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Abstract: A review of the impacts of deicers used in winter maintenance practices of Portland cement concrete and as-
phalt concrete roadways and airport pavements is presented. Traditional and relatively new deicers are incorporated in this 
review, including sodium chloride, magnesium chloride, calcium chloride, calcium magnesium acetate, potassium acetate, 
potassium formate, sodium acetate, and sodium formate. The detrimental effects of deicers on Portland cement concrete 
exist through three main pathways: 1) physical deterioration such as “salt scaling”; 2) chemical reactions between deicers 
and cement paste (a cation-oriented process, especially in the presence of magnesium chloride and calcium chloride); and 
3) deicers aggrevating aggregate-cement reactions (such as the anion-oriented process in the case of chlorides, acetates, 
and formates affecting alkali-silica reactivity and the cation-oriented process in the case of calcium chloride and magne-
sium chloride affecting alkali-carbonate reactivity). The deicer impacts on asphalt concrete pavements had been relatively 
mild until acetate- and formate-based deicers were introduced in recent years. The damaging mechanism seems to be a 
combination of chemical reactions, emulsifications and distillations, as well as the generation of additional stress in the 
asphalt concrete.  

1. INTRODUCTION 

 In cold-climate regions, snow and ice control operations 
are crucial to maintaining highways that endure cold and 
snowy weather. The growing use of deicers has raised con-
cerns about their effects on motor vehicles, transportation 
infrastructure, and the environment. The deleterious effect of 
chloride-based deicers on reinforcing steel bar (rebar) in con-
crete structures is well known [1]. Deicers may also pose 
detrimental effects on concrete infrastructure through their 
reactions with cement paste and/or aggregates and thus re-
duce concrete integrity and strength, which in turn may fos-
ter the ingress of moisture, oxygen and other aggressive 
agents onto the rebar surface and promote rebar corrosion.  

 This literature review presents a synthesis of the impacts 
of common deicers on cement and asphalt pavements, re-
spectively, detailing the various mechanisms found to cause 
deterioration. The following sections document the impacts 
sodium chloride (NaCl), calcium chloride (CaCl2) and mag-
nesium chloride (MgCl2) have on pavement materials, com-
pared with those of alternative deicers such as calcium mag-
nesium acetate (CMA), potassium acetate (KAc), potassium 
formate (KFm), sodium acetate (NaAc), and sodium formate 
(NaFm). 

2. DEICER EFFECTS ON PORTLAND CEMENT 

CONCRETE 

 Previous studies on deicer/concrete interactions used 
mostly concentrated deicer solutions. A Transportation  
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Pooled Fund study [2] investigated the effects of concen-
trated brines of NaCl, CaCl2, MgCl2 and CMA on Portland 
cement concrete (PCC) and concluded that both physical and 
chemical interactions occur within concrete when it is ex-
posed to freeze/thaw conditions and deicers. Based on the 
ASTM C 666 freeze/thaw test results, concrete prisms of 10 
cm diameter by 5 cm height subjected to 300 freez-
ing/thawing cycles in 14% MgCl2 and 15% CaCl2 reported 
considerable expansion (0.17% and 0.18% length change, 
respectively), mass change (3.5% and -3.5%, respectively) 
and loss in the dynamic modulus of elasticity (50% and 40%, 
respectively). In contrast, those exposed to 18% NaCl did 
not expand more than 0.04% and reported 0.5% mass gain 
and approximately 5% loss in the dynamic modulus of elas-
ticity. Significant evidence existed that MgCl2 and CaCl2 
chemically reacted with hardened cement paste, as indicated 
by the dissolution of the cement paste and formation of ex-
pansive oxychloride phases. These mechanisms were as-
sumed responsible for the observed expansive cracking, in-
creased permeability, and significant loss in compressive 
strength of the concrete [2]. Exposure to NaCl, however, did 
not result in noticeable chemical interaction or related dis-
tress in concrete mortar or concrete [2]. 

 A recent study [3] in our laboratory investigated the ef-
fects of diluted deicers on PCC, assuming a 100-to-3 dilution 
ratio for all liquid and solid deicers. Based on the gravimet-
ric and macroscopic observations of freeze-thaw specimens 
following the SHRP H205.8 laboratory test, de-ionized wa-
ter, the CMA solid deicer, and the MgCl2 liquid deicer were 
benign to the PCC durability, whereas KFm and the NaAc/ 
NaFm blend deicers showed moderate amount of weight loss 
and noticeable deterioration of the concrete. NaCl, the NaCl-
based deicer, and the KAc-based deicer were the most dele-
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terious to the concrete. In addition to exacerbating physical 
distresses, each investigated chemical or diluted deicer 
chemically reacted with some of the cement hydrates and 
formed new products in the pores and cracks. Such physio-
chemical changes of the cement paste induced by the deicers 
pose various levels of risks for the concrete durability.  

 Yet another laboratory study investigated the effects of 
both diluted and concentrated deicers on PCC. Concrete 
specimens were exposed to weekly cycles of wetting and 
drying in distilled water and in solutions of NaCl, CaCl2, 
MgCl2, and CMA with either a 6.04 molal ion concentration 
(equivalent to a 15% solution of NaCl), or a 1.06 molal ion 
concentration (equivalent to a 3% solution of NaCl), for pe-
riods of up to 95 weeks. At lower concentrations, NaCl and 
CaCl2 showed a relatively small negative impact on the 
properties of concrete, whereas MgCl2 and CMA caused 
measurable damage to concrete. At high concentrations, 
NaCl showed a greater but still relatively small negative ef-
fect, whereas CaCl2, MgCl2 and CMA caused significant loss 
of material and a reduction in stiffness and strength of the 
concrete [4]. 

 In addition to chlorides, the detrimental effects of CMA 
on PCC have also been confirmed. In a recent laboratory 
study, cement mortar samples (water to cement ratio 
(w/c)=0.485) were reported to lose cohesiveness and disinte-
grate completely after 30-day exposure to 28% CMA solu-
tion at room temperature, and the formation of calcium ace-
tate hydrate phases were confirmed by X-ray diffraction re-
sults [2]. In another laboratory study [5], eight-month con-
tinuous exposure of good-quality concrete (w/c=0.45 and air-
entrained) to concentrated CMA solutions (25%) caused a 
significant decrease in load capacity, mass loss and severe 
visual degradation of the concrete. The use of 40% blast fur-
nace slag along with a Portland clinker was found effective 
in mitigating such impacts of CMA [5]. The deleterious ef-
fects of CMA were also reported in earlier studies [6, 7], 
involving a delamination process of the cement matrix likely 
associated with leaching of the calcium hydroxide.  

 In light of these studies, it appears that deicers may pose 
a risk for the durability of PCC structures and pavements 
through three main pathways: 1) physical deterioration of the 
concrete through such effects as salt scaling; 2) chemical 
reactions between deicers and concrete; and 3) deicers ag-
gravating aggregate-cement reactions.  

2.1. Deicer Scaling - A Physical Process 

 Physical mechanisms of attack by deicers can lead to 
damage of PCC in the common forms of scaling, map crack-
ing, or paste disintegration [2]. Scaling refers to the local 
peeling of the hardened concrete surface, often as a result of 
cyclic freezing and thawing [8]. Scaling can occur on con-
crete surfaces independent of deicer application, as the aque-
ous solution in the concrete pores near the surface freezes 
and thaws due to temperature fluctuations. Freezing of water 
in saturated concrete exerts tremendous expansive forces that 
consequently lead to scaling off of concrete surfaces, espe-
cially when the concrete surface is not adequately protected 
with entrained air.  

 Many research studies have shown that chloride-based 
deicing salts can exacerbate the scaling problem as concrete 
experiences freeze/thaw cycles. Moisture tends to move to-

ward zones with higher salt concentrations via osmosis. Ac-
cordingly, the osmotic pressure adds to the normal hydraulic 
pressure if salts are present in the pore solution, which in-
creases the risk for physical deterioration of concrete. In ad-
dition, the application of deicing salts to pavements increases 
the rate of cooling, which increases the number of 
freeze/thaw cycles and thus the risk for freeze/thaw deterio-
ration. However, the presence of deicers can be beneficial as 
it widens the temperature range in which phase transitions 
occur. These opposing effects define the physical distress in 
concrete caused by deicers, and a pioneering laboratory 
study revealed the worst conditions at a low deicer concen-
tration (5% NaCl) and optimum conditions at a moderately 
high concentration (13% NaCl) [9]. Another study suggested 
that concrete containing relatively high concentrations of 
dissolved salts can provide better resistance to scaling than 
concrete with plain water in its pores [10]. 

 The scaling of concrete in the presence of deicers, re-
ferred to as “salt scaling” has been recognized as the main 
cause of frost-related concrete deterioration, and has been 
found closely related to concrete quality (e.g., air entrain-
ment level), weather conditions, and the number of 
freeze/thaw cycles [11-14]. Concrete damage from salt scal-
ing was found to be significantly dependent on the salt type 
(sodium, potassium, magnesium or calcium chloride) and 
salts containing potassium seemed to cause more scaling 
damage for unknown reasons [15].  

 KAc was reported to cause minor scaling associated with 
alkali carbonation of the surface layer of concrete [16]. Re-
cently, however, the treatment of PCC with sodium acetate 
solutions was claimed to be a promising technology to grow 
crystals inside the pores to reduce water penetration into 
concrete and thus extend the service life of concrete [17]. 
Such beneficial effect was demonstrated in the treatment of a 
poor-quality concrete (w/c=0.65 and non-air-entrained).  

 Early research argued that the best protection against 
"salt scaling" would be reduction of porosity [9]. It is now 
generally believed that the use of properly cured, air-
entrained Portland cement concrete would prevent physical 
damage by the freeze/thaw cycles. For instance, high-quality 
concrete with 5-7% entrained air has been found more resis-
tant to freeze/thaw cycles and scaling [18]. Entrained air 
provides spaces within the concrete mass for expanding wa-
ter to move into, thereby reducing the potential stress and 
associated deterioration. For an air-entrained concrete, the 
spacing factor seems to be its key air void characteristic to 
allow sufficient resistance to salt scaling [19]. It should be 
noted that air entrainment only slows the freeze-thaw process 
instead of preventing it [10]. 

 The use of supplementary cementitious materials, par-
ticularly fly ash, has been widely reported to have detrimen-
tal effects on the scaling resistance of properly air-entrained 
concrete, as it tends to refine porosity and increase the non-
evaporable water content [20]. One study suggested that the 
key was to allow sufficient time for high-volume fly ash 
concrete to develop strength before subjecting it to salt scal-
ing [21]. In contrast, the use of some cementitious material 
may improve the resistance of mortars and concretes to the 
combined action of frost and deicer, as in the case of a mag-
nesium phosphate cement-based binder prepared by mixing 
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magnesium oxide (MgO) with mono-ammonium phosphate, 
borax and fly ash [22].  

2.2. Reactions between Deicers and Concrete - A Cation-
Oriented Chemical Process 

 Chemical mechanisms of attack by deicers can lead to 
damage of PCC in the common forms of map cracking, paste 
disintegration, internal microcracking, strength loss, mass 
gain, and expansion. The following strategies were recom-
mended to mitigate the deleterious effects of deicers: 1) use 
less deicing chemicals; 2) use NaCl brines wherever possi-
ble, 3) use concrete sealants (e.g., siloxanes and silanes) and 
concrete mixtures with supplementary cementitious materi-
als (e.g., ground granulated blast furnace slag and coal fly 
ash) [2].  

Sodium Chloride (NaCl) 

 Sodium chloride (NaCl) remains the principal road deicer 
in use despite its well-known corrosive effects on metals. It 
has a eutectic point of -23°C, good ice-melting rates at low 
temperatures and, above all, is relatively inexpensive. Gen-
erally, salt scaling appears to be limited to the concrete sur-
face when NaCl is used. Unless reactive aggregates are in-
cluded in thick concrete structures such as bridge decks, 
NaCl, when used as a deicer, does not cause serious deterio-
ration in concrete except for the surface distress caused by 
the physical mechanism of scaling. Long-term use of NaCl 
does not result in strength loss in the cement paste matrix via 
chemical mechanisms except for the slow process of 
accelerating alkali-silica reaction. 

 While NaCl itself may be innocent, deicers originating 
from mines (rock salt, as opposed to solar salt) may contain 
significant traces of calcium sulfate. Research by Pitt et al. 
[23] showed that even low levels of CaSO4 can damage mor-
tar, especially in combination with freezing and thawing 
cycles, due to pore filling by possibly Friedel’s salt and et-
tringite. To minimize such damage, changes in mix design or 
treating joints and cracks with silane sealers can be effective, 
while establishing restrictions on CaSO4 limits in rock salt 
used for deicing may be difficult. 

Magnesium Chloride (MgCl2) 

 Numerous research studies have shown that MgCl2, when 
used as a deicer, causes much more severe deterioration to 
concrete than NaCl or CaCl2. This is due to the reaction be-
tween Mg2+ and the hydrated products in cement paste [2, 
24-27]. As shown in Equation (1), MgCl2 can react with the 
cementitious calcium silicate hydrate (C-S-H) present in the 
cement paste and produce non-cementitious magnesium sili-
cate hydrate (M-S-H) and calcium chloride (CaCl2): 

MgCl2 + C-S-H  M-S-H + CaCl2       ... (1) 

 MgCl2 can also react with calcium hydroxide (Ca(OH)2), 
another hydrated product present in the cement paste in addi-
tion to C-S-H. As shown in Equation (2), this chemical reac-
tion produces another non-cementitious material, magnesium 
hydroxide (Mg(OH)2), commonly known as brucite.  

MgCl2 + Ca(OH)2  Mg(OH)2 + CaCl2      ... (2) 

 Since M-S-H and brucite are thermodynamically more 
stable than C-S-H and Ca(OH)2, the two reactions are highly 
likely to occur when MgCl2 is applied as a deicer onto con-

crete. M-S-H and brucite have lower binding capacity than 
C-S-H and Ca(OH)2, and their formation in concrete thus 
significantly degrades concrete strength while increasing 
porosity.  

 In addition, great expansive forces usually accompany 
the formation of brucite, which further accelerates the con-
crete deterioration process. As a result, concrete degradation 
due to the reaction of Mg2+ with cement paste has been rec-
ognized as one of the major mechanisms through which 
MgCl2 deicer affects the durability of concrete structures [24, 
25, 27, 28]. 

 The aforementioned MgCl2 impacts on concrete are sub-
stantiated further by research based on field data [25]. In 
Iowa, core samples taken from existing concrete structures 
aged from eight to forty years all contained dolomitic lime-
stone aggregates. The study revealed that MgCl2 deteriorated 
concrete by promoting expansion of the concrete through the 
formation of brucite and growth of other detrimental miner-
als. It was also reported that NaCl showed less detrimental 
effect than MgCl2 [25, 29, 30].  

 Detailed information regarding the mechanism of MgCl2 
deteriorating concrete material can be found in many re-
search studies. The consensus is that Mg(OH)2 and M-S-H 
are the most predominant reaction products, formation of 
which eventually leads to the degradation of concrete when 
MgCl2 is applied as a deicer [31-34], although different 
mechanisms were proposed for the formation and behavior 
of Mg(OH)2.  

 A recent laboratory study reported the formation of an-
other potentially detrimental phase, calcium oxychloride 
(3CaO•CaCl2•15H2O), formed in cement mortars exposed to 
15% MgCl2 solutions for 84 days, as confirmed by optical 
microscopy, scanning electron microscopy (SEM), and mi-
croanalysis [35]. The proposed mechanism was based on 
Equations (2) and (3):  

3Ca(OH)2 + CaCl2 + 12H2O  3CaO•CaCl2•15H2O     ... (3) 

 The petrographic evidence indicated that platey calcium 
oxychloride crystals and their carbonate-substituted phase 
precipitated in air voids and cracks by consuming portlandite 
(Ca(OH)2). In addition, Friedel’s salt was detected in the 
specimens analyzed [35]. In another laboratory study by the 
same group, the structures of brucite were also observed in 
the outer layers of the PCC specimens exposed to concen-
trated MgCl2 [2]. 

 The difficulty of constructing durable concrete dams in 
salt mines led to research efforts in Poland investigating the 
long-term behavior of cement pastes exposed to a strong 
chloride solution, predominantly composed of NaCl, MgCl2, 
and KCl [36]. Kurdowski found two cements: high-alumina 
cement and alkali activated slag, performed particularly well 
for over seven years because a stable skin-like layer of low 
permeability formed and protected the concrete core. Even 
after fifteen years the high-alumina cement had high strength 
and showed no deterioration. Portland and slag cements, 
however, were found to be particularly vulnerable to deterio-
ration or unstable layers of chemical products. The differ-
ence is attributed to the higher porosity of Portland and slag 
cements [36]. 
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Calcium Chloride (CaCl2) 

 CaCl2 has been found to have a detrimental effect falling 
between that caused by NaCl and MgCl2. It has also been 
found that concrete specimens exposed to CaCl2 deteriorated 
in a similar pattern to those exposed to MgCl2, although at a 
slower pace and to a less severe degree. As shown in Equa-
tion (3), CaCl2 can also react with Ca(OH)2 and form a hy-
drated calcium oxychloride [2, 37]. 

 At temperatures ranging from 4.4 to 10°C, hydrated cal-
cium oxychloride can be generated in a relatively short pe-
riod of time once CaCl2 is available. This reaction adds addi-
tional stress to the concrete matrix. A recent study [38] pro-
vided further evidence for this mechanism of CaCl2 attack in 
concrete. 

 The damaging impact of CaCl2 on concrete was exam-
ined in a comprehensive study [16] conducted at Iowa State 
University. The study included five deicing chemicals - 
NaCl, CaCl2 with and without a corrosion inhibitor, KAc, 
and an agricultural product as well as freezing/thawing and 
wetting/drying exposure conditions. Comprehensive damag-
ing criteria were set up and examined for the paste and con-
crete subjected to these deicing chemicals, including mass 
loss, scaling, compressive strength, chemical penetration, 
and microstructure of the paste and concrete. The deicing 
chemicals tested were found to penetrate into a given paste 
and concrete at different rates, leading to different degrees of 
damage. The two CaCl2 solutions caused the most severe 
damage compared to the others. The addition of the corro-
sion inhibitor in the CaCl2 solutions delayed the onset of 
damage, but failed to reduce the ultimate damage. Leaching 
of calcium hydroxide accompanied by some chemical altera-
tions in concrete was also observed for specimens exposed to 
chlorides.  

2.3. Deicer Aggravating Aggregate-Cement Reactions 

Chloride-Based Deicers Affecting ASR-An Anion-Oriented 

Chemical Process 

 Alkali silica reaction (ASR) is a deleterious process 
caused by the chemical reaction between available alkalis 
from the cement paste and reactive silica in the aggregate of 
PCC. In ASR, the chemical reaction between hydroxyl (OH-) 
associated with sodium (Na+) and potassium (K+) and reac-
tive forms of silica produces a gel that expands when suffi-
cient moisture is available. The expansion of the gel can 
produce internal stress great enough to cause cracks in both 
cement paste and aggregates. Typical ASR distress is mani-
fested by cracking, popouts and expansion. 

 ASR was first discovered as a stress to concrete struc-
tures in the United States by Stanton in 1940 [39]. Failure of 
concrete structures later ascribed to ASR can be dated back 
to the late 1920s. Reactive aggregates, available alkalis and 
sufficient water are three prerequisites for ASR to occur. 
ASR has been conventionally controlled by limiting alkali 
content in cement and selecting aggregates of good quality. 

 Extensive research suggests that NaCl can initiate and/or 
accelerate ASR by supplying additional alkalis to concrete 
[40-46]. An increase in pH of the concrete pore solution has 
been frequently observed and commonly proposed as the 
principal cause for the exacerbation of ASR in PCC exposed 

to NaCl [42, 44, 47]. Nevertheless, this process was found to 
be quite slow and might be masked by other short-term ef-
fects. Equation (4) presents the mechanism of the pH in-
crease in concrete pore solution resulting from the dissolu-
tion of Ca(OH)2 in the presence of sodium chloride.  

2NaCl + Ca(OH)2  CaCl2 + 2NaOH      ... (4) 

 The Cl- ions from NaCl might also accelerate ASR when 
the OH- concentration remains above a certain limit [45, 48]. 
It was reported that high-alkali concrete exposed to NaCl 
solution expanded even more than high-alkali concrete ex-
posed to NaOH. This was attributed to the combined effects 
of ASR and the formation of expansive chloroaluminates 
[49]. In contrast, low-alkali concrete was sufficiently pro-
tected against ASR when exposed to NaCl [49]. 

 For high-alkali concrete that is already affected by ASR, 
map cracking can occur at the surface due to a decrease in 
pH in the near-surface layer of concrete. This has been ob-
served in field specimens indicating that chloride ions trav-
eled less than 100 mm inside the ASR-affected concrete. 
Measurements of core samples from concrete structures ex-
posed to NaCl deicer indicated that most chlorides existed in 
the water-soluble form. SEM observations and microprobe 
analyses on mortar bars immersed in NaCl solution also sug-
gested that binding of Cl- ions in chloroaluminates or cement 
hydrates was a long-term process, which could be promoted 
at higher initial alkali concentrations [50]. A SEM/ Energy-
dispersive X-ray (EDX) investigation of cracking deteriora-
tion observed in a 3-year-old pavement in central Iowa re-
vealed that ettringite-filled air voids were centers of pressure 
causing the cracks, instead of ASR that might have been 
incorrectly identified [51]. 

 It should be noted that the accelerating effect of NaCl on 
ASR is a slow process, and stress to the concrete surface 
may be more likely caused by physical mechanisms such as 
salt scaling rather than chemical mechanisms [25]. Such a 
conclusion was made based on a laboratory observation 
where the 0.75M NaCl solution caused more extensive dete-
rioration to the concrete surface than the 3.0M one [25].  

 As reported in literature, CaCl2 and MgCl2 do not have as 
obvious an effect on ASR as NaCl. A possible reason is that 
both Ca2+ and Mg2+ cations can react with the free hydroxyl 
ions (OH-) in the concrete pore solution and form products 
that are less soluble in water than NaOH or KOH. Therefore, 
exposure of concrete to CaCl2 or MgCl2 tends to decrease the 
pH value in the pore solution. As a consequence, the acceler-
ating effect of Cl- on ASR, if any, might be masked by the 
more dominant effect of the reaction between Ca2+ and Mg2+ 
cations with OH- in the cement paste.  

 Prezzi et al. [52] stress the need for laboratory tests that 
simulate actual field conditions to truly determine how CaCl2 
and MgCl2 deicers affect ASR. In their study, CaCl2 and 
MgCl2 seemed to actually help reduce ASR-related expan-
sions when added to concrete during mixing operations. 
When NaOH, KOH, LiOH, NaCl, KCl, CaCl2, MgCl2, and 
AlCl3 were introduced to new concrete samples as admix-
tures and then tested according to ASTM C 1260, it was 
found that samples corresponding to chlorides with monova-
lent cations had greater ASR expansion than reference con-
crete specimens, while the divalant and trivalent cations gen-
erally had reduced expansions [52]. While this is in contrast 
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to findings from a previous study [48] in which CaCl2 accel-
erated ASR, the test temperature and salt concentrations 
were different in these two studies and thus making it diffi-
cult to directly compare the research findings. Yet another 
study [53] tested ASR gel soaked in a solution consisting of 
0.7M NaOH and 0.1M CaCl2, where a non-expansive reac-
tion product formed and the ASR gel did not repolymerize.  

CaCl2 and MgCl2 Affecting ACR-A Cation-Oriented 

Chemical Process 

 Another deleterious process is commonly observed in 
concretes with a short service life. The principal reaction has 
the nature of an alkali-dolomite reaction between coarse ag-
gregates containing reactive dolomite (calcium magnesium 
carbonate-i.e., CaMg(CO3)2) and cement paste, recognized 
as Alkali-Carbonate Reaction (ACR).  

 In ACR, dolomite from the aggregate reacts with OH- in 
the cement paste to free magnesium cations (Mg2+) and car-
bonate anions (CO3

2-). Mg2+ then precipitates as brucite, 
while CO3

2- reacts with portlandite from the cement to form 
calcite (CaCO3) and OH-. The formation of brucite and cal-
cite leads to crystal growth and thus increased pressure in 
concrete. This, together with the hydration state changes due 
to magnesium chloride hydrates, eventually leads to expan-
sion and rapid deterioration of the concrete. 

 Both MgCl2 and CaCl2 deicers are known to deteriorate 
concretes containing reactive dolomite aggregates by accel-
erating ACR. MgCl2 contributes Mg2+ cations that can di-
rectly participate in the formation of brucite, whereas CaCl2 
was found to accelerate ACR by enhancing the de-
dolomitisation reactions, releasing magnesium to form bru-
cite and M-S-H [26, 27]. No literature was found to report 
potential effects of NaCl on ACR. 

Acetate/Formate-Based Deicers Affecting ASR-An Anion-

Oriented Chemical Process 

 The last decade has seen an increase in the premature 
deterioration of PCC pavements, which coincided with the 
introduction of alternative deicers (KAc, NaAc, and NaFm) 
for winter maintenance. Such deicers have been used more 
extensively and for more years in European countries for 
winter maintenance than in the United States [54]. The de-
gree of distress in the PCC of European facilities ranges 
from mild to severe, in terms of surface cracking and repair 
and rehabilitation efforts.  

 Recent research conducted at Clemson University found 
that the acetate/formate-based deicers could induce increased 
levels of expansion in concrete with aggregates susceptible 
to ASR, and could trigger ASR in concrete that previously 
did not show susceptibility to ASR [55-57]. The laboratory 
results from a modified ASTM C 1260 mortar bar test and a 
modified ASTM C 1293 concrete prism test indicated that 
both KAc- and NaAc-based deicer solutions showed signifi-
cant potential to promote ASR in specimens containing reac-
tive aggregates. Such solutions were also found to cause 
more rapid and higher levels of expansion within 14 days of 
testing and to lead to lower dynamic moduli of elasticity, 
compared with 1N NaOH solution [56]. Increasing tempera-
ture or deicer concentration was found to accelerate the dele-
terious effects of deicers on the ASR in concrete. 

 Limited existing laboratory studies indicated that acetate-
based deicers could cause or accelerate ASR distress in the 
surface of PCC pavement by increasing the pH of concrete 
pore solution. PCC pavements that were otherwise resistant 
to ASR might show rapid deterioration when exposed to 
these high-alkali solutions. The nature of the reactions asso-
ciated with increased expansions in mortar bar tests remains 
unclear to date due to limited research conducted on this 
topic. It was proposed that such deicers react with one of the 
major hydrated products-portlandite-resulting in higher pH 
of the concrete pore solution. The high pH resulting from 
these interactions is likely to have an accelerating effect on 
the expansions due to ASR. This mechanism was substanti-
ated by SEM/EDX investigation of mortar bars after deicer 
immersion, which was unable to detect portlandite in the 
cement paste [58]. Furthermore, the concrete specimens ex-
posed to KAc deicer showed presence of certain secondary 
reaction products, the effect of which on the PCC durability 
merits further investigation [59]. 

 Efforts have been made to mitigate ASR by adding vari-
ous admixture materials. Research sponsored by the Federal 
Highway Administration (FHWA) used lithium compounds 
to successfully reduce ASR induced by the deicers [60]. The 
effectiveness of other supplementary cementing materials 
(e.g., selected fly ash and slag) was also evaluated in reduc-
ing the ASR potential in the presence of KAc deicer. The 
effectiveness of fly ash in mitigating ASR in the presence of 
KAc was found dependent on the lime content, as well as the 
dosage level of the fly ash and the aggregate reactivity. Fly 
ash with lower lime content was generally more effective in 
reducing the expansions [61], whereas high-lime fly ash was 
found ineffective due to its possible negative interactions 
with the deicer [62]. At the 50% cement replacement level, 
slag appeared to be effective in mitigating expansions in 
both KAc deicer solution and 1N NaOH solution [62]. The 
addition of lithium nitrate to either KAc deicer solution or 
mortars alone was found to effectively reduce the mortar 
expansions [62]. 

3. DEICER EFFECTS ON ASPHALT CONCRETE 

 Of the two major types of pavements-PCC pavement and 
asphalt pavement-the latter is generally believed to be less 
effected by deicers. This is attributable to the relatively high 
chemical resistance that asphalt binder demonstrates in the 
presence of chloride-based deicers. Thus far, there are no 
specific guidelines established in the United States for appli-
cation of deicers on asphalt pavements and little fundamental 
research carried out in investigating the asphalt/bitumen-
deicer reaction, although more severe loss of skid resistance 
on asphalt surface has been observed by state and federal 
highway agencies with the application of various road salts 
[63]. Current research studying deicers effects on asphalt 
pavement is focused on improving surface skid resistance of 
the pavements of different mix types. 

3.1. Deicer Impacts on Skid Resistance 

 During the 1976-1977 winter season, FHWA sponsored 
studies in the states of Maine, Michigan, Utah, and Vermont 
to determine if more sodium chloride was needed to clear 
open-graded asphalt friction courses during winter storms 
than was needed to clear conventional asphalt pavements 
[64]. It was found that the clearing rates and appearance of 
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open-graded and dense-graded pavements were different. 
Dense-graded pavement showed occasional faster clearing 
than open-graded pavements. The open-graded pavement, 
however, seemed to provide a superior skid-resistant surface 
during most storms without more salt used to maintain the 
surface [64]. 

 Open-graded asphalt mixes commonly used in asphalt 
pavements fall into three categories: open-graded friction 
course (OGFC), stone matrix asphalt (SMA), and open-
graded base material (OGBM), of which only OGFC and 
SMA are used as surface course. Accordingly, previous re-
search related to deicer effects on the skid resistance of 
pavement surfaces focused mainly on these two types of 
mixes. OGFC and SMA are generically referred to as open-
graded mixes (OGMs) or open-graded pavements (OGPs) in 
deicer studies. OGMs, especially the OGFC, are known to 
offer lower noise and higher friction between tires and road 
surface. However, in terms of the skid resistance when deic-
ers are applied, the limited research efforts thus far have 
yielded quite contradictory conclusions regarding their per-
formance under winter conditions. While some reports indi-
cated that these mixes were problematic when subjected to 
wet-freeze conditions [65, 66], others reported enhanced 
performance [67]. Such risks, if proven to be true, need to be 
addressed, considering the increased wet-freeze frequencies 
on pavement surfaces when deicers are applied. 

 The Virginia Department of Transportation sponsored a 
study [68] to examine its winter maintenance techniques of 
applying sodium chloride in granular, pre-wetted, and liquid 
forms. The snow removal and ice control operations fol-
lowed the recommendation by the FHWA Project TE-28. 
There were no significant differences in the performance of 
the different surface mixes, including OGFC and dense-
graded mixes. A more recent study [69] by the Oregon De-
partment of Transportation was conducted on the effects of 
liquid magnesium chloride on OGP. Skid tests were per-
formed on four sections of two different highways in Oregon 
under three conditions: 1) no deicer application; 2) after a 
deicer application rate of 15 gallons/lane mile; and 3) after a 
deicer application rate of 30 gallons/lane mile. The results of 
the skid tests showed that the application of deicer appeared 
to have little if any effect on the Friction Number (FN), 
which were all well above the FHWA-recommended mini-
mum FN values. 

 Due to harsher winter weather that produces more snow 
and ice, Nordic countries and Canada use more deicers on 
highways and airport runways than the United States, lead-
ing to more extensive research conducted in these areas. 
Fundamental research has been conducted in these countries 
to investigate the potential reactions between asphalt materi-
als and various deicers.  

3.2. Deicers Affecting Pavement Structure 

 Thermal cracking, differential heaving, and loss of bear-
ing capacity during spring thaw are often identified as the 
main mechanisms of pavement deterioration in cold cli-
mates. Frost action within the pavement granular layers can 
be aggravated by an ice enrichment process and differential 
freezing conditions associated with the contamination of the 
base material by deicing salt [70]. 

 A comprehensive laboratory study evaluated the relative 
destructive effects of various deicers on asphalt pavement, 
considering the effect of freeze/thaw cycles [71, 72]. This 
study involved actual aggregates and asphalt specimens 
cored from the field, as well as four types of deicers used on 
both highway and airport pavements, namely, urea, NaCl, 
NaFm, and KAc. Various degrees of material disintegration 
as a combined result of frost action and deicers were ob-
served, revealing that the effect from freeze/thaw cycling 
was significant whereas the effects of different deicers on 
both the aggregates and the asphalt concrete mixes varied. 
The extent of damage due to freeze/thaw cycling in distilled 
water was less than that caused by any deicer used. A critical 
range of deicer concentration was found to exist between 1% 
and 2% by weight of solid deicer to deicer solution, in which 
the maximum damaging effect of deicers to the aggregate 
was observed. The limestone aggregates showed a higher 
resistance to disintegration than the quartzite aggregates 
when subjected to freeze/thaw cycles in the presence of the 
deicers. The urea was found to have the highest damaging 
effect among all the deicers on both the aggregates and as-
phalt concrete samples, while the least damaging deicer for 
limestone was NaCl and for quartzite was KAc.  

 The indirect tensile strengths (ITS) of the samples ex-
posed to deicers were mostly higher than those exposed to 
distilled water, while all of them were found to be signifi-
cantly lower than those of the intact samples. However, there 
was no significant deterioration identified for the mechanical 
properties of the samples exposed to KAc, NaFm, or NaCl, 
relative to distilled water. Conditioning asphalt samples us-
ing freeze-thaw cycles in the presence of a deicer solution 
also caused a decrease in the modulus of elasticity. The low-
est average elastic modulus was associated with the samples 
in urea, and visual inspection indicated significant damage 
by urea [72]. Based on weight measurements and density 
calculations, asphalt mix sample immersed in NaFm experi-
enced the most disintegration after 25 cycles, whereas urea 
(followed by KAc) was the most detrimental deicer after 50 
cycles [73]. Exposure to freeze/thaw cycles and deicers was 
found to affect the viscosity of the recovered asphalt binder 
and the gradation of recovered aggregates. The freeze/thaw 
cycles seemed to result in soft asphalt binder, while the deic-
ers caused asphalt hardening. However, the authors noted 
that these findings were inconclusive due to the difficulties 
involved in testing and the inaccuracies in measuring viscos-
ity of the recovered asphalt. Overall, this laboratory investi-
gation found urea to be the most detrimental deicer, while 
the other deicers “induced relatively small damage, compa-
rable to that caused by distilled water” [71]. It should be 
noted that chemical reactions might have been slowed by the 
low temperatures involved in this study and that damage in 
the field could occur as a result of reactions between deicer 
residues and asphalt during hot summer temperatures [71]. 

 A follow-up study was conducted at higher temperatures 
on asphalt pavement samples taken from the Dorval Interna-
tional Airport (Montreal, Canada) to clarify the role played 
by the deicers in asphalt deterioration, and to determine 
whether the damage was attributable to the physical 
freeze/thaw action. Only 15 freeze/thaw cycles were per-
formed before subjecting some samples to 40 wet/dry cycles 
at 40°C. This research confirmed the previous finding that 
softening occurs during freeze/thaw and exposure to deicers 
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causes hardening. After the freeze/thaw and wet/dry cycles, 
the asphalt samples in NaAc showed the greatest loss of 
strength and elasticity, followed by those in NaFm. Interest-
ingly, all samples showed increased strength after the warm 
wet/dry cycles and all except NaFm and NaAc showed in-
creased elasticity after the warm wet/dry cycles. However, 
the dry samples not exposed to freeze/thaw or wet/dry cycles 
had the greatest elasticity and nearly the highest strength. 
Overall, the Canadian studies did not indicate significant 
damaging effects of KAc and NaFm on asphalt pavement 
[72, 74]. It should be cautioned, however, that these results 
were based on laboratory experiments with only two samples 
of asphalt pavement and the mix design for each pavement 
was undeterminable from the reports.  

3.3. Acetate/Formate-Based Deicer Affecting Airfield 
Asphalt Pavements 

 Concurrent to the use of acetate/formate-based deicers in 
the 1990s, asphalt pavement in Europe saw an increase in 
pavement durability problems. At some Nordic airports, 
these problems emerged as degradation and disintegration of 
asphalt pavement, softening of asphalt binders, and stripping 
of asphalt mixes occurring together with loose aggregates on 
the runways [75, 76]. Such problems were not identified 
prior to the airports changing from urea to KAc- and KFm-
based deicers. 

 In 2001, serious asphalt durability problems were identi-
fied at airports in Nordic countries that used acetate/formate-
based deicers [75]. Heavy binder bleeding and serious strip-
ping problems were observed occurring together with loss of 
asphalt stability. Soft, sticky, and staining binder came to the 
surface, often leaving strong stains on electrical devices and 
on the airplanes. The binder of the asphalt base layer was 
“washed off”, and the aggregates experienced a severe loss 
of strength. In the laboratory, tests indicated chemical 
changes in the binder after exposure to the deicer in the form 
of emulsification, distillation, and an increased amount of 
polycyclic aromatic hydrocarbons (PAHs). A field investiga-
tion was conducted subsequently that confirmed the deleteri-
ous effects of acetate-based deicer on the asphalt pavement. 
The bitumen and the mastic squeezed to the surface of the 
core, and the concentration of the deicer had a clear influ-
ence on its solubility. Some bitumen was dissolved into the 
pore liquid, and pure stone particles were found inside the 
core. The limestone filler was found fully dissolved by the 
deicer liquid and the rest of the mastic became brittle and 
grey-colored. A large increase in the porosity of asphalt was 
also noticed [75, 76].  

 To address the observed problems, a joint research pro-
gram-the JÄPÄ Finnish De-icing Project-was established to 
conduct extensive laboratory and field investigations on this 
subject. The goal of JÄPÄ was to provide answers to three 
fundamental concerns-i.e., how the damage is generated, 
how to determine the compatibility between asphalt and de-
icing materials, and whether it is possible to prevent damage 
by mix design. The research showed that formate/acetate-
based deicers significantly damaged asphalt pavements. The 
damaging mechanism seemed to be a combination of chemi-
cal reactions, emulsification and distillation, as well as gen-
eration of additional stress inside the asphalt mix. Asphalt 
binders soaked in the deicer solution were found to have 

lower softening points and tended to dissolve at temperatures 
as low as 20°C. Asphalt mixes soaked in the deicer solution 
were found to have lower surface tensile strength and lower 
adhesion [75, 76]. It seemed clear that deicer (formate or 
acetate), water or moisture, and heat were necessary for the 
damage to occur. In the field, such damage mainly occurred 
during the repaving process or on hot summer days with re-
sidual deicers from the winter season, as dynamic loading 
and unloading reduced the time it took for damage to occur.  

 A recent study [77] at the Western Transportation Insti-
tute’s Corrosion and Sustainable Infrastructure Laboratory 
was able to reproduce acetate-induced emulsification of as-
phalt similar to the field observations at Nordic airports. 
Aqueous solution tests of asphalt binder in water and four 
NaAc solutions of different concentrations (5% to 40%) 
showed a bilinear trend of weight loss increasing with the 
NaAc concentration. Both visual inspection and optical mi-
croscopy indicated that a significant amount of asphalt emul-
sification occurred in NaAc, but not in water or aqueous so-
lutions of NaCl or NaOH with a pH of 9 (equivalent to the 
measured pH of 40% NaAc solution). For the two tested 
asphalt binders, PG 58-22 exhibited slightly higher emulsifi-
cation than PG 67-22. In the CMA aqueous solution, asphalt 
emulsification occurred similarly to that in NaAc. These 
results confirmed that asphalt emulsification should be at-
tributed to the acetate anion, CH3COOH-, and excluded the 
possibility that high alkalinity was responsible for the asphalt 
emulsification in NaAc. Asphalt emulsification also occurred 
in a NaFm aqueous solution. 

 The effects of NaAc on asphalt mixes were examined by 
conducting a modified ASTM D 3625-96 Boiling Water 
Test, which was originally designed to test the susceptibility 
of asphalt mixes to moisture damage by accelerating the ef-
fect of water on bituminous-coated aggregate with boiling 
water. Stripping occurred for both crushed gravel and lime-
stone aggregate particles included in the asphalt mix exposed 
to NaAc, suggesting that aggregate properties play at most a 
secondary role in asphalt emulsification [77]. A significant 
amount of aggregate was stripped after exposure to the NaAc 
solutions and the aggregate stripping followed a bilinear 
tread with weight loss increasing with the NaAc concentra-
tion. 

 Phase I of the Airfield Asphalt Pavement Technology 
Program Project 05-03: Effect of Deicing Chemicals on 
HMA Airfield Pavements includes a literature review, inter-
views with managers at 36 airports that use deicers and have 
asphalt pavement, as well as laboratory testing. Seven air-
ports indicated that pavement deterioration had occurred, but 
the cause was unknown except in one case most likely at-
tributable to the type and source of asphalt binder and aggre-
gate. Preliminary laboratory testing of asphalt pavement 
samples composed of either a chert gravel or diabase with 
two binders (PG 64-22 and PG 58-28) exposed to KAc and 
NaFm was conducted. The presence of PAHs was inconclu-
sive after vacuum-induced saturated samples were stored for 
four days at 60°C. However, significant generation of car-
boxylate salts had developed after the asphalt mixes were 
exposed to the deicers, although this may not be related di-
rectly to deicer-induced damage. ITS tests showed PG 64-22 
to be “somewhat more resistant” [78], and that chert gravel 
had significantly less strength when exposed to deicers com-
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pared to water. A long-term durability test developed by Ad-
vanced Asphalt Technologies also showed chert to be very 
susceptible to moisture damage, particularly when exposed 
to KAc or NaFm. Soundness tests of both types of aggregate 
in magnesium sulfate, KAc, and NaFm were acceptable and 
also showed that direct attack on the aggregate by the deicers 
was not occurring [78]. 

 The JÄPÄ-Finnish De-icing Project studied the ingredi-
ent materials in asphalt pavement individually and the roles 
they played in the damaging mechanism were ranked accord-
ingly [79]. The key test results of each ingredient material 
are as follows. 

Effects of Formate/Acetate-Based Deicers on Aggregates 

 The main reason for pavement damage was not due to 
poor quality of aggregates. Mineral aggregate might be a 
reason secondary to asphalt binders in pavement damage. 
The decomposition level of acidic aggregates was higher 
than for caustic aggregates, but was still acceptable. How-
ever attention should be paid to the weathering resistance of 
aggregates used in airfields to extend the lifespan of asphalt 
pavements. 

Physical Effects of Formate/Acetate-Based Deicers on Bi-

tumen/Asphalt 

 1) High density of deicer solution such as 1.34 kg/dm3 
for the 50% (by weight) solution enabled the deicer to pene-
trate into bitumen by gravity. 2) Very low surface tension 
between deicer chemicals and asphalt facilitated stripping 
and emulsification of asphalt mixes. 3) Formate/acetate-
based deicers had pH values usually between 9 and 11, and 
the higher the pH the more aggressive the deicer would be. 
4) Formate/acetate-based deicers were very hygroscopic, 
which kept the road surface constantly wet and retained wa-
ter inside the asphalt to overfill the air voids. 

Chemical Effects of Formate/Acetate-Based Deicers on 

Bitumen/Asphalt 

 When exposed to deicers, composition changes of bitu-
men/asphalt occurred in the hydrocarbon classification C10-
C40. When exposed to deicers, large organic molecules, 
such as the PAHs, grew in bitumen. Deicers in asphalt were 
found in both the liquid and gas phases. PAHs in the asphalt 
samples could migrate and become dissolved in the deicer. 

Failure Process of Asphalt Pavements 

 Deicers migrate into the asphalt after application onto 
pavements and saturate asphalt mixes during the winter. The 
deicer solution intrudes into asphalt due to gravity and for 
other unknown reasons, especially when asphalt temperature 
rises significantly (a result of summer weather or laying hot 
asphalt). Due to the low surface tension between deicers and 
bitumen, the deicers are absorbed in the bitumen, which, in 
turn, starts to emulsify. It is possible that the chemical com-
position of the bitumen changes during emulsification. Due 
to emulsification the bitumen comes loose and the aggregate 
particles get cleaned, followed by bleeding and stripping. 

 The preliminary research by Advanced Asphalt Tech-
nologies suggested the damaging mechanism was mainly a 
disruption of the asphalt-aggregate bond due to ASR. Expan-
sive pressures typical of ASR-damaged concrete were not 
perceived to be the problem, but rather the bond disruption 

and increased susceptibility to moisture damage. Advanced 
Asphalt Technologies is currently working on Phase II, 
which includes more significant laboratory testing and field 
investigations [78].  

 However, the research by Pan et al. at our research group 
[77] shows that: 1) asphalt emulsification occurrs in asphalt 
mixes with both reactive and non-reactive aggregates, and 2) 
asphalt emulsification does not occur in NaOH solutions of 
the same pH values as the NaAc solution, which indicates 
that asphalt emulsification may be a more critical mechanism 
of asphalt mix deterioration than ASR unless very reactive 
aggregates are used in the asphalt mix. We proposed a de-
tailed and specific mechanism of acetate-induced asphalt 
emulsification based on contact between acetate anions 
(CH3COOH-) and asphalt, which can be greatly increased at 
high summer and/or re-paving temperatures due to the ten-
dency of asphalt to swell. For NaAc, aqueous solution tests 
of asphalt binder were performed at several concentrations 
and temperatures and the resulting suspended substance was 
examined using Fourier Transform Infrared Spectroscopy. 
No significant amounts of new chemicals were identified, 
and intermolecular binding between the acetate anion 
CH3COOH- and the alkane component of asphalt was in-
ferred. Van der Waals forces anchor the lipophilic organic 
chain (CH3-) of the acetate anion to the molecular chain of 
asphalt (CH3 CH2 ). At the same time, the hydrophilic polar 
end (COO-) of the acetate anion forms hydrogen bonds with 
water molecules and pulls on the asphalt, overcoming the 
intermolecular forces within the asphalt. Asphalt emulsion is 
maintained by Brownian motion and repulsive forces on the 
floccules. The emulsification of asphalt reduces the asphalt-
aggregate bond and can lead to adhesion failure in the pave-
ment. There is also the potential that the aggregate preferen-
tially bonds with the acetate anion, which has a higher polar-
ity than the asphalt molecules [77].  

 To prevent or mitigate the effects of deicers on asphalt 
pavement, the first and most important countermeasure is to 
follow best possible practices in asphalt mix design and pav-
ing. Responses to an Airport Cooperature Research Program 
survey point towards adoption of some of these preventive 
measures: one European airport reduced asphalt pavement 
air void to 3.0%; another European airport indicated poly-
mer-modified binder is used; and one U.S. airport changed 
the asphalt binder to PG 76-32 citing current Federal Avia-
tion Administration specifications [54]. Nonetheless, the 
JÄPÄ Project research showed that the resistance of asphalt 
pavement to deicers can be improved only partially by mix 
design. According to the laboratory results, binders with high 
viscosity or polymer-modified binders were recommended 
when formate/acetate-based deicers were to be used. High-
quality (sound) aggregates could also improve the durability 
of asphalt pavements in presence of such deicers, and so 
could aggregates with a higher pH. The void contents of the 
asphalt mixes were recommended to be kept low enough to 
limit deicer solution in pores. Other suggestions to prevent 
asphalt damage are summarized below [80]: 

1. Prefer harder bitumen (penetration max 70/100) or modi-
fied bitumen. 

2. Use alkaline aggregates and avoid limestone filler. 

3. Test the compatibility of the materials in advance. 
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4. The most secure way is not to use acetates and formates 
on asphalt structures. 

5. When repaving, the wearing course containing residual 
deicers must be milled away, and recycled asphalt pave-
ment should not be used if it is heavily contaminated 
[81]. 

4. CONCLUSIONS 

 Deicers may pose detrimental effects on concrete infra-
structure and thus reduce concrete integrity (as indicated by 
expansion, mass change and loss in the dynamic modulus of 
elasticity) and strength. Such risks of deicers on the durabil-
ity of PCC structures and pavements exist through three 
main pathways: 1) physical deterioration of the concrete 
through such effects as salt scaling; 2) chemical reactions 
between deicers and cement paste (a cation-oriented process, 
especially in the presence of Mg2+ and Ca2+); and 3) deicers 
aggravating aggregate-cement reactions (including an anion-
oriented process in the case of chlorides, acetates, and for-
mates affecting ASR; and a cation-oriented process in the 
case of CaCl2 and MgCl2 affecting ACR). The use of proper 
air entrainment, high-quality cementitious materials and ag-
gregates, and mineral admixtures is promising in mitigating 
the deicer impact on PCC. 

 The PCC pavement exposed to MgCl2 and CaCl2 deicers 
may deteriorate due to the chemical reactions between deic-
ers and cement paste. In the case of MgCl2 deicers, Mg(OH)2 
and M-S-H are the most predominant reaction products, 
formation of which eventually leads to the degradation of 
concrete. In the presence of CaCl2 deicers, PCC pavements 
deteriorate in a similar pattern to those exposed to MgCl2, 
although at a slower and less severe pace. CaCl2 can also 
react with Ca(OH)2 and form a hydrated calcium oxychloride 
and add additional stress to the concrete matrix. 

 Field applications of deicers onto PCC pavements and 
bridges have caused an increase in ASR occurrence. Exten-
sive research suggests that NaCl can initiate and/or acceler-
ate ASR by supplying additional alkalis to concrete. How-
ever, the deterioration of NaCl-based deicers on concrete 
structures by mechanism of ASR is heavily dependent on the 
thickness of concrete in PCC pavements and bridges. For-
mate/acetate-based deicers were also found to cause ASR 
distress in the surface of PCC pavement, by inducing high 
alkali solutions. CaCl2 and MgCl2 do not have as obvious an 
effect on ASR as NaCl. 

 Both MgCl2 and CaCl2 deicers are known to deteriorate 
concretes containing reactive dolomite aggregates by accel-
erating ACR, where brucite and portlandite crystals are pre-
cipitated and exert additional pressure in the concrete. MgCl2 
contributes Mg2+ cations that can directly participate in the 
formation of brucite, whereas CaCl2 was found to accelerate 
ACR by enhancing the de-dolomitisation reactions, releasing 
magnesium to form brucite and M-S-H. No literature was 
found to report potential effects of NaCl on ACR. 

 Asphalt pavement is generally believed to be less  
affected by deicers, although a more severe loss of skid  
resistance on asphalt surfaces has been observed by state  
and federal highway agencies with the application of 
various road salts. Dense-graded pavement showed occa-
sional faster clearing than open-graded pavements. The 

open-graded pavement, however, seemed to provide a supe-
rior skid-resistant surface during most storms without more 
salt applied to maintain the surface. Thus, while their impact 
on skid resistance is still inconclusive, deicers are known to 
affect pavement structure and cause loss of strength and elas-
ticity. Exposure to freeze/thaw cycles and deicers was found 
to affect the viscosity of the recovered asphalt binder and the 
gradation of recovered aggregates. 

 The extent of asphalt pavement damage due to 
freeze/thaw cycling in distilled water was less than that 
caused by any deicer used (urea, NaCl, NaFm, or KAc). A 
critical range of deicer concentration was found to exist be-
tween 1% and 2% by weight of solid deicer to deicer solu-
tion, in which the maximum damaging effect of deicers was 
observed for all types of deicer and aggregate. The limestone 
aggregates showed a higher resistance to disintegration than 
the quartzite aggregates when subjected to freeze/thaw cy-
cles in presence of the deicers. The urea was found to have 
the highest damaging effect among all the deicers on both 
the aggregates and asphalt concrete samples. 

 Formate/acetate-based deicers were found to significantly 
damage asphalt pavements. The damaging mechanism 
seemed to be a combination of chemical reactions, emulsifi-
cations and distillations, as well as generation of additional 
stress inside the asphalt concrete. It seemed clear that deicers 
(formate or acetate), water or humidity, and heat were neces-
sary for the damage to occur. Damage mainly occurred dur-
ing the repaving process or in the long run in combination 
with hot summer days. Dynamic loading and unloading re-
duced the time it took for damage to occur.  
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ABBREVIATIONS 

ACR = Alkali-carbonate reaction 

ASR = Alkali-silica reaction 

CaCl2 = Calcium chloride 

CMA = Calcium magnesium acetate 

C-S-H = Calcium silicate hydrate 

EDX = Energy-dispersive X-ray 

FHWA = Federal Highway Administration 

FN = Friction Number 

ITS = Indirect tensile strength 

KAc = Potassium acetate 

KFm = Potassium formate 

MgCl2 = Magnesium chloride 

M-S-H = Magnesium silicate hydrate 

NaAc = Sodium acetate 

NaCl = Sodium chloride 

NaFm = Sodium formate 
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OGBM = Open-graded base material 

OGFC = Open-graded friction course 

OGM = Open-graded mix 

OGP = Open-graded pavement 

PAH = Polycyclic aromatic hydrocaron 

PCC = Portland cement concrete 

SEM = Scanning electron microscopy 

SMA = Stone matrix asphalt 

w/c = Water to cement ratio 
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