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Research idea: Local agencies, i.e. counties and townships, are experiencing difficulties in obtaining road slat for snow and ice control. Cost and availability are issues, as is the corrosiveness of salt on vehicles, pavements, and bridge decks. 
The Harrison County Engineer’s Office has been advised that urea may be a viable substitute for road salt, and has been used with some success. It has been suggested that gas processing plants under construction in Southeastern Ohio might be possible sources of manufactured urea. 
Urea, as well as other alternatives to rock salt would like to be considered as possible options to use for snow and ice control.
Summary: The usage of urea (carbamide) as a snow and ice control substance was searched in all available databases yielding eight research reports. Urea has been used as a deicer for airports, although runoff is reportedly an environmental concern. Many states are attempting to discover a viable alternative to the use of road salt. Though few full research reports are scarce, some salt alternatives in the experimental state (as reported in the news media) have been listed at the end of this search.

Possibilities for the Use of Chemicals Materials Alternative to Chlorides for Decreasing Road Slipperiness in Winter
Having assessed in various aspects the study materials (salts), used for road maintenance in a cold period of the year, and taking a special consideration of the impact of these materials (salts) on the environment as well as their price, it could be stated that the most acceptable alternative for Lithuania is the already used sodium and calcium chloride salts. A large disadvantage of two materials (sodium chloride and calcium chloride) is that chloride ions strongly increase the speed of corrosion reactions of metals. Larger concentrations of chlorides aggravate vegetation processes and, thus, cause damage to roadside plants. Having assessed all the materials (salts) according to their chemical and physical properties and also according to their price and availability from technological point of view in the production, at present the following compounds could be distinguished: carbamide and calcium magnesium nitrates. When using calcium nitrate fewer chlorides get into the environment and the environment is less corrosive in regard to metals, however, here another problem occurs. If too large concentrations get into the environment, nitrates can cause pollution of ground water and soil. In future, having expanded the production of calcium and magnesium nitrates, it will be possible to start producing certain mixtures, e.g. carbamide with those nitrates or the mixture of carbamide, calcium, magnesium nitrates and calcium chloride, and, thus, to reduce a direct use of chlorides.
Laurinavicius, Alfredas
Mazeika, Romas
Vaiskunaite, Rasa
Brimas, Gintautas
Milasius, Sarunas
pp 274-282
2011
Baltic Journal of Road and Bridge Engineering
Volume: 6
Issue Number: 4
Publisher: Vilnius Gediminas Technical University

Assessing the Impact of Pavement De-icing Products on Aircraft and Airfield Infrastructure
http://www.coe.montana.edu/me/faculty/Shi/AirportDeicers.pdf
In the mid-1990s, airports worldwide started to introduce new types of alkali-metal-salt based pavement deicing products (PDPs) to mitigate the environmental concerns of the previously used urea and glycol-based PDPs. While improvements to the operational and environmental quality of airport winter maintenance activities were seen, a significant number of field reports began to surface regarding the unintended consequences of these new PDPs, including the catalytic oxidation of carbon-carbon brakes, cadmium corrosion, PDP interaction with aircraft deicing and anti-icing fluids, asphalt and concrete deterioration, and the corrosion to airfield electrical infrastructure and ground support equipment. The Airport Cooperative Research Program therefore began research to collect data on PDP usage and review the damage associated with these new PDPs. This paper summarizes that research effort.
Friedman, Paul L.
Shi, Xianming
pp 223-237
2009
Journal of Airport Management 
Volume: 3
Issue Number: 3
Publisher: Henry Stewart Publications

Aquatic Toxicity of Airfield-Pavement Deicer Materials and Implications for Airport Runoff
http://pubs.acs.org/doi/pdfplus/10.1021/es8017732
Concentrations of airfield-pavement deicer materials (PDM) in a study of airport runoff often exceeded levels of concern regarding aquatic toxicity. Toxicity tests on Vibrio fischeri, Pimephales promelas, Ceriodaphnia dubia, and Pseudokirchneriella subcapitata (commonly known as Selenastrum capricornutum) were performed with potassium acetate (K-Ac) PDM, sodium formate (Na-For) PDM, and with freezing-point depressants (K-Ac and Na-For). Results indicate that toxicity in PDM is driven by the freezing-point depressants in all tests except the Vibrio fisheri test for Na-For PDM which is influenced by an additive. Acute toxicity end points for different organisms ranged from 298 to 6560 mg/L (as acetate) for K-Ac PDM and from 1780 to 4130 mg/L (as formate) for Na-For PDM. Chronic toxicity end points ranged from 19.9 to 336 mg/L (as acetate) for K-Ac PDM and from 584 to 1670 mg/L (as formate) for Na-For PDM. Sample results from outfalls at General Mitchell International Airport in Milwaukee, WI (GMIA) indicated that 40% of samples had concentrations greater than the aquatic-life benchmark for K-Ac PDM. K-Ac has replaced urea during the 1990s as the most widely used PDM at GMIA and in the United States. Results of ammonia samples from airport outfalls during periods when urea-based PDM was used at GMIA indicated that 41% of samples had concentrations exceeding the U.S. Environmental Protection Agency (USEPA) 1-h water-quality criterion. The USEPA 1-h water-quality criterion for chloride was exceeded in 68% of samples collected in the receiving stream, a result of road-salt runoff from urban influence near the airport. Results demonstrate that PDM must be considered to comprehensively evaluate the impact of chemical deicers on aquatic toxicity in water containing airport runoff.
Corsi, S. R.
Geis, S. W.
Bowman, G.
Failey, G. G.
Rutter, T. D.
pp. 40-46
2009
Environmental Science & Technology 
Volume: 43
Issue Number: 1
Publisher: American Chemical Society

Use of Geosynthetics in Deicing Facilities at the Cleveland Airport

http://geosyntheticsmagaz.../0607gs_digitaledition.pdf

This article discusses the use of geosynthetic materials, specifically plastic-laminated clay liners (GCL), aggregate-filled cellular confinement systems, nonwoven geotextiles, and high-density polyethylene (DHPE) pipe- in the construction of Cleveland-Hopkins International Airport’s (CLE) new deicing facility. One immediate cause of concern that stimulated improved deicing methods came from the Ohio Environmental Protection Agency (OEPA), which criticized GCL for its deicing runoff (from fluids such as ethylene glycol, propylene glycol, and urea) into the nearby Abram and Silver creeks. The GCL used was needlepunch-reinforced sodium bentonite encapsulated between both woven and unwoven textiles and was implemented as a hydraulic barrier layer for the pavement of the deicing area. The project is an example of mediating between environmental protection and minimizing functionality loss due to delays.
Petno, Daniel
Athanassopoulos, Chris
pp. 16-23
Geosynthetics 
Volume: 25
Issue Number: 3
Publisher: Industrial Fabrics Association International

The Effect of Deicing Chemicals on Turfgrass
http://www.ossian.com/pdf/IowaTurfStudy-full.pdf
Runoff from deicing products applied to paved surfaces may result in turf grass injury. The purpose of this study was to assess the level of damage caused by several common deicer products. The study was conducted on an established stand of common Kentucky bluegrass (Poa pratensis L.) at the Iowa State University Research Station north of Ames, Iowa. Treatments containing 30 percent urea + 70 percent calcium chloride, 50 percent urea + 50 percent calcium chloride, 67 percent urea + 33 percent calcium chloride, potassium chloride, urea, rock salt, Safe Step (50 percent rock salt + 50 percent potassium chloride), magnesium chloride, and calcium chloride pellets were evaluated. It was found that urea at rates greater than 610 grams/square meter/year, and rock salt greater than 2440 grams/square meter/year can cause severe vegetation loss and poor re-establishment of turf from seeding.
Minner, D. D.
Bingaman, B. R.
Gall, J. A.
p. 529-537
1998
Xth PIARC International Winter Road Congress 
Location: Lulea, Sweden 
Date: 1998-3-16 to 1998-3-19
Sponsors: Permanent International Association of Road Congresses

Liquid Glycol and Formanide Urea Based Ice Control Chemicals
This document reports on field effectiveness evaluations of commercial and military specification liquid ice control chemicals as runway and taxiway anti-icing and deicing agents. The formulations tested were approved as being non-deleterious to aircraft metals and plastics. The chemicals evaluated were determined to be less effective as deicers than urea for temperatures above 15 degrees Fahrenheit, and more effective below. Deicing effectiveness was variable. Chemical effectiveness as anti-icers was more predictable. The chemicals proved effective in preventing ice formulation up to a water: chemical dilution ratio of 8:1. Based on investigations requested and/or sponsored by the Controlling Office, the chemicals should not be applied to non-air entrained Portland cement concretes, nor should they be used without consideration of their effects on the environment. Results reported by other investigators indicate that care should be exercised to insure against excessive traction losses due to the application of liquid ice control chemicals.
54 p.
Rice, R.R.
Air Force Civil Engineering Center
Tyndall AFB, FL 32401 United States
1974
Effects of Runway Deicers on Pavement Materials and Mixes: Comparison with Road Salt


This paper presents a study aimed at comparing the destructive effect of newly introduced deicing chemicals, such as potassium acetate and sodium formate, with urea and ordinary road salts on the durability of pavement construction aggregates and asphalt concrete when subjected to freeze-thaw cycles while submerged in solutions of different concentrations. The destructive effect of each deicer on aggregates was fixed in terms of percent weight loss due to breakdown. For pavement samples, it was quantified by weight and density loss, change in mechanical properties, variation in the penetration of recovered asphalt, and variation in the gradation of recovered aggregates. Test results showed that for all deicers, the critical concentration causing the greatest damage to the aggregate was in the 1-2% range, and for all deicers the quartzite aggregate suffered more damage than the limestone. It was also found that road salt produced comparable damage to that caused by other deicers to quartzite, while the damage was markedly less for limestone aggregates. In the case of asphalt concrete samples, it was found that conditioning asphalt samples using freeze-thaw cycles in the presence of a deicer solution caused a decrease in the indirect tensile strength and modulus of elasticity and an increase in the penetration values of the recovered asphalt cement. Test results also showed that the maximum damage was caused by urea, while the damage due to the other deicers was comparable to that of distilled water.
p. 385-391
Hassan, Y.
El Halim, A.O.A.
Razaqur, A. G.
Bekheet, W.
Farha, M. H.
Journal of Transportation Engineering
Volume: 128
Issue Number: 4
Publisher: American Society of Civil Engineers
2002
Current Deicing Practices and Alternative Deicing Materials
http://www.michigan.gov/documents/ch2-deice_51438_7.pdf
Urea currently is not in use as a road deicer except in the State of Washington, but it is used on airport runways because it is less corrosive than road salt to aluminum airplane bodies. Urea is an organic compound, which degrades by hydrolysis to ammonia and then is converted to nitrate by soil microorganisms.
Although urea itself has relatively low toxicity insofar as terrestrial and aquatic life are concerned, ammonia and nitrate do pose environmental problems.” The toxicity of ammonia to aquatic life is relatively high. One study finds that when exposed to as little as l-10 ppm of ammonia, 50 percent of the aquatic biota present will die.
The other by-product of urea, nitrate, is basically a fertilizer and potentially can contaminate drinking water supplies. High nitrate levels also stimulate algal growth in aquatic systems and accelerate eutrophication. In addition, nitrate levels above 1Oppm in drinking water impair the ability of humans to transport oxygen in the blood; this is especially the case with infants and can result in methoglobinemia, or “blue baby syndrome.”

Additional Options for Snow and Ice Control
Environmental Impacts of Oil and Gas Brine Applications for Dust and Ice Control in New York
Research in Progress Project 36734
http://www.utrc2.org/rese...-impacts-oil-and-gas-brine
Transportation agencies are required to treat roads for dust and ice control to ensure adequate safety for travelers. This is commonly achieved through application of solid and liquid chemicals. These materials can be conventional rock salt, brine from rock salt, natural brine, or oil and gas brine. Due to the high cost of treating roads for the removal of snow and ice, in states with active oil and gas wells such as New York, the potential for using this brine to control dust or ice on roads is currently being explored. Environmental concerns exist over the use of conventional oil and gas brines due to their potential high total dissolved solids and metals concentrations. They can also be elevated in organic compounds and can contain certain chemical additives. In 2012, New York State production of natural gas was 26.4 billion cubic feet while oil production was 394,507 barrels. It has been estimated that 30 percent of the brine produced alongside the oil and gas is disposed of via road spreading. Although unconventional natural gas drilling in the Marcellus Shale in New York State is currently not permitted, the extraction of Marcellus Shale gas is allowed in other states (e.g., Pennsylvania) where the associated unconventional brine is used for road spreading. If conventional or unconventional oil and gas brine is applied to roadways for dust or ice control, there is the potential for runoff to impact receiving water or roadside soil. The environmental impact of the leaching of chemical components from soil impacted with oil and gas brine applied for transportation purposes is unknown. The objective of this work is to determine the potential for chemicals found in oil and gas brine to leach from soil to groundwater. Leaching studies will be conducted to compare conventional oil and gas brine and unconventional oil and gas brine. A literature review will be conducted to determine the volume and chemical characteristics of brine applied to roadways for dust or ice control. The chemicals of concern will be identified and the leaching potential of these chemicals will be determined through toxicity characteristic leaching (TCLP) tests and synthetic precipitation leaching (SPLP) tests. This work will provide local and national transportation agencies with important data regarding the environmental impacts of oil and gas brine applications.
Research and Innovative Technology Administration
University Transportation Centers Program
Washington, DC 20590 USA

University Transportation Research Center
City College of New York
Marshak Hall, Suite 910, 160 Convent Avenue
New York, NY 10031 USA

Principal Investigator:  Wilson, Jessica

Start date: 2014-08-01


End date: 2015-10-31
=====================================================================================

Bio-based Renewable Additives for Anti-Icing Applications
Center for Environmentally Sustainable Transportation in Cold Climates
Research in Progress Project 37223
Relative to de-icing and sanding, anti-icing leads to improved level of service (LOS), reduced need for chemicals, and associated cost savings and safety and mobility benefits. Yet, the anti-icers available on the market are plagued by growing concerns over their corrosion to metals (chlorides), impact on concrete and asphalt (acetates), toxicity to the aquatic resources (agro-based products), etc. Agencies are constantly seeking for alternatives that maximize the benefits of acetates and agro-based products while minimizing their drawbacks. Meanwhile, research is needed for value-added utilization of desugared beet molasses and glycerol, which are the principal by-product of beet sugar refining and biodiesel production, respectively. The objective of this project is to develop innovative anti-icing formulations for snow and ice control on highways, using beet sugar refining by-products, glycerol, and other bio-based additives for freezing-point suppression, performance enhancement, and corrosion inhibition. This project will produce at least one paper for presentation at the Transportation Research Board (TRB) annual meeting and publication in a peer-reviewed journal. One patent application will be filed out of this project. Building on the success of this research, field operational tests will be conducted as part of a follow-up study. The team will work closely with transportation agencies to field test the new "green" anti-icers. The project fits under the Center for Environmentally Sustainable Transportation in Cold Climates (CESTiCC) research thrust of "reducing environmental impacts during construction, operations and preservation through effective design, management and preservation strategies". It also meets the United States Department of Transportation (USDOT) strategic goal in environmental sustainability as it helps "advance environmentally sustainable policies and investments that reduce harmful emissions from transportation sources". Development of alternative anti-icing products serves the public interest, as such research is expected to generate significant cost savings for the DOTs and other maintenance agencies, traveler benefits in terms of improved safety and mobility, and societal benefits in reducing the amount of chlorides into the environment. The use of alternative products will greatly reduce corrosion and environmental impacts from winter roadway operations. This work provides maintenance agencies with more options in their snow and ice control toolbox for sustainable winter road service. The exploration of bio-based renewable additives for anti-icing applications would also add value to agricultural by-products and stimulate the local economy (e.g., the $50+ million Montana beet sugar industry).
Minnesota Department of Transportation
Transportation Building
395 John Ireland Boulevard
St Paul, MN 55155 United States

Washington State University, Pullman
Pullman, WA 99164 United States

Start date: 20140915
End date: 20151215
Snow and Ice Control at Extreme Temperatures
http://on.dot.wi.gov/wisd.../tsrsnowremovcoldtemps.pdf
Using salt to clear snow and ice from roadways is effective at temperatures of about 10 F or higher. At lower temperatures, higher volumes of salt are required, and its use becomes less cost-effective. When the temperature gets extremely low, state agencies tend to plow the roads, rely on abrasives, and/or use high volumes of salt. In more urban areas with high traffic volumes, abrasives are less effective and other strategies can result in overuse of salt, equipment, and manpower. The Clear Roads winter maintenance pooled fund is interested in identifying additional strategies for maintaining roads in extreme temperatures, including preventing blowing and drifting. As a member state in the Clear Roads pooled fund, Wisconsin DOT asked for a review of existing research and other states’ practices in this area as a precursor to a full-scale research project. As expected, most state and provincial DOTs are using traditional methods to prevent and remove snow and ice at very low temperatures. In addition to a review of current research, six winter maintenance professionals at state and provincial DOTs with cold climates were represented, including Maine, Ontario, Alberta and Manitoba. The most innovative strategy in use among these agencies is the hot-water sand spreader being tested by the Ontario Ministry of Transportation. Originally developed in Europe, the spreader delivers sand that is pre-wetted with hot water (about 200 F). This technology is designed to keep sand on the road for much longer than conventional sand spreading techniques. Norway has also tested the use of hot water as a pre-wetting agent for salt, and one article about this research noted that testing was planned to assess how this technique affects the temperature limits of salt application. Other strategies identified that may be less common include constructing snow ridges rather than snow fences to control blowing and drifting; and for areas where snow storage is required, use of an in-traffic loading technique that minimizes lane closures.
CTC & Associates LLC
4805 Goldfinch Drive
Madison, WI 53714 USA
Wisconsin Department of Transportation
Bureau of Highway Operations, 4802 Sheboygan Avenue, P.O. Box 7986
Madison, WI 53707-7986 USA

Wisconsin Department of Transportation
Research and Library Services, 4802 Sheboygan Avenue
Madison, WI 53707 USA

8p.

2011

Background on the hot-water sand spreader

[bookmark: _GoBack]The hot-water sand spreader was developed in Europe and used successfully there, and has been tested in recent years by the Ontario Ministry of Transportation. The spreader discharges sand mixed with water that has been heated to 95 C [203 F], a technique that is designed to cause the sand to stay on the road for an extended time. Max Perchanok of Ontario MTO reports that his agency’s initial assessments of the technology were favorable, but that in the winter of 2010-2011, the agency carried out traction monitoring that did not demonstrate much improvement over conventional sanding. Perchanok noted that the road does continue to appear brown where the sand was deposited, and said staff theorized that the sand could be staining the snow but not staying in place. Perchanok still thinks the hot-water sander concept is sound, and he isn’t sure yet what his agency’s next step will be. The agency is exploring using the same grade of sand that has achieved successful results in the sander in Europe, and is evaluating the methodology of the traction monitoring performed this year.

The sander is manufactured in Sweden by Falköping, and is distributed in Ontario by Gin-Cor Industries see http://www.gincor.com/index.php?page=test-2

Additional information on the hot-water sander:

Product brochure:
www.friggeraker.se/gb/userfiles/images/FRIGG_LTFV_GB_100210_LR.pdf

Making Sand Last: MTO Tests Hot-Water Sander
Ontario MTO Road Talk, Summer 2008.
www.mto.gov.on.ca/english/transtek/roadtalk/rt14-2/#a5

Sustainable Winter Sanding with Pre-wetting
Max Perchanok, et. al
2010 Annual Conference of the Transportation Association of Canada
www.tac-atc.ca/english/resourcecentre/readingroom/conference/conf2010/docs/m1/perchanok.pdf

Implementation of New Sanding Method in Norway
Torgeir Vaa
Transportation Research Circular EC063,
Sixth International Symposium on Snow Removal and Ice Control Technology, pages 473-486, June
2004 
http://onlinepubs.trb.org/onlinepubs/circulars/ec063.pdf
An in-depth description of Norway’s first several years using the hot-water sander and refining its development.

Winter Friction Project in Norway
Jon Dahlen, Torgeir Vaa
Transportation Research Record: Journal of the Transportation Research Board, No. 1741, pages 34-41, 2001 
http://trid.trb.org/view.aspx?id=688954
The initial development of the hot-water sander as part of Norway’s Winter Friction
Project in the late 1990s.
====================================================================================
Calcium Magnesium Acetate as Lower-Production Cost: Production of CMA Deicer from Cheese Whey
http://ntl.bts.gov/lib/21000/21900/21927/PB99148991.pdf
Also:
Say 'cheese!'
http://www.pwmag.com/deicing-and-antiicing/city-officials-say-cheese-in-snowfighting-effort_o.aspx
p72
Spinner, Jenni
2014
Public Works
Volume: 145
Issue Number: 1
Publisher: Hanley Wood
Chloride Cocktail: Department in Illinois Finds Good Results Mixing Their Own Deicer/Anti-Icer
http://www.roadsbridges.com/Chloride-Cocktail-article7214
UC Berkeley Transportation Library
Though it has not previously been popular on a large scale, liquid use in anti-icing operations is becoming a fixture in some communities, especially those in Iowa. Among the first is the McHenry County Division of Transportation (MCDOT) which began to switch between brine and liquid calcium chloride for anti-icing operations depending on the temperature conditions. Switching between the two proved inefficient and thus MCDOT set out to find a new mixture of brine and liquid calcium chloride that would be suitable for all conditions. A successful mixture was found that included 85 percent brine, 10 percent De-ice, and 5 percent calcium chloride. MCDOT has decided to integrate use of the new mix with its local weather service's maintenance decision support system (MDSS).
pp 50-52
DeVries, R Mark
Hodne, Bret
2006
Roads & Bridges
Volume: 44
Issue Number: 8
Publisher: Scranton Gillette Communications
Strategies for Snow and Ice Control at Extreme Temperatures: A Review of Current Practices


Prepared for the TRB 2014 Annual Meeting and Transportation Research Record 39 Sponsoring committee: Surface Transportation Weather (AH010)
‘This study includes results from survey sent to US DOTs. The survey was conducted 121 through the SNOW-ICE listserv, Survey Monkey and a LinkedIn group. The survey was 122 distributed on June 5, 2012 and responses were collected until July 11, 2012. The respondents 123 primarily work for Department of Transportation (DOT) group (not exclusively) at the 124 headquarters or district/region/station level, representing 23 states and four countries.’
Extremely cold winter storms (below about 10°F) bring about different considerations for taking care of roads than warmer winter storms, where granular salt and salt brine are cost-effective measures of melting snow and ice when used in combination with other operations (e.g., plowing). At temperatures lower than about 10°F, either extremely large quantities of salt are needed or no amount of salt can melt snow or ice pack. Chemical usage is of a widely used technique with various modifications (using deicers in daylight hours only, mixing salt with MgCl2, CaCl2, and/or agriculture by-products, and using high application rates) during extreme cold conditions. Additionally, plowing is still the ubiquitous and popular snow removal techniques in extreme cold conditions. Despite their environmental and hidden costs (air pollution, sedimentation, spring cleanup & disposal), abrasives are frequently used during extreme temperatures to provide temporary traction in low traffic volume and rural roads. In spite of high cost, pavement treatments offer the benefit of reducing chemical usage and associated environmental toll, enhancing agency preparedness, and quicker recovery to bare pavement. Weather forecasting system need to be better utilized in predicting the cold weather temperatures for better preparedness. Innovative strategies continue to be tested at severe temperatures, but agencies are reluctant to use due to its higher cost especially at places of uncommon extreme cold conditions. More research needs to be done to combine innovative strategies with traditional strategies keeping cost reduction as a main factor.

Strange Brew
http://www.pwmag.com/flooring/strange-brew.aspx
Made from rum and vodka byproducts, Magic Minus Zero (Sears Ecological Applications Company, Rome, New York) contains no alcohol. Road departments, mostly in the Northeastern states, have been using the liquid deicer for several years. The substance can be applied directly to pavement before a snowstorm, or sprayed onto rock salt to neutralize the salt's corrosive nature and double the salt's impact. It melts snow and ice in temperatures to -35° F.
The liquid, which is formulated from the leftovers of rum-making, is such an effective additive that Pat Doherty, Director of Public Works (Pingree Grove, Illinois), said the town has used 40 percent less salt as it could have under similar weather conditions.
Vodka Leftovers Can Help Make Driving Safer by Removing Highway Snow
https://time.com/3601722/vodka-road-salt-highway-snow/
Against the use of Urea: 
· New Jersey prohibits sale and use as a deicer; for years, 
· Vermont state airports used a urea-based deicer, since salt corrodes aircraft. But the urea was also harming groundwater and has since been discontinued.
Material Safety Data Sheet (MSDS) Urea
http://meltsnow.com/development2010/wp-content/uploads/2010/08/UREA_MSDS_MSWS.pdf

According to MeltSnow.com, ‘like any deicer used in excess, products with urea can burn vegetation and cause damage. Also called carbamide, urea is often used in areas where chlorides cannot be tolerated at all, such as on elevated walkways and in airports. While it works extremely well as a fertilizer ingredient, it is only moderately effective as an ice melter. As the old saying goes, as an ice melt chemical it’s better than nothing – but not by much. Our experience is that urea provides as much traction from not melting as it does provide melting of snow and ice.’
http://meltsnow.com/products/urea-and-kcl/

Avoid Products that Contain Urea. Urea has been recommended as a safer alternative, reasoning that it does not contain chlorides and, as a form of nitrogen, will help fertilize your yard when it washes off. However, urea-based deicing products are a poor choice as it is fairly expensive and performs poorly when temperatures drop below 20 degrees F. The application rate for urea during a single deicing is ten times greater than that needed to fertilize the same area of your yard, and ultimately, very little of the urea will actually get onto your lawn, but will end up washing into the street and storm drain and eventually to the nearest lake or stream. Given that nitrogen is a problem for surface water resources, it doesn’t make sense to use nitrogen-based products for de-icing. From http://renewtherock.com/road-salt-and-de-icers/

===================================================================
Salt Alternatives in the News
Hamilton County, Ohio: mixes its salt with gritty, non-toxic ash left over from coal-fired power plants. 
http://online.wsj.com/news/articles/SB123084701287847257
Allen County, Ohio: sand and stone mixed with salt at ratio of 3:1 (ratio 2:1 last year).
Putnam County, Ohio: is having a company treat stone with liquid calcium chloride.
Auglaize County, Ohio: uses sand sprayed with beet juice. Salt is good down to 20 degrees, then beet juice is used which is good when temps fall below zero. Apply ay 6 gallons per 1.5 miles of roadway. They have reduced their salt use down by 20% with this method.
Tennessee: has used a substance called Magic Salt which is made from potato juice and is biodegradable and noncorrosive. (In same article they mention beet syrup, tomatoes and a corn-based product
Ankeny, Iowa (a Des Moines suburb), sprinkled garlic salt mixed with road salt on its streets last month after a local spice maker gave the town nine tons destined for a landfill.
http://www.npr.org/templates/story/story.php?storyId=98529510
Washington State: uses desugared molasses: a mix consisting of molasses from a local supplier, calcium chloride and brine donated by a local dairy company
http://online.wsj.com/news/articles/SB123084701287847257
Wisconsin (Polk County): officials and a local company, F&A Dairy Products, came up with a mutually beneficial solution for cheese brine, a by-product of making mozzarella and provolone. Local governments save on salt costs by using the brine to deice their roads, and the cheese company saves on disposal costs. Currently, local counties use all of the brine that F&A produces. Salt soaked in cheese brine has a lower freezing point (-21F) than regular salt brine (-6F). 
http://www.nytimes.com/2013/12/24/us/wisconsin-finds-another-role-for-cheese-de-icing-roads.html?_r=0
The City of Milwaukee in Wisconsin's Department of Public Works is also experimenting with cheese brine to de-ice roads. Cheese brine is blended with rock salt (at a ratio of approximately eight gallons of cheese brine to every one ton of rock salt) and then spread on roads in the Bay View section of the city, in order to test the results. Data on amount of precipitation, time and day of solution application, as well as temperature, pavement conditions, among others, will be recorded, and results will be shared in the spring of 2014.
http://www.pwmag.com/deicing-and-antii...owfighting-effort_o.aspx?dfpzone=general
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               In New York State: wastewater from hydraulic fracturing (fracking) of natural gas production has been approved to be spread on the roads of 23 municipalities in seven western counties, according to http://www.riverkeeper.org/campaigns/safeguard/gas-drilling/the-facts-about-new-york-and-fracking-waste/
With the required approval, production brine from conventional, low-volume fracking in New York State is currently allowed to be spread on roads for de-icing, dust control, and road stabilization purposes. If not properly controlled, this waste can run off into adjoining property and ultimately could contaminate rivers, streams, and underground aquifers that feed local drinking water supplies. Government entities, as well as private companies, that wish to use production brine for road spreading must get permission from the New York State Department of Environmental Conservation (NYSDEC) to use the brine by applying for a Beneficial Use Determination (BUD).  

http://www.riverkeeper.org/campaigns/safeguard/gas-drilling/the-facts-about-new-york-and-fracking-waste/#sthash.yiXYdvq6.dpuf
In Pennsylvania, according to state records natural gas brine from the state’s conventional, low-volume wells has also been used for road spreading in New York State. According to the Pennsylvania Department of Environmental Protection (PADEP), in 2011, 2012, and 2013 production brine from conventional, low-volume fracking in Pennsylvania was sent to Allegany and Chautauqua Counties for road spreading. 
In the Netherlands, scientists are working with regional partners and technology firms to create a de-icing salt made from biomass sources – roadside grasses or kitchen waste. 
The biomass produces an organic salt called calcium magnesium acetate (CMA). CMA also can be produced from fossil fuels, but Dutch scientists have developed a way to take biomass and use certain bacteria to convert sugars into acetate, the basis for CMA de-icers, and hydrogen. Pieternel Claassen, lead researcher at Wageningen UR Food and Bio-based Research, hopes to produce green salt on a larger scale by 2020, pending more research funding.

http://www.labmanager.com/news/2012/12/de-icing-salt-made-from-grass-or-kitchen-waste?fw1pk=2#.VGpJdzYo6ic
Burning logs to keep warm produces a lot of ashes. Today's EPA-certified wood stoves and fireplace inserts are cleaner and more energy efficient than traditional wood-burning fireplaces, which use more wood, produce dust and emit harmful toxins. Ashes from wood stoves or fireplaces can be strewn across sidewalks and driveways to increase traction on slippery ice. The best part is that ashes are environmentally friendly and will blow onto or dissolve into local soil, acting as a fertilizer. Ashes also can be composted or saved as fertilizer for spring planting in the garden. 
http://www.theguardian.com/sustainable-business/alternatives-salt-battling-ice-cheese-beets-ash
In Bergen County, New Jersey, officials in the past have used a mixture of salt and water that resembles pickle juice and costs significantly less than salt, former county Public Works Director Joe Crifasi told CNN affiliate WCBS in 2011, which was also an exceptionally snowy winter.
Other alternatives to salt have included liquid from byproducts, including beer waste and beet juice, according to a study by the Cary Institute of Ecosystem Studies, a New York state-based environmental group.

http://edition.cnn.com/2014/02/05/us/winter-snow-salt-shortage/
image1.emf
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Effects of Runway Deicers on Pavement Materials and
Mixes: Comparison with Road Salt

Y. Hassan'; A. O. Abd El Halim?; A. G. Razaqpur®; W. Bekheet*; and M. H. Farha®

Abstract: Every year, large amounts of pavement deicing chemicals are used for snow and ice control on Canadian highways anc
airports. Until recently, urea had been the only pavement deicing chemical in use at Canadian airports, but due to recent concerns abo
the impact of this deicer on the environment, consideration has been given to replacing it with more environmentally friendly deicers.
Concerns have also been expressed regarding the impact of road salts, which are used exclusively on highways but not airfields, on tt
environment. However, before substituting these conventional deicers with new ones, the potential deleterious effects of the new deicel
on the pavement need to be quantified and compared with those of the conventional deicers. This paper presents an investigation

compare the destructive effect of newly introduced deicing chemicals such as potassium acetate and sodium formate, with urea an
ordinary road salts on the durability of pavement construction aggregates and asphalt concrete when subjected to freeze-thaw cycles wh
submerged in solutions of different concentrations. The destructive effect of each deicer on aggregates was determined in terms of perce
weight loss due to breakdown. For pavement samples, it was quantified in terms of weight and density loss, change in mechanice
properties, variation in the penetration of recovered asphalt, and variation in the gradation of recovered aggregates. The test results show
that for all deicers the critical concentration, the one that caused the greatest damage to the aggregate, was in the 1-2% range, and for
deicers the quartzite aggregate suffered more damage than the limestone. It was also found that the road salt produced comparable dam
to that caused by other deicers to quartzite, while the damage was significantly less for limestone aggregates. In case of asphalt concre
samples, it was found that conditioning asphalt samples using freeze-thaw cycles in the presence of a deicer solution caused a decres
in the indirect tensile strength and modulus of elasticity and an increase in the penetration values of the recovered asphalt cement. |
addition, the test results showed that the maximum damage was caused by urea, while the damage due to the other deicers was compar
to that of distilled water.

DOI: 10.1061(ASCBE0733-947X2002128:4385)

CE Database keywords: Canada; Ice control; Airport runways; Asphalt pavements; Freeze thaw; Aggregates.

Introduction and a major source of travel delay. Severe, slippery conditions
can even cause a complete shutdown of aircraft take-off and land-
Maintaining sufficient traction between the tires and the pavementing operations, causing a great deal of inconvenience for the trav-
is an important factor in achieving safe and efficient operation eling public due to flight cancellations and detours. As snow ac-
aircraft operation. Slippery airfield runways and taxiways are the cumulates on a pavement and is compacted by traffic, it forms a
main reason for aircraft skidding, thus posing as a safety hazardbond with the pavement, making it difficult to remove with plows
(TAC 1999. Therefore, control of snow and ice on highway and
IAssistant Professor, Dept. of Civil and Environmental Engineering, airfield pavements is one of the most important objectives of
Carleton Univ.,, Ottawa, ON, Canada KI1S 5B6. E-mail: properly planned winter maintenance activities on Canadian roads
yasser_hassan@carleton.ca and airports. Such an objective can be met through two distinct
2Professor, Carleton Univ., Dept. of Civil and Environmental Engi- strategies: deicing and anti-iciffHWA 1996. Deicing is a re-
neearing, Ottawa, ON, Canade_t, K1S 5B6. E—me}ilf ahalim@cc_s.carleton.caactionary operation to break the bond between already-bonded
Professor, Carleton Univ., Dept. of Civil and Environmental g\ orjce and the pavement. On the other hand, anti-icing is a
Engineering, Ottawa, ON, Canada K1S 5B6. E-mail: . . . .
grazagpu@ces.carleton.ca preventive measure against the formatlor_1 of bonded snow or ice
for easy removal. However, both strategies depend on applying

4PhD Candidate, Carleton Univ., Dept. of Civil and Environmental ' ;
Engineering, Ottawa, ON, Canada K1S 5B6. E-mail; some form of a chemical deicer to break or prevent the bond

wbekheet@ccs.carleton.ca between snow or ice and the pavement.

STechnical Evaluation Engineering, Aerodrome Safety, Civil Aviation, Until recently, urea was the only deicing chemical used on
Transport Canada, Ottawa, ON, Canada K1A ON8. E-mail: farham@ aircraft operational surfaces at Canadian airports. This practice
tc.gc.ca has been due to the fact that urea is less harmful to aircraft me-
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one month, a written request must be filed with the ASCE Managing showed that urea could have a damaaing effect on asphalt con-
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paper is part of thedournal of Transportation Engineering Vol. 128, sured by comparing the retained indirect tensile stre(igts) of
No. 4, July 1, 2002. ©ASCE, ISSN 0733-947X/2002/4- cores immersed in distilled water and 2.5% urea solution and
385-391/$8.08 $.50 per page. subjected to one freeze-thaw cycle. The results showed a signifi-
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cant loss of ITS for the samples immersed in the urea solution cracked were removed. The constituent material of the aggregates

relative to the samples immersed in distilled water. In addition, was determined by subjecting them to a detailed petrographic

increasing concerns about the impact of urea on the environmentexamination. Finally, and in consistency with the available testing

brought a new generation of chemicals to the market. While using equipment, samples 700—800 gm in size were prepared.

these new deicing/anti-icing chemicals at Canadian airports is still

in its embryonic state, they have been in use for quite some time Asphalt Concrete Samples

in Europe. In 1997-1998, it was reported through private conver- The asphalt concrete samples were recovered from the field. To

sations that three airports located in three different Europeanprepare the test samples, asphalt concrete slabs ZIDmm in

countries experienced pavement deterioration problems that weredimension, were collected from the Ottawa Macdonald-Cartier

thought to be associated with the use of same new deicers. Therekternational Airport. The bottom of the slabs was smoothened

fore, an integral component of Transport Canada’s testing of the using a machine saw, and asphalt cores were then extracted from

performance of some of these new chemicals as potential substithe slabs at a 100 mm nominal diameter. A total of 33 cores with

tutes for urea has been evaluation of their destructive effect on60 mm nominal depth were recovered from these field slabs. The

pavement construction materials and mixes. density of each core was determined. The maximum, average, and
Consequently, an experimental investigation was initiated and minimum densities of these cores were found as 2,452, 2,358, and

implemented at Carleton Univ. The main objective of this inves- 2,328 kg/mi, respectively. Dimensions and weight of each core

tigation was to evaluate the relative destructive effects of various sample were also recorded. The data were used to divide the

deicers on the asphalt concrete pavement. First, the effect of thesesamples into sets of three cores such that each group had approxi-

types of deicers was assessed for the aggregate materials, then itmately the same mean density.

destructive effect on the asphalt concrete mix was examined. The

destructive effect of the different types of deicers on aggregates

and asphalt pavement was observed under the effect of freezeTest Procedure

thaw cycles. The damage inflicted by the different types of deic-

ers on the aggregate material was represented by the weight loss o . .

due to the aggregate particles breakdown, while the deterioration”1@se 1: Determination of Critical Solution

of the asphalt mix was assessed as a function of the loss in densitconcentration

and mechanical properties. To isolate the effect of the deicers ontpe gpjective of this phase of the test was to determine the criti-
the aggregate and the mixes, control samples were subjected Q4| concentration of the deicer solution that would inflict the
the same freeze-thaw cycles, but when immersed in distilled greatest damage to the aggregates and to the pavement. However,
water only. for practical reasons, this phase of testing to determine the critical
concentration involved testing medium size aggregate samples
only. Distilled water was used to prepare solutions of each deicer
type with different concentrations of 1, 2, 5, 10, and 50%, where
all these concentrations were relative to a fully saturated solution
Deicing Chemicals of each deicer. In the case of solid deicers, the amount required
for a fully saturated solution was determined by gradually dis-
solving the deicer in distilled water and stirring until no further
deicer can be dissolved. As for the liquid deicer of potassium
acetate, the full saturation was assumed at a 1:1 ratio of the
chemical and distilled water. It should also be noted that a solu-
Eon with 0% concentratiodistilled water only was also used as
reference.

Using four deicers, five concentrations, two types of aggre-
gate, one aggregate size, and two samples in each case, a total of
80 samples were tested. Additional samples immersed in distilled
water only were also tested. The samples were immersed in dis-
tilled water for 24 h, then dried at room temperature for 24 h and

Test Materials

The deicers originally selected for this investigation were urea,
sodium formate, and potassium acetate. While sodium chloride,
commonly known as road salt, is not used as a deicer/anti-icer in
Canadian airports, it is the chemical that most engineers are fa-
miliar with. Thus, an important question that needed to be ad-
dressed was the effect of sodium chloride on the same pavemen
materials and mixes if subjected to the same test conditions. Con-
sidering the amount of salestimated at 4.7 million tonsused

annually on Canadian highway&nvironment Canada 1999t

was decided to expand the study to include the effect of road salt.
Subsequently, four deicers were included in all phases of this

study, namely, ure@UR), sodium formatéSF), potassium acetate weighed to determine their initial weight. Before subjecting the

(PA), and road salfRS). It should be noted that all these deicers samples to freeze-thaw cycles, they were first immersed in the

are avallabl_e fo_r Use as So'.'d ch_em_|cals except for the IOOta‘SS'umdeicing solutions in tightly covered plastic containers at room
acetate, which is available in a liquid form.

temperature for 24 h. This initial immersion would guarantee a
high degree of aggregate saturation before the first freeze cycle.

Samples Preparation Without being removed from the solution, the samples were sub-
jected to freeze-thaw cycles. An industrial grade large capacity
Aggregate Samples freezer was used for freezing the samples, while thawing was

Two types of aggregates were used: crushed limestone, which iscarried out at room temperature with a fan blowing warm air. To
alkaline, and naturally occurring quartzite, which is acidic. These prevent evaporation, which would alter solution concentration,
two types of aggregate are widely used in preparing asphalt con-container covers were kept tightly closed during the thawing and
crete and portland cement concrete mixes. Three aggregate sizegeezing phases. The main criterion for selecting the cycle’s tem-
of each aggregate type were chosen for the test, namely, larggoerature and duration was to ensure that all solutions would reach
(21.0-25.0 mmy medium(12.5-19.0 mm and small(4.75-9.5 the freezing point and that one freeze-thaw cycle could be accom-
mm). Aggregates were washed through a minimum sieve size plished in a 24-h period. After each five freeze-thaw cycles, the
prior to use in testing, and those particles that were damaged orsamples were removed from the solutions, washed through a me-

386 / JOURNAL OF TRANSPORTATION ENGINEERING / JULY/AUGUST 2002

J. Transp. Eng. 2002.128:385-391.





Downloaded from ascelibrary.org by Ohio Dept of Transportation on 11/17/14. Copyright ASCE. For persona use only; all rights reserved.

dium sieve siz€12.5 mn), dried for 24 h at room temperature, 80
then weighed. The test was terminated after 30 freeze-thaw 70
cycles. 60 |

As will be shown later, the findings of this stage of the study
indicated that the critical concentration of a deicing solution was
situated between 1 and 2%. Consequently, a single concentratio
of 2% was used during the rest of the study on the aggregate an
asphalt mix.

——UR -4O- SF
--a--PA -0 RS

Phase 2: Effect of Test Parameters—Aggregate ‘ ‘ ‘
0 10 20 30 40 50

Samples )
Concentration (%)
The main objective of this phase was to examine the effect of the (a) Limestone aggregate — medium size.
different test parameters on the durability of the aggregate
samples. These test parameters were freeze-thaw cycles, deicer o UR —O—5F

type, aggregate type, and aggregate size. As detailed results re- 707
lated to the medium size aggregate were already available from 60
Phase 1, only large and small size samples of both aggregate  so
types were tested in this second phase. The testing procedure was 5
similar to that described in Phase 1, but the aggregate samples
were immersed in deicing solutions at the critical concentration

only. Also, the large and small aggregate samples were washed 201

through the 21.0 and 4.75 mm sieves, respectively. It was also 10

suggested that road salt, which is not used as a runway deicer, can 0 . . : .

be excluded from this phase. Thus, this second phase involved 0 10 20 30 40 50
three deicers onlyurea, sodium formate, and potassium acegtate Concentration (%)

in addition to the distilled water. (b) Quartzite aggregate — medium size.

Fig. 1. Effect of solution concentration on damage of aggregate
Phase 3: Asphalt Concrete Samples samples

As mentioned earlier, the asphalt concrete samples were cores
obtained from slabs that were recovered from the field. Three
cores were kept dry, first, for reference, and the remaining 30 erties were evaluated after 50 freeze-thaw cycles. After the end of
cores(six cores per solution typevere immersed in solutions  the respective freeze-thaw cycles, all cores were examined for
made of the four deicing chemicals as well as distilled water at their indirect tensile strengtliTS) to assess the effect of each
room temperature for 24 h. Similar to the aggregate samples, thedeicing solution as well as the effect of distilled water alone on
objective of this initial immersion was to ensure that a relatively the mechanical properties of the asphalt concrete mix. To further
high degree of saturation could be reached before the first freezeassess the effect of the freeze-thaw cycles on asphalt concrete
cycle. The samples, fully immersed in the deicing solutions, were samples in the presence of the deicing solutions, asphalt cement
then subjected to alternating freeze-thaw cycles using the samewas extracted from the asphalt concrete samples following the
equipment and setup used in the aggregate samples. HowevelTS test. The asphalt cement was tested to determine the residual
because volumes of both the samples and the solutions in thispenetration at the standard 25°C, and the gradation of the residual
phase are considerably greater than those in testing the aggregat@ggregate was determined.
alone, a complete freeze-thaw cycle could not be achieved in 24
h. Rather, a complete freeze-thaw cycle lasted for 48 h, where
each of the freeze and thaw phases took 24 h. Observations and Test Results

To monitor the specimen damage during the testing program,
the vyeight of sgturateq-surface-dry samples was Qetermined aftereyitical Solution Concentration
the first day of immersion and at the end of every five freeze-thaw
cycles. To determine the saturated-surface-dry weight, henceforthThe amount of damage experienced by each sample was quanti-
referred to simply as saturated weight, the samples were taken oufied in terms of weight loss. The accumulated percentage of
of the deicing solution and weighed after drying the surface with weight loss(APWL) aftern freeze-thaw cycles was calculated as
a clean piece of cloth. The damage to the samples was also meafollows:
sured in terms of the dry weight after the end of the freeze-thaw _

Wo—W,
cycles. In this case, the samples were left to dry at room tempera- APWL= % -100 1)
ture and were weighed after different drying periods, namely, 1, 4, 0
6, and 11 days. whereW,=initial sample weight; an&V,=weight of undamaged

Finally, to establish the trend of deterioration of mechanical particles in the sample afterfreeze-thaw cycles.
properties of asphalt concrete cores during the testing program, Fig. 1 shows the average APWL of two repeat samples after 30
the samples were divided into two halMesach half consisting of ~ freeze-thaw cycles versus the concentration of the solutions of
three samples per deicer typEor one set of samples, the number urea(UR), sodium formatéSP), potassium acetat®A), and road
of freeze-thaw cycles was 25, after which the mechanical proper-salt (RS). The 0% concentration indicates samples immersed in
ties were evaluated, while for the other set the mechanical prop-distilled water as control samples. The results of the repeat

JOURNAL OF TRANSPORTATION ENGINEERING / JULY/AUGUST 2002 / 387

J. Transp. Eng. 2002.128:385-391.





Downloaded from ascelibrary.org by Ohio Dept of Transportation on 11/17/14. Copyright ASCE. For persona use only; all rights reserved.

80 No. of F-T

—o—-UR -—-4-SF £ 1020 c clgs
70{| —a-PA —0--RS B 101
—DW z 10 @5
60 1 E 1.010 4 010
~ 50 1 S o0 815
£ o g 8520
§‘ 40 A ‘% 1.000- 3 B25
: s N z \ B30
30 4 > 0995 1 7 N
® N / |§ o35
3 Y 7 \
20 S 0.990 §? ? Is W40
S 2 7 N
10 g 0.985 §g ? I§ B45
o 2 om0 v 4 3 H50
0 5 10 15 20 25 30 35 Soluti
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(a) Limestone aggregate — medium size. Fig. 3. Normalized average saturated weight of asphalt concrete
80 samples
—e—UR -O-SF
01l —a-PA -o-RS
60 || —e—DwW - A the amount of damage caused by the road salt was essentially
50 similar to that produced by the other deicers used at the same
2 concentrations.
g 40 1 It was observed that the quartzite particles suffered most of the
X 40 / damage during the early stages of the freeze-thaw cycles. As the
¢ freeze-thaw cycles increased, the rate of deterioration of the
201 quartzite particles decreased, while for the limestone particles the
10 ——— — reduction in the rate of deterioration was less. This observation
0 might be explained by the fact that the quartzite particles, with
0 5 10 15 20 25 30 35 their microstructural flaws that were evident in the petrographic
Number of freeze-thaw cycles examination, suffered a great deal of deterioration at the early
(b) Quartzite aggregate — medium size. stages of the experiment and were eliminated early on. This ex-

planation can be strengthened by the fact that some of the strong
Fig. 2. Comparison of damaging effects of deicers on aggregate quartzite particles performed well throughout the freeze-thaw
samples cycles. The relatively flawless limestone particles experienced an
almost consistent deterioration throughout the experiment. This
observation implies that the difference in durability of the two
types of aggregate might not be attributed to the difference in
chemical composition of the two types, but rather to the differ-

samples were consistent, and the coefficient of variation was very . o .
; . .~ ence in their microstructures and the contact area subjected to the
low. From the figure, it can be noted that, regardless of the deicer | ."" .
deicing solution. It should be noted, however, that the damage

type.or the aggregate material, the concen.tratlon that caused thesu1‘fered by the quartzite aggregate cannot be merely attributed to
maximum damage to the aggregates was in the range of 1-2%

- - the defects or initial weakness in the particles, because when
The damaging effect of road salt, especially at lower concentra- ; - o
. I - . these particles were subjected to freeze-thaw cycles in distilled
tions, was significantly less than other potential deicers. The re- o
. S ) .~ . water, the damage was almost negligible.
sults in the preceding figures show that quartzite suffered signifi-

. i . . . These trends were consistent for all aggregate sigewll,
cantly higher damage than limestone irrespective of the solution medium, and large In addition, the aggregate size did not sig-
concentration. This is further investigated in the following sec- ' , 9greg 9

nificantly affect the APWL in the case of quartzite aggregates,

tion. regardless of the deicer type. However, in the case of limestone
aggregates, the damage to the large size samples was consistently
Overall Performance of Aggregate Samples lower than that for the small and medium size samples.

Visual inspection showed that the samples subjected to the freeze-

thaw cycles while immersed in a deicing solution suffered from Asphalt Concrete Samples

disintegration. Limestone aggregates broke along definite planes

into two or three particles, while quartzite particles were practi- Weights and Densities

cally pulverized. The results of the effect of the freeze-thaw While exposing the samples to the freeze-thaw cycles, damage
cycles on the medium size of both types of aggregates whenand disintegration were observed in the specimens immersed in
immersed in the critical solution are shown in Fig. 2. The figure deicing solutions starting after 15 cycles. This damage was par-
shows also the effect of the freeze-thaw cycles alone, as reflectedicularly evident in the specimens immersed in the urea solution,
by the samples immersed in distilled wat&\wW) only. In the case while the samples immersed in distilled water did not show any
of limestone aggregate samples, road salt did generally less damsigns of deterioration. Fig. 3 shows the results of the samples’
age as compared with the other three deicers. The effect of roadsaturated weights. The weights in this figure are given as normal-
salt at the first few cycles was almost negligible. However, as the ized average weight, which was calculated as the average satu-
number of freeze-thaw cycles increased, the effect of the road saltrated weight after a specific number of freeze-thaw cycles divided
became more evident. In the case of quartzite aggregate sampledyy the average saturated weight after the initial thaw cycle. The
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(a) Samples tested after 25 freeze-thaw cycles
1.025 F-T cycles
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g 0.975 §g §? §§ §g §§ Qs50(1) Fig. 5. Setup of indirect tensile strength test
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T g0 1N §g VEERNE BY ooy to three dry sampleéDS). The indirect tensile strength test is a
S §§ I§§ §g §§ §§ widely popular testing procedure. Because tested samples fail due
0.000 154 =SR2 oA S R B S to tensile stresses, the test is believed to simulate the main failure
Solution mode of asphalt concrete pavements—namely, cracking. The test
(b) Samples tested afler 25 freeze-thaw cycles is therefore believed to be a good indicator of the pavement’s

_ _ ) long-term performance and to be sufficiently accurate for routine
Fig. 4. Normalized average density of asphalt concrete samples  quality control use. As shown in Fig. 5, the load is applied to a

figure shows that all samples initially gained weight after the first core sample as compression along. one dlgmeter, thus producm.g
tensile stresses along the perpendicular diameter. The sample is

cycles, then the rate of weight gain decreased for the samplesI ded 1l fail h he loadi din thi d
immersed in the deicing solutions relative to the samples im- oaded tll failure, where the loading rate used In this study was

mersed in distilled water. This trend might be explained by a 50 mm/min, and the peak load is translated into the sample’s ITS

hypothesis that the freeze-thaw cycles caused some damage to th@s follows:

specimens, which opened passages to air voids that were not

originally accessible to the deicing solution. On the other hand, as ITS=—5n (2)
the immersion and freeze-thaw cycles proceeded, the samples suf-

fered some damage and disintegration that caused a weight lossvhere P=maximum load (N); D=core diameter(mm); and
The overall weight gain or loss was dependent on the rate of h=core height(mm).

weight gain, due to solution progress into previously inaccessible N addition to the ITS, the initial modulus of elasticitf) was
voids, as well as the rate of weight loss, due to breakup of the calculated from the stress-strain curve of each sample. Table 1

sample. presents a summary of average ITS &ndr each set of samples.

To validate this hypothesis, the samples’ dry weights were de- AS shown in the table, the average ITS of samples subjected to 25
termined after different drying periods following the end of the freeze-thaw cycles was considerably lower than that of the dry
freeze-thaw cycles. Fig. 4 shows the normalized average dry den-Samples. In addition, the average ITS was almost constant for all
sity of the samples tested after 25 and 50 freeze-thaw cycles,four deicers and slightly higher than that corresponding to dis-
where the normalized average dry density is the average dry dendilled water only. Thus, the effect of freeze-thaw cycles alone
sity after a specific drying period divided by the original average (samples immersed in distilled waterppears to be more damag-
dry density before immersion. As shown in the figure, the average

dry density d_ecr_eased gradually as the drying _peno_d |n<_:reasedTable 1. Summary of Indirect Tensile Strength Test Results
Such a trend indicates that the main source of this weight increase

is added moisture. After an 11-day drying period, the average dry After 25 cycles After 50 cycles
density for the samples immersed in distilled water was still ITS E ITS E
higher than the original value before immersion, indicating that Solution Parameter (MPa (MPa) (MPa (MPa)
some moisture was still trapped within the air voids. On the other
hand, the average dry density after an 11-day drying period wasP"Y sample Mean - 0.936 56.292 0.936 56.292
considerably less than the original value before immersion for the Standard deviation 0.021  5.534 0.021 5534
urea deicer with 50 freeze-thaw cycles and slightly less for all D'Stiled water — Mean 0588 24300 0572 26.242
other deicing solutions. By factoring in the moisture that re- _ Standard deviation  0.054 ~ 2.560 0.031  7.079
Potassium acetate Mean 0.641 25980 0.541 26.178

mained trapped in the voids, this trend confirms the observation
that the samples suffered weight loss due to disintegration and
separation of some aggregate particles. This disintegration wasSedium formate  Mean

Standard deviation 0.054 3.956 0.018 1.779
0.674 29.614 0.547 27.239

most severe in the case of samples immersed in urea for 50 Standard deviation 0.071  6.079 0.086  2.840
freeze-thaw cycles. Urea Mean 0.648 20.686 0.395 13.201

Standard deviation 0.007 0.908 0.096 5.450
Indirect Tensile Strength (ITS) Test Results Road salt Mean 0.657 31.177 0.620 45.206
As mentioned earlier, three samples per each deicing solution Standard deviation 0.035 2.696 0.031 17.466

were tested for ITS after 25 and 50 freeze-thaw cycles, in addition ®umber of cycles is not applicable for dry samples.
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Table 2. ANOVA Test for Effect of Number of Freeze-Thaw Cycles Table 3. ANOVA Test for Effect of Deicing Solution

ITS E After 25 cycles After 50 cycles
Solution F-statistic p-valué F-statistic p-valué Parameter F-statistic p-value F-statistic p-value
Distilled water 0.19 0.6818 0.20 0.6782 (a) All samples
Potassium acetate 9.34 0.0378 0.01 0.9408 ITS 21.59 1.28< 10°° 30.06 2.17x 1078
Sodium formate 3.86 0.1208 0.38 05731 E 30.16 2.13x 10°°® 10.18 5.41x 104
Urea 20.57 0.0105 5.51 0.0788 (b) Excluding dry samples
Road salt 1.90 0.2404 1.89 0.2412 ITS 1.27 0.3427 3.92 0.0362
Note: Null hypothesisH,: mean values of test parameter after 25 and 50 E 5.62 0.0123 4.93 0.0186
cycles are equal. (c) Excluding dry samples and urea
@Accept hypothesis ip-value>level of significanceq. ITS 1.35 0.3252 1.82 0.2213

E 1.58 0.2675 2.86 0.1046

] ) ) ] Note: Null hypothesisHy: mean values of test parameter are equal for
ing to the strength of the mix than when deicers were included. || deicing solutions.

However, the average value of the tangent modulus of samples
immersed in the urea solution was the lowest value. As a result, o _
these samples suffered the greatest loss of elasticity. Also, visual©f significancex=0.10,H, was accepted for ITS after 25 cycles

inspection of the test samples showed that urea caused significanp! réiected foiE after 25 cycles and for both ITS arfdlafter 50
damage to the core samples. cycles. Noting the considerable drop in ITS of the urea samples

Comparing the loss of ITS and tangent modulus for each so- after 50 cycles, the test of hypothesis was repeated again exclud-

lution after 25 and 50 freeze-thaw cycles shows that the samples"9 both the dry samples and the urea samples. In this latter case,
immersed in distilled water suffered almost no additional damage, Ho Was accepted for both test parameters, ITS Bndnd after
while those immersed in all deicing solutions continued to suffer POth 25 and 50 cycles; that is, there is a significant drop in
more damage. As a result, the samples immersed in distilled waterStréngth and elasticity, relative to the dry samples, due to the
had a slightly lower total loss of average ITS than that corre- €XPOSure to freeze-thaw cycles in a saturated environment. In
sponding to the samples immersed in potassium acetate and sodddition, the use of urea as a deicer in this saturated environment
dium formate solutions. However, the total loss of average ITS resulted in a significant drop in strength as compared with the
for the distilled water samples after 50 cycles was higher than the S&MPles that were immersed in distilled water only. However, all
corresponding value for road salt, while the total loss of ITS was Other deicers tested in this program did not cause significant
considerably higher for the samples immersed in urea. The samechange in the strength or elasticity relative to saturated samples in
trend was also applicable when comparing the values of the tan-Water only.

gent modulus. Visual inspection has also showed that the samples

immersed in urea suffered significant damage and disintegration, EXtraction Test Results ,
which was evident in comparing the weight loss, as discussedThe general trend of the penetration values of recovered asphalt
earlier cement showed that the penetration of the asphalt cement of the

samples subjected to freeze-thaw cycles was higher than that of
Statistical Analysis the dry samples for all cases except for the road salt and urea after

Analysis of varianc ANOVA) was also performed to test two 25 cycles(Table 4. In addition, the samples immersed in distilled

null hypotheses. The first null hypothesis was designed to verify Water had the highest penetration value. Comparing the penetra-
the trend that samples in distilled water did not suffer further tion value of the dry sample83) with the original value of the

damage between 25 and 50 freeze-thaw cycles while those in2SPhalt cementused in the mk20-150, a significant hardening

deicing solutions did. Thus, the null hypothesis wes: p. had taken place in the asphalt cement within less than three years.
= wso, Wherep.,s and g, are ,the mean values of IT®r E) aftéSr Such a drastic hardening cannot be explained within the scope of
25 and 50 freeze-thaw cycles, respectively. Assuming a level of the research presented in this paper. Also, comparing the penetra-
significance=0.10, the results summarized in Table 2 show that tion values of the dry samples and the samples immersed in dis-
H, is accepted for both ITS ar@for the distilled water samples. tilled water, it can be seen that a softening had takep place in the
As for the different deicing solutiongH, is rejected for ITS asphalt cement. The exact reason for such softening cannot be

(samples in potassium acetpéad for both ITS ande (samples in

ureg but accepted for all other cases. That is, the reduction in the )
values of ITS ancE due to additional damage between 25 and 50 1able 4. Recovered Penetration Test Results

freeze-thaw cycles is not statistically significant except for the Recovered Normalized

ITS of potassium acetate samples and both the ITSEaotlurea penetration recovered penetratién

samples. Solution 25 cycles 50 cycles 25cycles 50 cycles
The second null hypothesis addressed the effect of the sample

conditioning on the strength and elasticity. The null hypothesis Bgﬂﬁ:&n&zir 3432 3530 11'0207 11'0502

was set asHo: [ps=b.ow=Hpa=ItsF=tur—Hrs, Where Potassium acetate 37 42 1.12 1.27

Wpss Mbw, Mpas sk Rur, andprs are the mean values of

ITS (or E) for dry samples, distilled water, potassium acetate, Sodium formate 36 36 1.09 1.09
sodium formate, urea, and road salt. As shown in Tablé3yas Urea 30 34 0.91 1.03
initially rejected even for a very low level of significance. There- Road salt 33 25 1.00 0.76

fore, the test of hypothesis was repeated for the same null hypoth-*Normalized with respect to control samples.
esis but excluding the dry samples. In this case, assuming a levePNumber of cycles is not applicable.
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12.00 tion due to the exposure to both freeze-thaw cycles and deicing
10.00 chemicals. The effect of the freeze-thaw cycles was significant in
all cases; however, the different types of deicing solutions had a
varying effect on both the aggregates and the asphalt concrete
mix. The following can be noted from the previous observations

8.00

6.00

2.00 4 o

0.00

Percent increase of passing 2.36 mm

DW-25 DW-50 PA-25 PA-50 SF-25 SF-50 UR-25 UR-50 RS-25 RS-50
Solution and F-T cycles

Fig. 6. Percent increase of passing 2.36 mm sieve of recovered
aggregate

explained within the scope of this research, but may be related toe
the effect of freeze-thaw cycles. This finding is also consistent
with the observation that the penetration results were generally
higher after 50 cycles than after 25 cycles. This implies that the »
freeze-thaw cycling caused softening of the asphalt cement,
which could explain the reason for the decrease in modulus of
elasticity in these samples as the number of freeze-thaw cycless
increased. On the other hand, the asphalt cement of the samples
immersed in the other deicers suffered more hardening than those
treated in distilled water; this finding can be related to the effect
of the deicer. The largest relative hardening was observed to be
associated with the road salt and urea.

The results of the gradation of recovered aggregates suggested
that certain damage was induced as a result of the use of runway
deicers. To assess the effect of this variable, it was assumed that
gradation of the dry samples is the “Base” to which all other
gradations should be compared. A significant damage due to thee
exposure to a deicer and/or freeze-thaw should result in an in-
crease of fine aggregatpassing a 2.36 mm sieueSecondly, the
change is noted to increase after 25 cycles and continues to in-
crease after the 50 cycles. Therefore, the damage to the recovered
aggregate was measured in terms of the change of the percentage
passing the 2.36 mm sieve relative to the dry sam{@8%5%. As
shown in Fig. 6, samples immersed in urea suffered the most
damage, with most of this damage taking place between 25 and
50 freeze-thaw cycles. The damage shown in the samples im-

4.00 results:

The presence of deicers has a damaging effect on both the
aggregates and the asphalt mixes. It was observed that the
extent of damage due to freeze-thaw cycling in distilled water
was less than the damage observed when a deicer was used;
Regardless of the type of deicer and aggregate used, there is a
critical range of deicer concentration at which the damaging
effect was maximum. Test results showed that this damaging
effect is maximum at a concentration ranging between 1 and
2%:;

The limestone aggregates had a higher resistance to disintegra-
tion than the quartzite aggregates when subjected to freeze-
thaw cycles in the presence of a deicing solution;

For the deicers considered in this study, the urea had the high-
est damaging effect on both the aggregates and asphalt con-
crete samples;

The mechanical properties of all samples subjected to freeze-
thaw cycles, including those immersed in distilled water, were
significantly lower than those of the dry samples. However, no
significant increase in deterioration to the mechanical proper-
ties was reported due to the exposure to potassium acetate,
sodium formate, or road salt relative to distilled water. How-
ever, some caution should be exercised in interpreting these
results, as the statistical analysis might have been affected by
the small number of samples test@lree samples per deicer
type per number of freeze-thaw cycleand

Exposure to freeze-thaw cycles and deicers was also found to
have an effect of the viscosity of the recovered asphalt cement
as well as the gradation of recovered aggregates. The general
trend was that the freeze-thaw cycles caused softening of the
asphalt cement while the deicers caused hardening. However,
as the penetration test is generally an inaccurate test, the rela-
tively small differences in the penetration values of recovered
asphalt may be insignificant.

mersed in distilled water and potassium acetate was relatively References
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46  ABSTRACT
47

48  Extremely cold winter storms (below about 10°F) bring about different considerations for taking
49  care of roads than warmer winter storms, where granular salt and salt brine are cost-effective
50 measures of melting snow and ice when used in combination with other operations (e.g.,
51 plowing). At temperatures lower than about 10°F, either extremely large quantities of salt are
52  needed or no amount of salt can melt snow or ice pack. Chemical usage is of a widely used
53 technique with various modifications (using deicers in daylight hours only, mixing salt with
54  MgCl,, CaCl,, and/or agriculture by-products, and using high application rates) during extreme
55 cold conditions. Additionally, plowing is still the ubiquitous and popular snow removal
56  techniques in extreme cold conditions. Despite their environmental and hidden costs (air
57  pollution, sedimentation, spring cleanup & disposal), abrasives are frequently used during
58 extreme temperatures to provide temporary traction in low traffic volume and rural roads. In
59  spite of high cost, pavement treatments offer the benefit of reducing chemical usage and
60 associated environmental toll, enhancing agency preparedness, and quicker recovery to bare
61 pavement. Weather forecasting system need to be better utilized in predicting the cold weather
62  temperatures for better preparedness. Innovative strategies continue to be tested at severe
63  temperatures, but agencies are reluctant to use due to its higher cost especially at places of
64 uncommon extreme cold conditions. More research needs to be done to combine innovative
65  strategies with traditional strategies keeping cost reduction as a main factor.
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66 INTRODUCTION

67

68 In the United States, clearing snow and ice during wintery weather plays a significant role in
69  assuring the motorists safety on roads. In particular, northern tier and mountainous states
70  experiencing high snowfall and extremely cold temperatures (below 10°F), snow and ice removal
71 becomes very critical for agencies to reduce accidents (Qiu and Nixon, 2009; Qiu, 2008),
72 improved mobility (Qiu and Nixon, 2008) and reduce travel costs. Winter events present a
73  variety of weather and pavement conditions that require various strategies to maintain the desired
74  level of safety of the roadway, often a combination of mechanical removal, anti-icing, deicing,
75  sanding and possibly snow fencing. Chemical (deicers/anti-icers) usage is one of the common
76 methods for snow and ice control, which act as freezing point depressants in controlling snow
77  and ice. However, these chemicals are less effective at regular occurrence of snow storms and
78  temperatures below 10°F. Chemicals become less effective largely due to melting of snow or ice
79 (during frequent snow or ice) in to the chemicals and diluting its concentration. The diluted
80 chemicals at extreme temperatures (below 10°F) may re-freeze and thus effectively nullify the
81  chemical usage.

82

83 In order to combat these extreme temperatures, the winter maintenance agencies have to use
84  different techniques such as use of abrasives, increased plowing or larger volume of chemical
85  usage which have led to higher cost and increased environmental impacts. According to the 80-
86 20 rule (also known as the Pareto principle), for many events or processes, roughly 80% of the
87  effects come from 20% of the causes. This is true in the case of winter highway maintenance
88 activities, in which a small fraction of the winter storms (extremely cold storms) tend to cost a
89  majority of the annual budget for snow and ice control. As such, it is important to synthesize the
90 state of the knowledge and the state of the art on ice prevention and snow and ice removal at
91 extremely cold temperatures (< 10°F). In the recent years, more research has been done on
92  winter maintenance best practices; most was developed for general usage and often does not
93  apply to extremely low temperatures.

94

95 However, there are recent advances in the anti-icing materials (Fay and Shi, 2011), winter
96  maintenance equipment and sensor technologies (Shi et al., 2006), and road weather information
97 systems (Ballard et al., 2002) as well as other decision support systems (Ye et al., 2009). The
98  main objective of this study was to:

99 e Perform a comprehensive literature review with a focus on all the best practices in the
100 snow and ice control
101 e Conduct a survey with various state and local agencies on winter operation techniques

102  Based on the results from literature review and survey, the study will summarize the common
103  trends and/or shortcomings with the current practices of winter road operations at extreme
104  temperatures.

105
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106 METHODOLOGY

107

108 A literature review was used to determine the best practices of winter operations at extreme
109  temperatures, including emerging technologies, chemicals usage, operational strategies, weather
110  forecasting, winter maintenance equipment, and pavement treatments. The literature review
111  includes articles/reports from the published domain (e.g., by DOTs, UTCs, SHRP, FHWA,
112 NCHRP, APWA, and AASHTO) and best practices from state and local agencies, other
113 countries, and other closely related fields such as airports. The literature review was carried out
114  using a variety of sources, including:

115 e Transportation Research Information Service (TRIS) online

116 e The U.S. Federal Highway Administration Website

117 e Search engines such as Google Scholar

118 e Scientific databases such as SciFinder Scholar

119

120 The agency survey process began by using the results of literature review to identify

121 DOTs which experience extreme cold temperatures in their region. The survey was conducted
122 through the SNOW-ICE listserv, Survey Monkey and a LinkedIn group. The survey was
123 distributed on June 5, 2012 and responses were collected until July 11, 2012. The respondents
124  primarily work for Department of Transportation (DOT) group (not exclusively) at the
125  headquarters or district/region/station level, representing 23 states and four countries. The
126  distribution of survey responses in the United States is shown in Figure 1. There were total of
127 166 respondents who answered 25 different questions within the period of 35days. The survey
128  questionnaire is attached Appendix A.

129

130  The survey questions were primarily focused on exploring the strategies used by the respondents
131  and their agencies during extremely cold winter storms. The questionnaire includes but not
132 limited to: type of chemicals, strategies used in extremely cold conditions, storage facilities,
133 shortcomings in  different  strategy, difficulties = with  equipment, innovative
134  equipment/technologies, pavement treatments and personal comments. The following sections
135  integrate the survey responses with the published literature and summarize the best practices in
136  the following categories respectively: chemical usage; plowing; abrasives; weather forecasting,
137 winter maintenance equipment and pavement treatments.

138
139 STATE OF THE PRACTICE
140
141  Key findings from the survey
142

143 Table 1 provides the number of survey responses from each group. Most respondents work for
144  the DOT, either at the headquarter level or district/region/station level. Several other
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145  respondents were responsible for county or city roads. There were a few other representatives
146  from research institutions, contractors and vendors/manufacturers.

147

148  Figure 2 shows the total lane miles under winter maintenance responsibility from the survey
149  respondents. Of the 94 responses for their responsibility in total lane miles, wide range of road
150  surface responsibility, from only 10 lane miles to nearly 100,000 lane miles. The respondents
151  indicated responsibility for both high-volume and low-volume roads, with the split on average
152 about 50 percent. In general, high volume roads are classified as those carrying traffic in excess
153  of 50,000 Annual Average Daily Traffic (AADT) (Highway performance Monitoring system),
154  and low volume roads are classified as those carrying traffic volume less than of 400 AADT
155  (California MUTCD 2012 edition). However, definition of low volume roads versus high volume
156  roads may vary depending on the local traffic conditions.

157

158  In terms of cost associated in handling extreme cold conditions, almost half of the respondents
159  spend less than $500,000 for their region while a third typically spends between $1 and 10
160 million. Seven respondents indicated expenses for extremely cold temperature winter
161  maintenance at over $10million. However, the percentage this represents of the total
162  regional/state winter maintenance budget averaged 32 percent, and was closely related with the
163  frequency of winter storms that have extremely cold temperatures. This similarity suggests that
164  perhaps treating extremely cold winter storms does not cost a disproportionate amount of the
165  budget which was unexpected.

166

167  Survey also found that more than 90% of the respondents indicating pavement technologies are
168  the least cost-effective and operational strategies are the most cost-effective for extremely cold
169  winter storms. Additionally, respondents believe that plowing, chemicals, and abrasives being
170  the strategies used by most of the winter maintenance agencies. Furthermore, of the 98
171  responses, two-third of them doesn’t have a different strategy for high-volume vs. low-volume
172 roads or for storms with heavy snowfall vs. shorter, lighter storms. Of the 32 respondents who
173 use different strategy during extreme cold conditions, indicated that higher volume roads receive
174  faster and more aggressive treatment. Below are some of the comments from respondents who
175  use different strategy during extreme cold conditions:

176 e Higher volume roadways have shorter cycle time for plowing and get heavier
177 applications of chemicals, whereas low volume roadways may only get abrasives applied
178 in critical areas (stop areas, hills, curves, etc.)
179 e High Volume vs. Low Volume - Use Department guideline and adjust application rates as
180 needed. Storms with heavier snow require timely response and application to prevent
181 hard pack on the roads. Shorter lighter storms normal application rates are typically
182 adequate. Monitor drifting snow that can re-freeze on the wet road surface.
183 e More aggressive on high volume roads

3
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184 e Yes, high volume get more effort with resources, heavy storms get less chemical during
185 the storm and more after the storm than lighter storms

186 e High volume is usually high chemical applications. Low volume is usually winter sand
187 treatments.

188

189  For chemical usage, survey respondents used sodium chloride as the most commonly used
190  deicer, although there was significant use of magnesium and calcium chloride. Few respondents
191  used salt brine and Ice slicer. Other comments from respondents include:

192 e Pre-wet sand with hot water occasionally.

193 e 15% beet juice & 5% calcium chloride

194 e Granular products are all prewet using 80% brine and 20% Potassium acetate. Salt is the
195 primary granular with sand used sparingly.

196 e Anti-icing: salt brine with agro-based product; De-icing: salt brine and salt; Combination
197 Route: prewet salt brine

198 e 50/50 sand/salt mix in towns and stop and go areas. Try to keep roads dry.

199 e Use no salt or sand at all, just magnesium chloride on large parking lots & private roads
200 e Mixture of sodium chloride and calcium chloride ( 50/50)

201 e Only use salt brine treated with GeoMelt

202 e Use Ice B' Gone and also blend it with salt brine, which makes it very cost-effective.

203

204  Of'the 91 responses, 21 respondents indicated problems with chemical storage during extremely
205 cold conditions. In summary, the survey respondents have not used a different operational
206  strategy for extremely cold conditions. Mostly they use higher rate of chemicals or combination
207  of different chemicals in crisis situation in addition to plowing and sanding. Additional survey
208  findings are integrated with the published literature in the following sections.

209

210  Chemical Usage

211

212 Usage of deicing chemicals was the most common strategy by survey respondents (76 percent)
213 during low temperatures. There are primarily four types of chemicals available in North America
214  such as sodium chloride (NaCl), calcium chloride (CaCl,), magnesium chloride (MgCl,),
215  potassium acetate (KAc), and calcium magnesium acetate (CMA). Of these chemicals, chloride
216  based salts are most commonly used chemical for winter maintenance activities due to its
217  abundance and low cost (Fischel, 2001). It can be used as rock salt for de-icing, as salt brine for
218 anti-icing, or added to sand or other abrasives to prevent freezing. However, NaCl is minimally
219  effective below pavement temperatures of 10°F (TRB special report 235, 2010). Even though it
220 s less effective at low temperatures, over half of the survey respondents indicated they use NaCl
221 at low temperatures. Other than NaCl, CaCl, and MgCl, which have better ice melting capacity
222 was also used many DOT’s in a brine solution for anti-icing and pre-wet rock salt (Baroga,
223 2005). However, CaCl, and MgCl, are most costly than NaCl. Field studies have shown that

4
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224  CaCl, is more effective to attract moisture and stay on the roads (Warrington, 2010) and CaCl,
225  performed best on asphalt surfaces at all temperatures (0 °F, 10 °F, 15 °F and 30 °F) in improving
226  the ability of a plow remove snow from the pavement surface when used as an anti-icing material
227  (Cuelho et al., 2010). The Maine DOT (CTC & Associates, 2011) found that applying pre-wetted
228  sand with a 70/30 blend of salt brine and Ice B’Gone (a proprietary MgCl, blend) was more cost-
229  effective relative to two other approaches (three applications of salt, or early salting followed by
230  sanding).

231

232 Laboratory study shows that at 15°F and 5°F CaCl, produced more undercutting of ice on
233 pavement materials than NaCl (Blackburn et al., 1991). Another laboratory study demonstrated
234 that at 23°F the relative area deiced by chemicals followed the order of
235  NaCl>CaCl,>CMA>Urea, whereas their relative rate at which the chemicals debonded ice from
236  pavement followed the order of CaCl,>NaCl>Urea>CMA (Trost et al., 1987). Granular CaCl,
237  can be combined with NaCl to increase the effectiveness of NaCl in cold conditions, as CaCl,
238 acts quickly, gives off heat, and forms initial brine with moisture in the air (WTIC, 1996). Based
239  on a study sponsored by Colorado DOT, MgCl, (liquid), CaCl, (liquid), Clearlane, KAc, Ice
240  B’Gone, De-ice, unspecified Agro-based, and sodium acetate were believed to be the best when
241 it comes to low effective temperature, whereas abrasives, potassium formate and sodium chloride
242 were considered to be the less effective (Shi et al., 2009). In terms of the survey responses, about
243 50% use MgCl, and about a third use CaCl, for their applications. In addition, about 20 percent
244  use agro-based products in addition to NaCl. One of the key factors for successful chemical
245  usage includes using a combination of salt or salt brine with other products such as MgCl,, CaCl,
246  or agro-based products (ABPs). A variety of agro-based chemicals are being used either alone or
247  as additives for other winter maintenance chemicals (Nixon and Williams, 2001). Agro-based
248  additives increase cost but may provide enhanced ice-melting capacity, reduce the deicer
249  corrosiveness, and/or last longer than standard chemicals when applied on roads (Kahl, 2004).
250  Furthermore, agro-based additives utilize renewable resources and have low environmental
251  impact. Alkoka and Kandil examined a deicing product named Magic, which was a blend of
252 ABPs and liquid MgCI2 (Alkoka and Kandil, 2002). Potassium acetate and calcium magnesium
253 acetate are used much less frequently and are more expensive.

254

255  IceSlicer was also mentioned several times as an alternative to plain salt for low-temperature
256  effectiveness. Another major concern expressed by the survey respondents is the use of anti-icers
257  during extreme low temperatures. Anti-icing melts the snow very early and dilutes the chemical
258  along with it. The water with diluted chemical sticks to the road surface during extreme cold
259  temperatures and causing more dangerous road conditions. While some survey respondents
260 indicated chemicals are not used for deicing at extremely low temperatures, others recommend
261  deicing after the storm, during daylight hours or rising temperatures. Applying chemicals early
262 usually resulted in continuously needing more chemicals. Prewetting of salt and abrasives was
263 highly recommended, specifically using better low-temperature products such as MgCl,, CaCl,,
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264  and agro-based products. Because salt works slower at colder temperature, one recommendation
265 was to apply abrasives on top of salt to provide traction and give salt some time to melt the
266  snow/ice. Storage and handling of chemicals during severe cold can be more problematic, with
267  salt caking, chunking, clumping and freezing and salt brine freezing/crystallizing in lines.
268  Solutions offered by survey respondents included: covered/inside storage or wind protection,
269  testing salt deliveries for moisture content, using anti-caking agents, using mixers, and adding
270  additives to salt brine.

271

272 In summary, literature review and respondents recommend different chemicals based on their
273 effectiveness in different conditions and temperature. Chemicals can be a cost effective option
274  during extreme temperature and its main drawback would be its impact on the environment.
275  There are still ongoing efforts to characterize and improve deicer performance at low
276  temperatures.

277

278  Plowing

279

280  Plowing is the most commonly method of removing snow and ice from roadways.

281  Survey respondents rated it as the most common strategy (92%) used during extremely cold
282  winter storms. Most of the light snowfall during low temperatures is blown off by light wind or
283  turbulence from traffic due to less moisture in the snow itself. However, during heavy snowfall
284  at low temperatures, the snow starts to accumulate on the road surface in the form of packed
285 snow. The packed snow with low moisture content and at temperatures far away from the
286  melting point can be more easily from a road surface by plowing method. Frequent plowing is
287  the easily available option to remove snow from the surface if the temperature continues to stay
288  below melting point after a snow storm. However, in some scenario the temperature gets warmer
289  between two cold cycles causing the snow to melt and making a way for the formation of ice.
290  Ice formation could be a more problematic for agencies and at extremely low temperatures snow
291  removal using plowing becomes very difficult.

292

293  Sometimes, using sacrificing or ice chipping blades have been effective (CTC & Associates,
294  2011). However, combination of mechanical plowing and chemical usage is considered the best
295  practice of snow and ice removal at low temperatures. Recommended operations included
296  plowing before the formation of ice on the pavement and combination of chemical application
297  and plowing after the formation of ice on the pavement (Boselly, 2005).

298

299  The following types of blades or plows were specifically mentioned in the survey for low-
300 temperature plowing: new cutting edges, serrated cutting edges, Joma blades, rubber mounted
301 carbide cutting edges, anti-vibration cutting edges, triple edged plow blade (one of which is a
302  serrated blade to cut ice or hard pack), tow plows, and underbody scrapers.
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303

304  Abrasives

305

306  Abrasives are typically used at pavement temperatures below 12°F and on roads with low traffic
307 and low traffic volume (Blackburn et al., 2004). Use of abrasives was the third most popular
308 strategy according to the survey, with 68 percent of respondents indicating they use abrasives for
309 extremely cold winter storms. However, abrasives can pose negative impact on the environment.
310 For example, abrasives (e. g., sand) may contribute to air pollution resulting in lung disease
311  (Fischel, 2001) and also affect the water quality and threaten aquatic species during spring runoff
312 (Staples et al., 2004).

313

314  Typically, abrasives are used in the rural and low traffic volume roads and would require at least
315  seven times more abrasives than salt to treat the same distance of roadway to a comparable level
316  of service (CTC & Associates, 2008). Pre-wetting has shown to increase the performance of
317  solid chemicals or abrasives and their longevity on the roadway surface, thereby reducing the
318 amount of materials required (O’Keefe and Shi, 2005). Pre-wetting with deicing agents helps
319  abrasives stick to the roadway, as does pre-wetting with hot water (Perchanok, 2008; Perchanok
320 etal., 2010). Dahlen and Vaa (2001) found that “by using heated materials or adding warm water
321  to the sand it is possible to maintain a friction level above the standard, even after the passage of
322 2,000 vehicles”. It may be appropriate on some stretches of rural roads to simply treat with
323  abrasives throughout the winter season if extreme temperatures and prolonged snow cover is
324  common and there are no expectations of a bare road.

325

326  Weather Forecasting

327

328  Weather forecasting plays an important role in predicting extreme temperatures, implementing
329  proactive strategies and thereby utilizing the best available sources. The drawbacks of an agency
330 without weather forecasting system can lead to increase in use of chemicals, increase in cost,
331  increase in number of accidents, and sometimes can worsen the existing road condition due to
332 improper anti-icing (Blackburn et al., 2004). When considering the choice between spatially or
333  temporally improved forecasts, Fu et al. found that improved spatial resolution of forecast data
334  will provide greater expected benefit to service levels (Fu et al., 2009).

335

336  There were 91 survey respondents who indicated using multiple resources to gather weather
337 information as shown in Figure 3 such as Road weather Information System (RWIS), private
338 sectors and free weather information sources. Twelve respondents specified Maintenance
339  Decision Support System (MDSS) as the “Other. A few mentioned getting information from
340 neighboring cities. In addition, 91% respondents indicated pavement temperature as the most
341 important weather parameter for proactive strategies followed by precipitation type (74%), wind
342 (74%), precipitation intensity (61%), air temperature (54%), humidity (20%) and other factors
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343  (15%). Additionally, survey results shows that 91 percent indicated pavement temperatures was
344  the most important weather parameter (Figure 4). Timing of the storm and weather trend after
345  the storm was mentioned several times in the comment section.

346

347  The SHRP sponsored research examined the potential benefits of improved weather information
348  (including RWIS and tailored forecasting services) and found the improvement in efficiency and
349  effectiveness as well reduce the costs of winter maintenance practices (Boselly et al., 1993;
350 Boselly and Ernst, 1993). RWIS benefits include: reduced staff overtime, less misdirected staff
351 time, fewer wasted materials and equipment, and improved roadway level of service (Strong and
352  Fay, 2007). Several cost-benefit analysis studies (Shi et al., 2007; Ye at al., 2009) have shown
353  substantial decrease in cost due to the usage of weather forecasting services.

354

355 Table 2 summarizes the benefits and costs associated with weather information for winter
356  maintenance. The study (Ye et al., 2009) recommended that the use of weather information be
357 more focused towards the road environment, in order to develop better winter maintenance
358 strategies. In addition, the maintenance agencies should continue to invest in road weather
359 information with high accuracy (such as RWIS and customized weather service) and to ensure
360  high usage of the existing road weather information services

361

362  Winter maintenance equipment

363

364  With the innovative and improved technology constantly evolving, advances in winter
365 maintenance equipment have made winter maintenance more efficient, safer and less costly. The
366  advent of these technologies has facilitated the management of operations and saved resources
367 and time (Transportation Association of Canada, 2003). There are various new
368 technologies/equipment available in the market such as: Automatic Vehicle Location (AVL),
369 road surface temperature devices, towplow and other plow configurations, dispensing
370  technologies, MDSS innovative snow plow blades, etc. However, survey results have shown that
371  innovative equipment/technologies as a less popular strategy during extreme cold conditions. Of
372 the 85 survey respondents, 54 said they had not tried anything innovative specifically for
373  extreme cold conditions. Survey respondents who used innovative technologies/equipment
374  mostly made modifications based on their field experience except few using AVL and MDSS
375  systems. Shi et al. conducted a comprehensive literature review and practitioner surveys in 2007,
376  the results of which show that AVL systems and road surface temperature measuring devices are
377  the only ones that had matured and became fully operational; the remainders were still in the
378  development and testing phases (Shi et al., 2006).

379

380 AVL technology incorporates with global positioning systems (GPS) to track and provide real
381 time information on winter maintenance operations, such as: type of applied material, application
382  rate, position of plow blade, pavement temperature, etc. (Vonderohe, 2004). AVL integrates
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383  vehicle location information with other information from the vehicle to provide temporally and
384  spatially referenced information on a maintenance vehicle’s activities.

385

386  Temperature sensor which measures pavement temperature and air temperature is another
387  essential system for winter maintenance activities in terms of decision making. Field personnel
388  with the help of pavement temperature, air temperature and past experience can make decisions
389 in timing and application rate of anti-icing or deicing chemicals. Use of innovative
390 technologies/equipment would help in snow removal at extreme temperatures.

391

392  Equipment breakdown is one of the problems occur during winter maintenance operations.
393  Survey results have shown that over 50% of respondents indicated that vehicle/equipment break
394 down and freezing/clogging of spread equipment was a problem. 32 percent indicated driver
395  fatigue problems and 20 percent had corrosion issues with spreader equipment. 18 percent of
396  respondents indicated they had no problems

397

398  Pavement treatments

399

400 Pavement treatments are designed to reduce the bond of ice or compacted snow to pavement or
401 to prevent or to treat winter precipitation. Such pavement treatments present a desirable
402  alternative or supplement to chemical and abrasives usage for snow and ice control, as they
403  would reduce the amount of winter traction materials needed for a given LOS. They become
404  particularly attractive at extremely cold temperatures (e.g., below 15°F or -9.4°C), where most of
405  the chemical deicers lose their effectiveness and the use of conventional methods (abrasives and
406  snowplowing) become very costly and inefficient. Various pavement treatments, including rough
407  surfaces, physical bending pavements, polymer overlays or anti-icing additives, claim to be able
408  to reduce the bond of ice and compacted snow to pavement.

409

410 Rough pavement surfaces can be achieved through the use of open-graded or half open-graded
411  asphalt concrete overlay and coarse aggregate. Another type of design for physical bending
412 pavements features the admixing of rubber particles into asphalt pavement during construction,
413 partially replacing aggregate. The admixing of rubber particles makes it difficult for the asphalt
414  to reach sufficient level of compaction. This results in bending of pavements during traffic and
415  cause the ice to break (Zhang, 2008). Anti-icing polymer overlays available also prevent the icy
416  or slippery conditions. Additionally, asphalt pavements are built by admixing anti-icing additives
417 (5 -6% by weight of mixture) to provide anti-icing benefits throughout the life (Stuart and
418  Mogawer, 1991). Currently, heated pavement technologies are developed in which the pavement
419  is heated internally or externally through different sources such as geothermal heat pumps,
420 infrared heating etc. There were 87 responses for the pavement treatment technologies and most
421 (77) marked “No.” Seven respondents checked Safelane and one checked IceBane. For “Other”,
422 one mentioned FAST bridge deck systems and one said 3/8-inch chip seals was common
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423  throughout the state. Also, respondents use special pavement treatment depending on the location
424 such 25 respondents for bridge decks, 8 respondents for shaded areas and 9 respondents for
425  intersections.

426

427  These treatments generally have higher costs per lane mile than the use of chemicals and are
428 recommended only for problematic locations that offer the best return on investment. However,
429  survey respondents did not have any cost benefit analysis for specially treatment pavement
430  except one respondent indicating that salt brine could be cheap and effective in specific areas.
431

432 Hiroshi et al. (1998) reported the use of a snow melting technology utilizing tunnel spring water
433 and hot spring water on a highway through the Abo Pass, where average minimum temperature
434 is around -18°C during past 5 years with average annual accumulated snow fall depth of 500 cm.
435  They concluded that the snow melting system using tunnel spring water and hot spring water are
436  practical ways to melt snow where such thermal energy and large site are available.

437

438 INNOVATION AND RECENT TRENDS

439

440  Technology continues to improve winter maintenance practices and strategies. A conductive
441  asphalt pavement runway, SNOWFREE, at O’Hare International Airport demonstrated
442  effectiveness during a -10°F storm (Derwin et al., 2003). A geothermal system used in Abo Pass
443  in Japan that relies on spring water and a hot spring was used successfully to melt snow and ice
444 in a location where the average minimum temperature is 0°F.

445

446 However, survey results shows that agencies were reluctant in trying the innovative technologies.
447  Of the 85 responses, most (54) said they had not tried anything innovative specifically for
448  extremely cold storms. Additionally, only one third of survey respondents used
449  strategies/techniques changed recently, to specifically address extremely cold winter storms.
450  Furthermore, only 12 respondents recently implemented any innovative strategies for extremely
451  cold winter storms. The innovative strategies used by the respondents include:

452 e Under belly scrapers during heavy snowfall

453 e Special snow fencing on National park managed land

454 e Introducing MDSS

455 e A system of recognizing and not reapplying materials until needed
456 e Pre-treat and reduce trigger depth if 0 or below.

457 e More preventative winter storm maintenance.

458 e We are trying beat juice sprayed on straight salt

459 e Different chemical blends and additives

460 e Prewet sand as a material and prewetting of materials

461 e We started using Redmond salt

462  Further, only twelve of the 83 responses were actively looking or aware of the new innovations
463  for extremely cold conditions.

10

TRB 2014 Annual Meeting Paper revised from original submittal.





Muthumani, Akin, Huang, Veneziano and Shi

464

465 CONCLUDING REMARKS

466

467  Successfully implementing a highway winter maintenance program requires appropriate
468  selection of chemicals or pavement treatments for snow and ice control, obtaining the right
469  equipment, having well-trained staff, making informed decisions, and proper execution of
470  strategies and tactics. There is a substantial amount of knowledge in the published domain,
471  regarding best practices of winter maintenance in the following categories respectively: chemical
472  usage; plowing abrasives; weather forecasting; winter maintenance equipment; and pavement
473  treatments.

474

475  Conventional practices for fighting winter storms at extremely low temperatures focus on the use
476  of abrasives and plowing. From the survey results and literature review, chemicals usage still is a
477  widely used technique even though it has a negative impact on the environment. Highest
478  efficiency on chemical usage can be achieved by adequate anti-icing or de-icing techniques in
479  order to prevent re-freezing. Chemicals applied before a storm for anti-icing may cause more
480 problems during extremely low temperature storms. Anti-icing can cause snow to stick to the
481  road surface sooner than it would otherwise at cold temperatures, and several survey respondents
482  specifically mentioned anti-icing is not recommended for severe cold. Current practices of
483  chemicals during extremely cold winter storms include: waiting until the end of the storm, using
484  deicers in daylight hours only, mixing salt with MgCl,, CaCl,, and/or agriculture by-products,
485  and using high application rates. Weather forecast systems could help in accurately predicting
486  the extreme cold temperatures which in turn may help the timing of anti-icing and chemical
487  application rates. Additionally, plowing is still the ubiquitous and popular snow removal
488  techniques in extreme cold conditions. Snow with high moisture content or removing ice needs a
489  combination of plowing, chemical usage and weather forecast systems. Also, survey respondents
490 indicate that treating extremely cold winter storms does not cost a disproportionate amount of the
491  budget. Abrasives are most effective only in the low traffic volume and rural roads. However,
492  Pavement treatments offer the benefit of reducing chemical usage and associated environmental
493  toll, enhancing agency preparedness, and quicker recovery to bare pavement.

494

495  Even though, innovative equipment/technologies are emerging constantly, agencies are still
496  reluctant to use it due to high cost of installation and unproven cost-benefit from the new system.
497  For example, pavement treatments generally bear higher cost per lane mile than the use of
498  chemicals for snow and ice control, and thus should be targeted for problem locations where the
499  best return on investment can be expected. While numerous studies have been done on individual
500 operational techniques (chemical usage, plowing, etc.,), most of them are pertinent to normal
501  winter conditions (>10°F). The authors also notice combining two or more techniques can
502  produce more efficient results. For example, using plowing for dry snow removal and using
503  combination of plowing and chemicals for ice or packed snow. Also, more research needs to be
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504  done by combining new innovative technologies/equipment (AVL, MDSS, etc.) with traditional
505 systems (plowing, chemicals, etc.) and look to decrease the cost in all possible ways. This may
506 help increase the confidence of low funded or rural agencies to implement new innovations
507 during extreme cold temperatures.

508

509 In conclusion, extreme cold temperatures are not a very common occurrence in all agencies and
510 developing a technique or system for only extreme cold conditions could be very costly. More
511 research needs to be done on improving the available operational strategies and
512  equipment/technologies by more laboratory and field testing with respect to extreme cold
513  conditions. New technologies/innovations could be tested and verified for benefits at places with
514  frequent occurrence of extreme cold conditions. Continued research and development can be
515 expected in all these enabling technologies, while efforts are made to advance the knowledge
516 base underlying the key interactions and processes between the pavement, snow/ice, and
517  chemicals.

518

519

520

521

522

523

524

525

526

527

528
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Table 1: Number of responses for each group

Group No. of Responses
DOT winter maintenance manager (headquarter level) 45
DOT winter maintenance manager (district/region/station level) 64
County winter maintenance manager 25

City winter maintenance manager

Contractor

Research

Vendor/Manufacturer 2

Other* 6*
Skipped question 10

* Other includes county commissioner, bureau director, engineer, fleet manager, continuing education,
and overlap between state, county and city winter maintenance
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Table 2: Case Studies of Weather Information of Winter Highway Maintenance

Information

Winter
Case Study Winter Maintenance Benefits
State Season Cost ($ 000s)
($ 000s)
Towa 2006-07 14,634 814
Nevada 2006-07 8,924 576
Michigan 200607 31,530 272

Benefit— Benefits /
Cost Maintenance
REN Costs (%)
1.8 5.6
32 6.5
36.7 0.9

Note: The benefit—cost analysis only considered agency benefits and did not include benefits to motorists

and society.
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Ontario (3)
Alberta (2)
Manitoba (1)
Finland (1)
South Korea (1)
Unspecified {19)

Figure 1: Survey respondents in Unites States
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Figure 2: Total lane miles (LM) of roadway under winter maintenance responsibility.
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Figure 3: Survey respondents for sources of weather information
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91%

74% 74%

Figure 4: Importance of weather parameters
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APPENDIX A: SNOW REMOVAL AT EXTREME TEMPERATURES
QUESTIONNAIRE

Q1. Please provide your contact information

Q2. Please indicate the group that you belong to.

Q3. Did your region experience any winter storms with extremely cold temperatures (below 15°F or
9.4°C) in the last 5 to 10 years, or do you have information on best practices for winter maintenance
under such temperatures? If yes, what percentage of storms typically has extremely cold

temperatures?

Q4. How many lane miles must your state/region clear of snow and ice per year? What percentage do you
consider high volume versus low volume roads?

Q5. Please estimate the snow/ice control cost in a typical season for fighting extremely cold winter storms
and what percentage this was of your total winter maintenance budget?

Q6. Which set of practices work most cost-effectively in managing winter maintenance under extremely
cold temperatures? Please rank on a scale of 1 to 5, with 1 being least cost effective and 5 being most

cost-effective. (Categories were Operation Strategies, Chemicals and/or Abrasives, Winter

Maintenance Equipment, Innovative Pavement Technologies, Weather Forecasting/Snow Storage,
Other).

Q7. Which of the following strategies do you use during extremely cold winter storms: (Choices were
Chemicals, Abrasives/Sand, Plowing, Snow Fences and Snow Storage).

Q8. Do you have a decision tree with certain strategies for extremely cold storms? If Yes, are your
strategies different for 1) high-volume vs. low-volume roads or 2) for storms with heavy snowfall vs.

shorter, lighter storms?

Q9. Considering only extremely cold winter storms, which chemicals do you use for these various
strategies?

Q10. Under what conditions are these strategies most effective during extremely cold winter storms?
(Strategies were Anti-icing, Deicing, Prewetting)

Q11. Have you had any problems with chemical storage during extremely cold temperatures?
Q12. Have you had any problems with chemicals or abrasives not working during extremely cold storms?
Q13. During extremely cold temperatures, what sources do you use to gather weather information?

Q14. What are the most important parameters of real-time and forecasted weather conditions for snow
and ice control at extremely cold temperatures?

Q15. Do you have any issues with snow storage during extremely cold temperatures or winter storms?

Q16. Do you have any problems with equipment (plows, spreaders, etc.) during extremely cold winter
storms?
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Q17. Have you tried any innovative equipment/technologies for extremely cold winter storm
maintenance?

Q18. Does your region use special pavement surfaces to reduce ice formation or improve chemical or
plowing performance under extremely cold conditions?

Q19. If you have special pavement treatments for snow/ice control, where are they located?

Q20. On the special pavement treatments for snow/ice control, do you have any information on their
p p y y
performance and cost?

Q21. Do you have any Best Practices, or have your strategies/techniques changed recently, to specifically
address extremely cold winter storms?

Q22. Have you recently implemented any innovative strategies for extremely cold winter storms?

Q23. Are you aware of any innovative methods, equipment, or technologies for winter road maintenance
that you would like to try for extremely cold temperature scenarios?

Q24. Do you have any ongoing experimental evaluation of methods, equipment, or technologies in
treating snow and ice at extremely cold temperatures?

Q25. Do you have any additional thoughts or comments for the research team?
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