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Deicing chemicals are mixed with corrosion inhibitors to reduce
rebar corrosion in bridge decks. The corrosion inhibitorsare thought
to penetrate into concrete to the depth of the rebars and form the
passivefilm on the rebar surface. In a previous study, it wasfound
that corrosion-inhibitor-added deicing salts interacted with 3%
NaC/-added concrete and produced precipitates through chemical
reactions. The amounts of precipitates produced was dependent on
the type and concentration of corrosion-inhibitor-added deicing
salts. In this investigation, the precipitates formed by chemical
reactions between concrete and corrosion-inhibitor-added deicing
salts were identified by using chemical analysis and X-ray diffrac­
tion methods. The distributions of C/-', 50 / - , and PO/ - in
concrete slabs ponded with corrosion-inhibitor-added deicing salts
were determined by chemical analyses of powder samples obtained
from the slabs. The major precipitates were calcium and/or magne­
sium phosphates as major chemical compounds and gypsum as a
minor component. High concentrations of phosphate were obseroed
at the top portion of concrete slabs when the deicing chemicals
contained phosphate inhibitors. Voids were observedat the interface
ofaggregate and mortar in the concrete slabs tested with the deicing
salts solutions containing corrosion inhibitors. ADVANC ED CE­
ME NT BA SED M ATERIALS 1998, 8, 101-107. © 1998 Elsevier
Science Ltd.
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T
he use of deicing salts causes rebar corrosion
in concrete and leads to structural failures.
Corrosion inhibitors mixed with deicing chem­

icals are used to reduce rebar corrosion in bridge decks.
The corrosion inhibitors are thought to penetrate into
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concrete to the rebar level and form a passive film on
the rebar sur face for protection from corrosion. Ho w­
ever, recent research [1-5] showed the doubtful effec­
tiveness of corrosion -inhibitor-added deicing salts on
rebar corrosion, and concrete degradation by corrosion­
inhibitor-added deicing salts and salt substitutes. The
corrosion-inh ibitor-added deicing salts and salt substi­
tutes interacted with conc rete and produced precipi­
tates through chemical reaction s. The amounts of pre­
cipitates produced (chemical reaction products) were
dependent on the type and concentration of corrosion­
inhibitor-added deicing salts and salt substitutes [6].

In thi s investigation, the precipitates formed by
chemical reactions between concrete and corrosion­
inh ibitor-added deicing salts were iden tified by using
chemical analysis and X-ray diffraction analysis. The
distributions of Cl", 50/ - , and PO/ - in concrete slab s
ponded wi th the corros ion-inhibitor-added deicing
salts solutions were determined by chemical analyses of
powder samples of the slabs.

Experimental
Corrosion-inhibitor-Added Deicing Salt
Solutions
Six commercial corrosion-inhibitor-added deicing salts
and NaCl were mixed with tap water and deionized
water for the slab tests and the cone-shaped concrete
tests , respectively, at a concentration of 3% each. Their
chemical composition in simulated concrete-saturated
solutions are presented in Table 1.

Concrete Slab Sampies
Concrete slabs (30 em X 30 crn X 15 em) (Figu re la) [6]
were fabricated by using a two cubic yard mix consist­
ing of Portland cement (313 kg) with coarse (797 kg)
and fine (523 kg) aggregates. The bottom half of all slabs
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TABLE 1. Chemical composition and pH of solutions containing 6%corrosion-inhibitor-added deicing salts mixed into simulated
concrete-saturated solutions [4]

Deicing Salt Ca Mg P S04 Cl pHI pH z

A 0.033 0.100 0.102 0.016 3.29 8.8 7.8
B 0.002 0.024 0.173 0.046 0.39 7.7 5.4
C 0.051 0.064 0.002 0.083 2.89 10.1 7.7
D 0.017 (0.00005) 0.036 0.044 3.37 10.0 7.7
E 0.008 (0.00005) 0.01] 0.004 3.39 12.2 8.0
F 0.028 (0.00005) (0.0003) 0.008 3.60 10.6 7.5
Concrete-saturated solution 0.028 (0.00005) 0.004 (0.0007) 0.02 12.5 12.5

Note: pH] ~ initial pH of solution; pH 2 ~ after 240 days.

was cast from the mix as delivered. The top half was
cast after adding 9 kg of NaCl to the remaining mix. The
average CI- content at the top half was about 2500 ppm.
After casting, the slabs were placed in a moist room for
a period of 28 days, then dried in a chamber maintained
at a temperature of 43° to 49°C for 45 days. The air
content determined by the linear traverse test was 13%
(spacing factor: 0.0021).

Plexiglas dams were bonded to the top surface of the
slabs with silicone rubber. The concrete slabs were
ponded with 3°;;, corrosion-inhibitor-added deicing
salts and NaCl solutions for 484 days. The solution
levels were kept constant on each slab. The slab surfaces
were examined visually for rust stains, concrete cracks,
and roughness of concrete surfaces caused by the
deicing salts. The details are given elsewhere [6].

Powder samples were obtained from the slabs by
drilling to depths of 1.27, 2.54, 3.8t 5.08, 6.35, 7.62, and
8.89 em from the top surface for Cl " and PO/- distri­
bution in the slabs, and 3.81, 6.35, and 10.16 em for
S042-. The chemical analysis procedures of ASTM
Standard C 114-88 were used to determine the contents
of CI , SO/-, and PO/ in the powder samples.

Three-centimeter diameter cylindrical samples from
the slabs ponded with 3% NaCl, and deicing salt A and
B solutions were obtained by dry coring for observation
of concrete conditions. The cored samples were cross­
cut by dry sawing, polished by 10-/Lm silicon carbide
powder to smooth the surface, and visually examined
to observe the physical changes in the concrete caused
by corrosion-inhibitor-added deicing salts.

Cone-Shaped Concrete Samples and
Precipitates
The cone-shaped concrete samples (Figure 1b) [6] were
made by mixing 374-kg type III cement, 635-kg sand
(Minnesota DOT Specification 3126), and 635-kg quartzite
meeting CA-70 grade (Minnesota DOT Specification
3137). A paper mold was used to cast the cone-shaped
concrete samples. The cone shape of the samples was
chosen to provide a large surface area exposed to the
corrosion-inhibitor-added deicing salt solutions and a

shape that would accelerate the chemical reactions at the
tip. Physical changes of concrete samples could be readily
recognized at the tips. The samples were placed in a moist
room for 28 days after fabrication, then air dried. The
compressive strength of the cone-shaped concrete sam­
ples was 63.4 MPa. The base of the cone was cut with a
water-cooled diamond saw to make samples of uniform
dimensions. The samples were cleaned with a Dayton
3Z856 sand blaster and graded Ottawa Sand (ASTM
C-109) under 0.4-MPa air pressure. The distance between
the sand blaster nozzle and the samples was kept con­
stant. The average dimension of the samples was 5.08-cm
bottom diameter by 6.4-cm height. The initial dimension
of each sample was measured using a dial caliper, and the
weight was measured with a Sartorius balance. The aver­
age weight was 120 g.

Cone-shaped concrete samples were placed in the 3%
corrosion-inhibitor-added deicing salt solutions. After
leaving the concrete samples in the test solutions for 1 day,
various amounts of precipitates were found in the test
cells, depending on the type and concentration of corro­
sion-inhibitor-added deicing salts. The precipitates were
formed by chemical reactions between the concrete and
the corrosion-inhibitor-added deicing salts. Precipitates
were observed on the concrete sample surfaces and/or at
the bottom of the test cells. The precipitates were collected
from the test cells, rinsed three times with alcohol to
remove salt solution by displacement from the precipi­
tates, then dried in an oven at 120°C.

The chemistry of the precipitates formed by chemical
reactions between concrete and corrosion-inhibitor­
added deicing salts was determined by: (1) a DIONEX
4000i ion chromatography for anions and a Perkin
Elmer/Sciex Elan 5000 inductively coupled plasma­
mass spectrometer for cations; and (2) a Siemens 0-500
diffractometer in this investigation.

Results
Chemical Composition of Precipitates
The chemical composition by weight percentage of the
precipitates determined by the chemical analysis is
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calcium or ma gn esium phosphate. Ca2Na3(S0 4h wa s
found as a minor component in all deicing chem icals
tested in this investigation. The precipitates of deicing
salts E and F contained some forms of silica as a minor

TABLE 2. Che m ical composi tion of precip itates deter mine d
by che mical analysis

Deicing
Salt Ca Na K Mg Si0 2 P S04 CI

A 4.22 6.20 0.01 8.65 0.63 4.91 1.68 10.12
B 13.60 0.12 0.01 10.58 0.61 7.79 1.50 0.03
C 13.71 2.54 0.17 0.85 0.72 0.03 1.08 1.40
D 12.63 3.26 0.01 0.48 0.60 8.17 0.06 0.49
E 22.56 2.60 0.01 0.41 1.00 7.40 3.33 0.89
F 18.61 1.10 0.03 7.10 3.90 8.26 6.00 0.41
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(e)FIGURE 1. (a) A concrete slab sample and (b) a cone-sha ped
concrete sample in (c) the test cells for concrete degradation by
corrosion-inhibitor-added deicing salts and salt substitu tes [6].

FIGURE 2. X-ray diffraction patterns of precipitates formed
by che mical reactions between con crete and deicing salt (a) B,
(b) C, and (c) E.

presented in Table 2, and Figure 2 shows the typ ical
X-ray d iffraction patterns of precipitates formed by
deicing sa lts B, C, and E. Table 3 shows the major and
the minor chemical componen ts in precip itates deter­
mined by both the che mical ana lys is and the X-ray
diffrac tion. The precipitates of deicing salts 0 and E
contained calcium phosphate as a ma jor components,
while th ose of dei cing salts C and F were calcite. The
precipitates of deicing sa lts A and B contained ma gn e­
sium hydroxide as a major component along with
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TABLE 3. Chemical compounds in precip itates formed by
chemical reactions between corrosion-inhibitor-added deicing
salts and concre te

component. In general, the chemical reactions in con­
crete by the corrosion-inhibitor-added deicing salts
produced calcium or magnesium phosphate, ma gne­
sium hydroxide, and calcite.

Cross-Sections of Cored Samples from Slabs
Figure 4 shows the cross-sect ions of cored sa mples from
the slabs tested by 3% NaCl, deicing sa lt A and B
solutions. The top 0.5 em of the cross-sections indicates
that the deicing chemicals may dam age the interfaces
between aggregates and mortar. The cross-section from
the plain NaCl slab (Figure 4a) showed the least amount
of voids at the interface, while that of deicing salt A
(Figure 4c) showed the most.

CI-, SO4
2-, and PO4 3 - Distributions in

Concrete Slabs
Figure 3 shows the dist ribution of Cl" , 50/- , and
PO/- in the concrete slabs as a fun ction of depth from
the top surfaces. Gen erally, Cl" in all of the slabs were
4000 to 5000 ppm in the top 3-cm depth, and then
decreased to - 3000 ppm (Figur e 3a). High cr contents
in the slabs tested with deicing salt B were found at the
middle of slabs, which appea rs to indica te movement of
Cl" by elution. The sulfa te contents seem to be uniform
at 4000 to 5000 ppm, altho ug h the slabs tested wi th
deicing salts A and 0 showed a maximum at the middle
(Figure 3b). High concentrations of phosphate were
observe d at the top port ion of slabs tested wi th deicing
salt A, 0, and E solutions (Figur e 3c).
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concrete slabs ponded with 3'Yo corrosion-inh ibitor-added
deicing salts solutions.
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TOP

BOTTOM

FIGURE 4. Cross -sections of cored samples from the concrete slabs ponded with 3% (a) NaCl, and (b) deicing salt B and (c) A
solut ions. Deicing salt A (c) shows the largest amount of voids at the interfa ce between aggregates and mortar.

Discussion
A number of alternative chemical deicers and salt
additive corrosion inhibitors have been develop ed in
recent years. In tests conducted by the Iowa Depart­
ment of Transportation [7], the steel coupons were
placed in a 15% solu tion of a deicer and d istilled water
to determine which alternative deicer caused the least
am ount of weight loss from corrosion . The reinforced
concrete blocks were ponded wi th a 15% solu tion of a
de icer, and corrosion state of the steel was monitored
by copper-copper sulfate half cell potential measure­
ments. The only alternative deicer showing significant
inhibition of reinforcing steel corrosion in concrete was
pure CMA (among CMA, CMA + NaCl, Quicksalt +
PCI, and CC-90), although all deicers were less corro­
sive than NaCl.

The Washington Department of Transportation [8]
evaluated a number of deicers such as CC-90, FREEZ­
CARD + PCI, Urea, CMA, Quicksalt + PCI and Ice
Stop CI both in the laboratory and in the field, and
found tha t some deicers appeared to be effective in
reducing rebar corrosion. Three percent deic er solu­
tions were used in the laboratory coupo n tests.

However, the studies performed by the University of
Minnesota and the Minn esota Department of Transporta-

tion [4,5] indicated that the effectiveness of corrosion­
inhibitor-added deicing salts on rebar corrosion is depen­
dent on: (1) concentration of corrosion-inhibitor-added
deicing salts, and (2) environmental conditions such as
temperature and oxygen content, and that most deicers
were not effective on rebar corrosion protection.

Also, the corrosion-inhibitor-added deicing salts caused
changes in the properties of concrete [9]. The salt interacts
with concrete by chemical reactions. Some of the reactions
are ettringite formation, carb onation, and penetration of
chloride ions into C-5-H gels. The salt actions in concrete
also affect the freeze-thaw resistance [10]. An increase in
deicer impur ities, such as calcium sulfate, increased dam­
age to cement mortars [2].

In a previous investigat ion [6], numerous cracks and
rough sur faces on concrete were found on the slabs
tested w ith 3% de icing salt B and E solutions. The slabs
tested with deicing salt B and sod ium formate solutions
contained cracks but did not show any ye llow rust
stains on the sur faces. On the other hand, the slab
surfaces tested wi th salt (NaCl) solutions showed signs
of rebar corrosion in concrete, but no cracks were
observed . These observations ind icate that the cracks in
concrete slabs may be created by rebar corrosion or
chemical reactions (or both) between corrosion-inhibi-
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tor-added deicing salts and concrete. The results indi­
cate the need to investigate further the concrete de gra­
dation cau sed by chemical reactions between corrosion­
inhibitor-added deicing salts and concrete. However ,
no precipitates were found in the test cells containing
NaCl and deionized water. For de icing salts A, E, and F,
the amount of precipitates increased with increasing
concen trations of corrosion- inhibitor -added deicing
salt. For deicing salt 0 , the amo unt of precipitates
dec reased with increased concentration of corrosion ­
inh ibitor-added deicing salt. It appears that the amount
of precipitates increased w ith tim e in all cases.

The chemical changes of the test solutions as well as
the physical changes of the concrete samples are being
monitored as a function of time . The impact of the
chemical reactions on concrete degradation may be
unraveled by determining the chemical and mineralog­
ical changes of the concrete cause d by the corrosion­
inhib itor-added de icing salts .

Figure 3 and Table 3 suggest that the phosphate in
deicing sa lts A, 0, and E formed calcium or magnesium
phosphate p recipitates by chemical reactions w ith con­
crete at the top of concrete slabs . High concentrations of
phosphates were observed in the top portion (1.5 ern) of
concrete (Figure 3c) when the cor rosion-inh ibitor­
adde d deicing salts or salts substitu tes contained ph os­
phates as inhib itors. This is coincident wi th the phos­
phate componen ts precipitate s of deicing sa lts A, 0 ,
and E as shown in Table 3. Thus , Figure 3 and Table 3
indica te that the phosphates adde d in deicing chemica ls
as corrosion-inhibitors might no t penetrate into con­
crete to prevent rebar corrosion becau se of the chemical
reactions.

Sodi um phosphate is an anodic inhibitor effective in
the pr esence of oxygen, and its protective properties
tow ard steel are a function of pH [111 . Whether phos­
phate ion can act as an accelerator or as an inhibitor for
steel corrosion depends on its concen tra tion. At low
concen tra tions, PO/ -- will develop pits on the surface
of the metal. Higher concen trations of 15 to 20 mg /L
reverse this role, and the ion contributes to the sta bili­
za tion of gamma-Fez0 3 [12,13].

If P0 4 ) - in the corrosion-inhibi tor-added deicing
salts is lost by precipitat ion, the effectiveness of the
corrosion-inhibitor-adde d deicin g salts on rebar corro­
sion could drop significantly. On the other hand, the
format ion of precipitates in crac ks may act as a barrier
to the penetration of the salt solu tions, thereby acting as
an inhibitor. Alterna tively, some of the precipitates may
form in microcracks or pores of concre te, and facilitate
propagation of cracks. Figure 4 indicates that the pre­
cip ita tes may generate voids at the interfaces between
agg rega tes and mortar. Fur ther inves tigation is neces­
sa ry to determine the cau se of void s at the interfaces.
The solubility of Ca3(P04)z decreases with increasing
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pH. Because of the low solubility of Ca)(P04h in
concrete at pH 12 to 13, the precipitates remain in the
air vo ids in concrete or microcracks [14].

The effect of su lfate ion s on the potentiod yn am ic
polarization behavior of 1020 stee l (mild steel) in sa tu­
rat ed Ca(OH )z at 22°C was investigated, and the corro ­
sion potential wa s found to become more negati ve with
increasing sulfate concentra tion. This implies that
greater amounts of sulfate ions incr ease the corrosion
rate of 1020 steel in sa tur ated Ca(OH)z solution [15).

The calcite precipitates formed by deicing salts C and
F may decrease the concrete pH. CaO is the dominant
substance in cement. As a result, large quantities of
Ca(OH}z are crystallized in pores. The impermeability
of concrete, the reserve of hydroxide, and the low COz
concentrations that occur in air are the primary reasons
why the carbonation process proceeds slowly in con­
crete [16]. The carbonation entails:

The reaction gives rise to neutralization of the po re
solu tion to pH values < 9. The neutralization takes place
in stages and several intermediate reactions occur [16].
On e of the final products is CaCO). Howe ver, the effect
of pH changes on concrete is not well understood at this
time. The effect of precipi tates found in th is investiga­
tion on concrete durabil ity is ye t to be determined by
research in progress.

Conclusions

1. Precipitates formed by chemical reactions between
corros ion-inhibitor-added deicing salts and concrete
were identified by using chemical analysis and X-ray
diffraction analysis. Precip itates were calcium
and / or magnesium phosphates as a major compo­
nent, and gypsum as minor.

2. High concentrations of phosphates in concrete slabs
subsequen t to applicat ion of certain cor rosion-inhib­
ito r-added dei cing sal ts we re observed in the top 3
cm in depth from surface, whe re the precip itates
were calcium and /or magnesium phosphate compo­
nents.

3. Voids were observed at the interfaces of aggregates
and cement matrix in the slabs tested under cer tain
corrosion-inhib itor-a dded deicing salt solutions. Fur ­
ther inv estiga tion is necessary to determine the
causes of voids at the interfaces.
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