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a b s t r a c t

The objectives of this review paper are to document current practices in wet-freeze climate zones and
introduce emerging technologies that would be largely implemented in wet-freeze climate zones in
the near future. A current practice is defined as a procedure that has been shown by research or experi-
ence to produce acceptable results and that is established or proposed as a standard suitable for wide-
spread adaptation. An emerging technology is defined as a technique or a material that can improve
the asphalt pavement performance, partly replace general materials, and contribute to more sustainable
asphalt pavements. This review identified the criteria used to determine locations in the United States
and two Canadian provinces with a similar wet-freeze climate. In addition, asphalt binders, asphalt addi-
tives/modifiers, asphalt mixture types, reclaimed asphalt mixtures, asphalt mixture test methods, asphalt
mixture design methods, and deicers were reviewed. This review concluded with some recommendations
in terms of using environmentally friendly materials and selecting cracking and rutting failure criteria to
design asphalt mixtures with enhanced performance in wet-freeze climates.

� 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Weather conditions affect pavement material selection, design
processes, construction procedures, and maintenance strategies.
Wet-freeze climates are classified as those that ‘‘[experience] long
winters with the temperatures below freezing for extended peri-
ods” [1]. Such climates leave pavements susceptible to damage
due to frost or water retention in the subgrade.

Two of the most important climate parameters of a region are
annual precipitation and freezing index. These parameters affect
factors such as the pavement’s surface temperature, frost penetra-
tion depth, and the number of freeze/thaw cycles experienced by
the pavement. These factors are necessary considerations for
designing, constructing, and maintaining pavements. The freezing
index is defined by the area under the temperature curve during
the freezing period, represented by the following calculation [2]:

Freeze Index ¼
XN

i¼1

ð32� TÞ

where T is the average daily temperature (�F) for a day i andN for
the number of days during the freezing period. The freezing season
begins when T becomes less than or equal to 32�F (0 �C) for several
days and ends when T in spring becomes greater than 29�F (�2�C)
for several days. A pavement’s freezing index is conservatively
assumed to be equal to the freezing temperature of the air.

The Federal Highway Administration (FHWA) uses these two cli-
mate parameters to divide the United States into four climate
regions (Fig. 1). In wet-freeze climates, the annual rainfall is higher
than 28 in. (71 cm) and the freezing index is greater than

100�F-Days. According to the 2016 Highway Performance Monitor-
ing System (HPMS), the states that, by default, are considered to
have wet-freeze climates are Connecticut, Delaware, Illinois, Indi-
ana, Iowa, Kentucky, Maine, Maryland, Massachusetts, Michigan,
Minnesota, Missouri, New Hampshire, New Jersey, New York, Ohio,
Pennsylvania, Rhode Island, Vermont, Virginia, West Virginia, and
Wisconsin as well as the eastern portions of South Dakota,
Nebraska, and Kansas [3].

Two Canadian provinces—Ontario and Quebec—are considered
to be wet-freeze climates because the predominant climate in
these provinces is similar to the wet-freeze characteristics defined
by the HPMS. Table 1 shows the wet-freeze climate zones of
selected five U.S. states, two Canadian provinces.

The wet-freeze climate makes the requirements for pavement
system different from many other regions. Building and maintain-
ing roads requires a particular consideration of design and construc-
tion procedures that are compatible with climate conditions. These
considerations need to result in a pavement that is designed and
constructed to withstand wet-freeze conditions. Since a wet-
freeze climate can lead to pavement distresses like cracking, frost
heaving, material degradation, and thaw weakening, appropriate
procedures for design, material selection, and maintenance need
to be selected for withstanding high precipitation and cold winter
temperatures. Failure to take into account the weather conditions
when selecting the pavement materials, design, and construction
techniques may lead to inadequate pavement performance during
its service life.

This review will document and introduce material selections of
asphalt pavement in wet-freeze climate zones. The strategies can

Fig. 1. Four US Climate Regions based on FHWA (Adapted from [3]).
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be current practices or emerging technologies. A current practice is
a procedure that has been shown by research or experience to pro-
duce acceptable results and has been established or proposed as a
standard suitable for widespread adaptation. An emerging technol-
ogy is a technique or a material that can improve asphalt pavement
performance, partly replace natural materials, and contribute to
more sustainable asphalt pavements.

2. Objectives and scope

The objectives of this review are the following:

� Document current practices in wet-freeze climate zones.
� Introduce the emerging technologies that will be largely imple-
mented in wet-freeze climate zones in the coming future.

The review will limit its discussion to pavement materials of
asphalt pavement.

3. Asphalt binder types

3.1. Neat asphalt binder

Neat asphalt binder (NAB) is refined from crude oil and is
directly used in paving. NAB is a visco-elastic material, which
means it has both viscous and elastic properties. The properties
are dramatically affected by temperature. For example, NAB
becomes soft as it is heated and becomes close to an elastic solid

as it is cooled. It is the visco-elastic properties that allow asphalt
binder to be a critical paving material.

When choosing NAB for given climatic and traffic conditions,
the performance of the NAB should be considered, including per-
manent deformation at high temperatures, fatigue cracking at the
intermediate temperatures, and thermal cracking at cold tempera-
tures. In addition, NAB stiffens as it ages (mainly due to volatiliza-
tion and oxidation).

In the SuperpaveTM performance-grade (PG) binder specification,
the visco-elastic and aging properties of NAB are considered. The
viscosity of the NAB at high temperature is measured by a Rota-
tional Viscometer (RV) to determine mixing and compaction tem-
perature of asphalt mixtures. The viscous and elastic behaviors of
the NAB at the high-end of in-service temperatures are measured
by a Dynamic Shear Rheometer (DSR) to evaluate the rutting
potential under traffic loading. Testing is conducted before aging
and after short-term aging using the Rolling Thin-Film Oven
(RTFO) test, which is used to simulate oxidative aging during con-
struction [8]. In addition, the DSR can be used to evaluate the
potential of fatigue cracking at intermediate temperatures. In this
test, the binder has already experienced the RTFO test and the
Pressure Aging Vessel (PAV) test that is used to simulate five to
ten years of in-service aging. The susceptibility of NAB to thermal
cracking is measured by a Bending Beam Rheometer (BBR), in
which the binder has already undergone short-term RTFO and
long-term PAV aging. Fig. 2 shows the flow chart for performance
grading tests.

The use of NAB is a current practice in wet-freeze climate zones.
Based on the performance grading tests, the different asphalt bin-

Table 1
Wet-freeze climate zones of selected five U.S. states, two Canadian provinces.

State [4]/Province [5] Annual
Precipitation

Freezing
Index (�F-Days)

Number of days with
temperature of 32�F or less

Annual Snowfall Average annual
temperature (�F) [6,7]

(inch) Days (inch) Days Low Avg. High

Michigan 32.8 �140 1400–2200 �140 51.1 44.7 27.0 44.4 60.0
Iowa 34.0 �105 1500–2200 �140 34.9 26.0 33.0 47.8 63.0
Wisconsin 32.6 �115 2000–2800 �150 50.9 39.0 29.0 43.1 59.0
Illinois 39.2 �120 1200–1800 �125 24.6 20.0 38.0 51.8 68.0
Ohio 39.0 �140 1100–1400 �120 27.5 30.0 39.0 50.7 69.0
Ontario �35 �155 800–3000 �150 55.0 56.0 37.0 46.5 54.0
Quebec �42 �170 1800–2500 �130 105.0 71.0 32.0 43.3 51.0

Note: 1 in. = 2.54 cm; Temperature (unit in �F) = Temperature (unit in �C) � 1.8 + 32.

Fig. 2. Flow chart for performance grading tests.
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ders have varying minimum and maximum temperatures that
affect pavement design. For example, a binder categorized as PG
58-28 will meet the physical properties requirement of a maxi-
mum temperature up to 136.4�F (58 �C) and a minimum tempera-
ture as low as �18.4�F (�28 �C) [9]. Table 2 shows an example of
the binder grades used in Michigan [10].

3.2. Emulsified asphalt

Emulsified asphalt is used as a way to deliver asphalt binder in
road projects such as chip seals and bond coats for asphalt layers.
Emulsified asphalt is an asphalt binder that is blended with water
and kept in suspension by a surfactant. After the emulsion is
applied, the water separates from the asphalt which is reason for
the change in color from brown to black. This is commonly referred
to as ‘‘breaking”. The emulsion is said to have ‘‘set” when it no
longer is being picked up from the existing pavement. The final
stage of the emulsion is ‘‘full cure” which can take up to 90 days
depending on the type of emulsion. Emulsions are safer than cut-
back asphalt and are a best practice that is not unique to wet-
freeze climates but is used to prevent problems encountered in
wet-freeze climates such as decreasing water infiltration and
increasing skid resistance when used with other items such as chip
seals and overlays.

3.3. Cut-back asphalt

Cut-back is produced ‘‘when asphalt binder is dissolved in a
petroleum-based solvent”. The cut-back curing time is determined
by the solvent type, for example, gasoline or naphtha is a rapid cur-
ing type, kerosene is a medium curing type, and low-volatility oils
are slow curing types [11]. Cut-back asphalt is no longer commonly
used because of the volatility of the solvents used and obvious
environmental concerns.

3.4. Tack coat

A tack coat consists of neat asphalt binder, cut-back asphalt or
emulsified asphalt (asphalt binder diluted with water and an emul-
sifying agent). The goal of a tack coat is to increase the bonding
strength between layers to improve the performance of the pave-
ment structure. It is applied to a road surface in order to aid the
bonding between the existing layer and forthcoming overlays,
and increase the effectiveness of the pavement for both the short
term and the long term performance [12]. Tack coat is a cost-
effective bonding method, costing 0.1–0.2% of the total project cost
for new or reconstruction work and 1.0–2.0% of total project costs
for mill and overlay work [13]. However, if a tack coat’s bond fails,
correcting the problem could run as high as 30–100% of the origi-
nal total project costs [13].

Trackless tack coats are designed to serve the same purpose as
standard tack coats [14], except they are designed to not be tracked
off the pavement in a shorter amount of time. An additional benefit
is the potential to prevent pavement markings from being covered
by the tracked off tack coat [15]. Various contractors in Ohio,
Missouri, Tennessee, and around the southeast region of the U.S.

all offer trackless tack coat products [16–18]; the Virginia Depart-
ment of Transportation (DOT) and Illinois Center for Transporta-
tion have also performed studies into the performance and
implementation of trackless tack coats, respectively [15,19,20]. In
2016, Michigan Department of Transportation (MDOT) released a
special provision for the permissive use of low-tracking bond coat
(trackless tack coat) emulsified asphalt instead of standard tack
coats [21].

3.5. Bio-derived binder

Bio-derived binders are generated from bio-mass materials
such as vegetable oils (i.e., soybean, corn, sunflower, and canola),
swine waste, and waste wood [22–24]. The bio-derived binders
can be used to replace partially the asphalt binder in asphalt pave-
ment [23–31]. Vegetable-oil-based modifiers are considered as
renewable resources, and products made from them include reju-
venators (extender oils), bio-polymers, and resin-like synthetic
binders [22]. MDOT has sponsored research on using Michigan
wood bio-asphalt as an alternative material [32]. In Ohio, ODOT
has several field trials using the bio-derived rejuvenator Biorestor.
According to four-year monitoring data found in FHWA/LTPP sur-
veys, the use of Biorestor as a penetrating sealer has been shown
to be cost effective [33]. Commercially available bio-derived bin-
ders, such as Vegecol and Ecopave, are also available in Europe
and Australia. However, it is still an emerging material; therefore,
it is recommended to review this material again as more research
becomes available.

4. Asphalt additives/modifiers

4.1. Anti-stripping agents

Anti-stripping agents are usually classified into two groups—
slurries and liquids. Slurries often make use of hydrated lime, also
known as calcium oxide, that has been hydrated with water [34].
Liquids are surfactants that modify asphalt by enabling ‘‘the
asphalt to coat the aggregate surface more evenly by reducing sur-
face tension” while also ‘‘displacing adsorbed water on or near the
aggregate surface” [34].

The tensile strength ratio (TSR) test is the standard test for eval-
uating moisture susceptibility of the asphalt mixture. According to
AASHTO T 283, the threshold for TSR is a minimum of 80%. The
Hamburg wheel-track testing (HWTT) is an alternative for evaluat-
ing moisture susceptibility, but there are no national HWTT thresh-
old specifications; in a study by Martin, Arambula [35], Iowa—
which is a wet-freeze state—uses the HWTT with a focus on mois-
ture susceptibility, so its HWTT specifications are a water temper-
ature of 122�F (50 �C) and a minimum stripping inflection point
(SIP) of 10,000 or 14,000 loading cycles depending upon the equiv-
alent single axle loads [35].

The use of anti-stripping agents is a current practice in wet-
freeze climate zones. Anti-stripping agents help prevent asphalt
binder from stripping off aggregate particles in hot-mix asphalt
pavement production and can also help with the warm-mix
asphalt pavement construction. Fig. 3 shows wet-freeze climate
states that treat Hot Mixture Asphalt (HMA) for moisture damage
[36]. Most of the states use liquids anti-stripping agents to prevent
HMA moisture damage, such as Minnesota, Michigan, Wisconsin,
and Illinois.

4.2. Polymer-modified binder

Early polymer-modified asphalts were designed to accommo-
date different climatic areas and exhibited such traits as

Table 2
Binder grades used in Michigan (Adapted from [10]).

High Temperature Grades (�C) Low Temperature Grades (�C)

PG 58 �22, �28, �34
PG 64 �22, �28
PG 70 �22P*, �28P*

* PG 70-22P and PG 70-28P are polymer modified binder.
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‘‘decreased temperature susceptibility, increased cohesion and
modified rheological characteristics” [37]. These features make
polymer-modified asphalts potentially promising for use in wet-
freeze climates; as such, these asphalts were commonly selected
in Michigan or other states. The use of polymer-modified asphalts
is a current practice in wet-freeze climate zones. The performance-
modifying effects of various polymers on asphalt pavements were
investigated by MDOT in the 1990s; the comprehensive list of tests
included DSR, BBR, viscosity, Differential Scanning Calorimeter
(DSC), Fourier Transform Infrared (FTIR) spectroscopy, Thermal
Mechanical Analysis (TMA), and Gel Permeation Chromatography
(GPC) [38]. It is found that the performance-enhancing polymers
included Styrene-Butadiene Rubber (SBR), Styrene-Butadiene-
Styrene (SBS), Styrene-Ethylene-Butylene-Styrene copolymer
(SEBS), Crumb Rubber Modifiers (CRM), and epoxy terminated
ethylene terpolymer (Elvaloy� AM or EAM) [38]. For bonding or
chemical compatibilization between the polymer and asphalt bin-
der to occur during blending, the materials must be thoroughly
mixed, there must be reactive functional groups present in the
mix, the reaction needs to occur within a reaction-specific time
frame staying in the proper time frame, and the newly-developed
bonds should have a stable structure [39]. For more information on
the advances and challenges of polymer modified asphalt can refer
to Zhu et al. [40].

SBS is a block copolymer, and its strength and elasticity is
derived from its physical cross-linking of its molecules that can
create durable pavement even in cold climates [37]. To modify
asphalt with SBS, no specific equipment is needed either in the lab-
oratory or the field [41]. Some studies have found (although some
disagreement exists) that the use of SBS in the modification of
asphalt improves the flexibility at low temperatures, thereby
enhancing the cold weather performance of the modified asphalt
[39]. In other studies, SBS-modified asphalt binder experienced
lower oxidation levels than the control binder, and the modified
asphalt’s SHRP performance grade improved two grades with the
addition of 3%–5% SBS [38]. Furthermore, the indirect tensile test
also showed that the moisture susceptibility of SBS-modified
asphalt mixture was improved relative to control asphalt mixture,
offering more resistance to freeze-thaw cycles [42]. Presently, SBS
is a widely used polymer that can enhance pavement durability in
wet-freeze climates.

SBR is another common polymer for modifying asphalt binders
and mixtures [38]. SBR polymer increases the adhesion and cohe-
sion between the asphalt and aggregates, as well as the crack resis-
tance at low temperatures [43]. When SBR is incorporated into
asphalt at higher amounts, it forms ‘a network’ that improves the
rutting resistance [38]. Modifying asphalt with SBR improves its

low-temperature ductility, elastic recovery, and viscosity [39,43].

4.3. Rubber-modified binder

Crumb rubber—primarily from recycled tires—can be used to
modify asphalt, thus creating a crumb rubber modified asphalt
(CRMA) [44]. CRMA can be used in structural-layer asphalt,
surface-layer asphalt, and even chip seals. According to Papagian-
nakis and Lougheed [45], crumb rubber is composed of three main
ingredients—natural rubber, synthetic rubber, and carbon black (a
byproduct of incomplete combustion of petroleum products)—that
provide elasticity, thermal stability, and durability, respectively.
There are different methods of adding crumb rubber into the
asphalt mixtures. In the dry process, crumb rubber is added to the
aggregate beforemixingwith the asphalt binder. In thewet process,
the crumb rubber is added to the asphalt binder before mixing with
aggregate. It seems like little difference between the two methods,
but the selected process dramatically affects the interaction
between the crumb rubber and asphalt binder, resulting in a signif-
icant difference in the final product. Due to construction and perfor-
mance issues, the dry process has limited usage. Therefore, the wet
process is far more common and will be focused on here.

There are currently two kinds of wet-process crumb rubber
modified asphalt used in asphalt pavement in the wet-freeze cli-
mate zone of the United States. A Field blend means that crumb
rubber particles are blended with asphalt binder at a hot-mix plant
[46]. As opposed to field blend, terminal blend CRMA incorporates
the crumb rubber into the binder at a refinery or terminal before
being shipped to the hot-mix plant [46]. This technique, which
uses a finer size of crumb rubber, makes CRMA similar to other
types of polymer-modified asphalt [46].

The Ontario Tire Stewardship and the Ministry of Transporta-
tion of Ontario (MTO) surveyed the performance of rubber-
modified asphalt in cold regions: United States, Canada, China,
and Scandinavia (Sweden, Denmark, and Finland) [47]. The survey
showed that 16 agencies use CRMA, 13 agencies use terminal
blend, and several agencies use asphalt rubber chip seals or asphalt
rubber interlayers. In wet-freeze climate, New Jersey DOT used
rubberized asphalt in Open Graded Friction Course (OGFC). They
experienced the longevity of the OGFC and a reduction of wet
weather accident and noise with OGFC. Pennsylvania DOT con-
structed a demonstration seal coat project in 2007 and the project
appeared to provide good performance with minimal stone loss. In
addition, Pennsylvania DOT considers rubberized asphalt is very fit
for gap-graded or OGFC mixtures. The MTO improved the resis-
tance to reflection cracking by using rubberized asphalt in dense-
graded and gap-graded mix [47]. At the same time, the agencies
noted several drawbacks: limited amount of crumb rubber meet-
ing specifications, difficulty with binder performance grading, vari-
able performance outcomes with dense-graded HMA, unknown
long-term performance, inexperience of hot-mix industry with
materials and specifications, and cost [47].

In a 2015 Michigan trial conducted by Michigan Technological
University, two pavement sections were paved with rubber-
modified asphalt in the terminal blend. One section was in Kewee-
naw County and the other was in Muskegon County. After the first
winter, two field surveys in April and October 2016 assessed pave-
ment sections in Keweenaw County. Because the CRMA was used
as an asphalt pavement overlay, some reflective cracking was
observed. With only one year of monitoring, it is too early to make
a determination on the effectiveness of this project [48]. In addi-
tion, crumb rubber has been used to modify warm-mix asphalt.
Their environmental and mechanical performance are evaluated
using laboratory and field compacted samples [49].

CRMA is a routinely used material in some areas of wet-freeze
climate zones, including Maine, Massachusetts, Michigan, New
Hampshire, and Pennsylvania. Table 3 displays the quantities and
states where asphalt mixture reported using CRMA in 2013 [50].

Fig. 3. Wet-freeze climate states that treat HMA for moisture damage (Adapted
from [36]).
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The barriers to using rubber-modified asphalt products include
high costs related to processing finer crumb sizes, higher construc-
tion temperatures required for paving, difficulty with compacting
CMRA, and the unknown environmental implications of recycling
CRMA [45]. Warm-mix asphalt technology is now being combined
with CRMA to reduce the temperatures required for paving and
emissions.

The limited research into rubber-modified asphalt products has
suggested possible increased resistance to reflective cracking, pos-
sible increased fatigue performance of asphalt (fatigue perfor-
mance is the ability of the pavement to withstand loading
without failure [51]), possible cost savings due to replacement of
the polymers, and a wide range of gradation applications (i.e.,
gap graded, open graded, and dense graded [46]).

4.4. Polyphosphoric acid extender

Polyphosphoric Acid (PPA) can improve the high-temperature
performance of resisting rutting distress and may also improve
the low-temperature performance to mitigate low-temperature
cracks. PPA is a polymer of orthophosphoric acid. When used to
chemically modify asphalt binder PPA can improve the high-
temperature performance grade (PG) rating and may improve the
low-temperature PG rating while not leading to oxidation or lower
m-values of the asphalt [52,53].

The MTO conducted a survey in 2007 to gain insights into the
poor performance of PPA-modified binder [54]. The task group
established to investigate the issue identified an upper limit of
PPA usage: for high-volume roads, the polymer could be added
to the asphalt binder at quantity lower than 0.5% PPA, while for
low-volume roads, PPA could account for up to 1% [54].

One survey, conducted by theMTO, took place in 2007 and a sec-
ond survey, conducted by Pennsylvania DOT, took place in 2008–
2009. Pennsylvania DOT later combined the data from both surveys
regarding the usage of PPA for a dataset of 48 responses. They
divided the survey responses into five categories: allow, neutral,
restrict, don’t allow, and no response. Fig. 4 illustrates survey
responses (Data from [55]). MDOT allows unrestricted use of PPA
along with other wet-freeze states such as Minnesota, Ohio, Ver-
mont, New Hampshire, and Maine. However, some states and pro-
vinces with wet-freeze climates restrict or ban the use of PPA,
including New York, Pennsylvania, and Ontario; cited among their
reasons for restricting PPAwas a ‘‘preference for polymers; possible
adverse reaction with other additives such [as] hydrated lime;
unknown long term performance; and negative reports by others”
[52,54–56].

The Minnesota DOT investigated the field performance of PPA-
modified binders by placing the PPA-modified binder on five test
sections of the Minnesota Road Research Facility (MnROAD) low-
volume road in 2007 [52,57]. The five sections of road that used
PPA-modified binder experienced rutting depth that was less than
0.12 in. (3 mm) and no signs of moisture damage after 18 months

(summary of the project by D’Angelo [54]). As of March 2016,
the average rutting depth of a section using 0.75% PPA was
0.27 in. (6.8 mm) and 0.07 in. (1.8 mm) for inside and outside
lanes, respectively. The average rutting depth of a section using
0.3% PPA and 1.0% SBS polymer was 0.31 in. (8.0 mm) and
0.09 in. (2.3 mm) for inside and outside lanes, respectively [58].

Other wet-freeze states, namely Pennsylvania, New Hampshire,
and Maine, have conducted PPA field trials and found the condition
of PPA modified segments similar to control segments [59]. Michi-
gan conducted a rehabilitation project along US-31 north of
Muskegon in 2005. The project included placing an HMA overlay
on the existing jointed concrete pavement. Two mixture designs
were used, one with PPA and one without PPA. A survey conducted
in 2013 after eight years in service found similar surface conditions
and performance between the PPA-modified asphalt and the con-
trol segments [59]. However, it is still an emerging material. There-
fore it is recommended to review this material again as more
research becomes available.

4.5. Fiber-modified asphalt

Fibers have become a common modifier to reinforce asphalt
pavements and improve their performance. There are many kinds
of fiber used for the modification of asphalt binders, including
polypropylene fibers, polyester fibers, asbestos fibers, cellulose
fibers, carbon fibers, glass fibers, and nylon fibers. According to
Abtahi, Sheikhzadeh [60], fiber reinforcement of asphalt pavement
principally intends tooffer extra tensile strength,whichcan increase
the strain energy absorbed when deformation occurs in asphalt
pavements [60]. Reinforcing asphalt pavements with fibers also
enhances the cohesive and tensile strength of mixtures [60]. While
no extra equipment is required for the field construction of fiber-
modified pavements, life-cycle costs have been problematic [60,61].

Using fibers to reinforce asphalt pavements was first recorded
in the 1960s [62]. Polypropylene-fiber-reinforced asphalt pave-
ment on I-74 in Indiana, was found to have reduced transverse
cracking, improved rutting resistance, and decreased overall crack-
ing in its base and binder layers [63]. Polypropylene fibers as well
as polyester fibers are useful for preventing reflection cracking in
asphalt overlays [61,64].

Woven cotton layers, for example, were used in South Carolina
as early as the 1950s to strengthen road performance and provide
waterproofing; in 1976, New Jersey found cotton-reinforced
asphalt ‘‘showed good results” [60,65]. Four fibers—asbestos, rock
wool, glass wool, and cellulose fibers—were examined in Nantes,
France, for characteristics such as resilient modulus, low-
temperature direct tension, rutting resistance, and fatigue resis-
tance [60]. In one of the Nantes tests, fiber-modified asphalt pave-

Table 3
2013 Reported Tons Crumb Rubber (Adapted from [50]).

State Crumb Rubber Mix (Tons) Crumb Rubber Used (Tons)

Illinois 4,500 20
Indiana 13,000 30
Maine 14,000 219
Massachusetts 24,897 324
Michigan 12,000 71
New Hampshire 28,000 358
New York 10 –
Ohio 1,500 8
Pennsylvania 18,000 140

Total 115,907 1,170

Fig. 4. Map showing responses of wet-freeze state DOTs to their use of PPA as a
modifier for asphalt binder (Adapted from [55]).
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ments were subjected to two million load applications and showed
no sign of fatigue distress, no cracking, and no rutting compared to
unmodified samples [60].

Life-cycle costs related to paving fabrics and fibrous treatments
have, thus far, made these technologies prohibitive in 1989,
according to Maurer and Malasheskie [61]. However, recent
research into cellulose-fiber, carbon-fiber, and glass-fiber rein-
forcement of asphalt pavements have yielded test sections with
attributes such as improved crack resistance and thermos-
electrical snow removal capabilities, both of which can be benefi-
cial in wet-freeze climates. On a test section of road in Belgium
with cellulose fiber reinforcement, the drainage time doubled
without the use of cellulose fibers than the pavements with fibers
over a six-month period [60]. For asphalt roads containing carbon
fibers, the pavement demonstrates improved resistance to cracks
and mechanical properties and increased electrical conductivity,
which can facilitate the removal of snow and ice via thermo-
electrical techniques; obviously, this would not be cost-effective
on a large scale, but it may be worthwhile in small applications like
bridge decks or dangerous curves [60,66]. Finally, the crack propa-
gation of asphalt pavements containing glass fibers decreased, and
the stability and deformability improved [60].

Theuseof fiber-modifiedasphalt is both a current practice andan
emerging technology in wet-freeze climate zones. Some kinds of
fibers are used in current practices (e.g. cellulose fiber), and some
kinds of fibers are mainly used in research projects (e.g., carbon
fibers).

4.6. Nanomaterials

Nanomaterials, a completely new set of materials with various
characteristics, have a size range from 1 nm–100 nm. Researchers
used nanomaterials to modify asphalt materials to improve certain
properties as discussed in an early paper by You and Dai in 2007
[67]. Nanomaterials such as nanoclay, nanosilica, nano hydrated
lime, carbon nanotubes, and graphite nanoplatelets have been uti-
lized in asphalt binders and asphalt mixtures [68–79]. Nano-
modified materials have shown significant enhancements in
mechanical and thermal properties. It was observed that 2% nan-
oclay (by mass of the binder) in the asphalt binder may increase
the shear complex modulus by 184% [70]. Using nano hydrated
lime may reduce 75% usage of conventional hydrated lime to
improve the resistance to the moisture damage of asphalt mixtures
[80]. The addition of 2–4% nanomaterials (by mass of the asphalt
binder) can significantly improve rutting resistance in asphalt mix-
tures. For example, the average rut depth was reduced by almost
half when 4% nanoclay (nanoclay modified asphalt and especially
the polymer modified nanocaly modified asphalt) was applied in
a modified asphalt mixture as compared to the control asphalt
mixture [75]. The effects of moisture susceptibility and chloride-
based deicers on asphalt mixtures were also investigated in studies
[68,69]. Nanoclay modification improved the moisture susceptibil-
ity of asphalt mixtures. The mixture with 1.5% nanoclay (by mass
of the binder) appeared to exhibit high tensile strengths when
water or deicers were present. The addition of nanosilica and nan-
otubes also enhanced the resistance to permanent deformation
[78], and the graphite nanoplatelets improved the thermal perfor-
mance of asphalt binders and mixtures [81]. It is worth further
research to explore the potential application of graphite nanoplate-
lets in asphalt binders and mixtures.

Even though using nanomaterials in asphalt pavement is still in
the research stage, it may be a promising material to extend the
service life of pavements in wet-freeze climates. Further research
efforts may investigate the implementation of nano-modified mix-
tures in construction. A few examples of such efforts could be the

production of a uniform nano-modified binder, improvement of
the low temperature performance of nano-modified mixtures, or
the economic and environmental assessments of nano-modified
binder and mixtures.

5. Asphalt mixture types

5.1. Conventional hot-mix asphalt

Hot-mix asphalt (HMA) is a type of asphalt pavement construc-
tion that is widely used and not exclusive to wet-freeze climates.
HMA consists of asphalt binder that has been heated and then
mixed with heated, dense-graded aggregates; the resulting mix-
ture is 275 to 329�F (135 to 165 �C). HMA is well suited for the
structural layer of an asphalt pavement and the surface layer of
asphalt or composite pavements [11]. However, HMA experiences
decreased stiffness and fatigue life when subjected to multiple
freeze-thaw cycles [82]. States such as Michigan have various guid-
ance documents on HMA mixture requirements, such as minimum
and maximum specifications for crushed aggregate, fine aggregate
angularity, sand equivalent, and aggregate gradation [83].

5.2. Warm-mix asphalt

Warm-mix asphalt (WMA) is a construction technique that
could extend the paving season window under low-temperature
construction. Many different products can be used to create
WMAwith the purpose of decreasing the construction temperature
of asphalt pavements by around 25–80�F (14–25 �C). The variabil-
ity of this temperature reduction depends on such things like ‘‘mix,
plant, climate, lift thickness, and hauling distance” [11]. Making
WMA relies on the incorporation of additives into the asphalt mix-
ture, and the cost of WMA largely depends upon the availability of
the warm-mix additives. There are three categories of WMA tech-
nologies: chemical additives or surfactants, non-foaming additives,
and foaming processes that use water. Some technologies use com-
binations of the other categories [84]:

� A few in the chemical additives or surfactants category include
Cecabase RT, EvothermTM, HyperTherm/QualiTherm, and
Rediset. The Cecabase RT additive is a water-free surfactant that
has been used worldwide for over 2.0 million tons of WMA
since 2004. The EvothermTM additive is an asphalt emulsion pro-
duct that enhances coating, adhesion, and workability; it has
been used to produce approximately 7.5 million tons of WMA.
The HyperTherm/QualiTherm additive is a ‘‘non-aqueous,
fatty-acid based chemical.” The Rediset additive merges ‘‘ca-
tionic surface-active agents and rheology modifiers” [84].

� A few additives in the non-foaming category can include Bitu-
Tech PER, LEADCAP, SonneWarmix, Thiopave, and Sasobit�. The
BituTech PER additive is a U.S. product that is used for high-
RAP or RAS mixes. The LEADCAP additive is ‘‘wax-based” and
has a ‘‘crystal controller and adhesion promoter.” The Sonne-
Warmix additive is a ‘‘high melt point, paraffinic hydrocarbon
bend (wax)” that has been used on several projects in Maine
and Massachusetts. The Thiopave� additive includes sulfur in
its composition and has been used worldwide to modify approx-
imately 450,000 tons of mix. Sasobit� is a synthetic paraffin wax
using the Fisher-Tropsch method, which has been used for
approximately 3.0 million tons of WMA in North America [84].
Sulfur-extended asphalt is the use of sulfur to replace, in part, the
asphalt binder and to increase the stiffness of the mixture [22].
The Shell Thiopave� additive is a commercial sulfurmodifier that
improves the performance of asphalt mixtures. The experimen-
tal tests of laboratory mixtures have shown that the
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Thiopave�-modified asphalt mixture can ‘‘significantly increase
theMarshall Stability and deformation resistance of asphaltmix-
tures in the laboratory after a 2-week curing period” [22]. The
Thiopave�-modified asphalt has been field tested in Canada.
Sulfur-extended asphalt is an emerging technology. Harmful
levels of hydrogen sulfide and sulfur dioxide have been known
to occur at elevated temperatures. Therefore, future recycling
of sulfur-extended pavement should be performed at reduced
temperatures [84]. More research work on the performance of
sulfur-extended asphalt in wet-freeze climates is needed.
Sasobit� has various applications in many countries including
some countries with wet-freeze climates, such as the United
States, Canada, Russia, Norway, Sweden, and Switzerland
[85,86]. In theUnited States, several states inwet-freeze climates
have made use of Sasobit� mixed with WMA. In Virginia, two
trial sections were built in 2006. It was found that Sasobit�-
WMA mixture and HMA perform similarly during the first two
service years. According to a study by Hurley, Prowell [87], Mis-
souri used 2100 tons of Sasobit�-WMAmixture during a 10-day
road construction project. Their HMA sections had approxi-
mately 0.02 in. (0.45 mm) of rutting while the Sasobit�-WMA
mixtures had 0.03 in. (0.8 mm) of rutting. Over a 20-month per-
iod following the paving, theMissouri study found that Sasobit�-
WMA stayed at a constant 0.03 in. (0.8 mm) of rutting while the
HMA increased from 0.015 in. (0.4 mm) to 0.02 in. (0.5 mm);
nonetheless, Hurley, Prowell [87] did not decisively declare
either material as superior. Similarly, a Wisconsin field investi-
gation found the Sasobit�-WMA mixtures have less than
0.04 in. (1 mm) of rut depth after four months. In Canada, the
MTO conducted a trial project to evaluate the performance of
Sasobit�-WMA mixture in 2007. It was reported that no fumes
were observed when paving with the mixture, that the com-
paction process was successful, and that fuel use was reduced
by 30%. These results have motivated Canada to use more
Sasobit�-WMA mixture [88].

� During the foaming process, the water turns into steam, spreads
throughout the asphalt, and enlarges the binder, resulting in a
temporary increase of the binder phase of around 5 to 10 times.
This increase in fluid content improves coating and compaction.
Some foaming process techniques include Advera WMA, AQUA-
BlackWMA System, and Astec Green Systems. The Advera WMA
is a synthetic zeolite that can provide a controlled and pro-
longed foaming effect; it has been used to produce over 1 mil-
lion tons of WMA in the United States since 2006 [84]. The
AQUABlack WMA System uses ‘‘uses a patented, stainless-
steel foaming gun in conjunction with a center convergence
nozzle to produce foaming”; around 250 AQUABlack units are
operated at drum plants and around 25 units are on batch
plants [84]. The Astec Green Systems ‘‘use a multi-nozzle device
to microscopically foam the asphalt binder with water”; to date,
453 Astec warm mix systems have been installed around the
world [84]. Foaming additives that use water usually have the
lowest cost per ton, at around $0.08/ton; incorporating other
warm-mix additives reportedly adds between $2.00 and $3.50
per ton to the mixture costs [89]. In addition, the theory, devel-
opment, and application of the foaming process were reviewed
by Mohd Hasan et al. [90] and foaming processes and agents
have been studied in recent years [91–95].

WMA has been evaluated and is being increasingly used by
agencies in the United States (see Fig. 5, data from Hansen and
Copeland [50]). National Cooperative Highway Research Program
(NCHRP) Project 9-49A assessed the long-term field performance
of several WMA technologies. There were 28 WMA projects
selected for the study, including 10 WMA projects in wet-freeze
climates [96]. It concluded that HMA and WMA pavements have

similar performance at a service life between 4 and 10 years [96].
A study on a demonstration project in Iron Mountain, Michigan
determined that the advantages of WMA included lengthening
truck haul distances, emission reduction, an extended paving win-
dow due to a longer cooling time, and fewer associated health con-
cerns for road crews [22,97]. It was found that WMA may be
workable—or compactable—for as much as 27 min longer than
HMA [97].

The main potential drawback of WMA is its vulnerability to rut-
ting and moisture retention [98,99]. However, WMA may be bene-
ficial in wet-freeze climates for its extended paving window. A
study by Kristjansdottir [98] showed that WMA can have better
results for cold-weather paving when WMA processes are used
with regular HMA production temperatures [98]. In addition, a
WMA field trial on M-95 in IronMountain, Michigan, in 2006 found
that Sasobit� WMA was successfully paved and compacted at tem-
peratures that were 50�F (28 �C) less than the HMA test section
[100]. Furthermore, adding anti-stripping agents to WMA reduces
a WMA pavement’s vulnerability to moisture retention and rutting,
helping it to meet state and federal requirements [98]. The recent
NCHRP report surmised that the addition of anti-stripping agents
can likely alleviate the potential for moisture susceptibility of
WMA pavement [35]. To control the temperature when placing
WMA, MDOT has temperature limits for when the water-foaming
method can be used or when using a chemical additive can be used
[101]. In wet-freeze environments, compaction, moisture suscepti-
bility, and binder grade may play critical roles during the paving
process. WMA is itself an innovative outgrowth of HMA; since it
is still in various stages of experimentation, WMA innovative appli-
cations require more experimentation and field trials.

5.3. Reclaimed asphalt pavement

Reclaimed asphalt pavement (RAP) describes the material com-
monly removed from resurfacing, rehabilitation, or reconstruction
operations of existing asphalt pavement materials. RAP is used for
economic and environmental reasons, and it offers the benefit of
lessening the amount of virgin material required for pavement
construction [102–105]. RAP is usually produced by cold-milling
the existing asphalt pavement surface, and then experiencing addi-
tional crushing.

In 2009, the North Carolina Department of Transportation
(NCDOT) conducted a survey to collect the RAP use in the United
States [102]. As shown in Fig. 6, most of the wet-freeze climate
states permit more than 25 percent RAP in HMA layers; however,
fewer than half of the wet-freeze climate states use more than
20 percent RAP in HMA layers (see Fig. 7). For example, Illinois,
Kentucky, Missouri, New Hampshire, Pennsylvania, Vermont, and
West Virginia permit more than 25 percent RAP in HMA layers,
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but they do not actually use more than 20 percent RAP in HMA
layers.

From a recent report, Fig. 8 shows the estimated percent RAP
usage by wet-freeze climate states in 2014 [50]. The estimated per-
cent RAP usage is different among the wet-freeze climate states,
ranging from less than 3% to 32%. For example, average percent
RAP in Michigan is 32%, while in Vermont is less than 3% as
reported. Nearly half of the wet-freeze climate states use more
than 20% RAP in HMA/WMA.

As shown in Fig. 7, allowing a high RAP content in the state
specifications does not indicate that a high percentage of RAP will
be used in practice. The most common challenges to the use of RAP

are specification limits of state transportation department, incon-
sistent RAP, lack of RAP availability, and lack of experiences. In
addition, in terms of mixture performance for high RAP mixes,
the quality of the blended virgin and RAP binders as well as crack-
ing performance due to mix stiffening from high RAP quantities are
the two most common concerns.

To increase the use of RAP and ensure asphalt mixture quality, it
is recommended to utilize proper techniques for obtaining, stock-
piling, and processing RAP: take random samples and conduct
RAP composition tests of the RAP materials, assess RAP mixture
performance, and document RAP use during production, construc-
tion, and long-term performance.

5.4. Recycled asphalt Shingles

The use of recycled asphalt shingles (RAS) comes from both
manufacturers waste and tear-off scrap shingles. RAS is used for
economic and environmental reasons, and it offers the benefit of
lessening the amount of virgin binder required for pavement
construction.

Some states in the wet-freeze climates have been using RAS in
asphalt mixture since 2009. For example, the Illinois Department
of Transportation (IDOT) has been adding RAS in asphalt mixture
since 2010. Illinois Public Act 097-0314 became effective in Jan-
uary 2012. It aimed to the use of RAS as a pavement material,
which can promote environmental control while reduce project
costs [106]. The IDOT allows up to 5 percent RAS by weight of total
mix in its special provision, named Special Provision for Reclaimed
Asphalt Pavement (RAP) and Reclaimed Asphalt Shingles (RAS)
[107]. The MDOT permits that up to 17 percent RAS by weight of
total binder as cited in its special provision, titled Special Provision
for Recycled Hot Mix Asphalt and Recycled Asphalt Shingles in Super-
pave Mixtures [108]. Table 4 presents a summary of specifications
on the RAS allowable percentage in wet-freeze climates.

To increase the usage of the RAS, there are obstacles to over-
come, including lack of documented performance, lack of material
specification, lack of practical experience, and additional required
tests when using tear-offs RAS [109].

6. Asphalt mixture test methods

A number of mechanical tests are utilized to determine whether
or not an asphalt mixture will be satisfactory for a specific applica-
tion. For wet-freeze climate zones, the resistances to low temper-
ature cracking, moisture damage, fatigue cracking, and rutting
play important roles in producing asphalt mixtures. The following

Fig. 6. Wet-freeze States that Permit More Than 25 Percent RAP in HMA Layers
(Adapted from [102]).

Fig. 7. Wet-freeze States that Use More Than 20 Percent RAP in HMA Layers
(Adapted from [102]).

Fig. 8. Estimated Average Percent of RAP in Asphalt Mixtures by Wet-freeze States
for 2014 (Adapted from [50]).

Table 4
Summary of specifications on RAS allowable percentage in wet-freeze climates.

State Maximum Amount Equivalent Amount*

(By weight of total
mix)

Illinois [107] 5% RAS by weight of total mix 5%
Indiana [110] 3.0% RAS by weight of total

mixture and 15.0% binder
replacement

3%

Iowa [111] 5% RAS by weight of total
aggregate

4.8%

Michigan [108] 17% RAS by weight of total
binder

0.8%

Minnesota [112] 5% RAS by weight of total
aggregate

4.8%

Ohio [113] 5% RAS by dry weight of mix 5%
Pennsylvania [114] 5% RAS by weight of total

mixture
5%

* Assume that binder content is 4.5% and aggregate content is 95.5% in the tra-
ditional HMA mixture design.
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subsections introduce several experimental methods for assessing
the asphalt mixture. Table 5 shows the related asphalt mixture test
methods for wet-freeze climate zones.

6.1. Short- and long-term oven conditioning

When evaluating the performance of HMA in the laboratory, it
is vital to simulate the effects of short-term and long-term aging
in the field. The short-term aging occurs during plant mixing and
construction. During the production and paving process, some of
the asphalt binders are absorbed by the aggregate, lowering the
effective binder content, and the binders are aged by the high tem-
perature that occur in the overall construction process. Long-term
aging occurs during the service life of the pavement, where the
binder experiences oxidative aging.

The procedures for short-term and long-term oven conditioning
of asphalt mixtures have been developed and standardized in
AASHTO R 30 [115]. The short-term oven conditioning includes
evenly spread loose mixture in a forced draft oven at 275�F
(135 �C) for 4 h. The mixture is spread evenly with a thickness
between 0.98 and 1.97 in. (25 and 50 mm) in a pan and stirred
every 1 h. The long-term oven conditioning is conducted after
the short-term oven conditioning. This conditioning consists of
conditioning the loose mixture at 185�F (85 �C) for 120 h.

Because rutting distress occurs in the early life of a pavement,
evaluation of the rutting resistance should be conducted on sam-
ples with short-term conditioned. Fatigue and low temperature
cracking tests should be performed on samples with long-term
conditioned. In terms of moisture sensitivity test, AASHTO T 283
has different conditioning procedures that conditioning loose mix-
tures in a forced draft oven at 140�F (60 �C) for 16 h.

6.2. Low temperature cracking tests

Assessment of an asphalt mixture resistance to low tempera-
ture cracking can be evaluated by using the Disk-Shaped Compact
Tension (DCT) test, Semicircular Bend Geometry (SCB) test at low
temperature, or Indirect Tensile Test (IDT) creep compliance. The
DCT test is conducted in accordance with ASTM D 7313 [116]
and the sample for this test procedure is a circular specimen with
a single edge notch loaded in tension. The SCB test at low temper-
ature determines the fracture energy of asphalt mixture following
AASHTO TP 105 [117]. The IDT creep compliance is determined by
three measurements at 18�F (10 �C) intervals in accordance with
AASHTO T 322 [118].

To protect the asphalt mixture from the thermal cracking, a
low-temperature cracking specification is recommended by Mar-
asteanu et al. [119], as shown in Table 6. In terms of DCT test, a
minimum fracture energy of 400 J/m2 is proposed for a low traffic
volume road. For a high traffic volume road, a minimum fracture
energy of 690 J/m2 is suggested. In terms of SCB test as the low
temperature, a minimum fracture energy of 350 J/m2 and a mini-
mum fracture toughness of 800 kPa∙m1/2 are recommended.

In addition, rubber modified asphalt mixtures possessed excel-
lent low temperature cracking resistance in terms of the fracture
energy. Buttlar et al. tested different crumb rubber modified
asphalt mixtures at �18 �C and the fracture energy ranges from
691 J/m2 to 1554 J/m2 [120].

At Michigan Technological University, researchers found that
rubber modified asphalt mixtures performed much better than
the control HMA since the fracture resistance gained by nearly
25% [49]. In this study, the fracture energies at �24 �C for control
HMA, crumb rubber modified HMA, and crumb rubber modified
WMA were 467 J/m2, 578 J/m2, and 579 J/m2, respectively based
upon laboratory compacted plant mixture. The base asphalt used
in this study was PG58-34, and the Evotherm additive was at
0.3% by weight of the asphalt binder for the WMA. The rubber
asphalt was terminal blended asphalt to meet the specification of
PG58-34. The performance grade of both the control asphalt and
the CR modified asphalt are PG58-34.

6.3. Moisture sensitivity tests

The moisture sensitivity can be assessed using the modified
Lottman test in accordance with AASHTO T 283 [121] and/or the
Hamburg Wheel Tracking (HWT) test in accordance with AASHTO
T 324 [122]. For the modified Lottman test, the moisture sensitivity
is determined by a tensile strength ratio (TSR). The TSR is defined
as the ratio of the average split tensile strength of the uncondi-
tioned sample to the conditioned sample. The conditioned sample
is partially saturated with water and with freeze-thaw cycle. It is
widely accepted that the TSR should be greater than 0.80 for a
moisture damage resistant sample. It is noted that moisture condi-
tioning can also be obtained by Moisture Induced Sensitivity Test
(MISTTM) following ASTM D 7870 [123,124]. For the HWT test,
samples are tested underwater. The moisture sensitivity is based
on the stripping inflection point, at which a slop intersection of
the creep and stripping portions of the rut depth versus the num-
ber of wheel passes.

Table 5
Asphalt Mixture Test Methods for wet-freeze climate zones.

Test Reference Evaluation Indexes

Short- and long-term oven conditioning AASHTO R 30 –

Low Temperature Cracking Tests Disk-shape Compact Tension Test ASTM D 7313 Fracture energy, fracture strength
Semicircular Bend Geometry Test at Low Temperature AASHTO TP 105 Fracture energy, fracture toughness
Indirect Tensile Test AASHTO T 322 Creep compliance, indirect tensile strength

Moisture Sensitivity tests Modified Lottman Test AASHTO T 283 Indirect tensile strength, tensile strength ratio
Hamburg Wheel Tracking Test AASHTO T 324 Stripping inflection point

Fatigue Tests Flexural Fatigue Test AASHTO T 321 Cycles to failure, flexural stiffness
Flexibility Index Test AASHTO TP 124 Flexibility index, fracture energy
Direct Tension Cyclic Fatigue Test AASHTO TP 107 Damage characteristic curve

Rut Resistance Tests Asphalt Pavement Analyzer AASHTO T 340 Rut depth
Hamburg Wheel Tracking Test AASHTO T 324 Rut depth, number of passes
Incremental Repeated Load Permanent Deformation Test AASHTO TP 116 Minimum strain rate
Flow Number Test AASHTO T 378 Flow number, dynamic modulus
SuperpaveTM Shear Tester AASHTO T 320 Permanent shear strain and stiffness
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6.4. Fatigue tests

A durable asphalt pavement requires an excellent performance
of fatigue cracking resistance [125–127]. The fatigue life of asphalt
mixture can be determined by flexural fatigue test, Flexibility
Index Test (FIT), or direct tension cyclic fatigue test. For the flexural
fatigue test, asphalt mixture beams fabricated using a kneading or
rolling wheel compaction equipment is tested for fatigue resis-
tance in accordance with AASHTO T 321 [128–130]. FIT is devel-
oped by Illinois researchers to predict the cracking resistance of
asphalt concrete mixtures using RAP and RAS [131]. For this test,
a provisional standard method AASHTO TP 124 [132] is available.
AASHTO TP 107 [133] shows test procedures and calculation pro-
cesses for the damage characteristic curve using the direct tension
cyclic fatigue test.

6.5. Rut resistance tests

The rut resistance can be assessed using an asphalt pavement
analyzer in accordance with AASHTO T 340 [134]. This test consists
of a load exerted through a rubber hose that is inflated at a given
pressure. Samples for this test is commonly fabricated by the
SuperpaveTM gyratory compactor. Besides that, the HWT test fol-
lowing AASHTO T 324, incremental repeated load permanent
deformation test following AASHTO TP 116 [135], flow number test
following AASHTO T 378 [136], or SuperpaveTM shear tester follow-
ing AASHTO T 320 [137] can also be used to evaluate the rut resis-
tance of asphalt mixtures.

Based on a national survey on the use of the HWT test, seven
states in wet-freeze climates are currently utilizing HWT for
research purposes or the state specifications. These seven states
are Illinois, Iowa, Maine, Massachusetts, New York, Pennsylvania,
and Wisconsin. Table 7 presents the performance criteria for

HWT test for Illinois DOT and Wisconsin DOT, for both of which
the minimum number of cycles at 0.5 in. (12.5 mm) rut depth is
based on the asphalt binder grade. In addition, six states in wet-
freeze climates (Connecticut, Minnesota, New Jersey, Ohio, Vir-
ginia, and West Virginia) use the asphalt pavement analyzer to
evaluate rut resistance of asphalt mixture [138].

7. Asphalt mixture design methods

7.1. SuperpaveTM

SuperpaveTM (superior performing asphalt pavement) mixture
design method is the result of a Strategic Highway Research Pro-
gram (SHRP) initiative and is widely used and accepted by many
state agencies. SuperpaveTM is a new system for mix design and
performance-testing of hot mix asphalt and aims to deal with
extreme temperature and heavy loads. SuperpaveTM system could
be divided into three parts: (1) a PG asphalt binder specification
and tests, which is based on the range of temperatures experienced
by pavement; (2) aggregate criteria and tests; (3) a mixture design
system using both a volumetric mixture design with SGC and anal-
ysis/performance prediction element [141].

In wet-freeze climates, Iowa DOT assessed the current asphalt
mix design gyratory levels in Iowa state [142]. They evaluated
the post-construction compaction effect and analyzed if 4% target
airs were being obtained. It was found that the current design com-
paction levels produce mixes that have higher than 4% air voids
after 4-year traffic densification. It is suggested to find the opti-
mum gyration level in Iowa in the future work.

Wisconsin and Michigan are currently using regressing air voids
method on HMA pavements. Regression of air void is to obtain
higher asphalt binder content due to some performance and dura-
bility concerns resulted from low asphalt binder content. The idea
of regression is to design a mix for 4.0 percent air void and then
predict the amount of additional virgin asphalt binder needed to
achieve 3.5 or 3.0 percent air voids. This will increase design
asphalt content up to 0.4 percent. Michigan applied this to address
the issue of dry mixes, with a published special provision (12SP-
501J) [143]. Wisconsin DOT is conducting a study for its specifica-
tions relating air void regression.

7.2. Balanced mix design

Balanced mix design (BMD) is ‘‘asphalt mix design using perfor-
mance tests on appropriately conditioned specimens that
addresses multiple models of distress taking into consideration
mix aging, traffic, climate and location within the pavement struc-
ture”. It involves of design the mixture to meet an intended appli-
cation and service need [144].

In the volumetric design method, the volumetric parameters
(such as air voids, voids in the mineral aggregate, voids filled with
asphalt) cannot adequately evaluatemixture variables, such as recy-
cled materials, warm-mix additives, polymer modifiers, rejuvena-
tors, and fibers. However, the BMD balances mix performance
with acceptable binder content. The mix performance consists of
rutting resistance, fatigue cracking resistance, low temperature
cracking resistance, reflection cracking resistance, and moisture
susceptibility. In wet-freeze climate zones, tests for low tempera-
ture cracking, rutting and moisture sensitivity are the measure of
performance that are most important. Fig. 9 displays the balanced
mixdesignbetween crackingperformance and ruttingperformance.

There are three main BMD approaches with different innovation
potentials. From low to high innovation potential, they are Volu-
metric Design with Performance Verification, Performance Modi-
fied Volumetric Design, and Performance Design. (1) The

Table 6
Recommended Low-temperature Cracking Specification for Loose Mixture.

Test Test
Temperature

Test Criteria Comment

DCT Test PGLT + 10 �C Fracture Energy, >400 J/m2 Traffic Volume <10
million EASLs

Fracture Energy, >460 J/m2 Traffic Volume
between 10 and 30
million EASLs

Fracture Energy, >690 J/m2 Traffic Volume
>30 million EASLs

SCB Test PGLT + 10 �C Fracture Energy, >350 J/m2

Fracture Toughness,
>800 kPa∙m1/2

Note: PGLT is Performance Grade Low Temperature; EASLs are Equivalent Single
Axle Loads. The proposed specification is from Marasteanu et al. [119].

Table 7
Performance Criteria for HWT Test.

Agency Asphalt Binder
Grade

Minimum Number of Cycles
at 0.5 in. (12.5 mm) Rut
Depth*

Illinois DOT [139] PG 58 or lower 5,000
PG 64 7,500
PG 70 15,000
PG 76 or higher 20,000

Wisconsin DOT [140] PG 58 5,000
PG 64 10,000
PG 70 15,000
PG 76 20,000

* Test performed at 122�F (50 �C).
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Volumetric Design with Performance Verification follows the
SuperpaveTM design method to verify performance properties; if
the mixes fail to meet the performance requirement, the mixes will
be redesigned. Volumetric parameters would have to in the design
range of AASHTOM323. For example, Illinois, New Jersey, and Wis-
consin are exploring and developing this approach, as shown in
Table 8. (2) The Performance Modified Volumetric Design first
selects the initial binder content using AASHTO M323/R35. After
the performance tests, the mixture proportions and/or binder con-
tent could be modified to meet the performance requirement. The
final volumetric parameters may differ from the existing AASHTO
M323 limit. For example, California (not in wet-freeze climates
zone) is exploring this approach. (3) The Performance Design con-
sists of conducting a series of performance tests with different bin-
der contents and selecting the design binder content based on the
performance result. The determined volumetric parameters do not
require to fit with the existing AASHTO M323 limits. Table 8 pre-
sents the BMD practice in wet-freeze climate zones.

Currently, state departments of transportation are conducting
BMD related research activities. For example, Minnesota DOT has
a research project titled ‘‘Balanced Design of Asphalt Mixture”
[145]. Indiana DOT has an active research project titles ‘‘Perfor-
mance Balanced Mix Design for Indiana’s Asphalt Pavements”.
Wisconsin DOT has two active research project titled ‘‘Analysis
and Feasibility of Asphalt Pavement Performance-Based Testing
Specifications” and ‘‘Regressing Air Voids for Balanced HMA Mix
Design”. In wet-freeze climate zones, DOTs with similar pavement
distress considerations are selecting different performance tests
and different BMD approaches, because they have different mix
applications (e.g. overlays) or mix components (e.g. high recycled
mixes). Therefore, BMD approaches differ and will probably con-
tinue to differ in the future.

8. Deicers for winter maintenance

Winter road maintenance is a significant consideration in wet-
freeze climates. According to research by the Roadway Safety
Foundation, winter road conditions lead to 115,000 injuries and
1000 deaths in the United States each year [146]. It is reported that
deicing operations have reduced the crash frequency by 88.3 per-
cent [146].

In a wet-freeze climate, snow and ice dramatically affect the
quality of the pavement surface and, consequently, road safety.
Therefore, effective methods of de-icing and anti-icing are critical
for maintaining pavements in the winter. Strategies for controlling
snow and ice can be divided into two categories, de-icing and anti-
icing. De-icing includes methods of using either mechanical means
(i.e., plowing) or chemical substances to road surfaces during or
after a storm in order to break the bonds that have formed between
the snow or ice and the pavement surface. Anti-icing, on the other
hand, is the application of chemical substances to road surfaces
before a winter storm occurs. For simplicity, this paper utilizes
the term deicer to refer to all chemical materials used for anti-
icing and de-icing practices. Common deicers are categorized as
chloride-based, acetate-based, and agro-based deicers [147,148].
Common chloride-based deicers are sodium chloride (NaCl), cal-
cium chloride (CaCl2), and magnesium chloride (MgCl2). Other than
chlorides, acetate-based deicers such as potassium acetate (KAc)
and calcium magnesium acetate (CMA) are also used. A recent
study suggested that rock salt had a statistically-significant faster
clearing speed on asphalt pavements than on concrete pavements
[149]. Western Transportation Institute compared the costs and
benefits of different deicers and found that, when used in conjunc-
tion with plowing, both salt brine (liquid NaCl) and CaCl2 had the
highest benefit-cost ratio. Other de-icing materials analyzed were
MgCl2, solid rock salt (solid NaCl), and abrasives [146,150].

With an increasing use of deicers, it is important to understand
the effects of deicers on asphalt pavements [151]. Chloride-based
deicers have little influence on the asphalt pavement, since asphalt
binder has a relatively high chemical resistance to chloride-based
deicers. However, using different road salts (sodium chloride)
decreases the skid resistance of asphalt pavement. Current studies
focus on how to improve skid resistance of different mixture types
when chloride-based deicers are used [151]. Opposed to chloride-
based deicers, the acetate- and formate-based deicers affect the
durability of asphalt pavement. The damage mechanism seems to
involve chemical reactions, emulsifications, distillations, and addi-
tional stress in the asphalt mixture. To enhance the resistance of
asphalt pavements to acetate-based deicers, it is recommended
to use polymer-modified binders, use high quality aggregates, test
the compatibility between the mixture and the deicers, and com-
pact the asphalt pavement to a low void content [151,152].

9. Summary

Twenty-two states in the United States and two Canadian pro-
vinces are considered as wet-freeze climate zones in this review,
based on annual precipitation and freezing index.

This review documented and introduced materials selections of
asphalt pavement in wet-freeze climate zones. The strategies
include both current practices and emerging technologies. A cur-
rent practice is a procedure that has been shown by research or
experience to produce acceptable results and that is established
or proposed as a standard suitable for widespread adaptation. An
emerging technology is a technique or a material that can improve
asphalt pavement performance, (partly) replace natural materials,
and contribute to more sustainable asphalt pavements. The current
practices and emerging technologies in wet-freeze climates are
listed in Table 9 and a few key technologies are summarized as
following:

(1) In terms of asphalt binders, neat asphalt binder, emulsified
asphalt, and tack coat are current practices in wet-freeze cli-
mate, while bio-derived binder is still an emerging material
which needs more research efforts.

Fig. 9. Balance Mix Design.

Table 8
BMD practice in wet-freeze climate zones [144].

State Design Approach Stability
Test

Durability/Cracking Test

Illinois Volumetric Design
with Performance
Verification

Hamburg
Wheel
Tracking

Semi Circular Bend (IFIT)

New
Jersey

Volumetric Design
with Performance
Verification

Asphalt
Pavement
Analyzer

Texas Overlay Test

Wisconsin Volumetric Design
with Performance
Verification

Hamburg
Wheel
Tracking

Disk-Shaped Compact
Tension & Semi Circular
Bend (IFIT)
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(2) In terms of asphalt additives/modifiers, anti-stripping
agents, polymer-modified binder (SBR or SBB modifier),
rubber-modified binder, and fiber-modified asphalt are cur-
rent practices and still developing in wet-freeze climate,
while polyphosphoric acid extender and nanomaterials
could be an alternative modifier for asphalt binder.

(3) In terms of asphalt mixture types, conventional HMA mix-
tures, warm-mix asphalt mixtures, and reclaimed asphalt
mixtures are current practices in wet-freeze climates.

(4) In terms of asphalt mixture test methods, short- and long-
term oven conditioning, low temperature cracking test,
moisture sensitivity test, beam fatigue test, and rut resistant
test are current testing methods for asphalt mixtures.

(5) In terms of mixture design method, SuperpaveTM is a current
practice in wet-freeze climate, while many state department
of transportations are conducting balanced mix design
related research projects.

(6) The chloride-based deicers have little influence on the
asphalt pavement, while the acetate- and formate-based
deicers affect the durability of asphalt pavement.

10. Recommendations

In wet-freeze climates, the presence of pavement distresses
such as cracking, frost damage, material degradation, and thaw
weakening, requires careful material selection for withstanding
high precipitation and cold winter temperatures. In the future, it
is highly suggested to conduct research on a number of potential
materials, such as bio-derived binders, PPA extenders, fiber-
modified asphalt, nanomaterials, and rubber modified binders.
For example, bio-derived binders have shown the potential to
improve the thermal cracking performance of petroleum-based
asphalt binder [23]. However, the uncertainties of bio-derived bin-
der, including diverse supplies, storability, and long term perfor-
mance provide the challenges for a large scale application.

Using environmentally friendly materials provides a method to
achieve a sustainable future and reduce the effect of human activ-
ities. Recently, asphalt-related materials have made significant
progress by using an increasing amount of RAP, RAS, or crumb rub-
bers to partly replace virgin binder. In addition, WMAmixtures can
reduce energy consumption and gas emissions. The challenge lies
in how to maintain or even enhance the performance of asphalt
mixture as well as use greater amounts of recycled materials.
Therefore, applications with recycled materials require more
experiments and field trials.

Good properties of cracking resistance and moisture damage
resistance are vital requirements for asphalt pavements in wet-
freeze climates. The current SuperpaveTM design method presents
improvements in material selection with enhanced low tempera-
ture performance and moisture damage resistance. However, this
approach is limited to volumetric testing and cannot adequately
evaluate mixture variables, such as recycled materials, warm-mix
additives, polymer modifiers, rejuvenators, and fibers. It is highly
suggested to develop a balanced mix design approach for different
applications. Future research work will include the cracking and
rutting failure criteria for different applications, such as climates,
mixtures, traffic levels, and pavement structures [119,145].
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