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Abstract
While many concrete pavements have exhibited service lives of 30 to 50 years, a
portion of these pavements in regions that are exposed to snow, ice and salt have
shown premature distress at the joint. This distress has been observed to occur
between 5 and 20 years and requires extensive repair of an otherwise well
functioning pavement. While there are several potential mechanisms that can
lead to this deterioration, a reaction can occur between calcium chloride coming
from deicing salt (CaCl2) and the tricalcium aluminate (C3A) and/or calcium
hydroxide (CH) in the cementitous matrix. This paper describes a test method
that can be used to evaluate the potential for a cementitious binder to react with
the calcium chloride deicing salts. The test method enables the quantity of
calcium oxychloride (the reaction between CaCl2 and CH) to be determined for
each binder system. The results indicate that the amount of calcium oxychloride
can be reduced with the replacement of cement with supplementary
cementitious materials (fly ash, slag, silica fume). The proposed test method
could be used to optimize the composition of the binder in order to reduce the
calcium chloride formation to an acceptable level and ultimately reduce the risk
for deterioration.
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1. Introduction
Concrete pavements represent a large portion of the transportation
infrastructure. While many concrete pavements provide excellent long-term
performance, some concrete pavements in the midwest have recently shown
premature deterioration at the longitudinal and transverse joints [1–4]. This
joint deterioration is problematic because it compromises the performance and
potential service life of an otherwise healthy pavement.
While there have been several hypothesis as to the potential causes of this
deterioration [2], it appears this can be attributed to the failure of the joint
sealant which permits salt-water solution to enter the joint. If the crack at the
joint has not opened or not opened significantly this salt-water solution can
collect in the joint [2,4]. Over time the concrete will become increasingly
saturated with salt-water solution [1,5], especially at the base of the saw-cut
where it is possible that microcracking damage may occur due to the stresses

associated with saw cutting [6]. When the salt-water solution has a low
concentration this increasing saturation can lead to the potential for localized
freeze thaw damage. As the concentration of the salt-water solution increases,
the potential for drying decreases [7]thereby increasing the degree of saturation.
In addition the ingress of high concentrations of salt-solution into the concrete
may result in a deleterious chemical reaction between the salt and the matrix [8–
14]. While there are several deicing salts that can be used in practice, this paper
will focus on the use of calcium chloride (CaCl2) which can react with the
tricalcium aluminate to form Friedels salt or Kuzels salt [15,16] or the calcium
hydroxide and water to for calcium oxychloride as shown in equation 1 [8,17].
3Ca(OH)2 + CaCl2 + 12H2O 

CaCl2·3Ca(OH)2·12H2O

Eq. 1

A phase diagram (actually isopleths from a ternary phase diagram) is shown in
Figure 1 for a cementitious system containing calcium chloride. While Figure 1
can vary slightly depending on the chemistry of the cement, Figure 1 can be used
to interpret the potential conditions that result in the formation of calcium
oxychloride in a cementitious material when it is exposed to CaCl2 solution. It
should be noted that the diagram is somewhat dependent on the molar ratio of
calcium hydroxide (CH) and calcium chloride (CaCl2) where the molar ratio is
defined as Rm = CH/CaCl2 and a distinction exists at a molar ratio of 3 (i.e., Rm≤3
and Rm>3) based on equation 1 [8] resulting in Figure 1a and Figure 1b
respectively.
For all molar ratios (Rm) the liquid phase at high temperatures consists of a
solution that contains CaCl2, CH, alkalis and other ions in the pore solution. A
freezing line can be noticed that is associated with the formation of calcium
oxychloride. The temperature at which the oxychloride forms is dependent on
concentration of the CaCl2. Calcium oxychloride forms at room temperature (i.e.,
23 °C) for CaCl2 salt concentrations at or above ~ 12 % by mass in the solution.
For concentrations greater than ~ 12 %, calcium oxychloride is stable
(depending on the relative humidity and the temperature of the surrounding
environment) [8,10,18] and the amount of calcium oxychloride increases as the
salt concentration increases (in the presence of sufficient solution) [19].
However as the temperature decreases below 0°C a distinction begins to develop
in the system depending on the molar ratio (Rm) where Figure 1a is for systems
where Rm is ≤3 and Figure 1b is for systems where RM is > 3. For systems where
the molar ratio (Rm) is less than or equal to 3 the oxychloride reaction (Equation
1) consumes the CH leaving CaCl2 in solution thereby depressing the freezing
temperature where ice forms. For systems where the molar ratio (Rm) is greater
than 3 the oxychloride reaction (Equation 1) consumes the CaCl2 leaving CH in
solution thereby causing the freezing temperature where ice forms to remain
relatively constant irrespective of the CaCl2 concentration.
At lower
temperatures (-50.8 °C), an additional phase transformation may occur in a
eutectic conversion of the remaining solution.
While the phase diagram (isopleth, Figure 1) can describe what phases may be
present at a given temperature and concentration, it does not quantify the
amount of each phase that form. While it is possible that oxychloride would

form for any cementitious system, the amount of oxychloride that forms will
depend on the composition of the binder (primarily the amount of CH and the
composition of the pore solution). Since oxychloride is an expansive phase that
causes damage it is hypothesized that systems containing less oxychloride will
be less susceptible to demonstrating damage in the field. This paper discusses a
simple test method to determine the quantity of oxychloride that is based on
low-temperature differential scanning calorimetry (LT-DSC).

Figure 1: Hydrated Cement Paste-CaCl2-Water Phase Diagram With Varying
Molar Ratio’s (After [8,12])
2. Experimental Approach

This paper describes a test method that can be used to quantify the amount of
calcium oxychloride that can form from the reaction between a cementitious
paste (more specifically the CH in the paste) and calcium chloride (CaCl2) from
the solution.

The testing protocol consists of three phases: 1) preparing a powder sample
obtained by grinding hydrated cement paste, 2) mixing the hydrated cement
paste powder with 20% CaCl2 salt-water solution (by mass), and 3) exposing the
paste-salt water solution mixture to a temperature cycle (-90 °C to 50 °C, by
heating at a rate of 0.25 C/min). Using a low temperature differential scanning
calorimeter (LT-DSC) the heat release signature during heating (between
approximately 35 °C and 45 °C for this concentration of CaCl2) can be measured
and then used to quantify the energy associated with calcium oxychloride phase
transition.
This protocol was developed after a series of tests performed in the laboratory
where several parameters were varied. Details on how the test procedure was
developed and the reason of specific choices were made in terms of rates,
temperatures and analysis procedures are described in the following sections.

2.1.

Hydrated Cement Paste Powder Preparation

First, it should be noted that this test is performed on a hydrated cement paste.
Hydrated cement pastes were chosen for two reasons. First the paste is easier to
prepare than concrete and second the presence of aggregate in mortar or
concrete will require a large sample to be prepared and tested.

Paste samples were prepared with a water-to-cement ratio (w/c) of 0.36 by
mass. No chemical admixtures were used. The mixing procedure was performed
following ASTM C305-14 . After mixing the paste was placed and consolidated in
cylindrical molds with a diameter 1.5 in and height 2.0 in. The containers were
sealed cured for 4 months at a temperature of 23 °C.

After curing the samples were ground using a milling machine (as shown in
Figure 2) obtaining a powder that was subsequently passed through a 75 µm
sieve (no. 200) [8,20]. It should be noted at this point that this test is a test that is
intended to determine the ‘possible amount of oxychloride that can form in a
particular paste system’ as such this testing procedure is not substantially
impacted by the water to cement ratio that is used or the entrained air volume of
the system. Both of these factors however are important in the field as this will
have an impact on the rate of absorption [8,12] and on the resulting molar ratio
(the proportion of the available calcium hydroxide to the volume of the solution
of a given concentration in the pores).

(a)
(b)
Figure 2: a) Milling machine used to obtain the cement paste powder and b)
sieving process of the cement paste powder.

It is important to note that the grinding phase should be performed when the
paste samples have reached a sufficient degree of hydration. As a result it is
estimated that samples should be hydrated in the sealed containers for
approximately 91 days or the samples could be heat treated following a

procedure of casting at room temperature and curing for 3 days followed by 25
days at 50C after which the samples could be returned to room temperature and
ground and prepared for use. Alternative conditions could be used to accelerate
the degree of hydration and it may be useful in the development of a
standardized test to suggest that the degree of hydration should be reported as a
part of this process.
After the powder is ground it should be stored in a sealed container to minimize
the potential for carbonation with the atmosphere.
2.2.

Preparation of the Hydrated Cementitious Powder-CaCl2-Water Sample

(a)
(b)
Figure 3: Preparation of the mixture (cementitious paste and salt solution) in the
high volume aluminum pan: a) weighting of solution and b) mixing of solution
and paste prior to sealing the high volume pan

The calcium chloride solution with concentration of 20% by mass is prepared
mixing granular reagent grade dihydrate calcium chloride (75.49 % CaCl2 and
24.51 % deionized water) and deionized water. Paste powder samples consisting
of 9 mg to 11 mg of powder are then mixed with 9 mg to 11 mg of solution
having a powder-to-solution mass ratio of 1 to 1. It should be noted that the
specific masses of solution and paste were selected in order to have an
equivalent Ca(OH)2/CaCl2 molar ratio greater than 3 based on the discussion of
the molar ratio in Equation 1 and Figure 1. Powder specimens were blended
with the solutions in a high-volume stainless steel pan (Figure 3).
2.3.

LT-DSC Temperature Cycle

An important part of the testing program is determining the temperature cycle
that will be used in the test. The temperature cycle is shown graphically in
Figure 4. The temperature cycle consists of the following steps:

Step 1: The sample is held at room temperature for approximately one hour after
combining the cementitious powder and salt solution to permit any heat
associated with rapid hydration of any exposed unreacted surfaces of
cementitous materials to occur.

Step 2: The temperature is reduced at a rate of 3 °C/min until the sample reaches
a temperature of -90 °C. During step 2 data has been collected however this data
is not used in the current analysis of the ice, eutectic solid or oxychloride
formation. This is primarly due to the potential for nucleation to alter the
temperature associated with the phase change.

Step 3: After reaching -90 °C the sample is then exposed to a low temperature
loop (cycling the temperature from -90 °C to -70 °C to -90 °C at a rate of 3 °C
/min) for the purpose of helping to insure that the eutectic solution has frozen.

Step 4: The sample is then heated at a rate of 0.25 °C/min until the sample
reached a temperature of 50 °C at which time the sample was returned to room
temperature. It should be noted that for the purpose of developing this test
procedure other heating rates have been used and they will be discussed in the
following paragraphs. The heating rate of 0.25 °C/min was selected as a
compromise between a rate that is slow enough to provide a very accurate
measure of the amount of oxychloride that forms and a rate that would enable
the test to be completed in a reasonable amount of time (in this case less than 24
hours allowing two tests to be performed each day). Tests performed at a faster
rate enable more ‘through-put’ however as will be shown late in the paper this
can under-estimate the amount of calcium oxychloride that would be formed.
While that may be good for a general comparison it was not the approach taken
in this paper as a slower rate was selected in an attempt to approach the most
accurate value reasonably possible given time considerations.

Figure 4: Temperature cycle used for LT-DSC testing
2.4.

Typical Heat Flow Response

A typical heat flow-temperature response of a cementitious sample exposed to
calcium chloride solution is presented in Figure 5a for the heating cycle (Step 4
where the sample was heated from -90 C to 50C). Three distinguished peaks can
be noticed: the eutectic peak that corresponds to the transition between solid to
liquid solution phase (at approximately -50C), the ice formation peak that
corresponds to the conversion from solid phase to the liquid phase during
heating (From the -50C peak to the 0C peak), and the additional peak seen at
temperature above 0˚ C which corresponds to the formation of calcium
oxychloride [8]. The area under each peak corresponds to the heat associated
with each transformation. This curve can be integrated resulting in Figure 5b
with each step corresponding to the heat associated with each transformation.

Figure 5: (a) Typical heat flow-temperature curve obtained from LT-DSC testing
for a cementitious sample exposed to calcium chloride solution during 0.25 ˚
C/min heating cycle (From Sample C5-FA1), and (b) the integration of heat flow
(heat or enthalpy) as a function of temperature (y-axis is normalized by the
amount of cementitious material, i.e., the amount of powder).
2.5.

Heat Flow Analysis

The latent heat (∆Hoxy) absorbed during the calcium oxychloride melting has
been evaluated by integration of the heat flow – time curve. The energy
associated with calcium oxychloride formation can be estimated by measuring
the magnitude of the drop recorded in the cumulative heat curve which is
occurring in the range of temperature between 30 °C and 50 °C (Figure 6). The
drop can be quantified measuring the vertical distance (along y axis) between
the two inflection points indicated as solid circles (labeled as a and b) in Figure 6.
The inflection points correspond to the transition between the two linear regions
where no phase changes occur. The second method (evaluation of the magnitude
of the drop) has been used in the current study since it can be more easily
automated.

Figure 6: The drop associated with calcium oxychloride formation in cumulative heat
curve in the temperature range between 30 °C and 50 °C obtained from Figure 5b
which was used to quantify the amount of calcium oxychloride.
It should be noted that the energy absorbed during the conversion of calcium
oxychloride resulted to be dependent on the rate of heating, as can be seen in
Figure 7 shows the heat flow – temperature curve of the same cementitious
sample exposed to 20% calcium chloride solution for varying heating rate and
the corresponding energy absorbed. As can be seen, the measured heat absorbed
increases with a decrease in the rate of heating. The faster heating rate may fail
to capture the heat properly, it may alter the baseline and it may spread the
range of temperatures that are associated with the rate of reaction out over a
unnecessarily wide area as the temperature is being varied more rapidly than
the signal can be recorded. For example, the oxychloride should have completed
its reaction by 35.13 °C, however Figure 7a shows that the reaction ‘appears’ to
continue far beyond 35.13 °C and can extend to nearly 46.39 °C for the fastest
testing rates.
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Figure 7: (a) Dependency of the energy absorbed by the reaction on the heating rate;
(b) Dependency of the energy absorbed by the reaction on the heating rate
2.6.

Conversion to the Amount of Oxy\chloride

Calcium oxychloride was synthesized to measure the specific latent heat during
its phase transformation as a point of reference. To synthesize calcium
oxychloride, CH, CaCl2, and H2O with molar ratios equal to 3:1:12 (CH:CaCl2:H2O)
according to Eq. 1 were prepared. Since calcium oxychloride with 3:1:12 molar
ratio is solid at room temperature, blending was performed at 70 °C at which the
calcium oxychloride is in liquid state to produce a homogenous calcium
oxychloride. The synthesized calcium oxychloride was then placed in DSC
stainless high volume pan and tested in DSC to quantify the specific latent heat
associated with calcium oxychloride phase transformation. The specific latent
heat associated with calcium oxychloride phase transformation (Loxy) was
obtained to be 186 J/g.
The specific latent heat can be used to quantify the amount of calcium
oxychloride in a cementitious system exposed to CaCl2 solution using DSC
technique. Equation 2 can be used to estimate the amount of calcium oxychloride
per gram of cementitious binder used in this study:
𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 =

∆𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜
𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜

Equation 2

where moxy is the gram of calcium oxychloride per gram of cementitious binder,
∆Hoxy (joule per gram of cementitious material) is the latent heat absorbed
during the calcium oxychloride phase transformation calculated for samples
with different cementitious materials described in Section 2.5, and Loxy (joule per
gram of oxychloride) is the specific latent heat associated with calcium
oxychloride phase transformation which is 186 J/g.

3. Experimental Testing Program
In this study a Low Temperature Differential Scanning Calorimeter (LT-DSC) was
used (manufactured by TA instruments Q2000) with temperature accuracy of ±
0.1º C. A calorimetric precision of 0.05% was used to analyze the calcium
oxychloride phase transition.
Twenty eight cementitious pastes were tested within this study varying the
cement type and manufacturer (C1 to C7), the type of supplementary
cementitious material (fly ash FA 1 to FA4), silica fume (SF) or slag (SL)) and the
amount of cement replacement. The mixtures used have been selected to be
representative of materials currently used in the state of Indiana for pavement
applications. The testing matrix and mixture proportions are summarized in
Table 1. A summary of the chemical composition of cement and fly ash is
reported in Table 2. The slag was obtained from Chicago, IL with a C3S content
of 55.3% and C2S content of 16.6 and a C3A content of 7.9.

Table 1: Testing matrix and mixture proportions
MIX ID

W/C
(-)

Cement
(lb/yd3)

Fly Ash
(lb/yd3)

Silica Fume
(lb/yd3)

Slag
(lb/yd3)

Mix 1

C1

0.36

2487

-

-

-

Mix 2

C2

0.36

2487

-

-

-

Mix 3

C3

0.36

2487

-

-

-

Mix 4

C4

0.36

2487

-

-

-

Mix 5

C5

0.36

2487

-

-

-

Mix 6

C6

0.36

2487

-

-

-

Mix 7

C7

0.36

2487

-

-

-

Mix 8

C1-FA1

0.36

1906

533

-

-

Mix 9

C5-FA1

0.36

1906

533

-

-

Mix 10

C7-FA1

0.36

1906

533

-

-

Mix 11

C1-FA2

0.36

1906

533

-

-

Mix 12

C5-FA2

0.36

1906

533

-

-

Mix 13

C7-FA2

0.36

1906

533

-

-

Mix 14

C1-FA3

0.36

1906

533

-

-

Mix 15

C5-FA3

0.36

1906

533

-

-

Mix 16

C7-FA3

0.36

1906

533

-

-

Mix 17

C1-FA4

0.36

1906

533

-

-

Mix 18
Mix 19

C5-FA4
C7-FA4

0.36
0.36

1906
1906

533
533

-

-

Mix 20

C1-SL

0.36

1763

-

-

696

Mix 21

C5-SL

0.36

1763

-

-

696

Mix 22

C7-SL

0.36

1763

-

-

696

Mix 23

C1-3%SF

0.36

2424

-

52

-

Mix 24

C5-3%SF

0.36

2424

-

52

-

Mix 25

C7-3%SF

0.36

2424

-

52

-

Mix 26

C1-6%SF

0.36

2360

-

105

-

Mix 27

C5-6%SF

0.36

2360

-

105

-

Mix 28

C7-6%SF

0.36

2360

-

105

-

Table 2: Chemical Composition of cements, fly ash, silica fume and slag used in
this study (values are in percentage by mass)
C1

Binder
Type
Cement

Binder
Class
Type I/II

Greencastle IN

SiO2
(%)
19.96

Al2O3
(%)
5.05

CaO
(%)
64.45

C2

Cement

Type I/II

Mitchell, IN

19.50

5.00

62.90

C3

Cement

Type I/II

Bloomsdale MO

19.70

4.50

64.20

C4

Cement

Type I/II

Alpena MI

19.20

4.90

64.20

C5

Cement

Type I/II

Logansport, IN

20.60

5.20

63.70

C6

Cement

Type III

Greencastle, IN

18.90

5.20

62.90

C7

Cement

Type V

Grand Chain, IL

21.3

2.6

63.2

FA1

Fly Ash

Class F

Charah, IN

41.19

21.74

4.29

FA2

Fly Ash

Class C

Labadie, MO

33.40

18.40

25.65

FA3
FA4

Fly Ash
Fly Ash
Silica
Fume
Slag
Cement

Class F
Class C

Miami, FL
Schafer

45.35
37.16

21.98
20.07

2.62
22.86

-

Alloy, WV

94.73

SF
SL

Binder Source

-

Loss on
Ignition

C3S

C2S

C3A

55.3

16.6

7.9

4. Discussion of Results
Figure 7 shows the calculated latent heat corresponding to the calcium
oxychloride phase transition for the 28 cementitious mixtures analyzed in this
study. The heat values reported have been normalized using equation 2. It can
be seen that for the cements tested cement samples C1 to C6 performed similarly
in terms of reactivity in presence of calcium chloride with slight variations based
on the chemistry of the cement. Cement 7 shows a lower amount of calcium
oxychloride which may be due to the chemistry of the system however it is likely
due to a reduced degree of hydration. The use of supplementary cementitious
materials effectively reduces the magnitude of the heat associated with calcium
oxychloride transformation. For systems containing partial replacement of fly
ash (20% by volume), partial replacement of silica fume (3% and 6% by
volume), and partial replacement of slag (45% by volume) a substantial
reduction in oxychloride was noticed. This suggests that mixtures containing
SCM are more resistant to chemical degradation due to salt exposure which is
often seen in practice [9].
The benefit of the addition of supplementary cementitious materials in reducing
the damage associated with calcium oxychloride phase change is due to three
main factors : 1) dilution, 2) pozzolanic reaction and 3) reduced calcium
oxychloride formation. The partial substitution of cement with SCM reduces the
amount of cement being used and therefore it reduces the amount of calcium
hydroxide present (i.e., dilution). The silica and alumina present in SCM will
react with the calcium hydroxide forming additional calcium silicate hydrate (C-

S-H) which is known as the pozzolanic reaction. For slag in particularly the
alkalis may work to chemically activate the slag thereby reducing the pH of the
solution and reducing the calcium hydroxide that forms.

Figure 8: Latent heat absorbed during calcium oxychloride phase transition for
different pastes exposed to 20% CaCl2 solution.
5.
Summary and Conclusions
Concrete pavements are often specified due to their longevity. Some concrete
pavements have shown premature deterioration at the joints. This deterioration
has been attributed to a variety of factors including a reaction between the

deicing salt and the cementitious matrix. While the reactions can vary
depending on the chemistry of the matrix and the chemistry of the deicing salt;
this paper discusses reactions in the presence of calcium chloride (CaCl2)
solutions. The CaCl2 can react with either tricalcium aluminate (C3A) to form
Kuzel’s salt or Friedel’s salt or calcium hydroxide (Ca(OH)2) to form calcium
oxychloride (3Ca(OH)2·CaCl2·12H20). This paper describes a testing protocol to
evaluate the potential for given cementitious material to form calcium
oxychloride. The testing protocol consists of preparing a cement paste, grinding
the paste to obtain a hydrated powder, testing a cement paste-20% CaCl2-water
mixture in the low temperature differential scanning calorimeter (LT-DSC)
where the sample is cooled to -90 °C, then heated at a rate of 0.25 °C/hr to a
temperature of 50 °C. The heat release signature during heating (between
approximately 35 °C and 45 °C) can be used to quantify the heat associated with
calcium oxychloride transformation. Experiments performed using a wide range
of mixtures indicate that the use of supplementary cementitious materials (SCM)
can reduce the volume of calcium oxychloride produced. As such, mixtures
containing SCM would be less likely to demonstrate joint damage. Further, it
would be expected that this test can be used to determine the level of SCM that is
needed to reduce the calcium oxychloride formation to an acceptable level.
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