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Abstract

The damaging impact of various deicing chemicals and exposure conditions on concrete materials was investigated. Five deicing
chemicals (sodium chloride, calcium chloride with and without a corrosion inhibitor, potassium acetate, and an agricultural product)
were studied. Freezing–thawing (F–T) and wetting–drying (W–D) exposure conditions were considered. Mass loss, scaling, compressive
strength, chemical penetration, and micro-structure of the paste and concrete subjected to these deicing chemicals and exposure condi-
tions were evaluated. Results indicated that the various deicing chemicals penetrated at different rates into a given paste and concrete,
resulting in different degrees of damage. Among the deicing chemicals tested, two calcium chloride solutions caused the most damage.
Addition of a corrosion inhibitor into the calcium chloride solution delayed the onset of damage, but it did not reduce the ultimate dam-
age. Chloride-related deicing chemicals often brought about leaching of calcium hydroxide, as well as chemical alterations in concrete.
Potassium acetate caused minor scaling, associated with alkali carbonation of the surface layer of concrete. Although producing a con-
siderable number of micro-pores on the surface of the samples, the agricultural deicing product resulted in the least chemical penetration
and scaling damage of paste and concrete.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Deicing chemicals often exacerbate concrete damage
originating from freezing and thawing (F–T). Besides creat-
ing pressures through osmosis and crystallization, deicing
chemicals generally increase the degree of concrete satura-
tion and keep concrete pores at or near maximum fluid
saturation, thus increasing the risk of frost damage [1].
The salts in deicing solutions also decrease the freezing
point of concrete pore solution, leading to significant
hydraulic pressure [2]. Because the salt concentration varies
with the distance from the exposed concrete surfaces,
various amount of ice may form in different layers under
the concrete surface, resulting in deformation of the layers
and generation of pressure between the layers. Freezing of
an upper layer (such as the surface layer, which often
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occurs at a low deicing chemical concentration) may pro-
hibit escape of the supercooled liquids from the internal
layers, thus developing considerable hydraulic pressure.
Therefore, the combined effect of the hydraulic, osmotic
and crystallization pressures below the surface lead to
scaling of the concrete [3].

Aggravated damage may also be attributed to chemical
interactions between deicing chemicals and concrete mate-
rials. Chemical deterioration of the concrete may result
from leaching and decomposition of cement hydration
products [4–6], as well as accelerated concrete carbonation
[7] and alkali–silica reaction (ASR) [8,9]. Research has
demonstrated that salt substitutes or deicing salts with a
corrosion inhibitor also interact with concrete materials
and lead to precipitate production [4,10]. It is believed that
concrete deterioration due to deicing chemicals may begin
with physical reactions, which generate micro- and macro-
cracks in concrete. Because the cracks make concrete more
permeable and more vulnerable to the ingress of deicing
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chemical ions, chemical deterioration is then provoked [11].
Generally, the combined effect of physical and chemical
deterioration is more severe than that from the simple
sum of individual reaction.

Despite an ongoing awareness on deicing chemical dam-
age to concrete, the relative degree of damage from differ-
ent deicing chemicals under different environmental
conditions is not thoroughly documented. The present
study was designed to investigate the damaging effects of
various deicing chemicals and exposure conditions on
cement paste and concrete. It was anticipated that the
investigation would also lead to a better understanding of
damage mechanisms of deicing chemicals.

2. Experimental work

Five deicing chemicals, calcium chloride (CaCl2), cal-
cium chloride with a corrosion inhibitor (CaCl2-inhib),
sodium chloride (NaCl), potassium acetate (K Acetate),
Table 1
Experimental regimen

Sample Chemical Exposure No. of samples

Paste
(5-cm cube)

Distilled water W–D 15 for each
chemicalNaCl

CaCl2
CaCl2-inhib
K Acetate
Agr-deicing

Distilled water F–T 12 for each
chemicalNaCl

CaCl2
CaCl2-inhib
K Acetate
Agr-deicing

Concrete
(10-cm cube)

Distilled water W–D 12 for each
chemicalNaCl

CaCl2
CaCl2-inhib
K Acetate
Agr-deicing

Distilled water F–T 12 for each
chemicalNaCl

CaCl2
CaCl2-inhib
K Acetate
Agr-deicing

Concrete (9-cm
cube with ponding)

Distilled water W–D 3 for each
chemicalNaCl

CaCl2
CaCl2-inhib
K Acetate
Agr-deicing
and an agricultural deicing product (Agr-deicing), and
two exposure conditions, wetting–drying (W–D) and freez-
ing–thawing (F–T) cycles, were considered in the present
study. Physical (mass loss and scaling), mechanical
(strength), chemical (ion penetration and crystalline reac-
tion products), and micro-structural properties of the paste
and concrete were evaluated. The experimental regimen is
presented in Table 1.

2.1. Concrete and deicing materials

Portland cement (PC), Type I/II, was used for both
paste and concrete samples. Table 2 shows the chemical
composition of the cement. Air entraining agent (AEA)
was used in both paste and concrete samples to obtain a
designated air content of 6%. The paste had a water-to-
cement ratio (w/c) of 0.4. The concrete had 2.5 cm nominal
maximum aggregate size (NMSA) limestone (LS) and river
sand with a fineness modulus of 2.83. Its mixture propor-
Testing time (cycles)

Weight loss Scaling Compressive
strength

10, 20, 30, 40, 50, 60, 130 20, 40, 60, 130 20, 40, 60, 130

5, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55, 60

20, 40, 60 20, 40, 60

10, 20, 30, 40, 50, 60 20, 40, 60 20, 40, 60

5, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55, 60

20, 40, 60 20, 40, 60

Ion penetration XRD SEM/EDX

20, 60 20, 60 60



Table 2
Chemical compositions of Type I/II cement

Chemical compounds %

CaO 62.32
SiO2 20.75
Al2O3 4.49
Fe2O3 3.45
MgO 2.88
K2O 0.67
Na2O 0.09
(Na2O)eq

a 0.53
SO3 2.74
TiO2 0.34
P2O5 0.10
LOI 0.10

C3S 53.09
C2S 19.44
C3A 6.04
C4AF 10.50

a (Na2O)eq = Na2O + 0.658K2O.

Table 4
Concentrations of deicing solutions employed

Chemical Concentration (% solid, by weight)

For W–D exposure For F–T exposure

NaCl 26.5 13.3
CaCl2 37.9 9.5
CaCl2-inhib 39.9 10.0
K Acetate 54.5 13.6
Agr-deicing Not

available
Diluted
(chemical:water = 1:3)
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tion was 0.48 (water):1.00 (PC):2.17 (sand):2.76 (LS). The
high w/c (0.48) was used to achieve scaling damage of
tested samples in a relative short time period.

The five deicing chemicals, CaCl2, CaCl2-inhib, NaCl, K
Acetate, and Agr-deicing, were directly received from
suppliers. NaCl and CaCl2 deicing chemicals were selected
because of their wide applications. CaCl2-inhib deicing
chemical was employed to evaluate the damaging effect of
inhibitor on concrete. The corrosion inhibitor (tetraetha-
nolamine (TEA), approximately 2000 ppm) was pre-mixed
in the CaCl2 solution. K Acetate is a more expensive alter-
native to chloride deicing chemical. It is commonly used at
airfield facilities, where its lower corrosiveness makes it
economical to the more damaging chlorides. The K Acetate
used was a 50% (by weight) aqueous potassium acetate
solution with less than 1% silicate phosphate-based corro-
sion inhibitor. The Agr-deicing chemical is an organic
product derived from an agricultural by-product that has
Table 3
Chemical compositions of the agricultural deicing chemical

% By weight

Component groups

Dissolved solids 74.84
Ash 22.81
Crude protein 19.44
Nitrogen compounds (as N) 3.11
Alpha-amino nitrogen compounds 0.41

Major compounds

Sucrose 13.13
Raffinose 3.96
Betaine 8.95
Potassium 8.85
Sodium 1.98
Chloride 1.83
Sulfate 2.10
Pyrrolidone carboxylic acid 6.29
recently become available on the commercial market. The
chemical components of the Agr-deicing product can be
found in Table 3. It looks more like a gelatinous paste than
a solution. The pH value of the Agr-deicing product was
7.8.

Table 4 shows the concentrations of the deicing solu-
tions used in the present study. The chemical concentra-
tions for W–D exposure were directly measured from the
chemicals received. Use of the different concentrations
was primarily due to the consideration that users generally
apply the deicing chemicals received from suppliers directly
to concrete pavements. These chemical concentrations were
high, and they could also maximize the potential chemical
interaction between deicing chemical and paste or concrete.
Diluted deicing chemical solutions were used in F–T expo-
sures so that paste and concrete samples would freeze
under the designed F–T condition.

2.2. Samples and test methods

2.2.1. General samples and exposure conditions

Fifteen paste samples and 12 concrete samples were
prepared for each exposure condition (one deicing chemical
under a given exposure condition). The paste samples had a
size of 5 · 5 · 5 cm, and the concrete samples had a size of
10 · 10 · 10 cm.

After 7 days of a standard curing (ASTM C192), the
samples were subjected to deicing solutions in plastic
containers. For W–D exposure, samples were immersed
in distilled water or a deicing solution in a container and
stored in a refrigerator at 4.4 ± 1.5 �C for 15 h. Then, the
samples were taken out of the container and laid on a
paper towel to dry in air (approximately 23 �C and 50%
RH) for 9 h. Thus, one W–D cycle took a total of 24 h.

For F–T cycling, samples were immersed in water or a
deicing solution in a container and stored in a freezer at
�20 ± 1.0 �C for 15 h. Then, the samples were taken
out of the container to be thawed for 9 h. To facilitate
thawing, the containers, together with the frozen samples
and deicing solutions, were placed in a larger tub filled
with warm water so that the frozen solutions were com-
pletely thawed within 4 h. The samples then remained in
the water before being frozen again. One F–T cycle also
took a total of 24–15 h in a frozen state and 9 h in a
thawed state.
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The deicing solutions in the containers were changed
every 10 cycles for F–T samples, and every 20 cycles for
W–D samples.

2.2.2. Mass change, scaling damage and compressive

strength test methods
At every five cycles, the F–T specimens were removed

and at every 10 cycles the W–D specimens were taken
out of the container for mass measurement. First, the spec-
imens were placed in a static tub of tap water and loose
particles on the samples were removed gently by hand.
Next, the specimens were laid on a paper towel to dry
and, if the sample was not too friable, blotted with paper
towels. Samples were rotated periodically to facilitate even
drying of all faces. After 20–25 min of drying, samples were
weighed to the nearest hundredth of a gram.

At every 20 W–D or F–T cycles, four paste and four
concrete samples were removed from deicing solutions
for scaling evaluations, and three paste and three concrete
samples were used for compressive strength tests. Scaling
damages were evaluated by the visual rating of the sample
surface conditions based on Table 5. Compression tests on
both paste and concrete samples were conducted according
to ASTM C 109.

2.2.3. XRD and SEM samples and tests

Another set of concrete samples, two for each deicing
chemical, was prepared for the ion penetration, X-ray
diffraction (XRD) and scanning electron microscope
(SEM) tests. Cubic plastic molds with a dimension of
9 · 9 · 10 cm were used for casting 9-cm3 samples, thus
leaving a space of 1 cm at the top of each sample as a pond
for the deicing solution. After the samples were cured in a
standard curing room (ASTM C192) for 7 days, a marine
sealant was applied to the edge of the sample surface so
as to restrict chemical access from the sides. After 48 h dry-
ing of the marine sealant, deicing solutions were poured
onto the sample surfaces (into the pond) to a depth of
approximately 0.8 cm. The samples were then subjected
to W–D cycling. For one W–D cycle, the samples (together
with the deicing solution in the pond) were stored in a
refrigerator (4.4 ± 1.5 �C) for 15 h. Then, the samples were
Table 5
Visual rating of scaling damage

Rating Description

0 No scaling
1 Slight scaling (small flakes, 61 cm2, visible on

sample surface)
2 Slight to moderate scaling (large flakes visible on

sample surface and sample edge damage noticeable)
3 Moderate scaling (sample edge damage and some

coarse aggregate visible)
4 Moderate to severe scaling
5 Severe scaling (chunks coming out of surfaces and

edges, scaling depth >0.3 cm, and coarse aggregate
visible over entire surface)
taken out of the refrigerator, the deicing solutions were
poured off, and the samples were dried in air (approxi-
mately 23 �C and 50% R.H.) for 9 h.

At 20 and 60 W–D cycles, seven powder samples were
taken using a hand drill from seven uniform layers, with
a total depth of 3.5 cm from the sample surface, of each
concrete sample. The powder samples were passed through
a #50 sieve and then used for ion penetration tests (IPT).
Free sodium (Na) and potassium (K) ion concentrations
in the samples were estimated by a soluble cation exchange
method. In this method, 1 M NH4OAc was used as an
extraction solution. An atomic adsorption/emission spec-
trometer was used, by emission, to determine the sodium
and potassium ion concentration [12]. Free chloride (Cl)
concentration was measured by the saturated mercury(II)
thiocyanate, Hg(SCN)2, extraction method [13]. In this
method, 0.01 M Ca(NO3)2 Æ 4H2O, together with ferric(III)
nitrate nonahydrate, was used as the extraction solution.
Chloride ions displace thiocyanate, in the presence of ferric
iron, to form a highly colored ferric thiocyanate complex.
Chloride concentration in the extract was determined by
comparing with standard chloride working solutions, using
a silver nitrate solution as an indicator.

Another powder sample was also taken from the surface
layer (within 0.5 cm from the surface) of each concrete
sample and used for XRD analysis. Siemens D500 diffrac-
tometer, with CuKa radiation, 50 kV, and 27 mA, was
employed. The goniometer ran from 5� to 70� at a speed
of 0.5 deg/min. The XRD patterns/spectrums were ana-
lyzed with MDI JADE 6.5 software.

SEM imaging, together with energy dispersive X-ray
(EDX) analysis, was performed on the concrete samples at
60 W–D cycles. A small section, 1.20 · 1.20 · 0.75 cm
(w · l · d), was cut from the corner of each concrete sample
and its interior surface was polished gently with a silicon
carbide grinding without any lubricating solution. These
polished samples were then examined under the JEOL
JSM-840A SEMat a voltage of 20 kV. It was noted that pre-
cipitation and cracks might be induced during the sample
preparation. The discussions in the paper (Section 3.1.6)
were made under the condition that all samples were pre-
pared with minimum polishing under the same condition.

3. Results and discussion

3.1. W–D cycling

3.1.1. Mass change

Fig. 1 presents the mass changes of paste and con-
crete samples subjected to different deicing solutions under
W–D cycling. As observed in Fig. 1a, paste samples
immersed in water and NaCl deicing solution experienced
a slow and steady mass gain with time, while samples
exposed to other chemicals displayed a different degree of
mass loss. The mass gain of the paste and concrete
immersed in water and other deicing chemicals has been
reported by other researchers [14]. The authors considered
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Fig. 1. Mass change of samples under W–D cycling: (a) paste and
(b) concrete.
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Fig. 2. Scaling rating of samples under W–D cycling: (a) paste and (b)
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and 5 for severe scaling (Table 5); each datum in the figure represents the
average value of four samples; the empty bar spaces indicate the scale
rating of 0.
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that such a mass gain was closely related to the cement
hydration and concrete micro-structure change with time.
In the present study, a short curing time (7 days) was
selected to intensify deicing damage of tested samples so
as to differentiate the degrees of damage from different
deicing chemicals. Due to this short curing time, cement
in paste and concrete would continue to hydrate when
the samples were immersed in water or deicing solutions.
The continuous cement hydration consumed pore fluid,
leaving the samples in an unsaturated state. It also pro-
duced more C–S–H, which had a large surface area to
adsorb water. The samples therefore continued to gain
mass until maximum saturation was reached. This mecha-
nism accounted for the steady mass gain observed in the
samples exposed to water throughout the testing period.
Mass gain of the samples exposed to deicing chemical solu-
tions could also result from salt precipitation on sample
surfaces and in pore spaces. White precipitates observed
on exterior surfaces of the NaCl-immersed samples at 60
W–D cycles were responsible for partial mass gain of the
sample.

In contrast to the water and NaCl-immersed samples, K
Acetate-immersed samples displayed a steady mass lost at a
slow rate, approximately 1.25% at 130 W–D cycles. CaCl2-
immersed and CaCl2-inhib-immersed samples exhibited a
rapid mass loss in the early W–D period (within 20 cycles).
After 20 W–D cycles, the rates of mass loss in both CaCl2-
immersed and CaCl2-inhib-immersed samples were signifi-
cantly reduced. After 60 cycles, the rates of mass loss
became negative although moderate scaling was observed
(Fig. 2a). Due to the scaling, the volume of the samples
reduced, and thus the negative rates of mass loss indicated
that the samples with scaling damage actually gained mass.
The authors believed that such mass changes in these
samples were associated with the scaling development.
Scaling damage could influence paste/concrete mass
change in two different ways: (1) mass loss might occur if
materials were fallen off from the body of the paste/con-
crete; and (2) mass gain might take place if additional free
surfaces (such as cracks) generated in the paste/concrete
without significant loss of concrete materials. The free sur-
faces would adsorb more fluid from the solution, thus
increasing sample mass. It was noticed that the mass loss
of the CaCl2-inhib-immersed samples was more negative
than that of the CaCl2-immersed samples. This suggested
that more free surfaces might exist in the CaCl2-inhib-
immersed samples.

Among all deicing chemicals tested, the Agr-deicing
chemical provided its pastes with the highest initial mass
loss, 2.2% in the first 10 W–D cycles. The mass loss contin-
ued until 30 W–D cycles. After 30 W–D cycles, the sample
mass loss became steady. The Agr-deicing chemical con-
tained over 32% of sweet or acid substances (sucrose, raffi-
nose, betaine, and pyrrolidone carboxylic acid), 8.85%
potassium, 1.98% sodium, 1.83% chloride and 2.01% sul-
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fate (Table 3) and had a pH value of 7.8. The mass losses of
the samples were presumed due to the organic and/or acid
attack of the chemical on cementitious materials. As shown
later, a considerable amount of micro-pores was observed
on the sample surface, which corresponded to the sample
mass loss.

Fig. 1b illustrates mass changes of concrete samples
subjected to different deicing solutions under W–D cycling.
As observed in this figure, samples immersed in water, K
Acetate, and NaCl solutions exhibited very limited mass
change. This implied that the mass changes in pastes were
significantly decreased by addition of aggregate into the
system. Aggregate could assist concrete to gain mass in
two ways: (1) imbibing fluid from the solutions, and (2)
resisting drying shrinkage of paste, and therefore reducing
concrete cracking and scaling. As a result, unlike paste
samples, both CaCl2- and CaCl2-inhib-immersed concrete
samples gained a relatively large amount of mass under
W–D cycling. Samples immersed in the CaCl2-inhib solu-
tion gained more mass than the samples in the CaCl2
solution. Concrete samples immersed in the Agr-deicing
chemical were the only ones that lost mass significantly
under W–D cycling. The mass loss reached an asymptotic
maximum of about 2% mass loss at 20 W–D cycles, and
it remained thereafter.

3.1.2. Scaling

Fig. 2 presents the average visual scale ratings of paste
and concrete samples (four in a group) subjected to differ-
ent deicing chemicals under W–D cycling. The mechanisms
of concrete scaling as well as the deicing chemical effects
have been briefly discussed at the beginning of the paper.

Fig. 2a illustrates that paste samples submerged in
distilled water and NaCl deicing solution showed no scal-
ing damage (scale rating = 0) throughout the entire tests
(up to 130 W–D cycles). Paste samples submerged in K
Acetate deicing solutions displayed minor damage (scale
rating = 1.0) after 60 W–D cycles. Samples immersed in
the Agr-deicing solution had a constant scaling value of
1.0 from 20 to 130 cycles due to the micro-pores observed
on the sample surfaces (Fig. 3). Samples immersed in CaCl2
Fig. 3. Micro-pores on a Geomelt immersed sample (paste, 60 W–D
cycles).
and CaCl2-inhib solutions demonstrated increasing scaling
with W–D cycles.

Compared with paste samples, concrete samples
(Fig. 2b) immersed in CaCl2 and CaCl2-inhib solutions dis-
played less scaling damage. This was probably because
concrete generally had a small volume percentage of paste
to react with deicing chemicals. However, the Agr-deicing-
immersed samples exhibited a constant scale rating due to
existence of micro-pores. These micro-pores were observed,
as shown in Fig. 3, on the surfaces of all Agr-deicing-
immersed samples (paste and concrete under W–D and
F–T cycling).

3.1.3. Strength
Fig. 4 presents compressive strength of paste and con-

crete samples under W–D cycling. Generally, the strength
loss was associated with the scaling damage of the samples
(such as that of CaCl2- and CaCl2-inhib-immersed sam-
ples), but some mild scaling did not always cause paste
or concrete strength loss (such as K Acetate- and Agr-deic-
ing-immersed samples).

As observed in Fig. 4a, the water-immersed paste
samples increased strength with the exposure time due to
continuous cement hydration. Paste samples exposed to
all deicing solutions showed comparable strength to the
water-immersed sample at 20 W–D cycles, but they all
exhibited strength loss thereafter. The strength loss of the
paste samples at 60 W–D cycles, from the highest to the
lowest, was CaCl2-inhib, CaCl2, NaCl, Agr-deicing and
K Acetate-immersed samples.

Fig. 4b illustrates that all concrete samples had much
lower strength than the corresponding paste samples.
This was partially due to the higher w/c used (0.48 for
Fig. 4. Compressive strength of samples under W–D cycling: (a) paste and
(b) concrete.
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concrete and 0.4 for paste). However, under W–D cycling,
no significant changes in concrete strength with exposure
time occurred in any of the tested samples. Although hav-
ing moderate scaling damage, the CaCl2-immersed and
CaCl2-inhib-immersed samples had less than 10% strength
loss when compared with the water-immersed samples. It
inferred that the scaling damage only influenced the surface
concrete, where cement content was high, and it had little
effect on the body concrete property (such as strength).
The negative effect of surface scaling might also be offset
by the accelerated cement hydration in the chloride-related
solutions.

3.1.4. Ion penetration
Aggressive chemical ion concentrations (such as chlo-

ride, sodium, and potassium ions) of samples exposed to
distilled water and deicing chemicals under 20 and 60 W–
D cycling were evaluated. The rate and depth of the chem-
ical ion penetration were presumably related to the degree
of concrete damage resulting from the reaction between the
deicing chemical and concrete materials. Fig. 5 illustrates
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Fig. 5. Ion penetration in concrete samples: (a) chloride ions in CaCl2 samples,
(d) sodium ions in NaCl samples, (e) potassium ions in K Acetate samples an
ion concentration profiles of some concrete samples under
W–D cycling. Generally, for all samples immersed in deic-
ing solutions, ion concentrations decreased with sample
depth and increased with exposure time. However, ion
concentrations of the water-immersed sample had a small
variation with the sample depth and exposure time. The
average chloride (Cl�), sodium (Na+), and potassium
(K+) ion concentrations within the layer 3.5 cm from the
surface of the water-immersed concrete sample subjected to
60 W–D cycles were approximately 7, 580 and 490 ppm,
respectively. These results were used as a reference to the
samples immersed in deicing chemicals.

Fig. 5a and b shows chloride ion concentrations in
two calcium chloride-related samples (without and with
corrosion inhibitor). It was observed that at 20 W–D
cycles, the chloride ion concentration in the CaCl2-inhib-
immersed sample was slightly lower than that in the
CaCl2-immersed sample at a given depth, especially in
the near-surface layers. At 60 W–D cycles, chloride ion
concentrations in both CaCl2-immersed and CaCl2-inhib-
immersed samples appeared almost the same at a given
20 W-D

60 W-D

0

20

40

60

80

100

0 10 20 30 40

Depth from surface, mm

C
l-i

on
 c

on
ce

nt
ra

tio
n,

 p
pm

(b)

20 W-D

60 W-D

0

2000

4000

6000

8000

0 10 20 30 40
Depth from surface, mm

N
a-

io
n 

co
nc

en
tr

at
io

n,
 p

pm

)

9851173

K, 2770

168200

Na, 660

4.8 5.6Cl, 12.5
0

1000

2000

3000

0 10 20
Depth from Surface, mm

Io
n 

C
on

ce
nt

ra
tio

n,
 p

pm

(f)

(b) chloride ions in CaCl2-inhib samples, (c) chloride ions in NaCl samples,
d (f) ions in the 20 W–D Agr-deicing sample.



180 K. Wang et al. / Cement & Concrete Composites 28 (2006) 173–188
depth, and they were all higher than those in the samples at
20 W–D cycles. This observation indicated that the rate of
the chloride penetration in the CaCl2-inhib-immersed sam-
ples increased more rapidly than that in the CaCl2-
immersed samples with W–D cycles. At a depth greater
than 2.6 cm, only a small alteration was observed in the
tested samples. This result was consistent with some previ-
ous research [4]. However, at the maximum sampling depth
(average 3.1 cm), chloride concentrations in the CaCl2-
immersed samples were still five times that in water-
immersed sample at 60 W–D cycles. This implied that the
chloride ions penetrated much deeper than the depth
tested, and they might damage concrete or reinforcing steel
at a greater depth.

Fig. 5c illustrates that at 20 W–D cycles, chloride ion
concentration of the NaCl-immersed sample was similar
to that of the CaCl2-inhib-immersed sample (Fig. 5b). At
60 W–D cycles, chloride ion concentration of the NaCl-
immersed sample was lower than that of the two CaCl2-
related samples, and the rate of ion penetration decreased
linearly with sample depth. At a depth of 3.1 cm, the chlo-
ride concentration was 14 ppm for the NaCl-immersed
sample at 60 W–D cycles, while it was 34 ppm for the
CaCl2-related samples. As a result, the damage due to chlo-
ride in the NaCl deicing chemical to concrete materials was
limited when compared with the chloride damage caused
by the CaCl2 and CaCl2-inhib deicing chemicals.

It was noted that sodium concentration of the NaCl-
immersed sample (Fig. 5d) was also high, especially in
the near-surface layer of concrete (over 5000 and
7000 ppm at 20 and 60 W–D cycles, respectively). Never-
theless, it dropped considerably with sample depth. At a
depth of 2.6 cm, sodium concentrations of the samples at
20 and 60 W–D cycles were almost the same, all close to
that in the water-immersed sample (580 ppm). This implied
that the NaCl deicing chemical might penetrate into the
concrete no more than 2.6 cm in depth. The limit penetra-
tion depth of sodium and especially chloride ions from the
NaCl deicing chemical might account for the low mass loss
and low scale rating of this sample (Figs. 1 and 2). Based
on Berube et al. [15], the high sodium concentration in
the near-surface layer of the concrete might not cause
severe ASR owing to a decreased OH� concentration in
this area.

Fig. 5e exhibits potassium profiles in the samples
exposed to K Acetate deicing chemical. The potassium
concentrations were high in the surface layer (over
30,000 ppm); but they dropped rapidly with the distance
from the concrete surface. At a depth of 3.1 cm, potassium
concentrations were only 1190 ppm and 2800 ppm for the
samples subjected to 20 and 60 W–D cycles, respectively.
Previous research suggested that due to its small hydrated
radius, potassium might produce less expansion in ASR
or be less destructive to concrete than sodium [16]. Also
because the high potassium concentration decreased rap-
idly with depth, the reaction between the K Acetate deicing
chemical and paste or concrete might occur only on sur-
face. As a result, only minor scaling damage (scale rat-
ing 6 1.0) was observed on the K Acetate-immersed paste
samples, and this scaling damage did not influence the
paste or concrete strength.

Fig. 5f displays the ion concentrations in the concrete
sample exposed to the Agr-deicing chemical at 60 W–D
cycles. At the depth of 0.5 cm, potassium, sodium, and
chloride ion concentrations of the sample were 2770, 660,
and 12.5 ppm, respectively. At a depth of 1.2 cm, these
ion concentrations were reduced more than half (approxi-
mately 985, 168 and 5.6 ppm for potassium, sodium, and
chloride ion concentrations, respectively). At a greater
depth (>1.2 cm), these ion concentrations changed very
little. This implied that the Agr-deicing chemical might
penetrate only a very limited distance from the concrete
surface. Because of the relatively low chemical ion concen-
trations, together with their limited penetrations, the
Agr-deicing chemical had little damaging effect on concrete
integrity and strength.

3.1.5. XRD analyses

Fig. 6 displays XRD patterns of concrete samples
immersed in distilled water and various deicing solutions
at 60 W–D cycles. As expected, the crystalline phases of
the water-immersed sample contained quartz, calcite and
feldspathic minerals from the fine aggregate (Fig. 6a).
Although albite and anorthite were identified, the actual
mineral phases might differ slightly. Feldspathic minerals
typically involved solid solution intermediate phases, e.g.
like that between albite and anorthite. Hydration products,
calcium hydroxide (CH) and ettringite, were also clearly
identified. This XRD pattern (Fig. 6a) was used as a refer-
ence for identifying possible leaching and new crystalline
reaction products in the concrete exposed to deicing
chemicals.

Fig. 6b exhibits the XRD pattern of CaCl2-immersed
concrete sample, which was similar to that of CaCl2-
inhib-immersed sample. CH and ettringite peaks were
hardly seen in this sample (subjected to 60 W–D cycles),
neither in the sample subjected to 20 W–D cycles, which
might correspond to leaching as identified in previous stud-
ies [4,6,17]. Two new peaks were observed at 8.375 Å
(10.554�) and at 3.85 Å (23.082�) in the sample subjected
to 60 W–D cycles. These peaks were found to match the
two most intense peaks for a calcium aluminum chloride
sulfate hydrate (Ca–Al–Cl–S hydrate) mineral: Ca8-
Al4O12Cl2SO4 Æ 24H2O. The peaks were not found in the
20 W–D samples, suggesting that the mineral alteration
and chemical reactions between CaCl2 deicing solution
and concrete constituents needed sufficient time to take
place. It was noted that the relative intensity of Ca–Al–
Cl–S hydrate (compared with intensity of quartz) of the
CaCl2-inhib-immersed sample appeared higher than that
of the CaCl2-immersed sample, indicating that more Ca–
Al–Cl–S hydrate might form in the CaCl2-inhib-immersed
sample. The leaching of CH and ettringite in the concrete
and the reaction between the deicing chemical and concrete



Fig. 6. XRD pattern of concrete samples under 60 W–D cycling.
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materials certainly accounted for the high scale ratings of
the samples (Fig. 2).

Fig. 6c illustrates the XRD pattern of concrete exposed
to NaCl deicing chemicals. CH peaks were identified in this
sample, but its relative intensity to quartz peak intensity
was very small when compared with that in the water-
immersed sample. This might be due to the relatively slow
chloride penetration of this deicing chemical, which
reduced the severity of the chloride attack on cement
hydration products. As a result, no significant scaling was
observed in the NaCl-immersed sample under W–D cycling
(Fig. 2). Although previous research has suggested that
concrete subjected to all chloride solutions produced chlo-
roaluminate [18], there was no new XRD peak identified in
the NaCl-immersed sample. Small halite (NaCl) peaks were
detected, associated with the small amount of precipita-
tions observed in some voids of the sample.

Fig. 6d and e presents the XRD patterns of the K
Acetate-immersed sample and the Agr-deicing-immersed
sample, respectively. In contrast to the samples immersed
in the chloride-related deicing chemicals, the K Acetate-
immersed sample displayed clear CH peaks. Ettringite
peaks were not detected, probably due to alkali carbon-
ation [19] (Section 3.1.6). No new peaks were detected in
the two non-chloride samples.

Although the micro-pores observed on the sample sur-
faces, the Agr-deicing-immersed sample displayed both
ettringite and CH peaks clearly. The XRD result inferred



182 K. Wang et al. / Cement & Concrete Composites 28 (2006) 173–188
that the micro-pores might result from the organic attack
of the Agr-deicing chemical on concrete surface, rather
than leaching of the cement and hydration materials in
the acid solution. Since the Agr-deicing chemical did not
penetrate very deep, this micro-pore damage might occur
Fig. 7. Element map of concrete exposed to CaCl2 deicing
only up to a certainly depth; thus not impairing the paste
and concrete integrity. Thus, the Agr-deicing-immersed
samples demonstrated little scaling and strength loss (Figs.
2 and 4). Further research is needed to study the causes of
the micro-pores.
chemical. Element mapping at (a) 25· and (b) 100·.
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3.1.6. SEM image and EDX analyses

All SEM images were taken from the polished surface
that was approximately 7.5 mm from the exposed surface.
The exposed surface is the concrete surface that was in con-
tact with the deicing chemicals. Some EDX point analyses
were done on the sides of the SEM samples at the different
depths from the exposure surface. Locations of these EDX
point analyses are indicated in the corresponding EDX
figures.

Fig. 7 illustrates the backscatter images and element
maps of the concrete sample exposed to CaCl2 deicing
chemical. Fig. 7a illustrates that the sample was severely
cracked, and the cracks went along or radiated from aggre-
gate and void interfaces. In the top layer of the concrete,
most air voids were completely or nearly filled with precip-
itates. The high chloride concentration was seen in the
concrete voids, cracks and paste–aggregate interfaces,
generally together with precipitates. It suggested that great
pressures had developed in the sample due to crystalliza-
tion and precipitation. This salt crystallization and precip-
itation might aggravate the scaling damage and strength
loss of the samples originating from leaching of CH and
ettringite in the solution and the chemical reaction between
the deicing chemical and concrete materials.

Fig. 7b demonstrates detailed chloride ion distribution in
and near an air void in the highlighted area of Fig. 7a. The
rims of high oxygen, aluminum, silica, chloride and calcium
concentrations were noted on the edge of the aggregate par-
ticle. EDX point analysis (Fig. 8a) of the void indicated that
the chemical substance, associated with the high chloride
concentration, was only calcium, and little sulfate and mag-
nesiumwere detected in this area. This signified that the high
chloride concentration in the void mostly resulted from
CaCl2 salt precipitation, formation of calcium chloride
hydrate (3CaO Æ CaCl2 Æ 12H2O; or CaO Æ CaCl2 Æ 2H2O),
and/or adsorption of chloride ions by C–S–H [20]. How-
ever, other point analyses were conducted at different depths
of the same sample, and the results suggested that the sub-
stance having a high chloride concentration was also associ-
ated with alumina and sulfate (Fig. 8b). Such a substance
was possibly associated with the Ca–Al–Cl–S hydrate as
detected by XRD tests. The CaCl2-inhib-immersed sample
showed similar cracking patterns and the EDX spectrum
to the CaCl2-immersed sample at 60 W–D cycles.

Fig. 9 presents the SEM image and EDX analysis of
concrete exposed to NaCl deicing chemical. In this sample
(Fig. 9a), most air voids looked clean. Some cracks were
observed within a small region of congested air voids; but
there was no crack network in the sample. The cracks did
not appear to contain any precipitates. The element map
showed high concentrations of both sodium and chloride
ions surrounding pore edges and aggregate–paste inter-
faces, indicating that NaCl penetrated into these areas as
identified from XRD analysis (Fig. 6c). Although no Ca–
Al–Cl–S hydrate was detected in XRD test, the relative
heights of calcium, chloride, sulfate and aluminum peaks
in the EDX spectrum of the NaCl immersed sample
(Fig. 9b) appeared similar to those of the CaCl2-immersed
samples. This implied that some Ca–Al–Cl–S-related
phases might also be produced in the NaCl-immersed con-
crete. Previous researchers also suggested that concrete
subjected to all chloride solutions might produce chloroa-
luminate, resulting from the replacement of pre-existing
ettringite (chloride ions substituted for sulfate ions in the
ettringite structure) [20]. This chemical reaction might
be attributed to the disappearance of ettringite evidenced
by the XRD analysis of the NaCl-immersed sample
(Fig. 6c). Other researchers found that badly crystallized
small crystals of chloroaluminate were in the cement paste,
while well-formed crystals were present in air voids [15].

SEM imaging and element mapping were also per-
formed for concrete samples immersed in K Acetate and
the Agr-deicing chemicals. The two non-chloride samples
exhibited little signs of significant deterioration: little
cracking, no reaction rim and no significant precipitate in
voids. As illustrated in Fig. 10, the sample immersed in
K Acetate deicing chemical had not only a high potassium
concentration but also high carbon concentrations, which
signified a possible alkali carbonation of the sample [7].
The carbonation reaction would involve:

Kþ ðfrom K AcetateÞ þOH� ðfrom solutionÞ ! KOH;

and

2KOHþ CO2 ¼ K2CO3 þH2O



Fig. 9. EDAX analysis of concrete exposed to NaCl deicing chemical. (a) Elemental map at 25·. (b) Point analysis at different depth.
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In addition to the removal of ettringite, the alkali carbon-
ation reaction product, potassium carbonate (K2CO3), in
the sample might further react with CH and/or anhydrate
(CaSO4) in the cement system. Small scale rating observed
from the cement pastes exposed to the K Acetate deicing
chemical might correspond to these chemical reactions
(Fig. 2a).

3.2. F–T cycling

3.2.1. Mass change

Fig. 11 presents the mass changes of paste and concrete
samples subjected to deicing solutions under F–T cycling.
Note that not all F–T samples behaved as same as the
W–D samples. Particularly, the two chloride-related sam-
ples performed very differently from others.

Similar to those under W–D cycling, paste samples
(Fig. 11a) immersed inwater andNaCl solutiongainedamin-
imal amount of mass under F–T cycling (0.5% for water-
immersed samples and 1.0% for NaCl-immersed samples,
respectively, at 60 cycles). In contrast to those under W–D
cycling, K Acetate-submerged samples gained, rather than
lost, a very small amount of mass under F–T cycling (0.25%
at 60 cycles). It was observed that the samples underwent a
minor degree of scaling at 60 F–T cycles; therefore, some
mass reduction via physical loss should occur. However, this
mass loss might be offset by imbibed water and possible salt
crystallization, thus increasing overall mass of the samples.



Fig. 10. Elemental map of concrete exposed to K Acetate deicing chemical (200·).
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Fig. 11. Mass change of samples under F–T cycling: (a) paste and
(b) concrete.
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Paste samples exposed to CaCl2 without corrosion
inhibitor gained mass during 0–30 F–T cycles although
cracking and scaling were observed at less than 10 F–T
cycles. This might be again attributed to crystal precipita-
tion and fluid absorption in the cracks. The cracks pro-
vided the samples with more free surface area, which held
a large amount of moisture and salinity fluid, thus increas-
ing the sample mass. During 30–40 F–T cycles, however,
drastic mass loss occurred. The high salinity fluid on the
free surfaces might osmotically draw moisture to the sam-
ple from the solution. The increased moisture content and
degree of saturation of the samples made the samples more
vulnerable to hydraulic, thermodynamic and osmotic pres-
sures upon freezing. As observed, the sample surface planes
were steadily swollen and then fractured as the sample
mass increased during 20–30 F–T cycles. At 30 cycles, these
surface layers finally sloughed off, resulting in the signifi-
cant mass loss. At 60 F–T cycles, the total mass loss of
the samples exceeded 7.5%.

Paste samples submerged in the CaCl2-inhib deicing
solution displayed a small amount (<1%) of alternative
mass gain and loss during 0–55 F–T cycles. Initially, the
samples gained a little mass within the first 10 cycles, and
then lost a little mass through 30 cycles. Mass gain ensued
during 30–55 cycles and was then followed by a sharp mass
loss. Finally, mass loss of the samples totaled 1.5% at 60 F–
T cycles. There was a tendency that the rapid mass loss
would continue if the F–T cycles were extended. It
suggested that the corrosion inhibitor only delayed crystal
precipitation, thus delaying the onset of damage to sam-
ples. However, it did not reduce the ultimate damage. At
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60 F–T cycles, samples immersed in the CaCl2-inhib solu-
tion were about to undergo significant mass loss similar
to that observed from the samples without inhibitor. Con-
crete test results discussed below confirmed this inference.

The paste samples immersed in the Agr-deicing solution
experienced the most but steady mass loss among all sam-
ples tested under F–T cycling. The final mass loss at 60 F–T
cycles was 2%, less than that observed in W–D cycling
(>3%). This suggested that the rate of organic attack of
the sample was reduced at a low F–T temperature
condition.

Fig. 11b demonstrates the mass changes of concrete
samples under F–T cycling. Before 30 F–T cycles, all sam-
ples displayed a small amount of mass gain. After 30 F–T
cycles, significant mass losses were observed in both CaCl2-
and CaCl2-inhib-immersed samples, while continuous mass
gain occurred in the samples immersed in water, NaCl, K
Acetate, and the Agr-deicing chemical.

Mass loss in CaCl2-immersed samples began right after
30 cycles. Coincidentally, this was the same age at which
the CaCl2-immersed paste F–T samples began to disinte-
grate. Therefore, the rapid increase in mass loss of the sam-
ple might be associated with paste disintegration. Samples
immersed in the CaCl2-inhib solution experienced precipi-
tous mass loss, as considerable amounts of surface material
scaled off, after 40 cycles. The final mass losses were about
5% for the CaCl2-immersed samples and nearly 8% for the
CaCl2-inhib-immersed samples at 60 F–T cycles. These
concrete sample results once again implied that CaCl2 with
corrosion inhibitor deicing chemical could only postpone,
Fig. 13. Conditions of concrete samples (5 · 5 · 5 cm) exposed to deicing chem
(d) CaCl2 with inhibitor, (e) K Acetate and (f) Agr-deicing.
not eliminate, concrete damage. Once mass loss began,
the rate in CaCl2-inhib-immersed samples was significantly
greater than the rate of mass loss in CaCl2-immersed
samples.
icals under F–T cycling. (a) H2O, (b) NaCl, (c) CaCl2 without inhibitor,
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3.2.2. Scaling

As shown in Fig. 12, damages of all samples (paste and
concrete) were aggravated under F–T cycling, except for
the samples immersed in the Agr-deicing solution. Similar
to the trend found under W–D cycling, the samples
immersed in CaCl2 and CaCl2-inhib solutions had more
severe damage than the samples immersed in other deicing
chemicals. Fig. 13 demonstrates the conditions of the con-
crete samples after immersed in deicing chemicals and dif-
ferent F–T cycles. Of these two sets of CaCl2-related
samples, the samples without inhibitor showed the more
severe deterioration at earlier exposure (20 F–T cycles,
Fig. 13c), while the samples with inhibitor displayed more
severe deterioration at later exposure (60 cycles, Fig. 13d).
As discussed before, the severity of damage might corre-
spond to the rate and depth of chemical ion penetration
into the concrete.

3.2.3. Strength

Fig. 14 presents compressive strength of paste and con-
crete samples under F–T cycling. The water-immersed
paste samples under F–T cycling (Fig. 14a) gained a smal-
ler amount of strength with exposure time than the samples
under W–D cycling. This might result from the combined
effect of frost damage and slow cement hydration at the
low temperature. Paste samples immersed in CaCl2 and
CaCl2-inhib solutions displayed considerable strength loss,
while the samples exposed to NaCl, K Acetate, and the
Agr-deicing solutions had little strength loss with increas-
ing F–T cycles.

The concrete samples (Fig. 14b) in both CaCl2 and
CaCl2-inhib solutions experienced dramatic strength loss
(over 50%) when compared to samples immersed in water.
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Fig. 14. Compressive strength of samples under F–T cycling: (a) paste and
(b) concrete.
The CaCl2-immersed concrete samples lost strength
much earlier than the CaCl2-inhib-immersed samples. At
20 cycles, concrete strength was 11.8 MPa for CaCl2-
immersed samples and 25.7 MPa for CaCl2-inhib-
immersed samples. At 40 F–T cycles, it was 8.5 MPa for
CaCl2-immersed samples and 24.0 MPa for CaCl2-inhib-
immersed samples. By 60 F–T cycles, strength of the
CaCl2-immersed samples declined steadily to 7.7 MPa,
while strength of the CaCl2-inhib-immersed samples
dropped significantly to 9.7 MPa. The precipitous strength
loss corresponded to the significant scaling (scale rat-
ing = 5.0 at 60 F–T cycles) and mass loss of the samples.
Again, the corrosion inhibitor appeared to delay concrete
damage, but it did not diminish damage once it began.
The NaCl-immersed and Agr-deicing-immersed concrete
samples had little change in strength and the K Acetate-
immersed concrete samples had about 15% strength loss
through 60 F–T cycles.

It was presumed that the chemical interactions between
the deicing chemicals and concrete materials under F–T
cycling were similar to those under W–D cycling. There-
fore, no ion penetration test, XRD analysis, and SEM
study were performed for the F–T samples.

4. Conclusions

The following conclusions can be drawn from the pres-
ent investigation:

(1) Among the five deicing chemicals studied, two CaCl2
solutions, with and without corrosion inhibitor, dis-
played the most severe damages to concrete materials
under both W–D and F–T conditions. These severe
damages, shown by the mass and strength loss of
the samples, were associated with the salt crystalliza-
tion and precipitation, leaching of cement hydration
products (CH and ettringite), and chemical reaction
between the deicing chemicals and concrete materials
(Ca–Al–Cl–S hydrate formation).

(2) For the given types and concentrations of the deicing
chemicals used, aggressive chemical ions penetrated
at different rates into a given paste and concrete,
resulting in different degrees of damage. Chloride
ions from the two chloride-related deicing chemicals
penetrated faster and deeper than those from the
NaCl deicing chemical used. This corresponded to
the severe damages in the CaCl2- and CaCl2-inhib-
immersed samples. Chloride ions from the CaCl2-
inhib deicing chemical penetrated slowly at the early
W–D cycling but became fast at the later W–D
cycling. Addition of a corrosion inhibitor into a
CaCl2 deicing solution delayed the initial damage,
but did not reduce the ultimate damage, to paste
and concrete.

(3) The samples immersed in two non-chloride deicing
chemicals, K Acetate and the agricultural deicing
product, exhibited limited signs of significant
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deterioration: very few small and isolated cracks, no
measurable chemical reaction, and no significant
precipitation in voids. These samples remained good
integrity and strength throughout the tests alth-
ough minor scaling was found in some K Acetate-
immersed samples and significant mass loss and
micro-pores were observed from the Agr-deicing-
immersed samples.

(4) Under W–D cycling, measurable damages of deicing
chemicals to paste and concrete were identified.
Under F–T cycling, the mass change, scaling damage,
and strength loss of paste and concrete samples were
aggravated. The trends of the paste test results were
similar to those of the concrete test results.
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