM 5 gal/LM 5 gal/LM 5 gal/LM

5 gal/LM 5 gal/LM 5 gal/LM 10 gal/LM 10 gal/LM 10 gal/LM

10 gal/LM 10 gal/LM 10 gal/LM 15 gal/LM 15 gal/LM 15 gal/LM

Control Control Control Control Control Control

2.5 gal/LM 2.5 gal/LM 2.5 gal/LM 5 gal/LM 5 gal/LM 5 gal/LM

5 gal/LM 5 gal/LM 5 gal/LM 10 gal/LM 10 gal/LM 10 gal/LM

10 gal/LM 10 gal/LM 10 gal/LM 15 gal/LM 15 gal/LM 15 gal/LM

Control Control Control Control Control Control

2.5 gal/LM 2.5 gal/LM 2.5 gal/LM 5 gal/LM 5 gal/LM 5 gal/LM

5 gal/LM 5 gal/LM 5 gal/LM 10 gal/LM 10 gal/LM 10 gal/LM

10 gal/LM 10 gal/LM 10 gal/LM 15 gal/LM 15 gal/LM 15 gal/LM

Control Control Control Control Control Control

2.5 gal/LM 2.5 gal/LM 2.5 gal/LM 5 gal/LM 5 gal/LM 5 gal/LM

5 gal/LM 5 gal/LM 5 gal/LM 10 gal/LM 10 gal/LM 10 gal/LM

10 gal/LM 10 gal/LM 10 gal/LM 15 gal/LM 15 gal/LM 15 gal/LM

Control Control Control Control Control Control

2.5 gal/LM 2.5 gal/LM 2.5 gal/LM 5 gal/LM 5 gal/LM 5 gal/LM

5 gal/LM 5 gal/LM 5 gal/LM 10 gal/LM 10 gal/LM 10 gal/LM

10 gal/LM 10 gal/LM 10 gal/LM 15 gal/LM 15 gal/LM 15 gal/LM

Control Control Control Control Control Control

Calcium 

Chloride 

with Boost 

Freezeguard 

Cl Plus

Ice Clear 

Roads

Potassium 

Acetate

Chemical
Asphalt Concrete

Sodium 

Chloride         

+ GLT
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steps (listed below). Each step was performed in succession, and consistency in each was 

maintained to achieve reliable and repeatable results.  

Step 1: Manufacture pavement test samples. 

Step 2: Condition and instrument pavement samples. 

Step 3: Apply anti-icing chemicals. 

Step 4: Simulate storm event by applying snow on pavement surface. 

Step 5: Induce simulated traffic load. 

Step 6: Prepare individual test samples from pavement. 

Step 7: Shear individual test samples from pavement. 

Step 8: Measure parameters of interest. 

Each of these steps and the associated equipment is described in more detail in the 

subsections below. The fundamental equipment components are the snow compactor, 

chemical applicator, temperature-controlled thermal table, plow mechanism, and friction 

tester. Designs for the equipment went through several iterations to ensure that the 

hardware resembled in-field conditions as best as possible, while maintaining 

repeatability between individual tests.  

An existing, fully programmable 12 ft by 20 ft environmental chamber with 

precise temperature control from -40° to 50°F provided workspace to set up and execute 

the laboratory experiments. The testing chamber used for this experiment is one of seven 

specialized laboratories in the Montana State University Subzero Science and 

Engineering Facility. A facility map is shown in Figure 4 below.   
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Figure 4: MSU Subzero Facility map (MSU Subzero Science and Engineering Facility, 2010).  

 

Step 1: Manufacture Pavement Test Samples 

 

The first step was to manufacture two types of pavement samples representative 

of California road surfaces. These road surface types were determined in consultation 

with Caltrans personnel to ensure their applicability. The size of each pavement section 

was 20 inches long by 9 inches wide by 1 inch thick. 

 Portland concrete cement samples were manufactured using a mix design that 

closely resembled that of a typical California roadway. The Caltrans mix design is shown 

in Appendix B.  The maximum aggregate size used was ¾ inch in order to fit in the one 

inch thick molds.  Type II Portland cement was used. The mix was prepared in a single 

batch. Once the mix was ready, it was poured in 9 inch by 20 inch by 1 inch wood 

horizontal forms and a vibrator was used to remove air pockets in the mix. Finishing was 
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done by using a float to create a smooth level surface. Once extracted from the form, the 

samples were allowed to cure for 60 days in a moist cure room.  

Asphalt concrete (AC) pavement samples were manufactured using full-size 

construction equipment at the TRANSCEND research facility in Lewistown, Montana.  This 

methodology was used because samples made by hand in the lab had inconsistent 

thickness and surface texture. A 1 inch thick section of asphalt was placed and compacted 

in a large plywood form so that thickness and surface roughness could be more carefully 

controlled. After the asphalt was placed into the form, the material was leveled using a 

wooden screed and compacted with a pneumatic roller (Figure 5 and Figure 6). Once the 

asphalt had cooled, individual pavement sections were cut to 9 in by 20 in size using a 

wet diamond saw. A MDT mix design that closely resembled the Caltrans mix design 

was used and both are available in Appendix B. The largest aggregate was less than one 

inch in order to fit in the mold. An asphalt binder of PG-64-28 was used.  

 
Figure 5: Screeding asphalt in plywood form.  
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Figure 6: Compacting asphalt in plywood form. 

 

 

Step 2: Condition and Instrument Pavement Samples 

 

The surfaces of each pavement sample were ground flat using an angle grinder 

with a diamond concrete grinding wheel to ensure that surface roughness, texture and 

aggregate exposure were similar for all of the experiments. The grinder was passed over 

an area twice taking off minimal depth. Figure 7 shows the surface of the samples after 

being conditioned. 
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Figure 7: Surface of concrete (left) and asphalt (right) sample after grinding. 

 

 

After conditioning, individual pavement sections were instrumented with 

temperature probes. The samples were instrumented by drilling a 1/8 inch hole through 

the pavement sample in each area where snow was to remain during the shearing 

sequence (Step 7). A thermocouple was inserted through the bottom of the sample with 

the welded end of the thermocouple positioned at the same level as the surface of the 

pavement and the hole was filled around the thermocouple with Bondo® to hold it in 

place. The thermocouple wires were routed through a groove cut in the underside of the 

sample. Each sample was then washed with water, allowed to dry and cleared of dust and 

debris with a brush.  

Finally, each pavement section was allowed to acclimate to the initial temperature 

of the experiment (based on the storm scenarios) inside the environmental chamber on a 

temperature-controlled thermal table. This allowed the pavement sample to reach the 

initial temperature specified by the storm scenario.  
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Step 3: Apply Anti-Icing Chemicals 

 

Anti-icing chemicals were applied to the pavement surface at the desired 

application rate using a XA-SF, siphon-fed, flat fan, fine, atomizing spray nozzle (Figure 

8). The nozzle was mounted to a custom made stand (Figure 9) that was mounted to a 

linear guide block which allowed it to roll on linear bearings. By allowing it to roll on 

linear bearings, the spray nozzle could be moved smoothly across the pavement section at 

a desired pace while applying chemical.  The flow of compressed air into the nozzle was 

used to siphon chemical from a container.  The air pressure along with the siphon height 

and pace of movement controlled the application rate. An air regulator was used to 

provide constant air pressure to the nozzle.  

The spray nozzle was calibrated using water at room temperature and then 

verified with each of the chemicals at cold temperatures. The siphon height of the nozzle 

was adjusted along with air pressure and pace until the desired application rate and 

application area was produced. An eight inch siphon height with 20 psi of air pressure 

applied at a rate of one second across the 20 inch sample applied an amount equivalent to 

ten gallons per lane-mile for a nine inch spray dimension. The spray nozzle was moved at 

a constant rate for a specific amount of time to apply product to the pavement sample. A 

metronome was used to help keep pace. For example, to apply 15 gal/LM, the nozzle 

would traverse the entire pavement sample in one second (applying 10 gal/LM) and a 

second time for a half second (applying an additional 5 gal/LM) to apply a total of 15 

gal/LM.  Aluminum shields were placed at the ends of the samples to avoid losing 
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chemical due to the air movement in the environmental chamber. A photo of the chemical 

application setup is show in Figure 10. After application, the chemicals were allowed to 

dry in the environmental chamber, although three of the chemicals are hygroscopic and, 

therefore, do not dry. 

 

Figure 8: Spray nozzle. 

 
Figure 9: Spray nozzle and stand configuration. 
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Figure 10: Chemical application setup. 

 

Step 4: Simulate Storm Event Scenario 

 

Three storm event scenarios were studied during the course of this research that 

attempted to resemble typical storms in California. The air temperature was controlled by 

the environmental chamber and the pavement temperature was controlled by a 

temperature controlled thermal table.  Snow for the experiments was harvested from the 

mountains near Bozeman, Montana and stored in the cold specimen storage chambers at 

the MSU Subzero Facility at -22°F. Prior to each test, the snow was allowed to acclimate 

to the air temperature specified by each storm scenario.  

 During the simulated storm event, the pavement sample was placed in the 

compactor box (Figure 11) and covered with a 1 mm sieve (Figure 12). Snow was grated 
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(Figure 13) and then sifted through the sieve until a depth of 1 inch was achieved over the 

entire area of the pavement sample.  The sieve was 1.25 inches from the surface of the 

pavement. Care was taken to ensure uniform depth of snow by using as screed. The 

screed was used to ensure the snow was level and at the appropriate depth (Figure 14).  

Excessive pressure or dragging did not occur.  

 
Figure 11: Pavement sample in the compaction box. 

 

Figure 12: Sieve placed over the pavement sample. 
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Figure 13: Snow in the process of being grated. 

 

Figure 14: Leveling and distributing the snow onto the pavement surface.  
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Step 5: Induce Simulated Traffic Load 

 

After the snow event, the snow was compacted onto the pavement using a 

pneumatic loading device. A lid fitted with an inner air bladder applied loads atop the 

snow covered pavement section to force a bond between the snow and the pavement 

(Figure 15). Butyl rubber was used for the bladder because it maintained its flexibility in 

the cold conditions. Compressed air was supplied to the bladder from a compressor 

located outside of the cold chamber. An air regulator was used to provide constant air 

pressure.  Figure 16 shows the compaction box with the lid closed.  Foam cork board was 

placed under the concrete samples to prevent the samples from cracking during 

compaction. The bladder was filled with 80 psi of air pressure for 5 minutes. The 80 psi 

is approximately equivalent to the load a heavy vehicle applies to the roadway. The 

compaction box was then opened (Figure 17) and three 4 inch by 4 inch by 1 inch 

stainless steel square plow boxes and a Teflon cutting guides were positioned over the 

compacted snow (Figure 18 and Figure 19).  A 1 inch by 2 inch sample was also cut out 

and used for snow density measurements. The compaction box was closed again and a 

rigid piece of Teflon and 60 psi of pressure in the bladder were used to drive the plow 

boxes through the snow. The Teflon piece never applied pressure to the snow a second 

time. The box was opened again and the pavement sample was removed (Figure 20 and 

Figure 21).   
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Figure 15: Profile view of the compactor and test specimen.  

 

Figure 16: Compaction box with closed. 

 

 
Figure 17: Compacted snow on pavement sample in compaction box. 
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Figure 18: Profile view of cutting guide and plow boxes before being pressed into compacted  

      snow. 

 

 

 Figure 19: Plow boxes and cutting guide before being pressed into compacted snow. 

 

 
Figure 20: Profile view of plow boxes pressed into compacted snow. 
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Figure 21: Plow boxes pressed onto compacted snow. 

 

 

Step 6: Prepare Individual Test Samples 

 

The consolidated snow atop the pavement surface was cut into individual test 

samples to prepare for horizontal shearing. The final layout and dimensions of the 

pavement sections and test samples are shown in Figure 22. Each sample was four inch 

by four inch (plan view).  

 
Figure 22: Individual pavement specimen layout.  

 

All of the snow was very carefully removed with a 1 in putty knife between the 

individual samples and around the edge of the pavement section to ensure the bond of the 
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snow under the plow boxes was not disturbed (Figure 23). The snow was removed to 

reduce edge effects between the sample and the surrounding pavement surface. This 

procedure created three individual samples on each pavement specimen to which snow 

was adhered.  The 1 inch by 2 inch snow sample was removed and measured to 

determine. Figure 24 shows a fully prepared sample ready for testing. 

 

 
Figure 23: Snow being removed around individual samples. 

 

 
Figure 24: Fully prepared sample ready for shearing. 
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Step 7: Shear Individual Test Samples 

 

Each pavement specimen was placed on a temperature-controlled thermal table 

until four samples were prepared. The temperature controlled thermal table was specially 

built to control its temperature to approximately ±1.2° F. In this way, the temperature of 

the pavement could be controlled separately from the ambient temperature of the 

environmental chamber. Time was spent in one of the environmental chambers on the 

MSU campus to evaluate the design of the thermal table and confirm the performance of 

the liquid chiller that was used to control the temperature of the thermal table. A Neslab® 

chiller recirculator with heating and cooling capabilities was used to control the 

temperature of a polythene glycol solution that was pumped through the thermal table in 

order to control the surface temperature of the substrate. A high flow rate of liquid was 

circulated through the table through closely spaced copper tubing (2 inch spacing) that 

was thermally connected to smooth, flat aluminum sheet. The copper tubing was 

insulated in rigid foam insulation.  The temperature from one side of the table to the other 

was proof tested to ensure that the temperature gradient was minimal and did not affect 

the results of the tests. A 3/16-inch thick synthetic felt soaked in glycol was placed on top 

of the aluminum plate to aid in heat transfer from table to pavement (Figure 25).  

The plow boxes were then connected to specially made hitches that were 

connected to a load by a string which was positioned over a pulley (Figure 26 and Figure 

27). The load weighed 1.38 lbs and provided enough force to shear an empty plow box on 

the pavement specimens.  
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Temperature was recorded throughout the experiment in five second intervals 

using the thermocouples and the data acquisition system. The temperature of the 

pavement sections changed as the temperature of the recirculating chiller was increased 

to weaken the bond between the snow and the pavement section. Bond failure occurred 

when the entire sample had been horizontally sheared from the pavement surface. Three 

separate samples were sheared from each pavement specimen to evaluate repeatability. 

The table setup is illustrated in Figure 28.  A ramp was positioned at the end of the 

pavement specimen so that when the snow sample sheared it moved up the ramp and did 

not jolt the table causing other snow samples to fail prematurely (Figure 29). The hanging 

weights were protected from the wind to minimize disturbance during the shearing stage.  

 

 

Figure 25: Profile view of the temperature controlled thermal table. 
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Figure 26: Plow box and hitch.  

 

 

Figure 27: Plow box attached to load with the hitch and pulley.  
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Figure 28: Temperature-controlled thermal table with prepared samples.  

 
Figure 29: Temperature-controlled table highlighting ramps. 

 

 

Step 8: Measure Parameters of Interest 

 

The two main parameters of interest are temperature and friction of the pavement 

surface immediately after the bond between the snow and the pavement surface failed.  

Each plow mechanism was connected to a timing circuit that automatically temperature 

the moment the sample sheared.  
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Friction measurements were made immediately after the bond between the snow 

and the pavement surface broke. A single friction measurement was taken in each of the 

three samples for each pavement specimen using a custom made friction tester. The 

friction tester was designed and built to make the measurements. The friction tester 

measured the relative friction of samples before treatment with chemical, after treatment 

with chemical and after plowing. The tester was constructed out of steel, weighs 4.9 lbs, 

and has 16 square inches of loaded surface area (4 inch by 4 inch). The smooth wear pad 

is made of 0.25-inch thick neoprene rubber (durometer rating of 30A). The apparatus was 

pulled across the pavement surface and maximum static frictional force was measured 

using a spring scale.  The friction tester was verified by testing dry pavement samples 

before snow had been applied as discussed in greater detail in Chapter 4.  The friction 

tester and spring scale are shown in Figure 30.  
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Figure 30: Friction tester and spring scale.  
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RESULTS, DISCUSSION AND ANALYISIS  

 

 

Introduction 

 

 

 The primary goal of this project was to compare the relative performance of the 

five chemicals. As part of this process, the laboratory test data was used to develop a 

fundamental understanding of how each chemical responds on different pavement types, 

at various application rates, and under different storm scenarios. Simple observations in 

this regard allowed useful comparisons to be drawn between the performances of the 

chemicals.   

The friction and temperature results from the various variables as well as the 

snow density are provided in this section.  Friction data and temperature data were 

interpreted and analyzed to determine chemical performance based on the substrate, 

application rate and storm scenario parameters. General trends from statistical testing 

were examined and some general conclusions about the chemicals behavior under 

different scenarios were drawn.  

 

Snow Density 

 

 

Snow density measurements of all compacted snow samples were taken to 

monitor consistency. A single 2 inch by 1 inch by 1 inch sample was collected for this 

purpose. The snow density varied slightly for the different storm scenarios but was 

consistent between the samples within the given storm scenarios as seen in the small 
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standard deviations in Table 8.  The density of ice is 57.228 lb/ft³ at 32°F, whereas water 

has a density of 62.146 lb/ft³ at the same temperature. Liquid water is densest, essentially 

62.428 lb/ft³, at 39.2°F. A spring snow pack in the Rocky Mountain region typically has a 

snow density that is around half of water (Thut, 2007).  The densities measured in the lab 

were between the density of snow and ice.  

 
Table 8: Average Snow Density and Standard Deviations 

 

Statistical Analysis 

 

 

Statistical analyses of the lab data were used to reveal or verify any differences in 

behavior between the chemicals. The first of two separate analyses was conducted using 

the results of the coefficient of friction (COF), and the second analysis used the 

temperature data. Differences in the COF after shearing and the temperature at which 

shearing occurred were used to determine differences in behavior between the chemicals. 

The three variables evaluated in this analysis were the pavement type (asphalt or 

concrete), the application rate (low, medium, or high), and the storm scenario (I (P14-

SA14), II (P32-SA23), and II (P32-SA30)). Individual values of friction or temperature 

were combined with one another to form a single mean value that can be compared 

between chemicals. For example, to determine whether there was a difference between 

Storm Scenario 
Avg. Snow Density 

(lb/ft3) 
Standard Deviation 

I (P14-SA14) 48.11 0.0507 

II (P32-SA23) 46.94 0.0748 

III (P32-SA30) 46.57 0.0358 

 

http://en.wikipedia.org/wiki/Density
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shearing temperature for NaCl+GLT and CCB on concrete, all temperature values 

determined using all storm scenarios and all application rates were averaged, whether 

scenario I or III, or low, medium, or high application rates to form a single mean value 

for each of those two chemicals.  Mean values from each of the chemicals plus the 

control was statistically compared to the others using the mean, standard deviation 

coefficients of variation (COV), and the number of samples (N). Equations 1 and 2 were 

used to calculate a combined mean (μT) and combined standard deviation (ST) of a sorted 

group, respectively.  

 

 

 

Where: 

μT = combined mean 

ST = combined standard deviation 

N = number of samples 

xi = COF or shearing temperature of an individual sample 

 

In performing quantitative comparisons between chemical behaviors, a two sided 

t-test was used. This test evaluates the statistical significance of the difference in the 

means of two sample populations (e.g. the mean COF of a chemical on asphalt as 

compared to the mean COF of a chemical on concrete). The results of this test can be 

expressed in a variety of forms, and the decision was made to cite the p-value for each 

comparison when their result is stated. The p-value for the test ranges between zero and 

Equation 1 

 

Equation 2 
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one; while values approaching one indicate a greater likelihood that the means are the 

same.  

A confidence interval of 85 percent was used in the analysis which corresponded 

to an alpha value of 0.15. This means that p-values less than 0.15 are considered to be 

statistically different and p-values greater than 0.85 are statistically similar. Values in 

between 0.15 and 0.85 are inconclusive.  It is recognized that an alpha value less than 

0.15 is typically used; however, the purpose of this analysis is to identify general trends 

in the data. The methodology and results of these analyses are elaborated on in more 

detail in Appendix C; however, the implications of these results are discussed in the 

following sections. 

 

Friction 

 

 

Friction Tester Verification 

 

The friction tester was first tested on concrete and asphalt pavement sections 

manufactured for the laboratory experiments to evaluate its precision. Twenty friction 

measurements were made on dry samples at the same location were taken to study its 

consistency. The mean values, standard deviations, and coefficient of variation (COV) for 

these tests are shown in Table 9. The COV of multiple friction measurements taken from 

a single location were low which implies that the friction tester was functioning 

consistently. However, if friction values were measured at different locations, the friction 

values were not always similar. Table 9 shows the COF values for different locations 
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taken at separate locations same pavement sample. Using the statistical analysis described 

earlier, the p-values indicated that there was a difference in the COF between all of the 

locations on both pavements. While attempts were made to ensure the consistency of the 

samples by grinding the surfaces, inconsistencies in the pavement surfaces were still 

present during actual testing. Because a large data set was used the differences in the 

pavement surfaces were averaged out.  

 
Table 9: Friction Tester Verification Values 

 
Friction Results 

 

The friction tester was used to determine the friction of the substrate after the 

sample had sheared. Friction data was gathered on each of the three individual samples 

on each pavement substrate regardless of whether or not a bond was formed. The purpose 

of gathering the friction data was to determine the relative slipperiness of each pavement 

specimen after shearing.  Figure 31 and Figure 32 show the average coefficient of friction 

(COF) values for asphalt and concrete, respectively, as a function of application rate. The 

COF is the ratio of the force required to produce sliding (measured by the spring scale) 

by the normal force between the surfaces (4.9 lb).  The values were determined by 

averaging the COF values at a certain application rate. Friction data was not collected for 

Pavement Type  Location Mean  St.Dev. COV 

Asphalt  1 0.651 0.016 2.42 

Asphalt  2 0.608 0.044 7.25 

Asphalt  3 0.712 0.016 2.22 

Concrete  1 0.955 0.017 1.78 

Concrete  2 0.883 0.052 5.90 

Concrete  3 0.816 0.035 4.30 
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storm scenario II (P32-SA23) because the friction tester had not yet been constructed. 

Also, due to unforeseen issues with the friction tester, data for the medium application 

rate on concrete for storm scenario I (P14-SA14) for KA, FG and CCB were not 

collected. As it evident from the graphs, friction after shearing was relatively consistent 

regardless of application rate. The COF after shearing on the control was lower than the 

treated section.  

 

Figure 31: Asphalt COF as a function of chemical application rate. 
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Figure 32: Concrete COF as a function of chemical application rate. 

 

Analysis and Discussion  

 

The p-values were able to indicate that there is a statistically significant difference 

between the control samples and the chemically treated samples; however, they were not 

able to determine the degree of difference. To determine the extent of these differences, 

the COF values of the chemically treated samples were expressed as a percent change as 

compared to the COF of the control samples. The percent change is the ratio of the 

difference between the combined means of the chemically treated samples, and the 

control samples, and the mean of the control all multiplied by 100 (Equation 3).  
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Where:  

μT(Chemical) = combined mean of chemically treated samples 

μT(Control) = combined mean of control samples 

 

The percent change was examined for four different comparisons, listed below.  

1. Overall percent change: included all pavement type, all application rates and all 

storm scenarios. 

2. Percent change by pavement type: included all application rates and all storm 

scenarios. 

3. Percent change by application rates: included all storm scenarios. and  

4. Percent change by storm scenarios: included all application rates. 

 

The percent change of the friction values for all pavements, all application rates 

and all storm scenarios (Figure 33) illustrates that overall, ICR and FG increases friction 

more than the remaining chemicals. The p-values for the comparison of the combined 

means of all pavement types, all application rates and all storm scenarios were used to 

evaluate these statistical differences or similarities (Table 10). For example, the p-value 

calculated when comparing ICR and CCB was 0.112 which is less than the alpha value; 

therefore, ICR and CCB are statistically different. The chemical comparisons whose p-

values were inconclusive range are not included in the table but can be found in 

Appendix C.  
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Figure 33: COF percent change – all pavements, all application rates, and all storm scenarios. 

 

Table 10: Chemical Combination Statistical Likeness - All Pavements, All Application Rates and 

All Storm Scenarios 

 

No significant difference in the percent change of the COF values was observed 

between asphalt and concrete, except between the asphalt control samples and concrete 

control samples; therefore, the chemically treated asphalt samples were compared to 

control asphalt samples and chemically treated concrete samples were compared to 

control concrete samples (Figure 34). Table 11 includes comparisons of chemical 

combinations and the associated p-values where the chemicals are statistically similar or 

different.  
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Figure 34: COF percent change - all application rates, all storm scenarios. 

 

Table 11: Chemical Combination Statistical Likeness - All Application Rates and All Storm 

Scenarios 

 

An analysis of the percent change in the friction values between chemically 

treated samples and the control samples for all storm scenarios enabled an evaluation of 

the difference in application rates (Figure 35). Note that the low, medium and high 

0

5

10

15

20

25

30

35

40

45

50

Asphalt Concrete

P
e

rc
e

n
t C

h
an

ge
 in

 C
O

F

NaCl+GLT

CCB

FG

KA

ICR

Pavement Type Comparison P-Value Likeness 

Asphalt 

CCB/NaCl+GLT 0.000 Different 

CCB/FG 0.000 Different 
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application rates are different for asphalt and concrete (2.5, 5 and 10 gallons per lane-

mile and 5, 10 and 15 gallons per lane-mile for asphalt and concrete, respectively). 

Because of this difference it was irrelevant to make direct comparisons between the 

percent change of friction of the various application rates of asphalt and concrete 

samples. The p-values for application rate comparisons of friction values regardless of 

chemical type are inconclusive, meaning the COF values are not statistically significantly 

similar or different. All chemically treated samples had a higher COF than the control 

samples.  

 
Figure 35: COF percent change - all storm scenarios. 

 

 Combining the percent change for all application rates allowed an evaluation of friction 

friction values of storm scenarios (Figure 36). Generally, a greater percent change of COF for 

both storm scenario I and III occurred on asphalt than on concrete; however, only a significant 

difference between CCB on asphalt between storm scenario I and III was evident. Other statistical 

comparisons between storm scenario I and III on the different pavements were inconclusive.  
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Table 12 includes chemical combinations and the associated p-values where the 

chemicals are statistically similar or different. 

 

 
Figure 36: COF percent change - all application rates. 
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Summary of Friction Values 

 

Based on the preceding analyses of the results of the friction values, and the 

attendant comparisons between the results of the control and various chemicals, seven 

broad conclusions from the laboratory friction values were reached.  

1. The presence of chemical increases the COF of the pavement for all pavement 

types, application rates, and storm scenarios. 

2. For all pavements, application rates, and storm scenarios, ICR increases the COF 

more than CCB but not more than NaCl+GLT, FG, and KA.  

3. A statistically significant difference exists between asphalt and concrete samples 

for all chemicals except NaCl+GLT. 

4. A difference existed between the COF of CCB and the other chemicals on asphalt 

samples for all storm scenarios and application rates. 

5. The COF of FG was different than the other chemicals on concrete samples for all 

storm scenarios and application rates;  

Pavement Type Storm Scenario Comparison P-Value Likeness 

Asphalt 

I (P14-SA14) 
NaCl+GLT/CCB 0.881 Similar 

CCB/KA 0.851 Similar 

KA/FG 1.000 Similar 

III (P32-SA30) 

NaCl+GLT/CCB 0.019 Different 

CCB/KA 0.100 Different 

CCB/ICR 0.049 Different 

FG/KA 0.954 Similar 

FG/ICR 0.909 Similar 

ICR/KA 0.850 Similar 

Concrete 
I (P14-SA14) 

CCB/FG 0.944 Similar 

NaCl+GLT/ICR 0.867 Similar 

III (P32-SA30) NaCl+GLT/ICR 0.904 Similar 
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6. The application rate does not make a statistical difference in the friction values.  

7. A greater increase in friction with the use of chemical for storm scenarios I and III 

is seen in asphalt than concrete.  

 

Shearing Temperature 

 

 

Shearing Temperature Results 

 

Winter maintenance chemicals are used because they depress the freezing point of 

snow and ice. To determine the effectiveness of the chemicals tested, the temperature at 

which the sample sheared was recorded during the shearing process. The asphalt and 

concrete temperatures at shearing as a function of chemical application rate are shown in 

Figure 37 and Figure 38, respectively.  Because no bond formed at the medium and high 

application rate for asphalt, only temperature data for the low application rate was used in 

this analysis. The values were determined by averaging the temperature values for each 

test for a certain application rate. In general, the shearing temperature decreased as the 

application rate increased, and the temperature of the control was higher than the treated 

sections, both as expected. 
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Figure 37: Asphalt temperature at shearing as a function of chemical application rate. 

 

 
Figure 38: Concrete temperature at shearing as a function of chemical application rate. 
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Analysis and Discussion 

 

The melting point of ice is 32°F; however as shown in the data presented in 

Figure 37 and Figure 38 the compacted snow sample did not shear until higher 

temperatures. As the temperature of pavement samples were changing ice was melting as 

well.  It takes time to for the ice to melt, so if melting started at 32°F, it may have been 

35°F before sufficient ice had melted for the sample to shear.  The shearing temperature 

was dependent on the rate of warming.  The difference between the shearing temperature 

and temperature where melting began were different. The chiller temperature started 

equal to the air temperature and was increased at a rate of 1.8°F per minute until it 

reached 68°F where it remained constant until the testing was complete. The pavement 

samples did not change temperature at the same rate as the chiller due to the heat gradient 

of the pavement. The chiller temperature, air temperature, and temperature of a control 

asphalt and a control concrete sample for each storm scenario over a period of time are 

shown in Figure 39, Figure 40 and Figure 41.  Conclusions were based on the shearing 

temperature even if melting started at an earlier temperature which allowed for the 

comparison of the relative performance the chemicals.  
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Figure 39: Storm I comparison of air, control pavement and chiller temperature.  

 

 
Figure 40: Storm II comparison of air, control pavement and chiller temperature. 
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Figure 41: Storm III comparison of air, control pavement and chiller temperature. 
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determine the extent of the difference, the shearing temperatures of the chemically treated 
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 The overall percent change of the temperature of the chemical treated samples 

from the control samples is provided in Figure 42. KA reduced the shearing temperature 

the most while NaCl+GLT reduced it the least. The chemical combination, associated p-

value and the likeness are shown in Table 13.  

 
Figure 42: Temperature percent change - all pavements, all application rates, and all storm 

scenarios. 

 

Table 13: Chemical Combination Statistical Likeness - All Pavements, All Application Rates and 

All Storm Scenarios 

 

 The temperature percent change of asphalt and concrete samples for all 

application rates and storm scenarios, separated by pavement type were compared (Figure 

43). The comparison between asphalt samples and concrete samples were not compared 

0

2

4

6

8

10

12

14

16

18

20

Chemicals

P
e

rc
e

n
t C

h
an

ge
 in

 T
e

m
p

e
ra

tu
re

NaCl+GLT

CCB

FG

KA

ICR

Comparison P-Value Likeness 

NaCl+GLT/FG 0.014 Different 

NaCl+GLT/KA 0.006 Different 

CCB/KA 0.104 Different 

KA/ICR 0.119 Different 

CCB/ICR 2.899 Similar 

 



104 

 

because the combined asphalt means include the low application rate only. The relative 

shearing temperature comparison for chemical combination on a specific pavement type, 

associated p-value and the likeness are shown in Table 14.   

 
Figure 43: Temperature percent change - all application rates, all storm scenarios. 

 

Table 14: Chemical Combination Statistical Likeness - All Application Rates and All Storm 

Scenarios 
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performed similarly on both types of substrate; however it must be kept in mind that the 

low application rate for asphalt (2.5 gal/LM) was lower than the low application rate for 

concrete (5 gal/LM). Unlike the COF, the application rate the temperature change 

affected the shearing temperature while this wasn’t evaluated for the asphalt, in the 

concrete. The average percent change for all chemicals increased by 3.5 percent from the 

low application rate on concrete to the medium application rate on concrete.  Table 15 

includes chemical combinations and the associated p-values where the chemicals are 

statistically similar or different. 

 
Figure 44: Temperature percent change - all storm scenarios. 
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Table 15: Chemical Combination Statistical Likeness - All Storm Scenarios 

 

 Figure 45 shows the percent change of the temperature for chemical treated 

samples from control samples for all application rates. Calculating the percent change in 

the temperature for all application rates enabled an evaluation in shearing temperature for 

different storm scenarios.  Generally, storm scenario III (P32-SA30) had the greatest 

average percent change for all chemicals, storm scenario II (P32-SA23) had the least and 

storm scenario I (P14-SA14) was in between. A possible explanation of this behavior 

may lie in the difference in the pavement and air temperature in storm scenario II (P32-

SA23). Table 16 includes chemical combinations and the associated p-values where the 

chemicals are statistically similar or different. 

  

Pavement Type Application Rate Comparison P-Value Likeness 

Asphalt Low KA/ICR 0.990 Similar 

Concrete 

Low 

NaCl+GLT/CCB 0.957 Similar 

NaCl+GLT/ICR 0.965 Similar 

CCB/ICR 0.939 Similar 

Medium 

KA/NaCl+GLT 0.019 Different 

KA/CCB 0.031 Different 

KA/FG 0.038 Different 

KA/ICR 0.125 Different 

ICR/NaCl+GLT 0.071 Different 
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Figure 45: Temperature percent change – all application rates. 

 

Table 16: Chemical Combination Statistical Likeness - All Application Rates 
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Asphalt 

I (P14-SA14) NaCl+GLT/CCB 0.109 Different 

II (P32-SA23) CCB/ICR 0.147 Different 

III (P32-SA30) 

NaCl+GLT/CCB 0.008 Similar 

NaCl+GLT/FG 0.053 Different 

ICR/CCB 0.082 Different 

ICR/FG 0.056 Different 

Concrete 

I (P14-SA14) 

NaCl+GLT/CCB 0.042 Different 

NaCl+GLT/FG 0.003 Different 

NaCl+GLT/KA 0.005 Different 

KA/CCB 0.065 Different 

KA/ICR 0.083 Different 

II (P32-SA23) 

NaCl+GLT/KA 0.028 Different 

NaCl+GLT/ICR 0.047 Different 

CCB/FG 0.958 Similar 

KA/ICR 0.999 Similar 

III (P32-SA30) CCB/ICR 0.932 Similar 
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 A comparison of the percent change for the shearing temperatures for individual 

tests was evaluated to help determine the relative performance of the chemicals (Figure 

46).  Generally, for asphalt, the percent change of the shearing temperatures for storm 

scenario III (P32-SA30) was greater than the percent change of the shearing temperatures 

for storm scenario I (P14-SA14) and II (P32-SA23). This pattern was also seen for the 

percent change of the shearing temperatures on concrete sampled treated with the 

medium application rate. For concrete treated with the low application rate, storm 

scenarios I (P14-SA14) and storm scenario III (P32-SA30) the percent change of the 

shearing temperatures were approximately even. For all storm scenarios on concrete 

samples, the low application rate changed the shearing temperature from chemically 

treated samples to control samples less than the medium application rate. Table 17 

includes chemical combinations and the associated p-values where the chemicals are 

statistically similar or different. 
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Figure 46: Temperature percent change for individual tests. 
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Table 17: Chemical Combination Statistical Likeness 

 

 

 

Storm 
Scenario 

Pavement 
Type 

Application 
Rate 

Comparison P-Value Likeness 

I (P14-SA14) 

Asphalt Low NaCl+GLT/CCB 0.109 Different 

Concrete 

Low  

NaCl+GLT/FG 0.121 Different 

NaCl+GLT/KA 0.134 Different 

ICR/FG 0.118 Different 

ICR/KA 0.079 Different 

Medium 

NaCl+GLT/FG 0.013 Different 

NaCl+GLT/KA 0.004 Different 

NaCl+GLT/ICR 0.006 Different 

KA/CCB 0.147 Different 

KA/FG 0.113 Different 

KA/ICR 0.063 Different 

FG/ICR 0.866 Similar 

II (P32-SA523) 

Asphalt Low CCB/ICR 0.147 Different 

Concrete 

Low 

KA/NaCl+GLT 0.086 Different 

KA/FG 0.130 Different 

NaCl+GLT/CCB 0.911 Similar 

KA/ICR 0.903 Similar 

Medium 

NaCl+GLT/CCB 0.087 Different 

NaCl+GLT/KA 0.012 Different 

NaCl+GLT/ICR 0.031 Different 

KA/CCB 0.042 Different 

KA/FG 0.070 Different 

III (P32-SA30) 

Asphalt Low 

NaCl+GLT/CCB 0.008 Different 

NaCl+GLT/FG 0.053 Different 

ICR/CCB 0.004 Different 

ICR/FG 0.056 Different 

CCB/FG 0.878 Similar 

Concrete 
Low 

NaCl+GLT/FG 0.023 Different 

NaCl+GLT/KA 0.073 Different 

CCB/FG 0.060 Different 

CCB/KA 0.099 Different 

ICR/FG 0.053 Different 

Medium CCB/KA 0.990 Similar 
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Summary of Shearing Temperature Values 

 

Based on the preceding analyses of the results of the temperature at shearing and 

the attendant comparisons between the results of the control and various chemicals, 

several conclusions were reached. 

1. The presence of chemical reduced the shearing temperature for all 

pavement types, application rates, and storm scenarios. 

2. For all pavements, application rates and storm scenarios, KA had a greater 

percent change for shearing temperatures than NaCl+GLT, CCB and ICR. 

3. On asphalt samples for all application rates and storm scenarios, CCB 

reduced the shearing temperature more than NaCl+GLT and ICR. 

4. KA reduced the temperature more than the other chemicals except FG on 

concrete samples for all storm scenarios and application rates. 

5. Lower application rates were more effective on asphalt samples than 

concrete samples. 

6. The more chemical applied, the lower the shearing temperature. 

7. KA had the greatest shearing temperature greatest percent change on 

concrete for both low and medium application rates. 

8. A greater percent change in the shearing temperature with the use of 

chemical on asphalt and concrete was seen for storm scenarios III 

followed by storm scenario I and then storm scenario II. 
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9. NaCl+GLT reduced the temperature the least on both asphalt and concrete 

in storm scenario I. 

10. ICR and KA reduced the temperature the most on both asphalt and 

concrete in storm scenario II. 

11. For all application rates on concrete for storm scenario I and for all 

application rates on asphalt and concrete, KA had the highest percent 

change from the controls. 

12. For storm scenario III at low application rates on concrete and asphalt, FG 

reduced the shearing temperature the most. 

 

Cost-Effective Analysis 

 

 

 A cost-effective analysis was conducted to determine which of the chemicals was 

most cost-effective in increasing the COF and reducing the shearing temperature. In this 

analysis the effectiveness was defined as 1) the overall percent change of the COF of the 

chemical treated samples from the control samples and 2) the overall percent change of 

the shearing temperature of the chemical treated samples from the control samples. Other 

factors were not considered in this analysis. When factors such as corrosion costs and 

maintenance costs are considered, the cost-effectiveness would change. Material costs 

were ascertained directly from vendors. The percent change of the COF, shearing 

temperature and the cost per gallon for the five chemicals is provided in Table 18. The 

prices are based on quotes given by the chemical distributor for a single 55-gallon drum 
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of each chemical.  The cost reflects the prices of any included inhibitors and the cost of 

shipping to Bozeman, MT.  The effectiveness was divided by the average cost per gallon 

to determine cost effectiveness for the COF, shearing temperature and the combined total 

(Table 19). Larger values indicate higher cost effectiveness, while lower values indicate 

lower cost-effectiveness.  

 
Table 18: Percent COF and Shearing Temperature Change and Cost per Gallon 

 

Table 19: Cost-Effectiveness Values of Chemicals 

 

According to this analysis, the most cost-effective chemicals are FG and 

NaCl+GLT, while the least cost-effective are KA and ICR. The cost-effectiveness was 

determined related to their ability to increase the relative friction and to lower the relative 

Chemical  
Percent Change 

Cost ($/gal) 
COF Shearing Temp. 

NaCl+GLT 18.14 48.67 0.36 

CCB 14.17 54.54 0.85 

FG 19.83 59.57 0.42 

KA 17.50 62.27 3.56 

ICR 20.39 54.19 4.25 

 

Chemical  
Cost-Effectiveness 

COF Shearing Temp. Total 

NaCl+GLT 50.40 135.19 185.58 

CCB 16.67 64.17 80.84 

FG 47.21 141.82 189.03 

KA 4.92 17.49 22.41 

ICR 4.80 12.75 17.55 
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shearing temperature. When based purely on performance, the higher cost of some 

materials was not worth the improved performance.  
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SUMMARY, CONCLUSIONS & RECOMMENDATIONS 

 

 

Summary 

 

 

 The recent legislation reducing salt usage on California highways prompted the 

California Department of Transportation to investigate the best practices for winter 

maintenance using alternative freeze-depressant chemicals. The objective of this research 

was to help develop guidelines for optimal snow and ice removal operations designed 

specifically for California’s typical highway environments. In particular, the research 

synthesized the information on best practices of anti-icing and de-icing in other states and 

other countries, identified five representative chemicals for winter maintenance purposes, 

investigated their effective working temperature and appropriate application rate under 

various road weather scenarios in unbiased experiments and evaluated their friction and 

shearing temperature performance.  

The research effort 1) synthesized information regarding winter maintenance best 

practices, and 2) designed and constructed an apparatus to perform a constant load-

controlled anti-icing laboratory experiment. The laboratory experiments were conducted 

using a state-of-the-art environmental chambers testing facility located on the Montana 

State University campus. Bonding between the precipitation and the road surface was 

studied using five chemicals at three dispersal rates, on top of two types of pavement 

surfaces, and under three different storm events. From this matrix of tests, optimal 

dispersal rates were established for varying climates and roadway combinations. The 
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optimal lab application rates are lower than what is typically used in the field. Friction 

and shearing temperature were measured immediately after the snow/ice was removed to 

evaluate effectiveness.   

The data available from the experiments was studied in an effort to correlate 

changes in the chemical performance with the various pavement types, application rates 

and storm scenarios and then further to evaluate the relative performance of the five 

chemical types. A review and analysis of the friction and temperature data was 

performed. The implementation of better snow and ice removal practices will have 

immediate positive impact on the California highway system, including cost savings, 

enhanced traveler safety, reduced traveler delays, and minimized environmental impacts.  

 

Conclusions 

 

 

The primary conclusion from the analysis was that the presence of chemical, 

regardless of chemical type, increased the friction of the pavement surface and reduced 

the shearing temperature as compared to non-chemically treated substrates for all 

pavement types, all application rates and all storm scenarios. A secondary conclusion was 

that less chemical is required to prevent a bond on asphalt than on concrete. No bond was 

formed on asphalt at applications greater than 2.5 gallons per lane-mile and no bond was 

formed on concrete at application rates greater than 10 gallons per lane-mile. These 

conclusions were drawn from the friction data and temperature data gathered during the 

laboratory testing. 
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 Based on the analysis of the results of the friction data, and the attendant 

comparison between the results of the pavement types, application rates and storm 

scenarios, several conclusions were reached. The broad conclusions from the friction data 

analysis were that 1) friction values on asphalt were lower than concrete, however, 

chemicals helped maintain friction on asphalt more than on concrete, 2) application rate 

did not affect friction values, and 3) the type of storm scenario also did not significantly 

affect the friction values. Although the behavior of all five chemicals was similar in 

nearly all respects, a few nominal differences were observed between them. Additional 

observations and conclusions for comparisons between chemicals were:  

1. for all pavements, application rates, and storm scenarios, ICR increases 

the COF more than CCB but not more than NaCl+GLT, FG, and KA 

2. statistical differences exists between the COF of asphalt and concrete 

samples for all chemicals except NaCl+GLT;  

3. CCB increased the COF less than the other chemicals on asphalt samples 

for all storm scenarios and application rates; and 

4. FG increased the COF more than the other chemicals on concrete samples 

for all storm and application rates.  

 Based on the analysis of the shearing temperature, and the attendant comparison 

between the results of the pavement types, application rates, and storm scenarios, several 

conclusions were reached. The broad conclusions from the temperature data analysis are 

1) application rate makes a statistical difference in the temperature values: the more 



118 

 

chemical applied, the lower the shearing temperature, and 2) a greater reduction in 

shearing temperature was seen for warmer storm scenarios followed by colder storm 

scenario where the pavement and air temperature were the same. Although the behavior 

of all five chemicals was similar in nearly all respects, a few nominal differences were 

observed between them. Additional observations and conclusions for comparisons 

between chemicals were:  

1. for all pavements, application rates, and storm scenarios, KA reduced the 

percent change of the shearing temperature more than NaCl+GLT, CCB 

and ICR; 

2. on asphalt samples for all application rates and storm scenarios, CCB 

reduced the shearing temperature more than NaCl+GLT and ICR; 

3. KA reduced the shearing temperature more than the other chemicals 

except FG on concrete samples for all storm scenarios and application 

rates;  

4. KA lowered the shearing temperature the most on concrete for both low 

and medium application rates;  

5. NaCl+GLT reduced the temperature the least on both asphalt and concrete 

in storm scenario I (P14-SA14); 

6. ICR and KA reduced the temperature the most on both asphalt and 

concrete in storm scenario II (P32-SA23); 
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7. for all application rates on concrete for storm scenario I and for all 

application rates on asphalt and concrete, KA had the highest percent 

change based on the controls; and  

8. for storm scenario III (P32-SA32) at low application rates on concrete and 

asphalt, FG reduced the shearing temperature the most.  

 Based on the analysis conducted to determine which of the chemicals was most 

cost-effective in increasing the COF and reducing the shearing temperature, FG and 

NaCl+GLT were the most cost-effective while the least cost-effective were KA and ICR, 

and CCB was in the middle. However, this analysis did not take into consideration cost 

associated with factors such as corrosion, environmental impacts, etc. 

 Based on all of the information obtained, anti-icing is effective for certain 

situations and proper usage. A maintenance division can achieve the same result using a 

low application rate. In other words applying more chemical is not necessarily better. The 

lab tests support this in that application rates greater than 2.5 and 10 gallons per lane-mile 

for asphalt and concrete, respectively, effectively prevented a bond from forming and did 

not change the friction of the pavement as compared to greater application rates. The 

application rates used in the laboratory tests was less than typical or feasible application 

rates used in the field. Most maintenance equipment is not capable of applying such a 

small, precise rate nor in the same manner. Many factors affect the bonding of snow and 

substrates treated with liquid chemicals. The lab was a controlled environment where 
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many of these factors cannot be adequately simulated; variables such as trafficking, water 

content of snow, and rate of snow fall, etc.  

Based on the literature, anti-icing is a cost effective approach to maintaining roads 

in winter.  The cost-effective analysis in this project showed that magnesium chloride 

(FG) and sodium chloride (NaCl+GLT) have the highest cost effectiveness and agencies 

would receive the greatest return for the least cost when using those chemical. Others 

agree with these findings (Ketcham et al., 1996, Williams, 2001, Fischel, 2001, and 

Williams and Linebarger, 2002). Based on all of the information obtained, it is 

recommended to that Caltrans adopt a more formal anti-icing program that includes the 

use of magnesium chloride and/or sodium chloride at relatively low application rates.  

When considering corrosion and environmental impacts, other chemicals such as acetates 

and ag-based products (KA and ICR) should be considered.  

 

Recommendations for Further Research 

 

 

 The results contained in this thesis was based on distinct pieces of information 1) 

literature review of current materials and methods, 2) design and operations of the test 

apparatus, 3) execution of the laboratory experiments, and 4) interpretation of data 

obtained from these experiments. The following section contains suggestions for further 

research related to the laboratory testing.  

 In displacement controlled testing, the load is continually being changed until a 

bond is broken whereas in a load-controlled test the load is controlled and displacement is 
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allowed to occur independently. This study used a load-controlled method (where the 

load was held constant) and the temperature of the pavement was continually increased 

until the snow-pavement bond was broken. It is recommended to try a displacement-

controlled experiment to evaluate the strength of the snow-pavement bond at a single 

temperature or a range of temperatures.  Plowing is typically used when anti-icing; 

therefore, the chemicals do not necessarily have to completely debond the snow but only 

weaken it enough for the plow to more easily shear it from the pavement. 

 The snow used in the laboratory experiments was harvested in the mountains near 

Bozeman, MT and stored in a freezer. The snow was relatively dry when harvested 

whereas snow can vary in water content. It is recommended to test with different water 

contents of snow. Also, it is recommended to examine the rate of snow fall. In these 

laboratory experiments, the snow was applied all at once. In reality, snow accumulates at 

a slower rate. It is thought that if the snow accumulates slower over time the pre-applied 

chemical may become diluted; therefore it would be useful to examine the potential 

effects of the dilution caused by different now rates.  

 The friction of the road affects the safety of the roadway. Although, this 

experiment measured the relative friction of the pavement surfaces after shearing, issues 

with the friction data and tester were present. The friction data was subject to the 

roughness of the pavement at a particular location, which varied from location to 

location. It is recommended to find a way to normalize the friction data. The friction data 
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can be normalized by taking a dry friction measurement at each pavement location and 

comparing it to the friction values after shearing at that specific location. 
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Establishing Best Practices of Removing Snow and Ice from California Roadways 

 

This questionnaire was designed to learn about current snow and ice control practices in 

California.  You have been selected to participate in this effort because of your 

experience or expertise in removing snow and ice on California roadways.  The 

information gathered in this survey will be used to develop a comprehensive description 

of the state-of-the-practice of snow and ice removal at Caltrans, and to suggest alternative 

technologies to improve the efficiency and cost-effectiveness of snow and ice removal on 

California roads. 

 

Thank you for taking the time to complete this questionnaire! 

 

Name: _______________________________________________ 

Job Title: ____________________________ 

District: _____________________________ 

E-mail:________________________________________________ 

Phone: ________________________________________________ 

 

Methods 

1. What percentage of the time does your district use: 

 Anti-Icing:________ 

  De-Icing:________ 

  Snowplowing: _______ 

  Sanding: _______ 

 

2. What do you see as the best method of snow removal for maintaining safe winter 

road conditions? 

3. What experience does your district have with anti-icing? 

 

4. Do you utilize weather forecasts to aid you in your winter road maintenance 

activities? 

 

5. How many vehicles do you currently have equipped for liquid chemical 

application? 

 

6. What percentage of your total fleet does this represent? 
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Materials 

1. What snow and ice control chemicals does your district currently use?  

 Please indicate any trade names and describe any added corrosion inhibitors.  

 

2. What snow and ice control chemicals would you like to see Caltrans use for snow 

and ice control operations?  

 

3. What application rates do you use for your current practice? 

 

4. What is your strategy and/or policy governing your snow and ice control 

maintenance? 

Timing of applications? How often do you reapply? Different strategies for 

different storm scenarios? 

 

 

Please include any additional comments.  
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APPENDIX B 

ASPHALT AND CONCRETE MIX DESIGN 
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Figure 47: Caltrans asphalt mix design. 
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Figure 48: Caltrans asphalt mix design (continued). 
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Figure 49: Caltrans asphalt mix design (continued). 
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Figure 50: MDT asphalt mix design. 



140 

 

 

Figure 51: MDT asphalt mix design (continued). 
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Figure 52: Caltrans concrete mix design. 
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Figure 53: Caltrans concrete mix design (continued). 



143 

 

 

Figure 54: Caltrans concrete mix design (continued). 
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APPENDIX C 

METHODOLOGY FOR STATISTICAL COMPARISONS OF CHEMICAL 

PERFORMANCE 
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Statistical Analysis of Friction Values 

 

 

 Statistical methods are used to determine the probability that true differences 

between the carious comparisons exist. Dissimilarities in friction values after shearing 

revealed differences in behavior between the chemicals. The three variables thought to 

affect the coefficient of friction (COF) were: the pavement type (asphalt or concrete), the 

application rate (low, medium, or high), and the storm scenario (I (P14-SA14), II (P32-

SA23), and III (P32-SA30)). Each of the variables was used in various combinations to 

determine a single combined mean value that was compared between chemicals. For 

example, to determine whether there was a statistically significant difference between 

friction values for NaCl+GLT and CCB on concrete, friction data from all storm 

scenarios and application rates were averaged into a single mean value. Mean values 

from each of the chemicals plus the control were statistically compared to the others. 

Table 20 through Table 24 show the combined means of friction values for the various 

combinations as a function of chemical type. Table 25 shows the combined mean of 

friction for the various combinations as a function of application rate.  

Table 20: Mean COF Values – All Pavements, All Application Rates, All Storm Scenarios 

 

 

Chemical  Mean  St. Dev. COV N 

NaCl+GLT 0.444 0.077 17.2 36 

CCB 0.429 0.056 13.2 33 

FG 0.450 0.072 16.0 33 

KA 0.442 0.075 17.0 33 

ICR 0.452 0.064 14.1 36 

Control 0.376 0.049 12.9 39 
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Table 21: Mean COF Values - All Application Rates, All Storm Scenarios 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pavement Type Chemical  Mean  St. Dev. COV N 

Asphalt 

NaCl+GLT 0.447 0.079 17.6 18 

CCB 0.414 0.061 14.8 18 

FG 0.445 0.073 16.4 18 

KA 0.444 0.082 18.6 18 

ICR 0.459 0.069 15.0 18 

Control 0.358 0.050 13.9 18 

Concrete 

NaCl+GLT 0.441 0.076 17.3 15 

CCB 0.447 0.045 10.1 15 

FG 0.457 0.073 15.9 15 

KA 0.439 0.068 15.5 15 

ICR 0.446 0.060 13.5 15 

Control 0.391 0.043 11.0 21 
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Table 22: Mean COF Values – All Storm Scenarios 

 

 

 

 

Application 
Rates 

Pavement 
Type 

Chemical  Mean  St. Dev. COV N 

High 

Asphalt 

NaCl+GLT 0.406 0.065 16.1 6 
CCB 0.376 0.053 14.0 6 
FG 0.466 0.068 14.6 6 
KA 0.439 0.055 12.4 6 
ICR 0.446 0.062 13.9 6 

Control na na na na 

Concrete 

NaCl+GLT 0.402 0.068 16.9 6 
CCB 0.440 0.055 12.5 6 
FG 0.470 0.067 14.2 6 
KA 0.463 0.040 8.6 6 
ICR 0.457 0.074 16.1 6 

Control na na na na 

Medium 

Asphalt 

NaCl+GLT 0.457 0.096 21.0 6 
CCB 0.412 0.056 13.5 6 
FG 0.438 0.062 14.1 6 
KA 0.429 0.077 18.0 6 
ICR 0.489 0.058 11.9 6 

Control na na na na 

Concrete 

NaCl+GLT 0.489 0.050 10.1 6 
CCB 0.438 0.019 4.4 3 
FG 0.442 0.135 30.6 3 
KA 0.463 0.070 15.2 3 
ICR 0.425 0.059 13.9 6 

Control na na na na 

Low 

Asphalt 

NaCl+GLT 0.478 0.066 13.8 6 
CCB 0.453 0.059 12.9 6 
FG 0.432 0.095 21.9 6 
KA 0.463 0.116 25.0 6 
ICR 0.442 0.085 19.3 6 

Control na na na na 

Concrete 

NaCl+GLT 0.432 0.090 20.8 6 
CCB 0.459 0.048 10.4 6 
FG 0.451 0.052 11.6 6 
KA 0.402 0.081 20.2 6 
ICR 0.448 0.058 13.0 6 

Control na na na na 
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Table 23: Mean COF Values – All Application Rates 

 

 

 

 

 

 

 

 

 

Storm Scenario 
Pavement 

Type 
Chemical  Mean  St. Dev. COV N 

I (P14-SA14) 

Asphalt 

NaCl+GLT 0.438 0.093 21.2 9 
CCB 0.444 0.061 13.8 9 
FG 0.451 0.062 13.6 9 
KA 0.451 0.092 20.5 9 
ICR 0.475 0.070 14.8 9 

Control 0.334 0.131 39.2 9 

Concrete 

NaCl+GLT 0.452 0.076 16.9 9 
CCB 0.436 0.045 10.4 6 
FG 0.438 0.056 12.9 6 
KA 0.423 0.086 20.4 6 
ICR 0.458 0.063 13.8 9 

Control 0.395 0.031 7.9 9 

III (P32-SA30) 

Asphalt 

NaCl+GLT 0.456 0.067 14.6 9 
CCB 0.384 0.047 12.4 9 
FG 0.439 0.087 19.7 9 
KA 0.437 0.076 17.4 9 
ICR 0.444 0.068 15.3 9 

Control 0.344 0.033 9.6 9 

Concrete 

NaCl+GLT 0.429 0.079 18.4 9 
CCB 0.455 0.046 10.2 9 
FG 0.469 0.083 17.7 9 
KA 0.449 0.056 12.4 9 
ICR 0.433 0.058 13.4 9 

Control 0.388 0.051 13.2 12 

*Storm II unavailable because no friction tester 
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Table 24: Mean COF Values – All Data 

 

Storm Scenario Application Rates Pavement Type Chemical  Mean  St. Dev. COV N 

I (P14-SA14) 

High 

Asphalt 

NaCl+GLT 0.370 0.078 21.0 3 

CCB 0.387 0.077 19.9 3 

FG 0.425 0.032 7.5 3 

KA 0.408 0.013 3.1 3 

ICR 0.395 0.034 8.5 3 

Concrete 

NaCl+GLT 0.455 0.039 8.5 3 

CCB 0.425 0.060 14.2 3 

FG 0.429 0.065 15.2 3 

KA 0.485 0.026 5.3 3 

ICR 0.476 0.094 19.7 3 

Medium 

Asphalt 

NaCl+GLT 0.429 0.087 20.2 3 

CCB 0.455 0.019 4.3 3 

FG 0.425 0.070 16.5 3 

KA 0.412 0.097 23.6 3 

ICR 0.527 0.048 9.2 3 

Concrete 
NaCl+GLT 0.480 0.037 7.7 3 

ICR 0.425 0.059 13.9 3 

Low 

Asphalt 

NaCl+GLT 0.514 0.070 13.7 3 

CCB 0.489 0.027 5.4 3 

FG 0.502 0.058 11.5 3 

KA 0.531 0.099 18.6 3 

ICR 0.502 0.039 7.8 3 

Control* 0.371 0.061 16.5 9 

Concrete 

NaCl+GLT 0.421 0.133 31.6 3 

CCB 0.446 0.034 7.6 3 

FG 0.446 0.058 13.1 3 

KA 0.361 0.081 22.4 3 

ICR 0.472 0.034 7.2 3 

Control* 0.395 0.031 7.9 9 

III (P32-SA30) 

High 

Asphalt 

NaCl+GLT 0.442 0.027 6.0 3 

CCB 0.366 0.027 7.3 3 

FG 0.506 0.075 14.8 3 

KA 0.469 0.067 14.3 3 

ICR 0.497 0.026 5.1 3 

Concrete 

NaCl+GLT 0.349 0.039 11.2 3 

CCB 0.455 0.058 12.6 3 

FG 0.510 0.044 8.7 3 

KA 0.442 0.045 10.1 3 

ICR 0.438 0.060 13.8 3 

Medium 

Asphalt 

NaCl+GLT 0.485 0.115 23.7 3 

CCB 0.370 0.044 11.9 3 

FG 0.451 0.064 14.2 3 

KA 0.446 0.067 15.1 3 

ICR 0.451 0.041 9.1 3 

Concrete 

NaCl+GLT 0.497 0.067 13.6 3 

CCB 0.438 0.019 4.4 3 

FG 0.442 0.135 30.6 3 

KA 0.463 0.070 15.2 3 

ICR 0.438 0.063 14.4 3 

Low 

Asphalt 

NaCl+GLT 0.442 0.045 10.1 3 

CCB 0.417 0.063 15.1 3 

FG 0.361 0.065 18.1 3 

KA 0.395 0.100 25.2 3 

ICR 0.383 0.078 20.3 3 

Control* 0.344 0.033 9.6 9 

Concrete 

NaCl+GLT 0.442 0.045 10.1 3 

CCB 0.472 0.064 13.5 3 

FG 0.455 0.058 12.6 3 

KA 0.442 0.070 15.9 3 

ICR 0.424 0.075 17.7 3 

Control* 0.388 0.051 13.2 12 

* Average control value for the storm scenario 
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Table 25: Mean COF Values - All Chemicals, All Storm Scenarios 

 

The combined mean values were compared with one another using a two-sample, 

two sided t-test. This statistical method utilizes the means, standard deviations, and 

sample size from each combination. The results from this test can be used to determine 

the p-value, which is an indicator that the means are similar or dissimilar. P-values range 

between zero and one, with p-values closer to zero indicating that the means are 

statistically less similar to one another and p-values closer to one indicating that the 

means are statistically more similar to one another. The results from these statistical tests 

are provided in Table 26 through Table 28. Table 26 provides the statistical p-value for 

cross-chemical examination regardless of the pavement type they were tested on. Table 

27 takes into consideration the pavement type they were tested on. The columns on the 

left side of the table indicate which variables were used to determine the composite mean 

values being compared. Italicized values are for concrete and non-italicized values are for 

asphalt. For example, the p-value to determine whether the mean friction value is the 

same between NaCl+GLT and KA for concrete is 0.25. This essentially indicates that 

when the values of the friction are randomly sampled from the entire data set, the means 

are equal 25 percent of the time. P-values for application rate comparison of friction 

Application Rates 
Pavement 

Type 
Mean  

St. 
Dev. 

COV N 

High 
Aspahlt 0.43 0.06 14.177 30 

Concrete 0.45 0.06 13.597 30 

Medium 
Aspahlt 0.45 0.07 15.664 30 

Concrete 0.45 0.07 14.765 30 

Low 
Aspahlt 0.45 0.08 18.529 30 

Concrete 0.44 0.07 14.996 30 
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values regardless of chemical type are provided in Table 28. As previously mentioned, 

the implications of these results are elaborated on in further detail in the discussion 

section in Chapter 4.  

 
Table 26: P-Values for Chemical to Chemical Comparisons of Friction, Regardless of Pavement 

Type 

 

 

 

 

 

 

 

Comparisons P-Value 

NaCl+GLT/CCB 0.357 

NaCl+GLT/FG 0.724 

NaCl+GLT/KA 0.896 

NaCl+GLT/ICR 0.614 

NaCl+GLT/Control 0.000 

CCB/FG 0.187 

CCB/KA 0.447 

CCB/ICR 0.112 

CCB/Control 0.000 

FG/KA 0.631 

FG/ICR 0.899 

FG/Control 0.000 

KA/ICR 0.523 

KA/Control 0.000 

ICR/Control 0.000 
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Table 27: P-Values Indicating if the Mean Friction Values are Similar 

III (P32-SA30) I (P14-SA14) High Medium Low NaCl+GLT CCB FG KA ICR Control
NaCL+GLT 0.816 0.000 0.000 0.250 0.005 0.034

CCB 0.167 0.000 0.000 0.000 0.269 0.001
FG 0.934 0.000 0.000 0.000 0.000 0.005
KA 0.904 0.000 0.501 0.005 0.000 0.026
ICR 0.628 0.000 0.000 0.000 0.000 0.006

Control 0.000 0.000 0.000 0.000 0.000 0.034

NaCL+GLT 0.727 0.612 0.685 0.520 0.867 0.066
CCB 0.881 0.782 0.944 0.758 0.447 0.093
FG 0.736 0.810 0.687 0.733 0.537 0.136
KA 0.774 0.851 1.000 0.567 0.422 0.486
ICR 0.357 0.331 0.450 0.543 0.596 0.022

Control 0.073 0.044 0.034 0.047 0.015 0.209

NaCL+GLT 0.447 0.421 0.315 0.548 0.904 0.195
CCB 0.019 0.006 0.662 0.817 0.399 0.006
FG 0.647 0.119 0.468 0.561 0.308 0.024
KA 0.576 0.100 0.954 0.704 0.563 0.020
ICR 0.693 0.049 0.909 0.850 0.737 0.000

Control 0.045 0.059 0.012 0.007 0.002 0.030

NaCL+GLT 0.916 0.313 0.114 0.092 0.210 na
CCB 0.407 0.071 0.422 0.423 0.662 na
FG 0.156 0.031 0.915 0.846 0.760 na
KA 0.370 0.075 0.470 0.396 0.858 na
ICR 0.300 0.064 0.622 0.825 0.793 na

Control na na na na na na

NaCL+GLT 0.493 0.070 0.621 0.613 0.073 na
CCB 0.353 0.353 0.962 0.606 0.648 na
FG 0.692 0.472 0.963 0.825 0.854 na
KA 0.596 0.672 0.838 0.544 0.476 na
ICR 0.506 0.045 0.174 0.165 0.091 na

Control na na na na na na

NaCL+GLT 0.330 0.526 0.663 0.561 0.712 na
CCB 0.497 0.840 0.775 0.173 0.729 na
FG 0.349 0.652 0.677 0.249 0.940 na
KA 0.793 0.847 0.614 0.317 0.284 na
ICR 0.433 0.807 0.843 0.726 0.890 na

Control na na na na na na

NaCL+GLT 0.231 0.522 0.600 0.350 0.754 na
CCB 0.805 0.546 0.939 0.256 0.487 na
FG 0.372 0.510 0.929 0.306 0.530 na
KA 0.488 0.683 0.484 0.043 0.894 na
ICR 0.654 0.877 0.349 0.603 0.296 na

Control na na na na na na

NaCL+GLT 0.448 - - - - na
CCB 0.669 - - - - na
FG 0.952 0.553 - - - na
KA 0.836 0.536 0.866 - - na
ICR 0.187 0.138 0.130 0.209 0.103 na

Control na na na na na na

NaCL+GLT 0.361 0.778 0.790 0.556 0.586 na
CCB 0.616 0.185 1.000 0.235 0.407 na
FG 0.823 0.761 0.327 0.237 0.559 na
KA 0.824 0.547 0.683 0.105 0.161 na
ICR 0.801 0.671 1.000 0.676 0.391 na

Control na na na na na na

NaCL+GLT 0.041 0.077 0.018 0.072 0.120 na
CCB 0.024 0.135 0.279 0.782 0.747 na
FG 0.298 0.092 0.938 0.158 0.193 na
KA 0.580 0.130 0.573 0.599 0.928 na
ICR 0.080 0.008 0.869 0.567 0.256 na

Control na na na na na na

NaCL+GLT 0.879 0.280 0.591 0.588 0.345 na
CCB 0.247 0.135 0.962 0.606 1.000 na
FG 0.685 0.170 0.931 0.825 0.965 na
KA 0.653 0.199 0.942 0.782 0.671 na
ICR 0.677 0.103 1.000 0.932 0.788 na

Control na na na na na na

NaCL+GLT 1.000 0.556 0.782 1.000 0.749 na
CCB 0.607 0.364 0.754 0.625 0.466 na
FG 0.176 0.369 0.160 0.823 0.616 na
KA 0.536 0.775 0.655 0.554 0.785 na
ICR 0.333 0.597 0.741 0.872 0.550 na

Control na na na na na na

Concrete

A
s
p

h
a
lt

Storm Scenario Application Rate

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt

A
s
p

h
a
lt



153 

 

 

Table 28: P-Values for Application Rate Comparison of Friction Values Regardless of Chemical 

Type 

 

 

Statistical Analysis of Temperature Values 

 

 

 Characterization of the overall shearing temperature reduction of the chemicals 

was accomplished by averaging the temperature data gathered by the data acquisition 

system during the experimental testing based on the variables of interest. A temperature 

was only recorded if a bond between the snow and pavement was formed; therefore, there 

is no data for asphalt at medium and high application rates and for concrete at high 

application rates because there was no bond. Like the statistical analysis described earlier, 

comparisons between the shearing temperatures also revealed differences in performance 

between chemicals. The same three variables were thought to affect the shearing 

temperature, namely, the pavement type (asphalt or concrete), the application rate (low, 

medium, or high), and the storm scenario (I (P14-SA14), II (P32-SA23), and III (P32-

SA30)). Each of the variables was used in various combinations to determine a single 

Comparisons P-Value 

High - Asphalt/Concrete 0.210 

Medium - Asphalt/Concrete 0.719 

Low - Asphalt/Concrete 0.433 

Asphalt - Low/Medium 0.671 

Asphalt - Low/High 0.158 

Asphalt - Medium/High 0.276 

Concrete - Low/Medium 0.441 

Concrete - Low/High 0.619 

Concrete - Medium/High 0.759 
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combined mean value that were compared between chemicals. Mean values from each of 

the chemicals plus the control was statistically compared to the others using mean, 

standard deviations, COV, and the number of samples, N. Equations 1, 2 and 3 in Chapter 

4 were used to calculate the combined mean, and standard deviation, and COV of a 

sorted group, respectively. Table 29 through Table 32 show the combined means of the 

chemicals. 

 
Table 29: Mean Temperature – All Pavements, All Application Rates, All Storm Scenarios 

 

 

 

 

Chemical  Mean  St. Dev. COV N 

NaCl+GLT 34.748 0.904 2.6 28 

CCB 34.434 1.069 3.1 28 

FG 34.165 0.802 2.3 28 

KA 34.020 0.979 2.9 28 

ICR 34.453 1.084 3.1 28 

Control 37.354 1.301 3.5 59 
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Table 30: Mean Temperature –All Application Rates, All Storm Scenarios 

 

 

 

 

 

 

 

 

 

 

Pavement Type Chemical  Mean  St. Dev. COV N 

Asphalt 

NaCl+GLT 34.93 0.71 2.0 9 

CCB 34.17 0.69 2.0 9 

FG 34.44 0.83 2.4 9 

KA 34.69 1.01 2.9 9 

ICR 1.50 0.23 15.5 9 

Control 37.13 1.39 3.8 30 

Concrete 

NaCl+GLT 34.66 0.99 2.9 19 

CCB 34.41 0.98 2.9 19 

FG 34.03 0.77 2.3 19 

KA 33.70 0.81 2.4 19 

ICR 34.34 1.29 3.8 19 

Control 37.23 1.22 3.3 29 
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Table 31: Mean Temperature –All Application Rates 

 

Storm Scenarios Pavement Type Chemical  Mean  St. Dev. COV N 

I (P14-SA14) 

Asphalt 

NaCl+GLT 35.640 0.792 2.2 3 

CCB 34.119 0.859 2.5 3 

FG 35.149 0.390 1.1 3 

KA 35.316 0.831 2.4 3 

ICR 34.980 0.278 0.8 3 

Control 37.790 0.356 0.9 12 

Concrete 

NaCl+GLT 35.512 0.390 1.1 7 

CCB 34.720 0.677 2.0 7 

FG 34.281 0.586 1.7 7 

KA 33.747 0.914 2.7 7 

ICR 35.136 1.451 4.1 6 

Control 37.746 0.649 1.7 8 

II (P32-SA23) 

Asphalt 

NaCl+GLT 34.332 0.279 0.8 3 

CCB 34.755 0.413 1.2 3 

FG 34.612 0.648 1.9 3 

KA 34.257 0.153 0.4 3 

ICR 34.221 0.235 0.7 3 

Control 35.794 0.337 0.9 9 

Concrete 

NaCl+GLT 34.473 0.420 1.2 6 

CCB 34.153 0.727 2.1 6 

FG 34.176 0.880 2.6 6 

KA 33.522 0.815 2.4 6 

ICR 33.522 0.843 2.5 6 

Control 35.986 0.681 1.9 9 

III (P32-SA30) 

Asphalt 

NaCl+GLT 34.833 0.079 0.2 3 

CCB 33.623 0.172 0.5 3 

FG 33.569 0.519 1.5 3 

KA 34.489 1.550 4.5 3 

ICR 34.891 0.225 0.6 3 

Control 38.817 1.081 2.8 9 

Concrete 

NaCl+GLT 34.027 1.322 3.9 6 

CCB 34.415 1.477 4.3 6 

FG 33.619 0.756 2.3 6 

KA 33.874 0.815 2.4 6 

ICR 34.350 1.140 3.3 7 

Control 37.996 1.196 3.1 10 
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Table 32: Mean Temperature Values 

 

Storm Scenario Application Rates Pavement Type Chemical Mean St. Dev. COV N
NaCl+GLT 35.464 0.278 0.8 3

CCB 34.438 0.895 2.6 3
FG 33.893 0.432 1.3 3
KA 33.116 0.425 1.3 3
ICR 33.946 0.256 0.8 3

Control na na na na
NaCl+GLT 35.640 0.792 2.2 3

CCB 34.119 0.859 2.5 3
FG 35.149 0.390 1.1 3
KA 35.316 0.831 2.4 3
ICR 34.980 0.278 0.8 3

Control* 37.790 0.356 0.9 9
NaCl+GLT 35.561 0.544 1.5 3

CCB 35.002 0.326 0.9 3
FG 34.669 0.470 1.4 3
KA 34.377 0.844 2.5 3
ICR 36.325 0.976 2.7 3

Control* 37.746 0.649 1.7 9
NaCl+GLT 34.205 0.380 1.1 3

CCB 33.508 0.293 0.9 3
FG 33.644 0.685 2.0 4
KA 32.713 0.278 0.8 3
ICR 32.988 0.392 1.2 3

Control na na na na
NaCl+GLT 34.332 0.279 0.8 3

CCB 34.755 0.413 1.2 3
FG 34.612 0.648 1.9 3
KA 34.257 0.153 0.4 3
ICR 34.221 0.235 0.7 3

Control* 35.794 0.337 0.9 12
NaCl+GLT 34.674 0.360 1.0 4

CCB 34.637 0.520 1.5 4
FG 34.885 0.548 1.6 3
KA 34.129 0.364 1.1 4
ICR 34.055 0.877 2.6 3

Control* 35.986 0.681 1.9 8
NaCl+GLT 32.846 0.422 1.3 3

CCB 33.120 0.270 0.8 3
FG 32.960 0.266 0.8 3
KA 33.162 0.223 0.7 3
ICR 33.397 0.679 2.0 3

Control na na na na
NaCl+GLT 34.833 0.079 0.2 3

CCB 33.623 0.172 0.5 3
FG 33.569 0.519 1.5 3
KA 34.489 1.550 4.5 3
ICR 34.891 0.225 0.6 3

Control* 38.817 1.081 2.8 9
NaCl+GLT 35.208 0.071 0.2 3

CCB 35.709 0.591 1.7 3
FG 34.278 0.238 0.7 3
KA 34.587 0.299 0.9 3
ICR 35.303 0.242 0.7 4

Control* 37.996 1.196 3.1 10
* Average control value for the storm scenario

III (P32-SA30)

Medium Concrete

Low

Asphalt

Concrete

I (P14-SA14)

Medium Concrete

Low

Asphalt

Concrete

II (P32-SA23)

Medium Concrete

Low

Asphalt

Concrete
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 Table 33 and Table 34 show the statistical results in the form of p-values from the 

temperature analysis. Relevant implications of these results were elaborated on in further 

detail in the discussion section in Chapter 4. The columns on the left side of the table 

indicate which variables were used to determine the composite mean values being 

compared. Italicized values are for concrete and non-italicized values are for asphalt.  

 
Table 33: P-Values for Chemical to Chemical Comparisons of Temperature Regardless of 

Pavement Type  

Comparisons P-Value 

NaCl+GLT/CCB 0.196 

NaCl+GLT/FG 0.014 

NaCl+GLT/KA 0.006 

NaCl+GLT/ICR 0.268 

NaCl+GLT/Control 0.000 

CCB/FG 0.241 

CCB/KA 0.104 

CCB/ICR 0.943 

CCB/Control 0.000 

FG/KA 0.548 

FG/ICR 0.258 

FG/Control 0.000 

KA/ICR 0.119 

KA/Control 0.000 

ICR/Control 0.000 
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Table 34: P-Values Indicating Whether the Mean Temperatures are Similar 

III II I Medium Low NaCl+GLT CCB FG KA ICR Control
NaCL+GLT 0.411 0.448 0.036 0.003 0.384 0.000

CCB 0.034 0.448 0.193 0.021 0.833 0.000
FG 0.198 0.454 0.234 0.210 0.377 0.000
KA 0.556 0.220 0.583 0.024 0.075 0.000
ICR 0.405 0.070 0.430 0.978 0.000 0.000

Control 0.000 0.000 0.000 0.000 0.000 0.768

NaCL+GLT 0.641 0.385 0.489 0.028 0.047 0.000
CCB 0.238 0.149 0.958 0.155 0.182 0.000
FG 0.563 0.768 0.424 0.177 0.201 0.001
KA 0.711 0.189 0.454 0.062 0.999 0.000
ICR 0.635 0.147 0.430 0.838 0.107 0.000

Control 0.004 0.056 0.092 0.000 0.001 0.479

NaCL+GLT 0.817 0.042 0.003 0.005 0.566 0.000
CCB 0.109 0.367 0.260 0.065 0.545 0.000
FG 0.437 0.199 0.039 0.262 0.229 0.000
KA 0.659 0.181 0.782 0.061 0.083 0.000
ICR 0.306 0.240 0.585 0.575 0.810 0.006

Control 0.045 0.019 0.002 0.038 0.000 0.860

NaCL+GLT 0.197 0.643 0.533 0.816 0.639 0.000
CCB 0.008 0.252 0.279 0.459 0.932 0.000
FG 0.053 0.878 0.911 0.588 0.174 0.000
KA 0.738 0.438 0.433 0.586 0.377 0.000
ICR 0.712 0.082 0.056 0.700 0.233 0.000

Control 0.000 0.000 0.000 0.049 0.000 0.742

NaCL+GLT - 0.321 0.161 0.019 0.125 na
CCB - - 0.592 0.031 0.458 na
FG - - - 0.038 0.802 na
KA - - - - 0.071 na
ICR - - - - - na

Control na na na na na na

NaCL+GLT 0.794 0.957 0.333 0.158 0.965 na
CCB 0.289 0.194 0.427 0.228 0.939 na
FG 0.535 0.722 0.808 0.588 0.559 na
KA 0.780 0.555 0.795 0.673 0.388 na
ICR 0.691 0.368 0.707 0.990 0.620 na

Control na na na na na na

NaCL+GLT 0.230 0.911 0.602 0.086 0.368 na
CCB 0.238 0.755 0.577 0.170 0.382 na
FG 0.563 0.768 0.616 0.130 0.258 na
KA 0.711 0.189 0.454 0.559 0.903 na
ICR 0.635 0.147 0.430 0.838 0.781 na

Control* na na na na na na

NaCL+GLT 0.896 0.225 0.121 0.134 0.321 na
CCB 0.109 0.238 0.387 0.354 0.156 na
FG 0.437 0.199 0.267 0.637 0.118 na
KA 0.659 0.181 0.782 0.263 0.079 na
ICR 0.306 0.240 0.585 0.575 0.148 na

Control na na na na na na

NaCL+GLT 0.009 0.282 0.023 0.073 0.624 na
CCB 0.008 0.028 0.060 0.099 0.207 na
FG 0.053 0.878 0.164 0.256 0.053 na
KA 0.738 0.438 0.433 0.924 0.195 na
ICR 0.712 0.004 0.056 0.700 0.574 na

Control na na na na na na

NaCL+GLT - 0.087 0.241 0.012 0.031 na
CCB - - 0.739 0.042 0.163 na
FG - - - 0.070 0.186 na
KA - - - - 0.394 na
ICR - - - - - na

Control na na na na na na

NaCL+GLT - 0.199 0.013 0.004 0.006 na
CCB - - 0.442 0.147 0.456 na
FG - - - 0.113 0.866 na
KA - - - - 0.063 na
ICR - - - - - na

Control na na na na na na

NaCL+GLT - 0.413 0.718 0.491 0.318 na
CCB - - 0.518 0.990 0.579 na
FG - - - 0.593 0.320 na
KA - - - - 0.587 na
ICR - - - - - na

Control na na na na na na
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