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Abstract
Concrete pavements and bridge decks suffer from severe deterioration caused by the application of chloride-based deicing
salts (i.e., NaCl, CaCl2, and MgCl2) during winter. One of them is the formation of a destructive calcium oxychloride
(CAOXY) phase caused by the chemical interaction between cement paste and CaCl2/MgCl2. By simulating the practical service conditions, this work investigated the formed CAOXY phase in cement paste exposed to CaCl2 solution and evaluated
the performance of soy methyl ester-polystyrene (SME-PS) blend as a promising concrete protectant in mitigating the formation of CAOXY. With the surface treatment of SME-PS, cement paste showed less than 10% of the formed CAOXY phase in
control cement paste after being exposed to CaCl2 solution for 28 days. In control cement paste, the amount of formed
CAOXY at the exposed surface increased with the exposure time and some of the CAOXY phase formed in the cement
paste exhibited a higher phase changing temperature. Moreover, a modified model based on Fick’s second Law was developed
for predicting the CAOXY content in concrete with respect to the depth of the exposed surface. This model was verified by
the comparison between the predicted values and the data obtained from a low-temperature differential scanning calorimetry
(LT-DSC) test.
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By depressing the freezing point of water, chloride-based
deicing salts (i.e., NaCl, CaCl2, and MgCl2) are often
used to facilitate the removal of snow and ice from the
surface of concrete pavements and bridge decks in northern states of the U.S. during winter (1). However, the
durability of concrete infrastructure can be severely compromised by the complex interaction between the deicing
salts that are applied and the concrete matrix itself. Such
interaction includes salt scaling (2, 3), reinforcement corrosion (4, 5), and the formation of destructive chemical
phases (e.g., calcium oxychloride, Friedel’s salt, etc.) (6–
10). Salt scaling and reinforcement corrosion, as well as
freeze-thaw damage, are well-known issues and have
been studied for a long time (11). In contrast, the specific
deterioration mechanism associated with the formation
of new chemical phases, especially calcium oxychloride

(a.k.a. CAOXY), is still ambiguous and has been attracting increasing attention from researchers (10, 12–20).
Both CaCl2 and MgCl2 can produce CAOXY by
reacting with the calcium hydroxide (CH) and water in
the concrete matrix and cause damage (9, 10). To mitigate the formation of CAOXY, several techniques have
been developed. These include using supplementary
cementitious materials (15, 16), modifying the air void
system of concrete (21, 22), optimizing the aggregate gradation (21), and using preferential carbonation (19) or
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sealers (20, 21, 23–25). Different preventative/mitigation
techniques can be applied simultaneously to concrete to
maximize the reduction of potential CAOXY formation
(11). Compared with other techniques, using sealers/protectants seems to be the best option for newly constructed
concrete structures since the concrete mixture design is
fixed and CO2 curing is not available in the field. The
applied sealers/protectants provide a physical/chemical
barrier for the concrete to prevent the ingress of water
and deicing salts, thus inhibiting the chemical interaction
between deicing salts and concrete hydration products.
Soy methyl ester-polystyrene (SME-PS) blend is an
innovative concrete protectant developed by dissolving
plain Styrofoam cups (expanded polystyrene) in soy
methyl ester from transesterification of soybean oil (26,
27). As a derivative of soybean oil, SME is biodegradable, nontoxic, and renewable (28) and was reported to
be a green alternative solvent for organic substances
(29). So far, SME-PS has shown great effectiveness in
reducing the water absorption, improving the freezethaw durability, and mitigating the chloride ingress of
concrete (27, 30–32). In addition, Wang et al. (23) found
that SME-PS could reduce over 88% of the CAOXY
formation and about 70% of the expansion for cement
paste samples soaked in the CaCl2 solution, which was
better than the performance of lithium silicate, sodium
silicate, siliconate/crystalline, colloidal silica, boiled linseed oil, surfactant, and silane-siloxane. Monical et al.
(20) also found the topical treatment of SME-PS had the
potential to reduce the formation of CAOXY in cement
paste.
Though the preliminary studies indicated that SMEPS could reduce the formation of CAOXY in cement
paste (20, 33), many details are still missing. The most
important two issues are what the effective protecting
depth of the SME-PS treatment is and whether CaCl2
solution can penetrate beyond the protecting depth of
SME-PS, react with the hydration products of cement
paste in concrete, and produce destructive products such
as CAOXY. In addition, the CAOXY phase examined in
most previous studies is synthesized by mixing CaCl2,
Ca(OH)2, and water together or mixing hydrated cement
paste powder with CaCl2 solution (10–17, 34) which is
beneficial for fundamental and quantitative analysis but
quite far from the practical situation where the top surface of bulk concrete is exposed to CaCl2 (20). Therefore,
according to the suggestion of Monical et al. (20), the
CAOXY phase investigated in this study was formed by
exposing the top surface of cement paste cylinders with
or without the treatment of SME-PS to CaCl2 solution,
which was closer to the practical service condition of
concrete pavements and bridge decks. In this study, the
CAOXY phase gradient in the cement paste after CaCl2
exposure was determined by quantifying the amount of
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the formed CAOXY phase (i.e., enthalpy of fusion) at
different depths from the exposed surface via lowtemperature differential scanning calorimetry (LT-DSC)
test. By comparing the results of cement paste specimens
with or without the treatment of SME-PS, the authors
evaluated the protecting performance and effective protecting depth of SME-PS as a concrete protectant.
Furthermore, the authors established a numerical model
for predicting the CAOXY content at different depths to
the top surface of cement paste after being exposed to
CaCl2 for some time by modifying two parameters of the
classical model of Fick’s second Law.

Experimental Testing Program
The first objective of this study is to quantify the formation of CAOXY phase at different depths from the
exposed surface in a cured cement paste specimen after
being exposed to CaCl2 solution over time (i.e., 3 days,
7 days, 14 days, and 28 days). By comparing the results
of the samples with and without the surface treatment of
SME-PS, the effectiveness of SME-PS can be evaluated.
Also, the content profile of CAOXY with respect to the
depth from the exposed surface can be obtained. The second objective of this study is to develop a numerical relationship between the formation of CAOXY and the
depth from the exposed surface after different exposure
times. Based on that relationship, the prediction of the
CAOXY profile in concrete exposed to CaCl2 would
become possible. Table 1 summarizes the experimental
program conducted in this study to achieve the
objectives.

Experimental Methods
Materials
An ASTM (American Society for Testing and Materials)
specification C150 (35) Type I/II ordinary Portland
cement was used in this study on prepared cement paste
specimens. This cement had a calculated Bogue phase
composition of 57% tricalcium silicate (C3S), 12% dicalcium silicate (C2S), 6% tricalcium aluminate (C3A), and
14% tetracalcium aluminoferrite (C4AF) by weight.
Table 2 reports the chemical composition of this
Portland cement. The analytical grade calcium chloride
dihydrate (CaCl22H2O) was purchased and used as
received. The SME-PS blend used had a PS content of
3% by mass of SME.

Sample Preparation
There were four cement paste cylindrical specimens with
a constant water-to-cement (w/c) ratio of 0.5 and a size
of 3 in. 3 6 in. (diameter 3 height) prepared in this
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Table 1. Experimental Program

Test
LT-DSC

Sample source
Cylinder specimen without surface treatment of
SME-PS (control, w/c = 0.5)
Cylinder specimen with surface treatment of
SME-PS (SME-PS, w/c = 0.5)

Exposure
time (days)

Depth from
exposed
surface (mm)

3, 7, 14, 28

1, 3, 6, 10, 15, 20, 30

Purpose
LT-DSC is used to measure
the heat flow and quantify
the content of CAOXY in
cement paste sample after
CaCl2 exposure.

Note: LT-DSC = low-temperature differential scanning calorimetry; CAOXY = calcium oxychloride; SME-PS = soy methyl ester-polystyrene.

Table 2. Chemical Composition of Ordinary Portland Cement
Used in this Study
Item
Limestone
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Na2O
K2O
Loss on ignition

Amount (% by weight)
3.9
18.94
5.00
4.47
61.36
2.96
3.55
0.36
0.96
2.09

study. All the specimens were prepared in one batch to
give good consistency in the material properties. The
cement and tap water were first mixed together by a
laboratory mixer in accordance with ASTM C305 (36).
After 5-min mixing, the fresh cement paste was cast into
cylindrical molds and the top surface was sealed by plastic wrap. All the specimens were demolded 24 h after
casting, sealed in double plastic bags, and cured under
room temperature (23°C 6 2°C) over 90 days.
All the cured specimens were cut at the middle of the
height and thus there were eight cylinders with a size of
3 in. 3 3 in. (diameter 3 height). The cut surfaces of the
cylinders would be exposed to CaCl2 solution. For holding the CaCl2 solution, a plastic stripe was attached
along the perimeter of the cut surface by fast curing
epoxy. All the cylinders were then conditioned under
23°C and relative humidity (RH) of 50% 6 5% for
3 days. Afterwards, four of them were denoted as control
specimens and were ready for CaCl2 exposure while the
other four cylinders were denoted as SME-PS specimens
and were treated with SME-PS. The SME-PS protectant
was applied twice on the cut surface of the cylinders by
brushing with a recommended application rate of 130 ft2/
gal. Since the area of the cut surface was 7.07 in.2,
approximately 1.43 mL SME-PS was poured and

brushed all over the cut surface for each application. The
second application was performed 6 h after the first and
then another 24 h were allowed for the curing of SMEPS before it was exposed to CaCl2 solution.
The CaCl2 solution for chloride exposure was prepared using CaCl22H2O and distilled water (DI water)
at a concentration of 29.8% by weight. To facilitate the
formation of calcium oxychloride, all the cut surfaces of
the control and SME-PS specimens were exposed to the
prepared CaCl2 solution at room temperature
(23°C 6 2°C) for 3, 7, 14, and 28 days (10). To prevent
the water evaporation of CaCl2 solution on the exposed
surface, plastic wrap was used to seal the upper portion
of the cylinder, as shown in Figure 1. After CaCl2 exposure, the CaCl2 solution was removed from the exposed
surface and tissues were used to gently dry the exposed
surface. Like ASTM C1556, a milling machine equipped
with a core drill bit (accuracy of 6 1 mm, model
DP15501) was used to grind and obtain the powder samples at different depths (i.e., 1, 3, 6, 10, 15, 20, and
30 mm) from the exposed surface. When obtaining powder samples, the core drill bit would drill perpendicular
to the exposed surface to a depth of about 0.5 mm above
the specific value and a brush and a rubber suction syringe were used to clean the exposed surface, drilled
groove, and core drill bit to avoid sample contamination.
The cleaned core drill bit then gently ground the sample
to a depth of about 0.5 mm below the specific value and
the produced powder sample was collected by a smallsized lab spatula. To avoid moisture loss, carbonation,
or any other undesired reaction of the collected powder
sample, it was subjected to the LT-DSC test within less
than a minute. Figure 1 illustrates the procedure of preparing the powder samples step by step for the LT-DSC
test in this study.

Low-Temperature Differential Scanning Calorimetry
(LT-DSC)
Because the formation of CAOXY is actually a phase
change process occurring above 0°C with heat released,
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Figure 1. Procedure of preparing powder samples for LT-DSC test.
Note: LT-DSC = low-temperature differential scanning calorimetry; SME-PS = soy methyl ester-polystyrene.

the LT-DSC which has a temperature accuracy of 0.1°C
and a calorimetric precision of 0.05%, is capable of analyzing the phase transition of CAOXY (20). So far, the
LT-DSC has been used to characterize CAOXY phases
or other new phases produced by interactions between
cementitious materials and solutions of NaCl, CaCl2, or
a blend of NaCl and CaCl2 (6, 7, 10, 17). The heat-flow
temperature response of the CAOXY phase in a cementitious system after CaCl2 exposure has one or multiple
corresponding peaks above 0°C. The enthalpy of fusion
of CAOXY phase was determined by integrating the area
through the temperature domain of the corresponding
CAOXY peak. The enthalpy of fusion of the produced
CAOXY phase was obtained by summing up all the integrations of associated CAOXY peaks.
An LT-DSC instrument (TA-Q20) with an operating
range of 290°C to 550°C was employed to obtain the
heat flow associated with phase changes. 10 6 0.5 mg of
the powder sample at a specific depth was placed in a
high-volume (100 mL) stainless steel pan immediately
after sample collection. The pan was then sealed with a
hermetic lid, placed in the instrument, and ready for testing. According to previous studies (6, 7), the optimal
temperature cycle used for identifying the CAOXY phase
follows as: 1) equilibrating the initial temperature at
25°C; 2) cooling to 290°C at a rate of 2°C/min; 3) equilibrating at 290°C for 5 min; and 4) heating to 95°C at a
rate of 1°C/min. In addition, to understand the effect of
water addition on CAOXY heat flow and thermal behavior, additional LT-DSC tests were conducted on powder samples with water addition. The powder-to-water
mass ratios of the tested samples were 1:0.25, 1:0.33,
1:0.5, 1:0.67, 1:0.75, and 1:1. Similarly, 10 6 0.5 mg of
powder sample was first placed in the high-volume pan
and distilled water with a specific weight (i.e., 2.5 mg,
3.3 mg, 5.0 mg, 6.7 mg, 7.5 mg, and 10.0 mg) was then
added by a 10-mL pipette and thoroughly mixed with the

powder sample by a small-sized lab spatula. Afterwards,
the pan was also sealed with a hermetic lid, ready for
LT-DSC test.

Results
Visual Evaluation of CAOXY Formation at the Surface
Exposed to CaCl2
The surface condition of cement paste specimens with or
without SME-PS treatment after 14-day and 28-day
exposure to CaCl2 solution are shown in Figure 2. For
control specimens, the crystalline CAOXY phase was
observed along the microcrack pattern on the surface
exposed to CaCl2 (Figure 2, a and c). The amount of the
crystalline CAOXY phase clearly increases from 14-day
to 28-day exposure times for control specimens. Similar
the crystalline morphology of the CAOXY formation
was also reported in previous studies (37, 38). Figure 3
shows the LT-DSC results test of the crystalline products
after 28-day CaCl2 exposure, in which the peak at
252.28°C corresponds to eutectic solid melting with the
peak at 58.63°C corresponding to CAOXY phase melting. Conversely, no crystalline CAOXY phase was
observed on the exposed surface of the cement paste specimens treated with SME-PS after 14-day and 28-day
CaCl2 exposure (Figure 2, b and d) which indicated that
the formation of CAOXY on the surface treated with
SME-PS could hardly occur.

Influence of Water Addition on Heat Flow and
Thermal Behavior of CAOXY
Equation 1 demonstrates the generalized chemical equation of CAOXY formation; the CAOXY phases have
been reported to have different molar ratios, for example, 3Ca(OH)2CaCl212H2O, Ca(OH)2CaCl2H2O,
3Ca(OH)2CaCl211H2O and so forth (11). For instance,
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Figure 2. Surface condition of cement paste specimens after 14-day and 28-day exposure to 29.8% CaCl2 solution: (a) control after 14
days; (b) SME-PS after 14 days; (c) control after 28 days; and (d) SME-PS after 28 days.
Note: SME-PS = soy methyl ester-polystyrene.

the molar ratio of 3Ca(OH)2CaCl212H2O could be
denoted as 3:1:12. The CAOXY phase is a complex salt
and can easily decompose with the change of water availability (10, 39). Thus, previous studies usually conducted
the LT-DSC test on the mixture of hydrated cement
powder sample and CaCl2 solution with a mass ratio of
1:1 to avoid decomposition or transition of the synthesized CAOXY phase (12, 15–17). In this context, the
influence of water addition on the thermal behavior of
the formed CAOXY phase in the cement matrix after
CaCl2 exposure was investigated first. It should be noted
the CaCl2 exposure condition shown in Figure 1 is closer
to the practical service conditions of concrete pavement
or bridge decks than immersing cement paste cubes in
CaCl2 solution or directly synthesizing CAOXY (20).
Moreover, the molar ratio of the formed CAOXY phase
in cement matrix is different from that of the synthesized
CAOXY phase in previous studies since the available
amount of CaCl2 for reaction and the available space of
pores for CAOXY phase growth are both limited in the
cement matrix. By quantifying the amount of formed
CAOXY phase in powder samples directly collected

from cement paste cylinders after CaCl2 exposure, this
study would potentially provide an alternative way of
assessing the damage caused by CAOXY in concrete that
serves under practical conditions.
xCaðOHÞ2 + yCaCl2 + zH2 O ! xCaðOHÞ2  yCaCl2  zH2 O

ð1Þ
A water addition study was done to evaluate whether
adding water might help to better quantify the CAOXY
content or whether only untouched powder samples
should be used for a promising quantification. The LTDSC thermal response of the mixtures (powder sample
immediately collected after exposing cement paste specimen to CaCl2 solution for a certain time + DI water)
were evaluated with different powder-to-water mass
ratios. For the water addition study, the powder sample
collected from 1 mm depth of the control specimen after
28-day CaCl2 exposure was used. The mixtures were prepared by mixing 10 6 0.5 mg of the powder sample with
the designated amounts of DI water (i.e., 0, 2.5, 3.3, 5,
6.7, 7.5, and 10 mg). Figure 4 shows the LT-DSC curves
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Figure 3. Heat flow during heating cycle with respect to
temperature for crystalline product collected from the exposed
surface of cement paste cylinders after 28-day exposure to CaCl2
solution.

Figure 4. Heat flow during heating cycle with respect to
temperature for control powder samples (28-day exposure to
CaCl2 solution) with different powder-to-water mass ratios.
Note: CAOXY = calcium oxychloride.

of the mixtures with different powder-to-water mass
ratios (i.e., untouched, 1:0.25, 1:0.33, 1:0.5, 1:0.67, 1:0.75,
and 1:1) and Figure 5 depicts the peak phase changing
temperature and calculated enthalpy of fusion of the
formed CAOXY phase. It should be noted that all the
results of heat flow and enthalpy of fusion of CAOXY
are reported per unit weight of cement powder sample.
As shown in Figure 4, two peaks corresponding to
CAOXY phase were observed in the cement paste powder sample with no water addition while only one peak
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Figure 5. Enthalpy of fusion and peak phase changing
temperature of CAOXY in the control powder samples (28-day
exposure to CaCl2 solution) with respect to water addition.
Note: CAOXY = calcium oxychloride.

of CAOXY was observed in the mixtures of powder
sample and DI water. For the LT-DSC curves of mixtures, the other peak at 25°C corresponds to the added
water, which shows an increasing trend with the increase
of mass ratio. The CAOXY peaks in the LT-DSC curves
of mixtures tend to shift to a lower temperature with the
increasing amount of added water. By integrating the
area of the CAOXY peak, the enthalpy of fusion and
peak phase changing temperature of CAOXY with
respect to the water addition are plotted in Figure 5. As
can be seen, the enthalpy of fusion of CAOXY first
increases to the maximum value at 50% and then
decreases. The enthalpy of fusion of CAOXY in a pure
powder sample is 6.9 J/g whereas those of CAOXY in
powder samples with DI water addition are between 15.7
and 21.08 J/g. Meanwhile, the peak phase changing temperature of CAOXY decreases from 48.85°C to 13.81°C
and tends to be stable around 10°C with the increase of
water addition. Although there are two CAOXY peaks
in the curve of Control_28d_1mm_untouched in Figure
4, only one phase changing temperature (48.85°C)
plotted at the water addition of 0% in Figure 5 because
the portion of the CAOXY phase with a phase changing
temperature of 83.53°C is very small and negligible.
It is easy to conclude that water addition could significantly alter the thermal properties of CAOXY phase in
cement powder samples and the obtained results also
changed with the amount of added water. The collected
powder sample could be regarded as a mixture of the
cement hydration products, CaCl2, CAOXY, and pore
solution. With the water addition, the concentration of
CaCl2 in the powder sample reduced and thus the
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Figure 6. Heat flow versus temperature response obtained using
LT-DSC for the control samples (after 28-day exposure of CaCl2
solution) collected at different depths from the exposed surface.

Figure 7. Heat flow versus temperature response obtained using
LT-DSC for the SME-PS samples (after 28-day exposure of CaCl2
solution) collected at different depths from the exposed surface.

Note: LT-DSC = low-temperature differential scanning calorimetry.

Note: LT-DSC = low-temperature differential scanning calorimetry;
CAOXY = calcium oxychloride; SME-PS = soy methyl ester-polystyrene.

melting temperature of CAOXY would reduce according
to the phase diagram of the blend of hydrated cement
powder and CaCl2 solution (10). On the other hand, the
alkalis in pore solution (i.e., KOH and NaOH) reacted
with the CaCl2 in powder samples in the presence of
water and produced Ca(OH)2, KCl, and NaCl. The produced Ca(OH)2 reacted with CaCl2 (a secondary reaction) and formed more CAOXY phase (10), which
resulted in the increase of enthalpy of fusion of
CAOXY. Based on the reported LT-DSC results of
cement paste powder samples with and without DI water
addition, untouched powder sample with no water addition can provide the most accurate value of the CAOXY
content in it.

control sample at 20 mm and 30 mm depth from the surface of sample were negligible.
In Figure 7, the heat flow versus temperature obtained
from LT-DSC experiment for specimens with SME-PS
treatment are reported. There were two CAOXY peaks
observed at 1 mm depth from the surface with associated
phase change temperature of 48.71°C and 81.17°C after
28-day CaCl2 exposure. But only one CAOXY peak was
observed at 3 mm and 6 mm depth from the surface with
associated phase change temperature around 82°C and
the LT-DSC curves at the remaining depths (i.e., 10, 15,
20, and 30 mm) from the surface exhibited no CAOXY
peaks. Such results indicate that SME-PS can effectively
reduce the formation of CAOXY in cementitious materials exposed to CaCl2 solution with a high concentration.

LT-DSC Thermal Response of CAOXY at Different
Depths

CAOXY Profile After Different CaCl2 Exposure Time

Based on the findings described above, the LT-DSC test
should be conducted on the cement powder samples
without water addition to ensure the accuracy of the
results. The heat flow versus temperature obtained from
LT-DSC experiment are reported in Figure 6 for control
specimens after 28-day exposure to CaCl2 solution. After
28-day CaCl2 exposure in the control sample, two
CAOXY peaks were observed at 1 mm depth from the
surface with associated phase change temperatures of
48.85°C and 83.53°C, whereas only one CAOXY peak
was observed at 3, 6, 10, 15 mm depths from the surface
with associated phase change temperature near 80°C.
Moreover, it was found that the CAOXY peaks for

Figure 8 depicts the enthalpy of fusion associated with
CAOXY formation as a function of depth to exposed
surface for cement paste specimens with or without
SME-PS treatment after exposure to 29.8% CaCl2 solution for 3, 7, 14, and 28 days. The content of CAOXY
phase in cement paste powder samples (g/gpowder) can be
determined by the enthalpy of fusion of CAOXY phase
in cement paste powder samples (J/gpowder) divided by
the specific latent heat of CAOXY phase (J/goxychloride)
(20, 40). However, the specific latent heat of formed
CAOXY phase in this study is 97.8 J/goxychloride based on
the curve shown in Figure 3 while the theoretical value of
CAOXY phase having a molar ratio of 3:1:12 is 186 J/
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Figure 8. Enthalpy of fusion of CAOXY in: (a) Control; and (b) SME-PS cement paste specimens as a function of depth to exposed
surface after exposure to 29.8% CaCl2 for 3, 7, 14, and 28 days.
Note: CAOXY = calcium oxychloride; SME-PS = soy methyl ester-polystyrene.

goxychloride, which is determined by mixing hydrated
cement paste powder sample with CaCl2 solution. The
main reason for such difference is that the availability of
calcium hydroxide in cement paste for interaction with
CaCl2 and water would become limited as a result of the
change of microstructure of cement paste and the empty
space of pores in cement paste would gradually decrease
with the growth of CAOXY phase as well. It is thus more
accurate to use the enthalpy of fusion to present the
CAOXY content with respect to depth from the exposed
surface after different exposure time. In Figure 8, the
enthalpy of fusion of CAOXY per untouched powder
sample (i.e., J/gpowder) is plotted with respect to the depth
from the exposed surface of cement paste specimens. For
all the specimens with or without SME-PS treatment, the
enthalpy of fusion of CAOXY decreases with the
increase of depth from the exposed surface. After 28-day
exposure to CaCl2 solution, the formation of CAOXY in
control specimens and SME-PS treated specimens tends
to stop at 20 mm and 10 mm depth, respectively. The
results also demonstrate that SME-PS treatment promotes a significant reduction (over 90%) on CAOXY
formation at the first 10 mm depth of cement paste specimens regardless of exposure time. In addition, the difference between the enthalpy of fusion of CAOXY at the
same depth in control specimens after different exposure
time is much greater than that of CAOXY at the same
depth in SME-PS treated specimens, which is nearly
negligible.
It should be noted that the formation of CAOXY in
the cement paste specimen exposed to CaCl2 solution is

somehow dependent on the chloride concentration gradient, which determined the available amount of CaCl2 for
the chemical reaction with cement paste. Since the unit
of the enthalpy of fusion of CAOXY is Joule per gram
of untouched cement paste powder sample, the CAOXY
profile can be regarded as a type of concentration/content gradient as well. This suggests that Fick’s second
Law can be adopted to develop a model for the CAOXY
content as a function of depth and exposure time.

Discussion
CAOXY Formation in Cement Paste and Protecting
Mechanism of SME-PS
In previous studies, the CAOXY phases have been
reported to have multiple molar ratios, that is
3Ca(OH)2CaCl212H2O, Ca(OH)2CaCl2xH2O, and
Ca(OH)2CaCl2, and they could coexist and be interchangeable in the CaCl2-Ca(OH)2-H2O system (10, 11).
3Ca(OH)2CaCl212H2O was found to be destructive and
would be altered to Ca(OH)2CaCl2xH2O or
Ca(OH)2CaCl2 when the temperature or RH of its surrounding environment changes (39).
As exhibited in Figure 6, the phase changing temperature of the formed CAOXY in the cement paste samples
exposed to CaCl2 was 52°C and 83°C, which is higher
than that of the synthesized CAOXY (about 40°C) in
previous studies (10, 12). Such results indicate that the
molar ratio of the formed CAOXY was probably different from 3:1:12. The formation of CAOXY in the cement
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paste specimens was found to occur in the pores of
cementitious materials based on the evidence provided
by Sutter et al. (38). Since the CAOXY phase has the
expansive nature (13, 14), the limited space of the pores
in cementitious materials constrain the continuous formation of CAOXY so long as the expanding force of
CAOXY does not exceed the local strength of cement
paste. However, with the accumulation of the expanding
force of CAOXY phase on the pore wall, the local stress
would finally exceed the strength creating crack and
degradation in cementitious materials. The formation of
microcracks provides more space and facilitates the
leaching of calcium hydroxide for continuous formation
of CAOXY. This also explains the increased amount of
crystalline CAOXY phase at the exposed surface of the
control specimen after 28-day exposure as shown in
Figure 2. Further investigations are necessary to confirm
the effect of molar ratio of CAOXY formed in the
cement paste specimen on damage development and to
understand the relation between the molar ratio of
CAOXY and the pore structure of cement paste, including the porosity and pore size distribution.
Previous studies usually reported the chloride content
near the exposed surface around 1% weight of cement
powder sample (41, 42), but the CAOXY content in the
control specimen after 28-day CaCl2 exposure is approximately 0.07 g/gpowder (7% weight of cement powder sample) based on the method of (20, 40). The absolute value
of CAOXY content is greater than the chloride content
in previous studies because CAOXY phase contains
CaCl2, Ca(OH)2, and H2O. However, since the molar
ratio of the CAOXY phase in this study could not be
confirmed, the portion of chloride ions in the cement
paste that forms the CAOXY phase could not be determined either. For cement mortar or concrete, the addition of fine and coarse aggregates would decrease the
CAOXY content after CaCl2 exposure by reducing
cement content.
By comparing the CAOXY profile in cement paste
specimens with or without the treatment of SME-PS indicated in Figure 8, the effectiveness of SME-PS as a concrete protectant on mitigating the formation of CAOXY
in concrete can be validated. However, the protecting
mechanism of SME-PS has not been comprehensively
investigated yet. The potential explanation for the effective protecting performance is that SME-PS can form a
physical barrier on the applied surface of the cement
paste specimen. In addition, SME-PS can penetrate into
the cement paste and the PS molecules can deposit on the
wall of pores and possibly react with the hydration products of cement, which can further prevent the direct contact between CaCl2 and Ca(OH)2. Further research is
needed to fully understand SME-PS protecting mechanism in cementitious materials exposed to CaCl2.

9

Prediction of CAOXY Formation in Cementitious
Materials Exposed to CaCl2 on Fick’s Second Law
According to ASTM C1556 (43), the error function can
be used to determine the chloride concentration at the
surface and the apparent chloride diffusion coefficient by
means of a non-linear regression analysis using the
method of least squares. In this study, the authors investigated the feasibility of using error function to predict
the enthalpy of fusion of CAOXY in cementitious pastes
after certain exposure times to CaCl2. By redefining some
parameters, the new equation for predicting the enthalpy
of fusion of CAOXY is developed and expressed as follows (Equation 2):


OXYS  OXY ðx, tÞ
x
= erf pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
OXYS  OXYi
4 3 KOXY 3 t

ð2Þ

where
OXY(x,t) = enthalpy of fusion of CAOXY measured at
depth x and exposure time t, J/gpowder,
OXYS = projected enthalpy of fusion of CAOXY at the
interface between the CaCl2 solution and test specimen,
which is determined by the non-linear regression analysis, J/gpowder,
OXYi = initial enthalpy of fusion of CAOXY before
being exposed to CaCl2 solution, J/gpowder,
x = depth to the exposed surface of the specimen, mm
KOXY = available enthalpy diffusion coefficient of
CAOXY, mm2/s
t = exposure time,
erf = the error function described below
2
erf ð zÞ = pﬃﬃﬃﬃ
p

ðz



exp u2 du

0

It should be noted that this classical model is developed under two uncertain assumptions (41, 42, 44). One
assumption is that OXYS has a constant value and the
other is that KOXY has a constant value. However, as
shown in Figure 2, the surface condition of cement paste
specimen exposed to CaCl2 solution changes over time
since the formation of CAOXY at the exposed surface
can accumulate and spread. In addition, the microstructure of cement paste can be altered by the formation of
cracks and the accumulation of CAOXY in the pores.
Farnam et al. (45) found that the transport properties of
cementitious mortar would be decreased when exposed
to CaCl2 solution with a high concentration CaCl2 solution (. ;12%). Therefore, the changes of surface condition and microstructure of cement paste specimens
exposed to CaCl2 should be taken into consideration to
improve the accuracy of prediction, especially for that of
long-term exposure of CaCl2. In this study, this classical
model was modified by adopting different values of these
two parameters that correspond to different exposure
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Table 3. Parameters and Precision Evaluation of Classical Model

Control_3 days
Control_7 days
Control_14 days
Control_28 days
SME-PS_3 days
SME-PS_7 days
SME-PS_14 days
SME-PS_28 days

OXYs (J/gpowder)

KOXY (mm2/s)

OXYi (J/gpowder)

Sum of SE

R2

7.1621
7.1621
7.1621
7.1621
0.6350
0.6350
0.6350
0.6350

8.9135 3 1026
8.9135 3 1026
8.9135 3 1026
8.9135 3 1026
3.8368 3 1026
3.8368 3 1026
3.8368 3 1026
3.8368 3 1026

0
0
0
0
0
0
0
0

0.5796
0.3306
0.2738
0.8442
0.0086
0.0049
0.0009
0.0097

0.9768
0.9906
0.9921
0.9791
0.9895
0.9728
0.9963
0.9935

Note: Note: SME-PS = soy methyl ester-polystyrene; SE = squared error.

Table 4. Parameters and Precision Evaluation of Modified Model

Control_3 days
Control_7 days
Control_14 days
Control_28 days
SME-PS_3 days
SME-PS_7 days
SME-PS_14 days
SME-PS_28 days

OXYs’ (J/gpowder)

KOXY’ (mm2/s)

OXYi (J/gpowder)

Sum of SE

R2

6.4175
6.6014
7.1393
7.6223
0.3640
0.4965
0.6152
0.6955

1.5468 3 1025
1.3086 3 1025
8.2262 3 1026
6.8240 3 1026
6.4021 3 1026
7.4802 3 1026
4.5755 3 1026
4.5755 3 1026

0
0
0
0
0
0
0
0

0.0197
0.0077
0.2339
0.6176
1.45 3 1027
0.0006
6.43 3 1025
0.0011

0.9990
0.9997
0.9929
0.9857
0.9999
0.9953
0.9997
0.9968

Note: SME-PS = soy methyl ester-polystyrene; SE = squared error.

times. As expressed in Equation 3, OXYS’ and KOXY’
replaced OXYS and KOXY with a changing value with
respect to the CaCl2 exposure time. The prediction accuracy of the classical and modified model was compared
to verify the proposed hypothesis.
0

1

OXYS  OXY ðx, tÞ
x
B
C
= erf @qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃA
0
0
OXYS  OXYi
3t
43K

ð3Þ

OXY

Tables 3 and 4 summarize the parameters (i.e., OXYS
and KOXY) and precision evaluation of classical model
and modified model separately. The R2 values of the
classical model were found to be greater than 0.97 and
the sum of squared error were acceptable, which confirms the feasibility of using Fick’s second Law for predicting the CAOXY profile in cement paste specimens
with or without SME-PS treatment. For the modified
model, the sums of the squared error were found to be
significantly reduced and most of the R2 values were
greater than 0.99. Such results indicate that the modification by adopting different values of these two parameters
can further improve the prediction accuracy of the classical model. In addition, the values of KOXY of control
specimens decrease with the increase of exposure time,
which is consistent with the findings of Farnam et al.
(45), while those of SME-PS specimens do not show

great changes with respect to exposure time, which indicates the stability of SME-PS surface treatment after
exposure to highly concentrated CaCl2 exposure.
Figures 9 and 10 exhibit the experimental data and fitting curves developed based on the classical and modified models, respectively. As can be seen in Figure 9, the
enthalpy of CAOXY phases at the exposed surface are
the same for all exposure times and the fitting curve of
control specimen after 28-day CaCl2 exposure seems to
produce an underestimated prediction at the exposed
surface. Conversely, by allowing changes in the values of
OXYS and KOXY, the fitting curves in Figure 10 exhibit a
more precise prediction for the control specimen after
28-day CaCl2 exposure. Tables 5 and 6 summarize the
experimental data, predicted data and squared error of
the enthalpy of fusion of CAOXY with respect to the
depth of control and SME-PS cement paste specimens,
respectively. For the modified model, the reduction in
sums of squared error of the control specimens were
about 96.6%, 97.7%, 14.6%, and 26.8% after 3, 7, 14,
and 28-day CaCl2 exposure, respectively. Such results
indicated an increasing trend of error with the exposure
time, which exposed the possible flaw of this modified
model. Bu et al. (41) used the Nernst–Planck Equation
to do the chloride ingress prediction and compared the
results with that of Fick’s second Law. They found that
the Nernst–Planck approach could provide good

He et al
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Figure 9. Experimental data and predicted CAOXY profiles after CaCl2 exposure based on the classical model: (a) control; and (b) SMEPS.
Note: CAOXY = calcium oxychloride; SME-PS = soy methyl ester-polystyrene.

Figure 10. Experimental data and predicted CAOXY profiles after CaCl2 exposure based on the modified model: (a) control and (b)
SME-PS.
Note: CAOXY = calcium oxychloride; SME-PS = soy methyl ester-polystyrene.

prediction at low concentrations (\1 mol/L) while it
overestimated the prediction at high concentrations. It
would be interesting if the Nernst–Planck approach can
be somehow combined with the modified model to
improve the prediction accuracy at a deeper depth in
future research.

Conclusions
This study investigated the effectiveness of treating concrete with SME-PS to mitigate the formation of CAOXY

in cement paste exposed to CaCl2 solution with a high
concentration (29.8% by wt.). Instead of synthesizing the
CAOXY phase or keeping cement paste samples
immersed in CaCl2 solution, experiments were conducted
using cement paste specimens with and without the treatment of SME-PS exposed to ponding CaCl2 solution.
This is closer to the practical service conditions of concrete pavements and bridge decks. The amount of
formed CAOXY phases at different depths to the top
surface was determined by low-temperature differential
scanning calorimetry (LT-DSC), which was conducted

4.634
1.907
0.161
0.120
0
0
0

EV

4.646
1.857
0.219
0.003
7.6 3 1027
1.1 3 10211
0

PV

3

0.000
0.003
0.003
0.014
5.7 3 10213
1.1 3 10222
0
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0
0
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2.976
0.868
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3.1 3 10213
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3.248
1.555
0.136
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0
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0.007
1.2 3 1026
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0.212
0.036
0
0
0
0
0
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0.212
0.036
0.0004
1.5 3 1028
0
0
0
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3
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0
0
0
0

SE
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0
0
0
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0.158
0.023
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1.5 3 10211
0
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7

1.3 3 1025
0.0001
0.0004
1.9 3 1027
9.3 3 10214
2.2 3 10222
0
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0.232
0.043
0
0
0
0
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0
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14

2.1 3 1025
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1.6 3 10211
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0
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SE
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0.386
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0
0
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0
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Note: CAOXY = calcium oxychloride; SME-PS = soy methyl ester-polystyrene; EV = experimental value, J/gpowder; PV = predicted value, J/gpowder; SE = squared error.

1
3
6
10
15
20
30

t (day)
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Table 6. Experimental Values and Predicted Values of Enthalpy of Fusion of CAOXY in SME-PS Specimen

PV

14

5.873
3.579
1.275
0.178
0.006
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1.3 3 10210

Note: CAOXY = calcium oxychloride; EV = experimental value, J/gpowder; PV = predicted value, J/gpowder ; SE = squared error.

1
3
6
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t (day)
x (mm)

Table 5. Experimental Values and Predicted Values of Enthalpy of Fusion of CAOXY in Control Specimen
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0.364
0.141
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28
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4.586
2.259
0.624
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28
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SE

0.109
0.336
0.017
0.072
0.083
1.5 3 1025
1.8 3 10212
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on powder samples collected directly from cement paste
specimens after the exposure of CaCl2 solution. In addition, a modified model based on Fick’s second Law was
developed and verified for predicting the CAOXY content profile in cement paste after CaCl2 exposure.
According to the results obtained, the following conclusions can be drawn:






Treating the surface of cementitious materials with
SME-PS can effectively prevent the formation of
CAOXY when exposed to CaCl2. The reduction
of CAOXY formation in cement paste would be
greater than 90% for an exposure time of 28 days.
Future research should be focused on the protecting mechanism of SME-PS, anti-aging strategy of
SME-PS treatment, and the abrasion resistance of
concrete with SME-PS treatment.
The stoichiometry of the formed CAOXY phase
in cement paste is different from that of synthesized CAOXY in previous studies. The proposed
explanation is that the limited space of pores in
cement paste constrains the amount of CaCl2
solution and, accordingly, the growth of CAOXY
phase and its stoichiometry. Further research is
required to clearly identify the molar ratio and
stoichiometry of CAOXY phase in cement paste
and to understand its relationship with the pore
structure of cement paste. In addition, the LTDSC test should be conducted immediately on
untouched powder samples (with no extra addition of water) collected from cement paste after
CaCl2 exposure since the stoichiometry of
CAOXY formed in cement paste can be changed
by RH and additional water.
This study shows that a promising model needs to
include two variables, the enthalpy coefficient of
CAOXY in cement paste and the CAOXY content at the exposed surface, which both change
over the exposure time. The reason is twofold: the
CAOXY content at the exposed surface increases
over the exposure time; and the enthalpy coefficient of CAOXY changes over time as a result of
the change of pore structure and cracks in cement
paste caused by CAOXY formation. Compared
with the classical model of Fick’s second Law, the
modified model adopting different values of these
two variables at different exposure time showed
greater accuracy of prediction.
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