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Abstract The present study experimentally inves-

tigates the effect of different diluted deicers on

concrete deterioration. Laboratory simulations of

environmental freeze/thaw cycling were first con-

ducted on Portland cement concrete specimens in the

presence of various deicers (NaCl, K-formate, NaCl-

based deicer, K-acetate-based deicer, Na-acetate/Na-

formate blend deicer, CMA deicer, or MgCl2 liquid

deicer); and SEM/EDX measurements were then

conducted for the concrete samples. Under the

experimental conditions in this study, the CMA solid

deicer and the MgCl2 liquid deicer were benign to the

concrete durability, whereas K-formate and the Na-

acetate/Na-formate blend deicer showed moderate

amount of weight loss and noticeable deterioration of

the concrete. NaCl, the NaCl-based deicer, and the

K-acetate-based deicer were the most deleterious 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 physiochemical changes of the cement

paste induced by the deicers pose various levels of

risks for the concrete durability.

Keywords Deicer � Portland cement concrete �
SEM � EDX � Freeze–thaw

1 Introduction

In cold-climate regions, snow and ice control oper-

ations are crucial tools to maintain the highways

enduring cold and snowy weather. Each year the

U.S. and Canada uses approximately 15 million and

4–5 million tons of deicing salts, respectively [1].

The growing use of deicers has raised concerns about

their effects on motor vehicles, transportation infra-

structure, and the environment [2–5]. The deleterious

effect of chloride-based deicers on reinforcing steel

bar (rebar) in concrete structures is well known [6–8].

Deicers may also pose detrimental effects on concrete

infrastructure through their reactions with the cement

paste and/or aggregates and thus reduce concrete

integrity and strength, which in turn may foster the

ingress of moisture, oxygen and other aggressive

agents onto the rebar surface and promote the rebar

corrosion.

In light of existing knowledge base, deicers may

pose a risk for the durability of Portland cement

concrete (PCC) structures and pavements through
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three main pathways: (1) physical deterioration of the

concrete surface by salt scaling; (2) chemical reac-

tions between deicers and concrete; and (3) deicer

aggravating aggregate-cement reactions.

First, the scaling of concrete in presence of

deicers, referred to as ‘‘salt scaling’’, has been

recognized as the main cause for frost-related con-

crete deterioration, and has been found closely related

to concrete quality (e.g., air entrainment level),

weather conditions, and the number of freeze/thaw

cycles [9–11]. Recently, however, the treatment of

PCC with sodium acetate solutions was claimed to be

a promising technology to reduce water penetration

into concrete and thus extend the service life of

concrete [12].

Second, previous research studies have shown that

concentrated MgCl2-based deicers cause more severe

deterioration to concrete than those based on CaCl2 or

NaCl. This is due to the reaction between Mg2? and

the hydrated products in cement paste [13–17], which

has been reported to be responsible for the degrada-

tion of concrete matrix caused by MgCl2 and calcium

magnesium acetate (CMA) [18]. It has also been

found that concrete exposed to concentrated CaCl2
deteriorated in a similar pattern to those exposed to

MgCl2, although at a slower and less severe pace

[19].

Finally, both MgCl2 and CaCl2 deicers are known

to deteriorate concretes containing reactive dolomite

(CaMg(CO3)2) aggregates by accelerating the alkali-

carbonate reaction (ACR) [20, 21]. The long-term use

of NaCl can initiate and/or accelerate alkali-silica

reaction (ASR) by supplying additional alkalis to

concrete [20–26], whereas CaCl2 and MgCl2 do not

have as obvious an effect on ASR. Recent research

has found that the acetate or formate-based deicers

could induce increased levels of expansion in

concrete with ASR-susceptible aggregates, and could

trigger ASR in concrete that previously did not show

ASR susceptibility [27–29].

Previous studies on deicer/concrete interactions

generally focused on macroscopic observations and

property testing. In this study, we aim to shed more

light on the underlying mechanisms responsible for

the accelerated deterioration of concrete in the

presence of chloride-based or non-chloride deicers,

by focusing on physiochemical changes induced by

the deicers at the microscopic level of the concrete. In

addition, previous studies used mostly concentrated

deicer solutions. This study will test diluted deicers

(assuming a 100-to-3 dilution ratio for all liquid and

solid deicers, which is also the underlying assumption

for the deicer corrosivity test method established by

the Pacific Northwest Snowfighters Association),

since the deicer concentrations experienced by the

PCC structures and pavements in the field are often

diluted by precipitation and generally low in the long

term. We also utilized a laboratory test of freezing-

thawing to simulate the temperature cycling in the

field in an accelerated manner.

2 Materials and methods

2.1 Materials

The reagent-grade sodium chloride, NaCl (99%, solid)

was purchased from ScienceLab.com (Houston, TX).

The non-inhibited IceSlicerTM distributed by Enviro-

Tech Services (Greeley, CO) was provided by the

Colorado Department of Transportation (CDOT) out

of its solid stockpile, consisting of naturally occurring

complex chlorides (mostly NaCl) and more than 40

trace minerals. The MgCl2-based deicer was provided

by the CDOT out of its liquid tank, with active

ingredient concentration of 27–29%. The solid CMA

deicer was obtained from Cryotech (Fort Madison, IA)

with 96% of hydrated calcium magnesium acetate. The

reagent-grade potassium formate, KFm (99%, solid),

was purchased from Alfa Aesar (Ward Hill, MA). The

liquid deicer CF7TM was obtained from Cryotech (Fort

Madison, IA) with 50% KAc. The NaAc/NaFm deicer

was a blend made from NAACTM (solid, 97%

anhydrous NaAc, from Cryotech, Fort Madison, IA)

and Peak SFTM (98% granulated NaFm, from the

Blackfoot Company, Toledo, OH) at 50:50 weight

ratio. It should be noted that the test solution of CMA,

CF7TM, NAACTM and Peak SFTM deicers contained

18.4, 0.2, 6.6, and 11.4 mM chloride respectively,

based on chloride sensor measurements. The deicers

and reagent-grade chemicals used in this study are

listed in Table 1.

The concrete mix design was specified following

the ASTM C 672-91 standard. An ASTM specifica-

tion C150-07 Type I/II low-alkali Portland cement

(ASH Grove Cement Company, Clancy, MT) was

used in this study. The chemical composition and

physical properties of the cement are available from
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our previous paper [30]. The fine aggregates used

were clean, natural silica sand sifted to allow a

maximum aggregate size of 1.18 mm before propor-

tioning and admixing. The coarse aggregates used

were crushed limestone with a maximum size of

3/8 in. (0.95 cm). The concrete mix design had a

water-to-cement ratio (w/c) of 0.51, a coarse-

aggregate-to-cement ratio of 2.36, and a fine-aggre-

gate-to-cement ratio of 1.75. The coarse aggregates

and fine aggregates were prepared to saturated-

surface-dry (SSD) condition before mixing, featuring

a moisture content of 0.55% and 3.6% respectively.

The fine and coarse aggregates were added to the

mixing container and mixed until a homogeneous

mixture was obtained. Then the cement was added

and mixed again until a homogeneous mixture was

obtained. Next, water was added from a graduated

cylinder and mixed until the concrete is homoge-

neous and of the desired consistency. The batch was

remixed periodically during the casting of the test

specimens and the mix container was covered to

prevent evaporation. The fresh concrete featured a

slump of nearly zero (by the ASTM C 143 method)

and air content of 3% (after compaction). Concrete

specimens were made in 1� in. diameter 9 17=8 in.

height (3.8 cm 9 4.8 cm) poly(vinyl chloride) piping

with a volume of 54 cm3. At least four specimens

were made for each deicer solution or control

solution. To facilitate de-molding, one saw cut was

made through each specimen mold along the 9

17=8 in. length axis. The cut was then covered with

duct tape. In the first 24 h of molding, the concrete

specimens were placed on a rigid surface and at a

relative humidity of about 50% and covered to

present excessive evaporation of water. Next, the

specimens were de-molded and cured in a moist cure

room with relative humidity of 98% for 27 days

(which deviates from the curing regime specified by

the SHRP method). The 28-day compressive strength

of test cylinders was 6,619 psi, well above the

recommended 4,000 psi.

2.2 Freeze/thaw test

Laboratory measurements of changes to Portland

Cement Concrete (PCC) through freeze/thaw cycling

in the presence of deicers were conducted following

the SHRP H205.8 test method entitled ‘‘Test Method

for Rapid Evaluation of Effects of Deicing Chemicals

on Concrete’’ with minor modifications. The SHRP

H205.8 test evaluates the effects of chemical deicing

formulations and freeze/thaw cycling on the structural

integrity of small test specimens of non-air-entrained

concrete. The method quantitatively evaluates degra-

dation of the specimen through weight loss measure-

ments. This test method is not intended to be used

in determining the durability of aggregates or other

ingredients of the concrete.

Once fully-cured the concrete specimens were

allowed to dry overnight and weighed. For each

deicer, four concrete specimens were placed on a

cellulose sponge inside a dish containing 310 ml of

deicer solution and then covered with plastic wrap to

avoid water evaporation and to slightly compress each

test specimen into the sponge. The deicer solutions

were made at a 3% by volume for liquids and 3% by

Table 1 Deicers or chemicals tested in this study

Deicer abbreviation Reagent-grade (R)/

commercial deicer (CD)

Liquid (L)/

solid (S)

Source Active ingredient Active ingredient

concentration

NaCl (r) R S ScienceLab.com NaCl 99%

KFm (r) R S Alfa Aesar KCOOH 99%

IceSlicerTM CD S EnviroTech NaCl Unknowna

CDOT MgCl2 CD L Colorado DOT MgCl2 27–29%b

CMA CD S Cryotech CaMg(CH3COO)2 96%

CF7 (KAc) CD L Cryotech K(CH3COO) 50%

NaAc/Fm CD: NAACTM S Cryotech Na(CH3COO) 97%

CD: Peak SFTM S Blackfoot Co. NaCOOH 98%

a Mostly NaCl, also containing trace amounts of other chlorides
b Provided by the Colorado Department of Transportation out of stockpiles
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weight solution for solids using de-ionized water. One

end of each test specimen was in full contact with the

sponge. The test specimens (along with the deicer

sponge and dish) were placed in the freezer for

16–18 h at -17.8 ± 2.7�C (-0.04�F) and every

diluted deicer tested froze at this temperature once it

was placed in the freezer for some time. Subsequently,

the specimens (along with the deicer sponge and dish)

were placed in the laboratory environment at

23 ± 1.7�C (73.4�F) and with a relative humidity

ranging from 45 to 55% for 6–8 h, at which temper-

ature every diluted deicer tested thawed once it was

taken out of the freezer for some time. This cycle

was repeated 10 times. The average heating rate

and cooling rate was observed to be 0.4�C/min and

1.2�C/min, respectively. After complete thawing fol-

lowing the tenth cycle, test specimens were carefully

removed from the dish, individually rinsed under

running tap water, and hand-crumbled to remove any

material loosened during the freeze/thaw cycling. The

largest intact part of each test specimen was then

placed in open air to dry for 24 h at 23 ± 1.7�C

(73.4�F) and a relative humidity ranging of 45–55%.

After drying, test specimens are weighed and the final

weights recorded.

2.3 SEM/EDX measurements

Following the modified SHRP H205.8 freeze–thaw

test, the concrete specimens were used for FESEM

and EDX testing. For surface analyses, a 0.2 in.

(0.5-cm) thick slice sample was cut from the bottom

of each remaining concrete specimen, using a con-

crete saw with a diamond crusted blade that was

cooled with de-ionized water. These samples were

then washed with de-ionized water to remove debris

and desiccated under vacuum for 7 days prior to

surface analysis.

The newly cut concrete surface was subjected

to field emission scanning electron microscopy

(FESEM) and energy dispersive X-ray spectroscopy

(EDX), in order to examine its localized morphology

and elemental distributions at the microscopic level.

We used a Zeiss Supra PGT/HKL system coupled

with the energy dispersive X-ray analyzer. Under an

accelerating voltage of 1 kV and a pressure of

typically 10-5 to 10-4 torr, the FESEM was used to

investigate the effect of deicers on the morphology

and chemistry of cement hydrates, by collecting data

from at least five randomly selected sites from the

cement paste. Care was taken to examine only the

cement paste, and the sites were randomly selected to

avoid overlapping areas and aggregates. Images

detailing morphology were taken using an SE2

detector and at magnifications beginning at 500 times

and up to 14000 times. The EDX data were obtained

using a micro-analytical unit that featured the ability

to detect the small variations in trace element content.

For the EDX analysis, an accelerating voltage of

20 kV was used with a scan time of 60 s per sampling

area. Areas used for EDX analysis corresponded

directly to the FESEM morphological examination at

5009 magnification. The area analyzed was approx-

imately 212.5 lm by 143.75 lm. Elements chosen

for analysis were based on the known chemical

components of the cement paste and deicers.

3 Results and discussion

3.1 Weight loss and macroscopic observations

of freeze/thaw specimens

The weight loss of PCC specimens following the

modified SHRP H205.8 laboratory test is a good

indicator of the freeze/thaw resistance of PCC in the

presence of various solutions. Experimental results

show that the concrete mix itself had high freeze/

thaw resistance in the absence of deleterious deicers.

As shown in Fig. 1, the impact of deicers on the

structural integrity of PCC fell into three groups. In

the first group, the PCC specimens in the presence of

de-ionized water, the CMA solid deicer, or the CDOT

MgCl2 liquid deicer showed minimal amount of

weight loss and little visual deterioration of the

concrete. In the second group, the PCC specimens in

the presence of KFm or the NaAc/NaFm blend deicer

showed moderate amount of weight loss and notice-

able deterioration of the concrete. Finally, the PCC

specimens in the presence of NaCl, the NaCl-based

deicer (IceSlicerTM), or the KAc-based deicer

(CF7TM) showed significant amount of weight loss

and marked visual deterioration of the concrete. The

differences in the level of concrete deterioration are

the joint outcome of physical and chemical mecha-

nisms that merit further investigation: (1) the deicers

may have chemically reacted with the cement paste

and thus negatively affected its structural integrity
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(e.g., through the loss of cementitious phases); (2) the

diluted deicer may penetrate into the concrete

microstructure and affect the chemistry of the con-

crete pore solution and the ice formation/thawing

processes inside the concrete.

It should be cautioned that in the field environ-

ment, the deicer impact on the durability of concrete

may not follow a similar pattern, as it is further

complicated by the concentration and longevity of the

deicer and its additives, the chemical composition

and microstructure of the concrete, and the temper-

ature regimes experienced by the concrete.

Regarding the relatively negative impact of MgCl2
to NaCl on PCC durability, the modified SHRP

H205.8 test results of diluted deicers (*0.85%

MgCl2 vs. *3% NaCl) from this study differed from

the ASTM C 666 freeze/thaw test results of concen-

trated deicers (14% MgCl2 vs. 18% NaCl) reported

by Sutter et al. [17]. In their study, concrete prisms of

4 in. diameter 9 2 in. height (10 cm 9 5 cm) sub-

jected to 300 freezing-thawing cycles in 14% MgCl2
expanded considerably with 0.17% length change and

reported 3.5% mass gain and 50% loss in the dynamic

modulus of elasticity, whereas 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 elasticity. In contrast, our data

indicated much more deleterious impacts by 3%

NaCl than 0.85% MgCl2 on PCC durability. Even

though the cement chemistry, aggregate properties,

concrete permeability, air content, and micro-crack-

ing level of concrete might have played some role in

the difference between the two studies, we argue that

the key was the difference in the deicer solution

concentration. The concentrations we used better

simulate the field exposure scenario, where the liquid

MgCl2 deicer (27–29%) or the solid NaCl deicer

(99%) applied on pavement is dramatically diluted in

the long term (a 100-to-3 dilution ratio was assumed

in this study). While the concentrated deicers may

react with cement paste at a quicker rate than the

diluted deicers (and thus weaken the concrete micro-

structure), they can decrease the freezing-point

temperature of the concrete pore solution and thus

reduce the number of freezing-thawing cycles actu-

ally experienced by the concrete.

At least two mechanisms were at work in how the

deicers affected the freeze/thaw resistance of PCC.

First, in the case of NaCl, KAc, NaAc/NaFm, and

KFm, the presence of deicer significantly altered the

Freeze-thaw weight loss of PCC following the SHRP H205.8 test 
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Fig. 1 Weight loss (a) and

typical digital photo (b) of

PCC specimen following

the SHRP H205.8 freeze–

thaw test in the presence

of various solutions
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chemical composition of the concrete pore solution

and thus the freezing-thawing dynamics, which

greatly exacerbated the physical distresses in the

concrete. We hypothesize that the Na? and K?

cations derived from deicers increased the salinity of

the concrete pore solution more than the Mg2? and

Ca2? cations derived from deicers, since these

smaller cations can easily exchange with the cations

in the cement paste and greatly enhance the solubility

of cations and anions from cement hydrates including

Portlandite (Ca(OH)2), calcium silicate hydrates

(C–S–H) and calcium aluminosulfate hydrates.

Second, the presence of each deicer altered the

chemical composition of the cement paste to varying

degrees, as discussed in the following sections. Such

chemical changes may lead to altered microstructure

of the concrete matrix and buildup of stresses inside.

There was a third mechanism suggesting that the

NaAc crystal growth inside the pores reduced the

water penetration into concrete [12]; such a beneficial

role of NaAc observed for the poor-quality concrete

(w/c = 0.65 and non-air-entrained), however, was

not evident in this study.

3.2 Effect of de-ionized water on the surface

chemistry of PCC

For the PCC specimens subjected to freeze/thaw

cycling in the presence of de-ionized water, the very

low calcium contents and high Si/Ca ratios in them

(Fig. 2a, b) were caused by the significant leaching of

Ca2? from the cement paste to the concrete pore

solution and eventually to the de-ionized water

featuring an extremely low ionic strength. Based on

the box plots of critical elemental ratios (Fig. 2c–e),

the high Al/Ca ratios (0.8–1.6) suggest the loss of

Ca2? from either calcium aluminate monosulfate

hydrates (AFm phases) or calcium aluminate trisul-

fate hydrates (AFt phases), whereas the very low S/Al

ratios (0.01–0.25) and very low S/Ca ratios (0.001–

0.02) suggest the loss of SO4
2- from AFm or AFt

phases. Compact or honeycombed structures charac-

teristic of type II C–S–H can be seen in Fig. 3a.

Despite the dissolution of Ca2? and SO4
2-, the

rosette structures characteristic of AFm phases

remained, as shown in Fig. 3b. Overall, the examined

PCC surfaces were dominated by AFm phases and

calcium-rich type II C–S–H, whereas structures of

Portlandite, silicate-rich type I C–S–H, or AFt phases

were not observed. In the presence of de-ionized

water, the residual AFt phases from cement hydration

might have further evolved to become AFm phases. It

is interesting to note that the chemical changes in the

cement paste caused minimal amount of weight loss

and little visual deterioration of the concrete (Fig. 1).

3.3 Effect of acetate/formate-based deicers

on the surface chemistry of PCC

For the PCC specimens subjected to freeze/thaw

cycling in the presence of *3% CMA deicer solution,

the low calcium contents and relatively high Si/Ca

ratios in them (Fig. 2a, b) were caused by the leaching

of Ca2? from the cement paste to the deicer solution.

Based on the box plots of critical elemental ratios

(Fig. 2c–e), the high end of Al/Ca ratios (0.1–1.3)

suggests some loss of Ca2? from AFm or AFt phases,

whereas the very low S/Al ratios (0.03–0.27) and very

low S/Ca ratios (0.008–0.018) suggest the loss of

SO4
2- from AFm or AFt phases. Platey structures,

likely calcium acetate hydrate crystals as reported in

[23], and spherulites characteristic of type I C–S–H

can be seen in Fig. 3c. Despite the dissolution of Ca2?

and SO4
2-, the rosette structures characteristic of AFm

phases remained, as shown in Fig. 3d. Overall, the

examined PCC surfaces were dominated by silicate-

rich type I C–S–H and AFm phases, whereas structures

of AFt phases and calcium-rich type II C–S–H were

not observed, likely preferentially dissolved by CMA.

As shown in Fig. 1, the chemical changes in the

cement paste caused minimal amount of weight loss

and little visual deterioration of the concrete. In

addition to the short test duration, a likely explanation

is that while the detrimental reactions of CMA with

cement paste were thermodynamically possible and

proven in this study, the kinetics of such reactions was

slow due to the low CMA concentration (*3%).

Nonetheless, the preferential dissolution of some

cement hydrates by CMA explains the observed

deterioration of the cement matrix and exposure of

the aggregates in another laboratory study [31], where

8 months of continuous exposure of good-quality

concrete (w/c = 0.45 and air-entrained) to concen-

trated CMA solutions (25%) caused a significant

decrease in load capacity, mass loss and severe visual

degradation of the concrete. Cement mortar samples

(w/c = 0.485) were also reported to lose cohesiveness

and disintegrate completely after 30-day exposure to
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Fig. 2 Chemical composition of PCC samples following the

modified SHRP H205.8 freeze–thaw test in the presence of

various solutions, with box plots illustrating the EDX data

collected from multiple locations on the sample. (a) percent

total Ca; (b) Si/Ca; (c) Al/Ca; (d) S/Al; (e) S/Ca. Note that box

plot is a well-established statistical way of graphically

illustrating groups of numerical data, in which the top, middle

and bottom line of the box itself corresponds to the 75-, 50-,

and 25-percentile value (x.75, x.5, and x.25) respectively. The

interquartile range (IQR) is defined by subtracting the first

quartile from the third quartile (x.75 - x.25). Also in each box

plot, outliers (shown as dots) are the values either above the

very top line (x.75 ? 1.5IQR) or below the very bottom line

(x.25 - 1.5IQR)
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28% CMA solution at room temperature, and the

formation of calcium acetate hydrate phases were

confirmed by X-ray diffraction results [17].

For the PCC specimens subjected to freeze/thaw

cycling in the presence of *3% KFm solution, the

moderate calcium contents and low Si/Ca ratios in

them (Fig. 2a, b) suggest little leaching of Ca2? from

the cement paste to the deicer solution. Based on the

box plots of critical elemental ratios (Fig. 2c–e), the

relatively low Al/Ca ratios (0.1–0.2) further confirms

little leaching of Ca2?, whereas the low S/Al ratios

(0.12–0.33) and low S/Ca ratios (0.014–0.016) sug-

gest the loss of SO4
2- from AFm or AFt phases.

Rosette structures characteristic of AFm phases can

be seen in Fig. 4a, whereas poorly crystalline fibers

characteristic of AFt phases and honeycombed

structures characteristic of calcium-rich type II

C–S–H can be seen in Fig. 4b. Overall, the examined

PCC surfaces showed a very high presence of bladed

calcium-rich crystals. We hypothesize that the expo-

sure of the cement paste to potassium formate led to

the preferential dissolution of silicate-rich type I

C–S–H and the releasing of calcium sulfate (CaSO4)

from AFm phases and promoted the formation of

calcium formate hydrate crystals and AFt phases. The

disintegration of the cement paste and the formation

of new cement hydrates contributed to the moderate

amount of weight loss and noticeable deterioration

observed in the freeze/thaw specimens.

For the PCC specimens subjected to freeze/thaw

cycling in the presence of *3% NAACTM ?Peak

SFTM (NaAc:NaFm * 1:1) deicer solution, the mod-

erate calcium contents and low Si/Ca ratios in them

(Fig. 2a, b) suggest little leaching of Ca2? from the

cement paste to the deicer solution. Based on the box

plots of critical elemental ratios (Fig. 2c–e), the low

Fig. 3 Representative SEM image of PCC samples following the modified SHRP H205.8 freeze–thaw test in the presence of various

solutions. a de-ionized water, 2190 times; b de-ionized water, 3870 times; c CMA, 6380 times; d CMA, 3240 times
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Al/Ca ratios (*0.1) further confirms little leaching of

Ca2?, whereas the low S/Al ratios (0.05–0.25) and

low S/Ca ratios (0.006–0.022) suggest the loss of

SO4
2- from AFm or AFt phases. Overall, the

examined PCC surfaces showed a very high presence

of platey or bladed calcium-rich crystals and coars-

ening of the concrete pores (Fig. 4c, d). Spiky

sodium-rich crystals and honeycombed structures

Fig. 4 Representative SEM image of PCC samples following

the modified SHRP H205.8 freeze–thaw test in the presence of

various solutions. a KFm (r), 4610 times; b KFm (r), 7440

times; c NaAc/NaFm, 3280 times; d NaAc/NaFm, 7610 times;

e KAc, 3500 times; and f KAc, 5140 times
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characteristic of calcium-rich type II C–S–H were

present as well. We hypothesize that the exposure of

the cement paste to sodium acetate and sodium

formate led to the preferential dissolution of silicate-

rich type I C–S–H and the releasing of calcium

sulfate (CaSO4) from AFm and AFt phases and

promoted the formation of calcium acetate and

calcium formate hydrate crystals. The disintegration

of the cement paste and the formation of new cement

hydrates contributed to the moderate amount of

weight loss and noticeable deterioration observed in

the freeze/thaw specimens.

For the PCC specimens subjected to freeze/thaw

cycling in the presence of *1.5% CF7TM (KAc)

deicer solution, the relatively high calcium contents

and relatively low Si/Ca ratios in them (Fig. 2a, b)

suggest little leaching of Ca2? from the cement paste

to the deicer solution. Based on the box plots of

critical elemental ratios (Fig. 2c–e), the very low Al/

Ca ratios (*0.02) further confirms little leaching of

Ca2?, whereas the low S/Al ratios (0.01–0.15) and

low S/Ca ratios (0.004–0.008) suggest the loss of

SO4
2- from AFm or AFt phases. Overall, the

examined PCC surfaces showed a high presence of

lamella structures (Fig. 4f). In addition, compact

structures characteristic of calcium-rich type II C–S–

H can be seen in Fig. 4e, along with platey calcium-

rich crystals and residual rosette structures attribut-

able to AFm phases deficient in Ca2? and SO4
2-. We

hypothesize that the exposure of the cement paste to

potassium acetate led to the preferential dissolution

of silicate-rich type I C–S–H and the releasing of

calcium sulfate (CaSO4) from AFm and AFt phases

and promoted the formation of calcium acetate

hydrate crystals and some lamella structures. The

disintegration of the cement paste and the formation

of new cement hydrates contributed to the significant

amount of weight loss and marked visual deteriora-

tion observed in the freeze/thaw specimens. In

particular, the exfoliation of the lamella crystals

might be responsible for expansion and subsequent

cracking or spalling of the concrete, as suggested by a

previous study [32].

3.4 Effect of chloride-based deicer on the surface

chemistry of PCC

For the PCC specimens subjected to freeze/thaw

cycling in the presence of * 0.85% MgCl2 deicer

solution, the relatively low calcium contents in them

(Fig. 2a) indicate some leaching of Ca2? from the

cement paste to the deicer solution. Based on the box

plots of critical elemental ratios (Fig. 2c–e), the low

end of S/Al ratios (0.02–0.52) and low S/Ca ratios

(0.003–0.03) suggest the loss of SO4
2- from AFm or

AFt phases, whereas the Al/Ca ratios were in the

reasonable range of 0.1–0.4. The high Cl signals on

the examined PCC surfaces and the presence of layer

structures likely attributable to Friedel’s salt (calcium

chloroaluminates) suggest partial substitution of the

sulfate anion in AFm or AFt phases by the chloride

anion (i.e., chloride binding). Overall, the examined

PCC surfaces featured a high presence of fibrous

crystals (Fig. 5a) and needle-like crystals (Fig. 5b).

Some platey calcium-rich crystals were also

observed. The fibrous crystals were magnesium

chloride hydroxide hydrates formed by the Ca2?

substitution for Mg2? and Cl- substitution for SO4
2-

in the cement hydrates, with pseudomorphs replacing

the AFm and AFt phases observed. The needle-like

crystals can be attributed to the formation of some

hydrated magnesium oxychlorides similar to

Mg3(OH)2Cl�4H2O crystals formed in the hardened

Sorel cement paste [33]. The presence of platey

calcium-rich crystals can be attributed to the forma-

tion of hydrated calcium oxychloride phases, as

reported previously [34]. The structures of brucite

were not observed on the examined PCC surfaces,

even though they were observed in the outer layers of

the specimens exposed to concentrated MgCl2 [17].

These microscopic observations confirm the follow-

ing reactions commonly accepted to be responsible

for concrete degradation by MgCl2:

CaðOHÞ2 þMgCl2 ! MgðOHÞ2 þ CaCl2 ð1Þ

3CaðOHÞ2 þ CaCl2 þ 12H2O

! 3CaO � CaCl2 � 15H2O ð2Þ

In addition, previous studies suggest that MgCl2
can also react with the cementitious C–S–H phases

and produce non-cementitious magnesium silicate

hydrate (M–S–H) and CaCl2 and thus significantly

degrade the strength of the concrete. In the case of

concentrated MgCl2, the formation of brucite inside

the concrete was accompanied with great expansive

forces and subsequently aggravated concrete deteri-

oration [13, 14, 16]. As shown in Fig. 1, the chemical

changes in the cement paste caused minimal amount
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of weight loss and little visual deterioration of the

concrete. In addition to the short test duration, a

likely explanation is that while the detrimental

reactions of MgCl2 with cement paste were thermo-

dynamically possible and proven in this study, the

kinetics of such reactions was slow due to the low

Fig. 5 Representative SEM image of PCC samples following

the modified SHRP H205.8 freeze–thaw test in the presence of

various solutions. a MgCl2, 3170 times; b MgCl2, 13870 times;

c NaCl (r), 7830 times; d NaCl (r), 3200 times; e IceSlicer,

7290 times; and f IceSlicer, 8250 times

Materials and Structures



MgCl2 concentration (*0.85%). Nonetheless, the

physiochemical changes in the cement paste induced

by MgCl2 explains the findings in another laboratory

study [17], where concentrated MgCl2-based deicers

chemically attacked mortar and concrete, leading to

volume change, loss of compressive strength, and

microcracks.

For the PCC specimens subjected to freeze/thaw

cycling in the presence of *3% NaCl deicer solution,

the low calcium contents and high Si/Ca ratios in

them (Fig. 2a, b) indicate leaching of Ca2? from the

cement paste to the deicer solution. Based on the box

plots of critical elemental ratios (Fig. 2c–e), the high

end of Al/Ca ratios (0.06–0.75) suggests loss of Ca2?

from AFm or AFt phases, whereas the low end of

S/Al ratios (0.02–0.34) and low S/Ca ratios (0.01–

0.025) suggest the loss of SO4
2- from AFm or AFt

phases. The Cl signals on the examined PCC surfaces

suggest limited level of chloride binding. Compact or

honeycombed structures characteristic of type II

C–S–H and hexagonal Portlandite crystals can be

seen in Fig. 5c. Residual rosette structures can be

seen in Fig. 5d, as a result of the dissolution of Ca2?

and SO4
2- decomposing AFm phases. Overall, the

examined PCC surfaces were dominated by AFm

phases and calcium-rich type II C–S–H, whereas

structures of AFt phases and silicate-rich type I

C–S–H were not observed. We hypothesize that the

exposure of the cement paste to sodium chloride led

to the preferential dissolution of silicate-rich type I

C–S–H and the releasing of calcium sulfate (CaSO4)

from AFm and AFt phases. While previous studies

suggest that NaCl may react with Portlandite and lead

to Portlandite dissolution and pH increase [20, 22–

24], this process was found to be quite slow and

might be masked by other short-term effects. The

preferential dissolution of certain cement hydrates,

along with exacerbated physical distresses in the

freeze/thaw test, led to the significant amount of

weight loss and marked visual deterioration of the

concrete. This finding from diluted deicers differed

from the study of concentrated deicers [17], where

NaCl seemed to be more chemically benign to

concrete than MgCl2.

For the PCC specimens subjected to freeze/thaw

cycling in the presence of *3% IceSlicerTM (NaCl

and other chlorides) deicer solution, the high calcium

contents and low Si/Ca ratios in them (Fig. 2a, b)

indicate little leaching of Ca2? from the cement paste

to the deicer solution. Based on the box plots of

critical elemental ratios (Fig. 2c–e), the low Al/Ca

ratios (0.02–0.15) further confirms little leaching of

Ca2?, whereas low S/Al ratios (0.09–0.33) and low

S/Ca ratios (0.005–0.024) suggest the loss of SO4
2-

from AFm or AFt phases. The Cl signals on the

examined PCC surfaces suggest limited level of

chloride binding. Overall, the examined PCC surfaces

were dominated by compact or honeycombed type II

C–S–H phases with few resolvable crystals, whereas

structures of AFt phases and silicate-rich type I

C–S–H were not observed. Platey Portlandite crystals

and spiky sodium-rich crystals can be seen in Fig. 5e

and f, respectively. We hypothesize that the exposure

of the cement paste to IceSlicerTM led to the pref-

erential dissolution of silicate-rich type I C–S–H and

the releasing of SO4
2- from AFm and AFt phases.

Similar to the reagent-grade NaCl, the diluted

IceSlicerTM led to significant amount of weight loss

and marked visual deterioration of the concrete.

4 Conclusions

• This work investigated the effect of diluted deicers

on the durability of a Portland cement concrete.

Based on the gravimetric and macroscopic obser-

vations of freeze/thaw specimens following the

modified SHRP H205.8 laboratory test, de-ionized

water, the CMA solid deicer, and the CDOT MgCl2
liquid deicer were benign to the PCC durability,

whereas KFm and the NaAc/NaFm blend deicer

showed moderate amount of weight loss and

noticeable deterioration of the concrete. NaCl,

the NaCl-based deicer (IceSlicerTM), and the

KAc-based deicer (CF7TM) were the most delete-

rious to the concrete.

• The SEM/EDX measurements revealed that each

investigated chemical or diluted deicer chemi-

cally reacted with some of the cement hydrates

and formed new products in the pores and cracks.

Such physiochemical changes of the cement paste

induced by the deicers pose various levels of risks

for the concrete durability.

• This work provides new insights into the deicer/

concrete interactions and highlights the need

for bridging the gap between the laboratory data

with the field experience. With the improved

Materials and Structures



knowledge, more research should also be con-

ducted on countermeasures designed to minimize

the deicer impact on concrete durability.
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