
processes

Review

Durability of Pavement Materials with Exposure to Various
Anti-Icing Strategies

Shujuan Xu 1, Zhiliang Zhou 2, Lichao Feng 3, Na Cui 2,* and Ning Xie 2,*

����������
�������

Citation: Xu, S.; Zhou, Z.; Feng, L.;

Cui, N.; Xie, N. Durability of

Pavement Materials with Exposure to

Various Anti-Icing Strategies.

Processes 2021, 9, 291. https://

doi.org/10.3390/pr9020291

Academic Editors: Amir Tabakovic

and Zhibin Lin

Received: 3 December 2020

Accepted: 26 January 2021

Published: 3 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Architectural Engineering, Lianyungang Technical College, Lianyungang 222005, China;
lygkjjmqh@126.com

2 School of Civil Engineering and Architecture and Shandong Provincial Key Laboratory of Preparation and
Measurement of Building Materials, University of Jinan, Jinan 250022, China; Zhou_Zhiliang@126.com

3 Jiangsu Marine Resources Development Research Institute and School of Mechanical Engineering, Huaihai
Institute of Technology, Lianyungang 222005, China; lichaofeng@jou.edu.cn

* Correspondence: mse_xien@ujn.edu.cn (N.C.); cea_cuin@ujn.edu.cn (N.X.); Tel.: +86-15105311232 (N.C.)

Abstract: Anti-icing is a critical topic in durability assessment for pavement infrastructures, and it
varies according to local policies. To provide sufficient information to winter maintenance agencies,
and help compare the merits and shortcomings of each strategy, this review summarizes the widely
used anti-icing strategies, including elastic surfaces or high-friction overlays, asphalt binders mixed
with anti-icing additives, pavement heating technologies, deicers, and fixed automated spray tech-
nology, from academic and practical perspectives, as well as explore the impact of deicers on the
durability of concrete materials. Furthermore, the costs of each method were compared to evaluate
the feasibility of them. This review not only provides a summary of previous anti-icing strategies, but
also sheds light on future research trends that may help address the challenges of current anti-icing
strategies, and further enhance anti-icing efficiency and reduce life cycle costs.

Keywords: pavement; anti-icing strategies; cost; durability; sustainability

1. Introduction

This review outlines currently applied techniques that are widely used for anti-icing
activities. The performance and cost of various chemicals used for anti-icing and their
corrosion impacts on the durability of highway infrastructure materials have been sum-
marized. The main aim of this review is to synthesize the existing or ongoing research of
(1) anti-icing strategies on pavement materials; (2) chemicals used for anti-icing strategies;
and (3) corrosive effects on infrastructure and cost comparisons.

In recent decades, it has been widely accepted that the durability of pavement is signif-
icantly governed by anti-icing strategies in the cold region areas. To realize the sustainable
development of pavement infrastructures, analyzing winter maintenance activities from
the perspectives of materials and costs would be greatly beneficial to provide agencies
with correct snow and ice control instructions. At present, the cost of ice and snow control
is as high as hundreds of millions of dollars, U.S., in many countries across the world.
For example, the annual cost of keeping the highways free of snow and ice in the United
States was about $2.3 billion (between 1997 and 2005), and, when considering the corrosion
and environmental impacts, the cost increased to at least $5 billion [1]. Local agencies will
choose various anti-icing strategies that fit local conditions, to ensure smooth running of
the highways. Typical anti-icing strategies include elastic surfaces or high-friction overlays,
asphalt binders mixed with anti-icing additives, pavement heating technologies, de-icing
chemicals, and fixed automated spray technology. For elastic surfaces or high-friction
overlays, the cost and overlay materials are the main factors that confine their applications.
The durability of the anti-icing additive mixed asphalt should be the primary concern of
this strategy. For heating technology, although the ice melting efficiency is quite impressive,
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the construction process, materials design, durability, and costs are still the main challenges.
Anti-icing chemicals have been extensively applied as snow and ice control strategies in
cold regions, and, although showing promising efficiency, can cause severe damage to the
structure of bridge pavements and other environmental impacts. This needs to be further
investigated.

2. Anti-Icing Methods and Costs

This section summarizes several anti-icing methods that are applied to eliminate the
ice or compacted snow on pavement surfaces. Such treatments provide effective strategies
as snow and ice control methods. These methods would significantly reduce the cost of
winter maintenance activities as most de-icing chemicals lose effectiveness, and abrasives
or snowplowing are expansive and have relatively low efficiency.

A recent Strategic Highway Research Program reported the following benefits after
anti-icing test programs were conducted by state DOTs (Departments of Administration)
in Iowa, Missouri, Oregon, and Washington [2]:

• Snowplow trips were reduced by roughly one-third, resulting in less wear on equipment.
• Snowplowing was easily implemented, and at least three hours faster than conven-

tional methods, which resulted in a reduction of labor costs.
• Fewer chemicals were needed by applying the treatment before snowfall, resulting in

reduced costs and less chemical stress to the environment.

Kelting [3] reported a case study, which was conducted in Boulder, Colorado, and
found that liquid anti-icing chemicals had a total application cost of $2500 per lane mile, as
compared to $5200 per lane mile for conventional de-icing and sanding operations. Idaho’s
DOT reported that anti-icing retrofits showed a reduction in the annual average use of
abrasives, labor hours, and vehicle crashes over five years [4].

Physical anti-icing methods include high-friction anti-icing polymer overlays, asphalt
pavements containing anti-icing additives, heated pavements using energy transfer sys-
tems, and fixed anti-icing spray technology (FAST). These pavement anti-icing treatments
may exhibit good reliability and incur less capital and maintenance costs [5]. The following
sections will review these methods in detail.

2.1. Elastic Surfaces or High-Friction Overlays

The asphalt pavement can be modified to realize the high-friction surfaces that provide
improved skid resistance in icy conditions. This friction modification was implemented by
incorporating with open-graded or half open-graded asphalt concrete overlay and coarse
aggregate (e.g., recycled ceramics particles) on asphalt pavements surface to facilitate the
breaking and abrasion of compacted ice coverings on roads. Most recently, the durability of
the open-graded friction surface layer was systematically reviewed by Wu [6]. It was sum-
marized that, although the open-graded surface friction surface layer has many advantages,
such as safety enhancement, cost-effective, and environmentally friendly benefits, it is still
facing durability challenges, including rutting, raveling, clogging, cracking, delamination,
and moisture susceptibility. In all of these mentioned durability challenges, the winter
maintenance activity is a critical aspect that governs the service life of the open-graded
friction surface. Due to its high air void content, the low thermal conductivity will lead
to more frequent and severe frost and ice formation processes. As a result, the increased
using of de-icing chemicals will result in an early age failure of the open-graded friction
surface layer. Sharma [7] summarized the effects of utilizing polymers to improve the
durability of open-graded friction surface layers. It was claimed that, by incorporating with
polymers and crumbed rubber, or even waste plastics, the durability of the open-graded
friction surface layer can be considerably improved if the quality of materials and the
manufacturing process can be well controlled.

High friction anti-icing polymer overlays are effective at decreasing traffic risks, which
are derived from the icy or slippery pavement surface. Meanwhile, further investigations
are needed to study the high friction anti-icing polymer overlays, to guarantee durability
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and anti-icing efficiency. Commercially available polymer (named as Product A) is a
surface covering material in which a specific polymer is applied to the paved surface and
aggregates are applied to the surface. The aggregate acts as a hard sponge, acting as a
slow-release mechanism for the liquid de-icing agent used. In this way, the cover can
provide residual anti-icing benefits during application. After laboratory tests showed that
medium-porosity limestone aggregate and calcium magnesium acetate (CMA) de-icing
agent provided impressive residual anti-icing performance, the technology was patented
and commercialized. An experiment was conducted at −4 ◦C with repeated application
of compressed snow. The results show that, compared with granite aggregate and NaCl
de-icing agent, the force required to reduce the snow accumulation is much greater, which
requires reapplication of snow [8]. A frost test conducted at 1 ◦C, cooling aggregate samples
to −7 ◦C, showed that the combination of limestone-CMA prevented the growth of frost [9].
In the winter of 2005–2006, field observations showed that Product A is generally better
than the control section. Its advantages are (1) reduced snow and ice; (2) reduced chemical
usage; (3) better snow removal effect during farming [10]. However, no road temperature
below −9 ◦C was observed during that winter. In the winter of 2006–2007, Product A
still performed better than the control section, but other conditions showed poor or worse
performance. Similarly, most road surfaces have temperatures above −9 ◦C. However, on
7 December 2006, when the temperature of the Mitchell Bridge in Hibbing, Minnesota,
was −20 ◦C, the Product A section was covered by 50% frost, and the control section was
clear [11]. More information and documentation are needed to determine the advantages
of Product A in extremely cold conditions.

Another strategy of elastic pavements was implemented by incorporating rubber
particles as partial replacements of fine aggregate in asphalt binders during the construction
process. To increase the resistance to the skid of pavements and provide “elastic aggregates
which flex on the pavement surface under traffic” that can significantly improve the
anti-icing efficiency [12], Product A devised and manufactured asphalt-based composites
with the addition of 3–4% granulated tire rubber (1.6–6.4 mm particles) by weight of the
mixture, along with some buffing and chopped fibers in the top course of hot-mix asphalt
pavements. However, it was claimed that the addition of rubber could lead to challenges
of the compaction status of asphalt [13].

The testing in practical cases and in laboratory conditions showed that another com-
mercially available polymer (named as Product B) enhanced the low temperature cracking
resistance, reduced the rutting resistance, and had a variable effect on the moisture suscep-
tibility by comparing with the control pavements. Meanwhile, in practical cases surveyed
by an FHWA (Federal Highway Administration) study, most of the pavements after coated
with Product B exhibited the same rutting, cracking, and raveling resistance when com-
pared with the control pavements [13]. It was reported by Alaska and New Jersey DOTs
that the practical testing of Product B can result in a significant enhancement in the skid
resistance of pavements, reducing vehicle-stopping distance during ice conditions and,
thus, improving traffic safety [14]. Another example reported a case study in the northern
cold regions of China, in which the crumb rubber was used to prepare asphalt-based elastic
highway to prevent snow/ice pavement surface. It was claimed that the field performance
of the rubber modified asphalt pavement, including the adaptability of gradation type,
anti-freezing performance, ice-breaking performance, and anti-wearing performance was
significantly enhanced by the appropriate incorporation of crumb rubber [15]. This result
showed that the crumb rubber is an excellent mixture for anti-icing asphalt pavement.

The high-friction pavements were reported to be plagued by durability issues. Take-
ichi [16] evaluated three types of pavement that provide anti-freezing effects through
high-friction surface texture and another eight types through pavement bending. The
study indicated that the use of two approaches—one to cut pavements into lots of grooves
and fill them with urethane resin, and the other to embed cylindrical or doughnut-shaped
rubber into pavement surface at regular intervals—played a particularly positive effect on
realizing excellent anti-freezing effectiveness. These two types of pavement systems were
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often applied in many special fields, such as intersections, and performed high anti-icing
properties that were beneficial to pedestrians and vehicles.

The durability concern of high-friction overlays has been also proposed in the re-
view [17,18], where several case studies of high-friction pavements of key locations, in-
cluding horizontal curves or steep grades with excessive braking, high accident rates,
and/or frequent wet-weather conditions, in cold regions of the U.S. were summarized
from the perspectives of laboratory testing, field-testing, safety studies, and cost-benefit
analyses. It was illustrated from most practical field tests that the use of high-friction
overlay technology is effective at increasing the anti-icing performance of pavements;
moreover, traffic accidents significantly descended. For increasing traffic safety, the South
Dakota Department of Transportation installed a high friction surface treatment in 2014
and compared a three-year crash accident rate before and after the installation. It was
found that the crash rate reduced from an average of 10 crashes per year to only two
crashes per year. The collected data indicated that the installation of these overlays reduced
automobile crashes by nearly 77%. In Minnesota, the high-friction overlays were applied
to build a bridge pavement in July 2006 on southbound lanes in the City of Hibbing, to
reduce vehicle skid. It was found from the survey that, after installation, the skid numbers
remarkably decreased within 3 years. Young [19] installed a polymer-based overlay on
asphalt pavements to enhance the anti-skid property; however, it was reported that the
mean texture depth of the thin-bonded overlay tended to decrease by 13% of the overall
overlay thickness after the pavements were in service for 9 months.

Furthermore, as claimed from the survey, the durability issue mainly resulted from
the obvious friction loss between the treated overlays and automobiles. For example, the
polishing effect caused by frequent traffic flow was indicated by the field test conducted
in Sand Creek Bridge, Williston, North Dakota, demonstrating that the severe abrasion
resulted in the significant reduction of the aggregate angularity and surface friction. This
work claimed the short service life of high-friction overlay pavements. Moreover, the
survey of the high-friction pavement constructed in Colorado also suggested that the
texture depth of pavement reduced by 40% after only one year, and therefore, the anti-icing
performance decreased. A similar result was given by the survey carried out in Mitchell
bridges, Hibbing, Minnesota, which demonstrated that the aggregates on pavements
suffered from repeated shearing from normal traffic polishing. This unexpected decrease
in the field performance of high-friction overlays remarkably confined their application.

Although improving the friction of pavements was effective at increasing traffic safety
during the heavy snow season, the less-satisfying long-term performance may significantly
reduce the expectation of this technology. It was claimed by Evans that the pavements
frequently suffered from the repeated wear force, such as plow blade shearing forces and
normal traffic shear. The researcher predicted that the longevity of the overlay is limited to
3.5–5 years, and remediation was required to expand its service life [20].

Flintsch [21] indicated the rapid failure of high-friction overlays could be caused
by a wide variety of issues, such as the raveling of the material, delamination, and the
polishing of the aggregate. The deterioration in the compatibility of high-friction surface
and pavement was closely controlled by the surface moisture of overlays. It was reported
that high moisture content in the high-friction surface might hinder the pavement’s ability
to bond with the epoxy, thus causing raveling and peel-off problem; furthermore, the water
trapped below the impermeable layer as the surface undergoes freeze–thaw action may
lead to severe raveling.

Apart from the high friction surface, the efficiency of removing the ice layer on the
asphalt pavement surface can be enhanced by using the so-called elastic surface, which
mainly resulted from the filling of elastic materials, such as rubber or plastic polymers, in
the asphalt matrix. This modification tends to alter the interaction between pavement and
automobile tires, thus contributing to increase the surface friction of roadway or reduce
the bonding connection of ice covering and road surface. Although the elastic pavement
strategy generally doubles the cost of the asphalt mixture, the use of this strategy has
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brought broad interest in industrial fields after it was firstly introduced in the U.S. from
Sweden in the late 1960s. The rubber-asphalt pavements exhibits good field performance
when the temperatures reach no lower than −12 ◦C and the ice thickness is no thicker than
9 mm; the biggest challenge is that the agreement of the cost–benefit analysis has yet been
conducted [22]. A survey by the Alaska DOT in 1998 [23] produced pliable rubber asphalt-
based composites to reduce snow/ice accumulation on roads. However, their testing did
not exhibit as high efficiency as was expected and obtained little financial benefit.

Wu [24] attempted to enhance the abrasion resistance property of polymer overlays by
incorporating with a hybridized fluorinated silicon-based copolymer, through enhanced
self-crosslinking ability, strong self-adhesiveness, and high structural stability of the com-
posite coatings in severe conditions. The final composites exhibited excellent hydrophobic
properties and, thus, the increased anti-icing coating performance. More importantly, the
abrasion test showed that the anti-icing performance maintained at a high level even after
over 110 cycles of sandpaper abrasion and 20 icing/de-icing cycles, or suffering from
various corrosive/organic conditions for more than 10 days. This result indicated that the
incorporation of the silica-based copolymer could result in the increased abrasion resistance
performance of the pavements.

A similar study was implemented in Sweden, Europe, where the polymer-modified
asphalt binder was used as the waterproofing and aging resistance layer for the pavement.
In this case, the layer was coated on a bridge, which experiences the temperature range from
−40 ◦C to +30 ◦C. By collaborating with a German partner, the laboratory testing results
showed that the tensile bonding strength was satisfactory and the bridge was following
the requirements. The fatigue test results indicated that the waterproofing pavement well
remained for all four polymer-modified systems and test temperatures. Besides, by using
grit and steel ball robot blast equipment, only 10 tons of waste was produced compared
with 250 tons of waste originating from manually operated blasting; this was satisfactory
from the health and environmental perspective [25].

2.2. Asphalt Binder Mixed with Anti-Icing Additives

It was found that mixing anti-icing additives in asphalt binders is an effective approach
to confine the ice formation on the surface of asphalt pavement. A study conducted
in Italy used sodium chloride (NaCl) as the dominant additive on the asphalt mixture
pavement and found that additives help in the delay in ice formation on the pavement
surface, accelerating the melting process, and reducing adhesion between ice and the
pavement surface.

One of the well-known chemical additives for anti-icing mixed asphalt pavement
is the commercially available Product C (0.1–5 mm flake particles of 95% CaCl2 and 5%
sodium hydroxide) that was extracted from linseed oil or polyvinyl acetate. The Product C
was often incorporated with the surface layer of fresh asphalt pavements, to enhance the
anti-icing performance of pavements and bridge decks. Anti-icing additive pavement has
been used in Europe, North America, and Japan since the 1970s. Laboratory studies have
indicated that the addition of anti-icing additives could enhance the resistance of pavement
to rutting at high temperatures, insignificantly decrease its temperature susceptibility, and
increase the damage risk of moisture [13]. Proposed field-testing has revealed several
conclusions on the field performance of the anti-icing additive pavements particularly at
extremely cold temperatures [26–30].

The New York State DOT carried out a field test of the pavements with anti-icing
additive in Albany, New York, in 1978, and it was investigated from their results that the
pavements with anti-icing additives showed better anti-icing properties at temperatures
higher than −7 ◦C. On the other hand, with decreasing temperatures, the anti-icing additive
pavements exhibited an insignificant enhancement in the field performance as compared
to control pavements [26].

The anti-icing efficiency of anti-icing additive pavements was dramatically determined
by the service conditions. During warm and wet winters of Western Europe, New York
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State, and Pennsylvania, the pavements had excellent self-de-icing performances. However,
in areas that were drier and colder, such as Minnesota, Manitoba, and Illinois, the anti-icing
additive pavements showed less satisfying anti-icing performances.

In a Colorado project, the effectiveness of de-icing was so slow that normal salting
and sanding operations dominated in anti-icing performance [13]. Although the anti-icing
additive pavement featured excellent field performance in terms of eliminating snow/ice
covering, it was suggested that the high cost of the mixture might significantly confine
its applications in practical cases. More seriously, the additional cost is not balanced by
the benefit of reducing sanding and salting operations. However, the anti-icing additive
pavement system is still meaningful and is worthy of more attention because it works for
reducing traffic accidents. Another problem of the anti-icing additive pavement is the issue
of raveling. A field test indicated some pavements tended to be exfoliative, which stressed
the importance of better quality control of the pavements during pavement construction
(especially compaction).

The feasibility of the anti-icing additive pavement has been proved. First of all,
although the high water absorption ability of the pavement will result in slippery construc-
tions, it can be effectively avoided by sand incorporation or water flushing [13]. Secondly,
research by the Michigan DOT [31] concluded that the anti-icing additive achieves its
effectiveness when the temperature is over −3 ◦C. Furthermore, heavy traffic (at least
5000 ADT—Average Daily Traffic) is required for anti-icing additives to reach their full
de-icing potential. Moreover, the anti-icing additive featured little environmental risk and
obvious reduction in salt usage, which impresses researchers.

However, the cost of anti-icing additives is high (USD $4000–$4500 per ton/2015),
approximately 30–50 times the cost of asphalt materials (about USD $80–$150 per ton/2015).
Other anti-icing additives are also commercially available in Japan and China [32], all of
which aim to reduce the use of chemical deicers and improve the efficiency of mechanical
removal. The main challenge of this technology is to balance the demand for controlled-
release cement treatment to achieve the anti-icing functions.

Giuliani [33] developed sodium chloride-based anti-icing filler in asphaltic materials;
it was demonstrated that, due to the presence of the de-icing agent, the formation of
ice covering has been delayed. Moreover, the skid resistance result indicated that this
technology exhibit an effective function in reducing frost formation. More importantly, the
long-term performance measurement was conducted and it was found that the releasing
de-icing chemicals tended to decrease with time, especially during warm and rainy seasons,
which decreased the effectiveness of the de-icing fillers.

Ma [34,35] studied the de-icing performance of anti-icing asphalt mixtures with deicers;
it was found that the bonding connection between ice and pavements could be weakened
due to the releasing anti-icing additives from asphalt mixtures. However, it was proposed
that the use of anti-icing additives exhibited negative influences on the rutting stability,
thermal cracking resistance, and moisture susceptibility of asphalt mixture. To overcome
this disadvantage, polyester fibers were incorporated with asphalt mixtures, and it was
indicated that the polyester fibers are effective to minimize the negative influence of deicers,
and the fiber modified asphalt mixture has much better engineering properties than the
normal de-icing asphalt mixture. By this method, the anti-icing performance of asphalt
pavements mixed with polyester fibers and its durability reached a balance.

2.3. Pavement Heating Technologies

The pavement heating technology aims to prevent icing or promote de-icing. Ac-
cording to the relative position of the heating source and the sidewalk, it can be classified
as (1) internal heating (for example, geothermal heat pump [36]; (2) electrical resistance
heating [37–40]; and (3) external heating (for example, microwave and infrared heating).
Attempts have been made to use infrared heating lamps and insulated bridge pavements
with polyurethane foam, but were found to be ineffective [41,42]. Figure 1 illustrates the
cost estimates of various heating systems by the Iowa Department of Transportation [43].
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Figure 1. Estimated cost of various heating systems of (a) approximate capital cost, (b) the operating cost, and (c) the power
consumption of various heating systems for snow and ice control [43].

Using cables as the electric heating elements has become popular in the manufacture of
anti-icing pavements since this technology was firstly installed in practical cases, as early as
the 1960s in Newark, New Jersey. Electric heating cables were embedded under pavement
surfaces and were controlled by surface sensors that can perceive snow participation on
roads. However, this approach was discarded due to several crucial problems. For example,
the inaccurate detection of these sensors may mislead the heat resource, and the electric
heating cables may be easily split off pavements by heavy traffic. These problems were
stated by the Ladd Canyon Heating Project by the Oregon DOT, which tested the field
performance of cables on a part of Interstate Highway I-84 in 2006 [44]. Apart from the high
operation cost, the poor durability of electrical heating is the most significant reason that
confines its application. To be more specific, the repeated traffic loading will cause damage
to the cables so that the cables will lose their electric heating functions. Although no severe
failures of the system can threaten the safety of the pavements, when the environment
temperature below −7.2 ◦C, the system will become inefficient due to the damage of
the cables.

In addition to cable, using conductive carbon fabric as a heating element of concrete
pavement was explored by Mohammed [45]. In their work, carbon fiber fabrics in the
forms of filament, woven fabric, and unidirectional fabric were embedded into the concrete
matrix to manufacture anti-icing pavements, and it was reported that these carbon fabric-
pavements exhibited satisfied anti-icing performance, the generated electric-heat was
sufficient to heat samples from freezing temperatures of −20 ◦C to above 0 ◦C in a short
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period. The input power density, wetness of concrete, depth of the embedded carbon fabric,
and ambient temperature are parameters of the anti-icing performance. However, this
technology presented potential limitations. The weak connection between carbon fabric and
copper electrodes hinders electric current flow and results in the generation of over-amount
of heat, which is harmful to the long-term performance of anti-icing pavements.

Apart from cable heating, electrically conductive fillers were applied to incorporate
with the conventional concrete to achieve stable electrical conductivity of the concrete based
composite to manufacture electrically conductive pavement. A thin layer of conductive
concrete can produce enough electric-heat because of its high electrical conductivity. This
can be utilized to prevent ice formation on the pavement surface when connected to a
power source. Two types of conductive concrete were proposed and applied in practical
cases due to their advantages and limitations: (1) conductive fiber-reinforced concrete, and
(2) concrete containing conductive aggregates. Current progress shows the electric de-icing
roadway system can be made by carbon nanofiber paper [46] or carbon/glass fiber hybrid
textile [47]. The result of the field test indicated that this electrically conductive concrete
exhibited high electrical conductivity, high electric-heat generation property, uniform and
rapid heating, reliable performance, low cost, and/or improved service life. Due to the
use of conductive materials, more sand and cement and less limestone were used than in
conventional concrete [48].

The electrical conductive overlay is another way to realize the pavement heating
technology. To explore the feasibility of applying conductive concrete as electric heating
bridge pavements through small-scale experiments, Yehia [49] manufactured a conductive
concrete deck for the Nebraska Department of Roads. Figure 2 gives material costs of
conductive concrete versus conventional cement concrete. Their work indicated that using
conductive concrete was much more cost-effective than that embedded with an electrical
heating source. Furthermore, they constructed electric de-icing concrete bridge pavements
by the use of 1.5 percent of steel fibers and 25 percent steel shavings, by volume, for the
Roca Spur Bridge in Roca, Nebraska, and they illustrated that this method required a lower
cost than other de-icing technology. The average energy cost was about only $0.8/m2 per
snowstorm [50].

Figure 2. (a) Costs of conductive concrete materials and (b) Costs of conductive concrete materials versus conventional
concrete materials, in 1998, USD [48].

Similar technology was applied in another work [51]. They prepared a conductive
ultrathin bonded wearing course (CUBWC), which mainly consists of the conductive
functional phases such as graphite, carbon fiber (CF), epoxy resin adhesive, as anti-icing
pavements. They firstly considered the effects of CF length, CF content, and graphite
content on the electrical characteristics of CUBWC, it was found that the most suitable fiber
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length was 2 mm and the optimum dosage of conductive fillers was 25% graphite (by mass)
and 4% CF (by mass). Furthermore, they proposed that the electrical characteristics of
CUBWC could be affected by the temperature of the composites, especially during the snow
melting process. From their results, a positive temperature-resistivity coefficient was found
in CUBWC samples, which is the resistivity values tend to increase with the increasing
temperature because the thermal expansion degrees of carbon fillers and epoxy resin
matrix is inconsistent at a high temperature. Therefore, the different expansion increased
the distance between the adjacent conductive particles, leading some conductive pathways
to cut off. However, the resistivity fluctuation caused by temperature was limited, and the
resistivity values kept relatively stable. More importantly, the temperature-cycling test was
further conducted to evaluate the long-term property of electric-heating overlays. It was
illustrated that after two cycles, the heating up curve and the cooling curve were consistent
with each other. This phenomenon showed that the internal structure of the composite
system tended to be stable after repeated shrinkage and expansion of resin matrix, thus the
resistivity variation of CUBWC became smaller after two temperature cycles. This work
proved the feasibility of using carbon-epoxy resin as an electrically conductive overlay for
snow/ice management on pavements.

After the construction of the de-icing Roca Bridge deck, its field performance was
evaluated from 2003 to 2008. To avoid the disadvantage of chemical instability of steel
shaving, carbon and graphite products were used to replace steel shavings in the conductive
concrete mix design. From their long-term research, it was shown that the conductive
concrete is effective to raise about 10 ◦C of the slab. However, the electrical conductivity
efficiency of the concrete bridge pavements tended to significantly decrease during the
service life of the bridge pavements, thus increasing the energy required and the cost. The
total construction cost of the Roca Spur Bridge de-icing system was $193,175. The cost per
unit of the surface area of the conductive concrete inlay was $635.1/m2. The construction
costs of the various de-icing systems are compared in Figure 3. The operating cost of the
Roca Bridge de-icing system was about $250 per major snowstorm [48]. Furthermore, the
author concluded that achieving long-term stability of the electrical conductivity of concrete
is the most challenging task. Moreover, because of the increasing electrical resistance, the
higher electric voltage, higher operation cost, and lower efficiency were obtained in the
Roca Spur Bridge deck, and the high electric power would put human beings at threat.

Figure 3. Cont.
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Figure 3. (a) Initial cost, (b) Annual operating cost and (c) Power consumption of different deicing systems [48].

The electrically conductive concrete system was also manufactured as airport runways.
A representative example, a commercially available system that was constructed at O’Hare
International Airport [52]. These anti-icing asphalt pavements were prepared by mixing
graphite into the asphalt. The field performance of O’Hare International Airport was tested
for four years, beginning in November 1994, and it was illustrated that the system exhibited
effective self-de-icing property and good durability. Furthermore, it showed satisfying
cost benefits, showing that the system would largely help to improve the exit efficiency,
and possibly have a payback of the investment in 3 years. The results also indicated
that this system could work well in severe conditions, even when the temperature was
below −23.3 ◦C. In one of the winter seasons, for example, the temperature of pavement
improved by −5.6 ◦C in extremely cold weather.

The addition, the electrically conductive fillers in the asphalt mixture do not only
provide heating energy (via the electrical Joule energy), but also act as agents to realize
induction heating by applying external microwave devices on the top of the pavement
surface, regardless of the ice thickness. In recent years, the microwave de-icing performance
of asphalt mixture was tested by using steel slags as aggregates. It was claimed that the
steel slag aggregate is an excellent microwave absorbing material because of the high
hyperactive (Fe3O4) and active (Fe2O3 and FeS) contents. The testing results show that
the microwave heating efficiency is a parameter of the aggregate’s size. The steel slag
aggregates with sizes of 9.5 mm, 2.36 mm, and 0.6 mm were found to be the most effective
sizes. Besides, the thermal conductivity and the uniformity of microwave heating on the
asphalt mixtures decrease with the increasing content of steel slag. They suggested the
optimized volume contents of steel slag are 40% and 60% [53].

Apart from the steel slag aggregates, the microwave induction heating performance
of the asphalt mixture with the addition of steel wool fiber has been investigated. It was
found that the contents and diameters of steel wool fiber are key factors that influence the
induction heating efficiency. The increasing contents of the steel wool fibers will lead to
the increase of the air void of asphalt mixture, and the increase of the diameter will result
in a decrease of heating efficiency. However, the increasing of diameter is beneficial to
enhance the heating uniformity of the asphalt mixture. It was reported that the optimized
combination of contents and diameters of steel wool fibers for induction heating was 0.3%
for 15–35 µm, 0.6% for 50–70 µm, and 0.9% for 75–125 µm. Moreover, it was stated that the
thickness of the ice was not relevant to the ice-thawing efficiency [54].

Liu’s study demonstrated that, except for the addition of microwave absorbing mate-
rials in asphalt mixture, the structural design is also an important strategy to enhance the
induction heating efficiency of pavement. A magnetically conductive layer was applied to
replace the lower part of the inductive asphalt mixture layer in the conventional induction
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heating asphalt pavement. The structural stability was tested, and the de-icing efficiency
was evaluated. The results indicated that this novel structure could significantly enhance
the de-icing efficiency by as much as over 80% without sacrificing the stability of the
pavement structure [55].

Another multiple layer structure was developed to enhance the induction heating
efficiency. In this structure, three sub-layers were designed, as the top layer was made of
an electrically conductive asphalt mixture containing waste steel shavings, the medium
layer was the asphalt mixture with a pre-embedded induction coil, and the bottom layer
was constructed by a waterproof adhesive layer with magnetically absorbing material
containing waste ferrites. It was reported that the optimum content of waste steel shavings
in the top layer was 6%. The tensile strength and shear strength of the magnetically
absorbing bottom layer reach about 90% of the traditional waterproof adhesive layer [56].

As a novel de-icing strategy, although induction heating has many advantages, in-
cluding high efficiency, environmentally friendly, and a significant reduction of labor cost,
there still have several challenges that need to be concerned. First, the long-term perfor-
mance of the induction-heating pavement was barely reported. The reduction of bonding
strength between the aggregates and the asphalt is still unclear, and the aging problem
of the asphalt binder with exposure to the microwave was little investigated. Second, the
structural design needs to be further investigated. The thickness of the magnetic layer, the
electrical conductive performance, and the percolation of the fillers are all critical factors
that determine the induction heating efficiency.

Despite the aforementioned anti-icing methods being effective in the prevention
of snow/ice accumulation, a large amount of additional energy is required to achieve
such satisfied anti-ice/snow performance, which will cause huge energy consumption.
Therefore, to solve this problem, using natural energy, including solar energy and wind
energy as melting systems, was invented in Japan. The renewable nature energies used in
Japan are summarized by Hiroshi [57]; for example, utilizing underground water source
or steam, storing heat underground, circulating it under pavements, and using electricity
produced by wind power. This system necessitates higher capital costs than electric heating
technologies, but it achieves cost benefits (i.e., maintenance costs and environmental
protection).

To combine the advantages of both nature energy and electric source, an anti-icing
airfield runway was built in Arkansas that can heat itself by using solar energy and electric
heat. The concrete overlay panels (4 m × 3.048 m) were manufactured by the incorporation
of graphite powder and steel fiber and equipped with a solar energy supply. The field
test illustrated that only solar energy is insufficient to heat the whole pavements and
restricting energized pavement sections only to the pavement surface. The field-testing
results also demonstrated the conductive concrete systems should only be implemented
on the runway section where heavy snow removal equipment is hard to operate, instead
of the whole pavements, because of the high implementation cost. Moreover, it was
previously proposed that the satisfying strength of conductive concrete is required before
the implementation [58].

Furthermore, geothermal energy has been seen as a heating source through heat pipe
or direct hot water to melt ice/snow on roads, sidewalks, bridge pavements around the
world. It was agreed that using geothermal energy has cost-benefits, i.e., heating airport
runways with geothermal sources can be paid in 2–5 years [59]. The approach can be
achieved by “either transfer the heat through pipes in the pavement by a flow of warm
liquids or from direct geothermal water or through the use of heat exchanger systems or
hot runoff liquids from local industry or power plants.” The field experiment of using
geothermal energy was conducted by storing waste heat from a local steel factory into
a borehole for heating pavements [60]. This method is cost-effective as compared to the
mechanical snow removal method, and it was estimated that the system will pay for itself in
1–2 years if only the runway is heated, and in 5–10 years if the entire surface area is heated.
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The application of geothermal energy in practical cases was illustrated by Morita [61]
in Japan that they constructed the Gaia snow-melting system to transfer geothermal heat for
de-icing ice/snow. The first system was installed in Ninohe, Iwate Prefecture, in 1996, and it
showed that even at low temperatures in cold seasons (the average temperature is −8.3 ◦C),
the system can effectively melt compacted snow/ice layers and is environmentally friendly.
However, they also proposed that further improvement would be required to maintain
the system and have good anti-icing performance on very cold days [61]. This technology
has many advantages, such as the reduced consumption of fossil fuels (and thus, less CO2
emission), reduced consumption of electricity with a higher coefficient of performance,
and reduced urban heat island effect with heat exhaust placed underground [62]. The next
application was proposed—that they directed the tunnel spring water and hot spring water
to the highway for melting snow on roads where the average minimum temperature was
around −18 ◦C and the average annual accumulated snowfall depth of 500 cm [53]. The
test indicated that this approach could effectively remove the snow/ice accumulation on
roads. Moreover, this design exhibited higher construction costs (1.15 to 1.24 times the cost
of conventional, electric-powered road heating) and lower operating costs (22 to 46 percent
of the conventional systems).

No construction problem was found for installing the heat pipe system. The cost data
of this system are summarized by Hoppe [63]. Operating costs for the heat pipe system are
lower than those for an electrical or hydronic system. The heating system does not seem
to have any adverse effects on the durability of the bridge pavements. Apart from Japan,
geothermal energy has also been frequently applied in the U.S. for controlling snow/ice
on roads. Because there are only few geographical locations with geothermal fluids above
37.8 ◦C, heat pipe technologies are commonly built to transfer warm water in the U.S. In
1972, some alternative anti-icing methods were summarized by Murray and Eigerman
(1972) [64], and their estimated costs are illustrated in Figure 4. It shows that a high cost was
required for geothermal heating technology; more specifically, geothermal snow melting
without a heat pump (around $215.3/m2), ground source heat pumps ($376.7/m2 for
typical highway bridge pavements systems), and “hydronic” geothermal heating ($1076.4
to $1614.6/m2 for the deck and heating system). Due to the high cost of this technology,
it was only used for significant cases, such as bridge pavements and airports [65]. A
representative example of the field test was a heat pipe system in New Jersey, where a
circulated ethylene glycol-water mixture between pipes was embedded 0.051 m below the
pavement surface and a horizontal grid was buried 0.9144 to 3.9624 m below the pavement
on 0.61 m levels. Compared to an electric heating system, this design needs a higher
cost because of the significant cost of excavation to place the ground pipes [66]. Another
field test using geothermal energy was conducted in Virginia, where a two-lane bridge
pavement on Route 60 over the Buffalo River in Amherst County was conducted and the
Freon HCFC 123 was used as the working fluid. The testing results indicated that using
heat pipe technology to prevent snow/ice accumulation is practical and the anti-icing
performance was highly related to the efficiency of the working fluid. Furthermore, these
heat pipe systems feature easy installation and low cost. The cost data of this system are
summarized in Hoppe’s study (listed in Table 1) [63]. Moreover, it was also proposed that
this system did not exhibit any side effects on the durability of the bridge pavements.
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Figure 4. Pavement heating system installation costs (a) and operating costs (b) per season, in 1972, USD [63].

Table 1. Cost Data of a Geothermal Heating System in Virginia in 2000 [64].

Item Cost, USD

Construction $323/m2 (deck area); $181,500 total
Retrofit $18.73/m2

Operating $18/h (gas); $312/year (electricity)
Maintenance $500/year

2.4. De-Icing Chemicals

Anti-icing chemical features reduce the freezing point of water, thus decrease the
formation of ice, and prevent the formation of bonds between the road surface and the
ice. Therefore, the decrease in the freezing point of road anti-icing chemicals is usually
determined through experiments [67]. Although liquid chemicals are most frequently
applied as a de-icing agent, solid chemicals can be potentially used in some cases. There
are mainly five chemicals that can be used for anti-icing operations in North America:
sodium chloride (NaCl), calcium chloride (CaCl2), magnesium chloride (MgCl2), potassium
acetate (KAc), and calcium magnesium acetate (CMA). Furthermore, deicers extracted
from agricultural products can be implemented solely or together with other chemicals [68].
Maintenance personnel from Kansas and New Jersey estimated in interviews that using anti-
icing agents could save 15–20% of costs. Moreover, Coleman (2014) presented that using
chemicals had other advantages including the ease of farming, better road conditions for
customers, and safety [69]. However, implementing deicers at extremely low temperatures
poses a potential risk of structural damage. More specifically, when the temperature is
lower than the eutectic temperature of the deicer, road conditions may become worse due
to the refreezing of the road surface.

Chloride-based salts are the most commonly used chemicals for reducing the freezing
point of water. According to a 2007 survey, DOTs in most states depended on chloride
salts and abrasives for winter highway maintenance [70]. Sodium chloride (NaCl) or
rock salt is the most widely used chemical because of its high storage and low cost [71].
Apart from using it as de-icing agent for pavements, it can also be used as a rock salt for
de-icing or added to sand or other abrasives to prevent freezing. The Salt Research Institute
recommends that the application rate of NaCl should be 100 to 300 pounds of solid matter
per lane mile (30 to 90 kg per lane km) and 45 to 165 gallons per lane mile (105 to 388 L per
lane km) 23% of the liquid brine. However, at a pavement temperature of −12 ◦C, NaCl is
hardly used and has little effect [72].

The eutectic temperature is the lowest temperature at which the de-icing solution
remains liquid, which depends on the concentration of the deicer, and is usually expressed
as a weight percentage of the solution. After the snow or ice melts, and a de-icing agent will
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be diluted in the melting water, which may cause the solution to re-freeze, which leads to a
significant difference in the eutectic temperature of the deicer. Figure 5 shows a comparison
of the eutectic temperature and effective temperature of some commonly used deicers.
Most chemicals will lose their functions before reaching the eutectic temperature. When
the temperature drops below −9 ◦C, NaCl and CMA are no longer cost-effective, and the
help of other deicers may be needed to achieve the goal of controlling snow and ice. Other
options used in the U.S. and Nordic countries include mixing NaCl with liquid MgCl2 or
CaCl2. In addition, it has been shown that mixing rock salt with carbohydrate by-products,
such as corn derivatives or sugar beets, can increase traction. When winter becomes
more severe, it may be necessary to develop low-temperature modified high-performance
brine [73–78].

Figure 5. Eutectic temperature vs. effective temperature for several deicers [43,49,74–78].

Figure 6 illustrates the eutectic curves of some commonly used de-icing agents, i.e.,
their solution concentration-related freezing point temperature, which demonstrates that
NaCl usually exhibits the best performance above −9 ◦C, but it does little to melt snow
when the temperature is below −21 ◦C. At extremely low temperatures (−9 ◦C and lower),
other chlorides and acetates are badly required as supplementary deicers to melt ice,
because of their lower freezing points [79]. A study was recently conducted to observe
the physical mechanisms of wet de-icing pavements using NaCl. Compared with the
theoretical value of freezing point, studies have found that 60% lower salt concentration
can result in remarkable snow-melting performance [80]. The difference is attributed to the
fact that the chemical substance weakens the ice bonding with the sidewalk, so that the ice
formed is weakly bonded on the pavements, which is easily damaged by the shear traffic
force. Apart from the NaCl, calcium chloride (CaCl2) and magnesium chloride (MgCl2)
have been widely studied. At low temperatures, CaCl2 and MgCl2 have better ice melting
performance than salt brine, and many DOTs use them as anti-icing or pre-wetting salt
solutions for rock salt [81]. However, CaCl2 and MgCl2 lack economic benefits as compared
to NaCl, which may bring difficulty for their application. Furthermore, the CaCl2 and
MgCl2 have another disadvantage; the residues of deicers will absorb more water than
NaCl, potentially leading the pavements into dangerously slippery conditions [82–84].
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Figure 6. Freezing point of common road chemicals.

The functions of these deicers were previously investigated in many studies, and
it was revealed by the field studies that CaCl2 is more effective in snow management
than NaCl because it can attract water and cling on the road [85]. Furthermore, another
site test was conducted by the Maine DOT to evaluate the effectiveness of various snow
control methods on interstate highways during the low-temperature snowstorm in January
2011, which lasted about 7 to 8 h [86]. It was found that mixing pre-moistened sand
with 70/30 brine and a proprietary MgCl2 blend is more cost-effective than the other
two methods (three applications of salt or early salting followed by sanding). In Alberta,
Canada, when the environment drops between −18 ◦C and −12 ◦C, workers mix salt with
a small amount of sand and then add a large amount of liquid de-icing agent (MgCl2 or
CaCl2) to melt the ice on the road piece. Experimental data show that, compared with NaCl,
the amount of CaCl2 required to reach the comparable anti-icing performance between
−17.8 and −12.2 ◦C within an hour was much less, and the introduced chloride ion will
be reduced by 5 times, and the cation will be reduced by 10 times [87]. The higher de-
icing efficiency of CaCl2 was proved by another research that, under conditions between
−9 and −15 ◦C, applying CaCl2 as deicer could result in more undercutting of ice on
pavement than NaCl [88]. However, a different result was given by a laboratory study.
It was demonstrated that the de-icing ability of various chemicals at −5 ◦C followed the
order of NaCl > CaCl2 > CMA > Urea, while the rate at which the deicers debonded snow
from pavement complied the consequence of CaCl2 > NaCl > Urea > CMA [89]. Granular
CaCl2 was often combined with NaCl to further increase the effectiveness of NaCl in cold
conditions, because CaCl2 acts quickly, dissipates heat, and uses moisture in the air to
form saltwater [90]. Mitchell [91] reported a case study in Illinois that discovered the
effectiveness of mixing salt with 10–15% CaCl2. It was found that the additives extend
the effective life of the brine and lower the minimum effective temperature. Another field
study was conducted to investigate the difference in efficacy between pure brine and a
mixture of brine and CMA. Researchers have observed that saltwater containing CMA



Processes 2021, 9, 291 16 of 25

lasts longer on the road. In addition, a study was conducted in Baltimore where the use of
MgCl2 for anti-icing operations was suspended due to slippery road conditions.

Based on a Colorado study, it was claimed that MgCl2 (liquid), CaCl2 (liquid), potas-
sium acetate, and other commercially available de-icing agents, unspecified Agro-based,
and sodium acetate and sodium acetate present the lowest effective temperature. In con-
trast, they believed that abrasives, potassium formate, and sodium chloride are the least
effective products [92].

Coleman [69] reported that KAc and calcium magnesium acetate (CMA) are both
effective as anti-icing chemicals at significantly low temperatures. A survey conducted in
Virginia found that MgCl2 and CaCl2 were both beneficial for snow removal [93]. It was
also reported that, for anti-icing chemicals, the increase of the anti-icing effectiveness leads
to cost enhancement. It was claimed that the cost of the salt brine is about 5 cents/gallon,
while the CaCl2 or MgCl2 is about 40 to 50 cents/gallon [94]. For the KAc based salt, the
price will be as high as $2.5/gallon, and thus it can only be used in critical infrastructures,
such as bridges pavements, or airports because the corrosive effect on rebar is far less than
chloride-based salts [69]. Figure 7 summarizes the approximate cost of common deicers
from many references.

Figure 7. Approximate Cost of Common Deicers [43,79,93,94].

Some organic materials can perform as enhancers of the chemical deicers for the
ice/snow control, including the agricultural by-products (ABP) or organic by-product,
popularly used additives are including corn syrup, corn syrup and other corn derivatives,
beet juice-sugared or de-sugared; lignin/lignosulfonate; molasses (usually from sugar
cane); brewer/distiller by-product; and glycerin. Various agricultural-based chemicals can
be used alone or as additives to other winter maintenance chemicals [68].

Agriculture-based additives increase costs, but may increase the snow-melting ca-
pacity of deicers, reduce the corrosiveness of chemicals, and/or have a longer life than
standard chemicals when applied on the pavements [95]. In addition, agriculture-based ad-
ditives utilize renewable resources and have little impact on the environment. Alkoka [96]
studied a de-icing product called Magic, which is a mixture of ABP and liquid MgCl2.
The product can effectively work within the condition as low as −28.9 ◦C [96]. Pesti [97]
used brine and liquid corn salt on the Nebraska highway and evaluated the cost of this
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program, it was found that liquid corn salt achieves bare pavement conditions faster than
salt brine and saves road user costs [97]. Fu [98] conducted field tests on two different
beet molasses-based materials (30% beet juice + 70% brine) and normal brine (23% NaCl)
as a pre-wetting agent and anti-icing agent in Burlington, Canada. The results show that
the pre-wetting property of the mixture at low temperature is not significantly improved.
Even though it is more costly than ordinary brine, organic materials can reduce the amount
of chloride released into the environment. However, the results of this study are limited
to application rates and observed winter conditions [98]. The Swedish National Road
and Transport Institute examined the friction characteristics of the three mixtures. The
brine used for pre-wetting salt made with 30% beet powder does not significantly improve
friction. In the case of mixing sand and hot water, longer-term performance is observed [99].
Shi [100] has developed a systematic method to assist maintenance agencies in selecting or
developing their deicers, which integrates available information on all aspects of the deicer
and incorporates agency priorities.

Recently, freezing point depressants of bio-derived materials have been developed for
airport runways and road applications. Approximately 0.35 kg of crude glycerol will be
generated when each gallon of biodiesel was produced. Therefore, this by-product is under
the urgent requirement to increase the cost-benefit [101,102]. In addition, crude glycerin is
also a very cost-effective de-icing addictive because it costs US $0.02 per gallon. However,
the purification of crude glycerin is needed for ice/snow control. The incorporation
of succinate and glycerin will enhance the de-icing performance of salt brine to a level
equivalent to MgCl2 or KAc at a lower cost. At the same time, it is cost-effective, as it
reduces the usage rate, the corrosion of metals, and the impact on concrete or asphalt
materials. These chemical mixtures were very cost-effective for snow de-icing on certain
road weather conditions. For example, it was found that “Supermix” (85% salt water,
10% Deicer, and 5% CaCl2) above −9.4 ◦C shows a positive field performance when
40 gallons per lane mile of de-icing were used above −16.7 ◦C at 10 gallons per ton [103].
Some counties in Ohio have found that mixing brine with 10–15% agricultural-based
products or less than 10% CaCl2 “can considerably increase the amount of salt remaining
on higher volume pavements when anti-icing and lower the effective working temperature
of brine when pre-wetting at the spinner” [104]. Taylor valued the effectiveness of the brine
mixtures made of glycerol, NaCl, MgCl2, and commercial deicers, and it was concluded that
a mixture of 80% glycerol and 20% NaCl exhibited the best laboratory performance and low
negative effects [105]. However, this finding should be further concerned because the high
viscosity of this mixture can prevent ice when diluted, but it will reduce its effectiveness.
Besides, the use of glycerin may pose a potential risk to water quality.

Developing deicer compositions using sustainable resources, such as by-products
of agricultural processes, offers many advantages. This approach is beneficial to the
environment by reducing waste, decreasing impact, and creating environmentally safe
deicers. Janke developed an environmentally friendly deicer or anti-icing agent from a
by-product of a wet milling process of corn called “steep water”. The deicer formulation is
non-corrosive, inexpensive, water-soluble, and readily available in large quantities. Tests
have shown that successful inhibition is achieved with the addition of these “steep water”
soluble to chloride salts [106]. Similarly, Kharshan demonstrated the successfully increased
corrosion protection of carbon steel using corn extracts [107]. It is suggested that an amount
of 20 to 60 gallons per lane mile of the “steep water” deicer be applied to effectively clear
snow and ice from roadways. When applied to roadways, the “steep water” deicer is not
easily removed by passing vehicles or wind and remains in contact with the road, which
provides continued de-icing performance with decreased application rates. Ice melting
tests were conducted on a 0.089 m thick snow comparing “steep water” concentrated at
50% by weight of a dry substance to an industrial salt/sand mixture. The “steep water”
demonstrated higher melting performance than the salt/sand mixture for both duration
and strength. In addition, the “steep water” deicer also showed active ice melting at
temperatures as low as −13 ◦C, whereas the salt/sand mixture ice melting stopped around
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−7 ◦C [106]. Montgomery et al. proposed a deicer formulation, derived from corn steep
water, in which glucose and corn steep water is combined with sodium hydroxide to form
a biodegradable deicer solution with a freezing point around −26 ◦C [108]. Furthermore,
corrosion testing resulted in little effect on mild steel. Mild steel bolts were immersed
in and sprayed with various concentrations of “steep water” and showed no oxidation
after four months [106]. Janke [109] proposed a non-corrosive, environmentally safe deicer
composition made from vintners condensed soluble acquired from the processing of wine.
This wine by-product deicer has a freezing point of −29 ◦C and is primarily a carbohydrate-
based product [109].

Manitoba’s search for alternative environmentally friendly de-icing agents led to an
alcohol by-product produced by a nearby Crown RoyalTM whiskey plant that was found
to be effective. Other de-icing agents containing sugar beet by-products are also being
explored [86]. A two-year study for the Colorado DOT found NaCl (liquid brine or solid),
abrasives (non-volcanic), and MgCl2 blend have the lowest cost per lane mile, whereas,
pre-wet abrasives, CMA, potassium acetate, and potassium formate were considered more
costly per lane mile. Moreover, a CDOT staff survey respondent mentioned that Clearlane
had been very useful because it worked in very cold temperatures [110]. Cuelho [111]
established best practices for removing snow and ice from roadways through laboratory
and field experiments. The work found that anti-icing materials improved the ability of a
plow to remove snow from the pavement surface, even at temperatures lower than −10 ◦C.
CaCl2 performed best on asphalt surfaces at all temperatures, while KAc performed best
on concrete at all temperatures (−18 ◦C, −12 ◦C, −9 ◦C, and −1 ◦C).

Kelting and Laxon recently recommended the use of anti-icing because it can decrease
costs by greater than 50% compared to conventional de-icing [3]. Infrastructure damage
resulting from winter highway maintenance activities is substantial. Repairing the damage
caused by snow and ice control operations could cost state and local agencies $5 billion
each year [1]. As of 2014, there were 610,749 bridge pavements in the U.S., approximately
24 percent of which were structurally deficient [112]. The estimated cost of installing
corrosion protection measures in new bridge pavements and repairing old bridges in the
Snowbelt states ranges between $250 million and $650 million annually [72]. A study
estimated that 3500 to 7000 bridge pavements would be damaged due to salts; the total
cost to repair 1/10 of the bridge pavements would be between $50 million to $200 million
per year [113]. Parking garages, pavements, roadside infrastructures, and non-highway
objects near winter maintenance activities are also exposed to the corrosive effects of road
salts. Finally, it should be noted that any repairs to the infrastructure translate to costs
to the user in terms of construction costs, traffic delays, and lost productivity. Indirect
costs are estimated to be greater than ten times the cost of corrosion maintenance, repair,
and rehabilitation [114]. It is important to note that this is a generalized estimation for
the nation.

2.5. Fixed Automated Spray Technology

Fixed automated spray technology (FAST) system is another technique for anti-icing
pavements, which is typically installed at key and remote locations. Unlike the previously
stated anti-icing strategies, which focus mainly on changing the pavement materials and
heating the pavement surface through different sources, FAST applies the liquid deicers
once a road’s conditions or temperature threshold is reached to prevent ice formation.

This system is coupled with road weather information systems (RWIS) and reliable
weather forecasts to spray deicers and promote the paradigm shift from being reactive to
proactive in fighting winter storms. There are sensitive structures and critical segments
of the roadway network that need to be free of snow and ice promptly before the winter
maintenance vehicles can travel to the site and treat them.

During the winter season, accidents often occur on bridge pavements or shaded areas
where the surface temperature tends to be lower than adjacent areas and creates poten-
tially hazardous driving conditions, such as frequent frost and black ice [115,116]. With
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conventional mobile operations, the levels of service and traffic safety are also difficult and
costly to maintain for locations far from winter maintenance sheds [117], or for areas that
experience a high traffic volume. In the latter case, traffic congestion may delay the arrival
of winter maintenance vehicles to the site in need of treatment [118]. In highly congested
traffic areas, it is difficult to maintain the materials on the road, while it is desirable to
implement the deicers before the frost. FAST is a technological solution designed to provide
quick, effective service delivery to high-risk locations prone to icy conditions and/or with
high traffic volumes, while reducing the amount of labor and materials needed through
timely prevention of ice formation to the pavement or bonding or packing of snow. Indirect
benefits from FAST may include reduced corrosion and environmental impacts and re-
duced travelers’ delay and stress. A conceptual study indicated that eliminating even one
accident a year would provide a benefit-cost ratio greater than 1 for two automated FAST
systems installed on bridge pavements for the Minnesota Department of Transportation
(MnDOT) [119]. Another study indicated a benefit/cost ratio of 2.36 for a proposed FAST
installation on a section of I-90 in Washington State, assuming a 60 percent reduction in
snow and ice-related accidents [120].

FAST systems have been used in Europe more extensively than in North America.
Since the mid-1980s, hundreds of automated anti-icing systems have been used through-
out Europe as established tools to battle snow and ice conditions on highways, bridge
pavements, and airports. In North America, FAST is a relatively new technology that
has gained popularity since the late 1990s [121]. All nine respondents to the FAST survey
conducted for this research project installed their first FAST system in 1995 or later, either as
a test and evaluation project or based on regional deployment needs. FAST systems aim to
deliver the anti-icing chemical to key locations in a controlled manner, using pumps, piping,
valves, and nozzles (or discs). The ideal application would be fully automated, using the
pre-programmed logic and real-time input from many atmospheric and pavement sensors
on-site. When the sensors detect ice presence or an imminent frost or icing event, the
nozzles will be automatically triggered to spray the anti-icing chemical at a pre-determined
rate and pattern.

While the concept is intuitive, its implementation is complex because the FAST system
“integrates sensing technology, fluid mechanics, data processing, and communications
technology with the concrete and asphalt of a highway facility” [122]. Systems with less
automation are often deployed in the United States, particularly those with the capabilities
of automatic detection and remote activation. Such systems sacrifice some of the FAST
benefits for better system reliability. For instance, the fully automated FAST system may
be able to treat short-duration frost events whereas the remotely activated FAST system
cannot. Additionally, the fully automated system can improve the level of service at the
installation site even when winter maintenance personnel are not available.

A complete FAST system includes the spray subsystem that delivers the anti-icing
chemical onto the road surface and the control subsystem that triggers the spraying action.
The spray subsystem consists of the following components:

• Reservoirs to store an appropriate amount of anti-icing chemicals in an accessible area.
• A set of pumps to deliver the chemical through the piping of the hydraulic system,

which connects the nozzles to the reservoirs through valves.
• A series of spray nozzles that deliver the chemical to various point locations.
• RWIS or atmospheric and pavement sensors on-site for early frost or ice warning.
• A remote processing unit (RPU) that can store a certain amount of data preset by the

agency, as well as observational data collected from the sensors for an extended period.
• A software application to display the FAST data in graphic and tabular formats and to

manage users and their privileges.
• Electronically controlled automated and manually operated triggering devices to

spray deicers.

FAST is not a solution for the entire road network, but rather for key locations where
it can derive the maximum benefits. Selection of the proper site is crucial to the success of
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any FAST system installation. The site should have unique characteristics, such as high
winter accident statistics, remote location away from the regular maintenance routes, or
very high traffic volumes [123]. A report summarizing the experience of the Kentucky
Transportation Cabinet recommended that the FAST system be used in the following areas
and/or conditions: (1) crash-prone areas; (2) isolated structures that require the de-icing
truck to travel an unreasonable distance to treat; (3) remote areas that are difficult to reach
in bad weather; or (4) bridge pavements over water which may be more susceptible to
freezing moisture [116]. A methodology and a decision support tool were developed for
the Nebraska Department of Roads to prioritize FAST installations on candidate bridge
pavements, considering accident history, bridge alignment, weather, traffic, and bridge
distance from maintenance yard, among others [124].

3. Conclusions

This review synthesized the available literature or ongoing research on the perfor-
mance and cost of various anti-icing strategies on the durability of pavement materials.
The chemicals used for anti-icing strategies and the corrosive effects on infrastructures
were compared. Several key findings are as follows:

• Open-graded high friction surface can facilitate the breaking and abrasion of com-
pacted ice covering on roads. Although the benefits of this strategy are observable, the
durability challenges, including rutting, raveling, clogging, cracking, delamination,
and moisture susceptibility are remaining. Using high-friction polymer overlays are
effective at decreasing the traffic risks. By combining the medium-porosity limestone
aggregates and the liquid de-icing agent, the high-friction polymer overlay provides
an impressive anti-icing performance. However, the maximum service temperature
was only about −10 ◦C. For the temperature of the overlay, if the surface temperature
was as low as −20 ◦C, half of the overlay was covered by frost. Adding rubber parti-
cles to the asphalt binder can significantly enhance the elasticity of the pavement. This
elastic pavement can provide a condition to break the bonding between the pavement
and ice. However, the challenge of this technology is the compaction status of asphalt
will be sacrificed. It was claimed that the durability of the high-friction polymer
overlay is questionable, but a Sweden case indicated that it is an effective approach to
eliminate the water damage of pavement.

• The asphalt binder mixed with anti-icing additives can effectively confine the ice
formation on the surface of the asphalt pavement. However, besides the high cost
of the anti-icing additives, it was found that the application of anti-icing additives
had some negative impacts on the rutting stability, thermal cracking resistance, and
moisture susceptibility of asphalt mixture. In addition, the release of the de-icing
chemicals tended to decrease with the extension of service time, especially during
warm and rainy seasons.

• Heating strategies, including electrical heating, pipe heating, and geothermal heating
are effective methods to realize ice and snow control. However, the cost of transform-
ing the energy from the heating source to the pavement surface is quite high. Apart
from the high operation cost, the repeated traffic loading will cause damage on the
cables, which leads to the damage of the electric heating functions. For the conductive
carbon fabric, the weak connection between carbon fabric and the copper electrodes
hinders electric current flow and results in the generation of over-amount of heat,
which is harmful to the long-term performance of anti-icing pavements. Although
induction heating has many advantages, the long-term performance of the induction-
heating pavement was barely reported, and the structural design needs to be further
investigated.

• The anti-icing chemical will reduce the eutectic temperature of the liquid solution and
prevent the bonding between the road surface and the ice. However, the corrosive
effect of anti-icing chemicals on the durability of pavement materials and metal parts is
always a long-standing challenge. In addition, the application of anti-icing chemicals
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will pose negative environmental problems, which should be systematically concerned.
Fixed automated spray technology (FAST) system is a good method to minimize the
application of anti-icing chemicals. By combining with road weather information
systems (RWIS) and reliable weather forecasts, the negative impact of the anti-icing
chemicals on the durability of infrastructures and ecosystems can be significantly
alleviated. Although the FAST system is intuitive, its implementation is complex
because this system requires the combination of sensing technology, fluid mechanics,
data processing, and communications technology with the concrete and asphalt of a
highway facility. Sometimes, an effective system needs to sacrifice some benefits of
FAST to reach good reliability.
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