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Abstract 

Over the last decade many concrete pavements in North America have begun to show excessive damage at the joints. This damage appears to be due to 
two primary causes: classic freeze-thaw damage due to local saturation caused by the pooling of water at the joints, and formation of an expansive 
phase known as calcium oxychloride due to a reaction between chloride-based deicing salts and calcium hydroxide in concrete. This letter explores the 
formation of calcium oxychloride in cementitious matrices based on constituent materials and mixture compositions. Low temperature differential 
scanning calorimetry and thermogravimetric analysis were used to quantify the amount of calcium oxychloride and calcium hydroxide, respectively. 
Thermodynamic modeling was used to predict calcium hydroxide contents from the constituent material compositions. It is shown that calcium oxychlo-
ride contents are well correlated with calcium hydroxide contents in cementitious pastes. Supplementary cementitious materials, such as fly ash and 
slag, can reduce calcium oxychloride formation by reducing the amount of calcium hydroxide. Complexities in the determination of reactivity of supple-
mentary cementitious materials based on their replacement level and different water-to-cement ratios are discussed. Although it is clear that supple-
mentary cementitious materials are beneficial in reducing calcium oxychloride formation, additional analysis tools are needed to more accurately quanti-
fy the specific mechanisms (such as dilution, pozzolanic or hydraulic reaction, and changes in cement hydration) that result in the beneficial aspects of 
each supplementary cementitious material. 
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1 Introduction 

Deicing salts are used throughout cold regions in North 
America to melt ice that forms on the surface of concrete 
pavements. These salts are typically chloride-based in the 
form of sodium chloride, calcium chloride, magnesium 
chloride, or their combinations [1]. The use of chloride-based 
deicing salts is already well known to potentially result in 
several durability issues in concrete such as salt scaling 
damage [2, 3] and reinforcement corrosion [4, 5]. In 
addition, chloride-based deicing salts may also interact 
chemically with concrete. This reaction can occur with the 
hydrated aluminate phases to form Friedel’s or Kuzel’s salts 
[6, 7] and with calcium hydroxide (Ca(OH)2 or CH) [8, 9] to 
produce an expansive salt known as calcium oxychloride 
(CAOXY). Historically, the formation of CAOXY has not 
received much attention; however, recent research [10-12] 
has suggested that CAOXY formation can cause substantial 
damage in concrete, particularly along pavement joints 
where deicing salt concentrations can be rather high. CAOXY 
formation occurs at temperatures above freezing, and phase 
isopleths have been developed to illustrate the temperature-
concentration relationships [13-15]. 

CAOXY formation occurs primarily due to the reaction of CH 
with calcium chloride (CaCl2) [13] or magnesium chloride 
(MgCl2) [14]. Relatively small amounts of CAOXY formation 
have been observed with sodium chloride (NaCl) [15].  
While several forms of CAOXY are known to form at different 
temperature and relative humidity (RH) values [16], Eq. (1) is 
believed to show the common type of CAOXY, known as the 
3:1:12 form: 
 

CaCl2 + 3Ca(OH)2 + 12H2O  3Ca(OH)2∙CaCl2∙12H2O (1) 
 

CAOXY is expansive; hence, its formation can lead to damage 
when it occurs in a cementitious matrix [13]. This form of 
damage is believed to be increasingly observed across North 
America; it occurs within the first decade of service, and is 
unsightly, and difficult and expensive to repair [10-12, 17, 
18]. Several mitigation strategies have been proposed to 
reduce the amount of CAOXY including the use of 
supplementary cementitious materials (SCMs) [19-22], 
preferential carbonation [23], or topical treatments [20]. 
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2 Objective 

SCMs reduce CH in cementitious systems through a 
combination of dilution and pozzolanic reaction. This 
reduction in CH can be beneficial for concrete, especially for 
pavements, as it reduces the potential for CAOXY formation 
and damage in the field [19-22]. This letter discusses the role 
of water-to-cementitious materials ratio (w/cm), SCM type, 
and replacement level in the reduction in CH contents 
observed with SCMs and presents some thoughts on the 
degree of hydration of the cement and the degree of 
reactivity of the SCM. The second objective of this study is to 
show the relationship between CH and CAOXY contents; this 
is important in practice to develop mixture designs that 
show very low damage due to CAOXY formation.  

3 Materials 

Ordinary portland cement (henceforth, cement or plain 
cement), ground granulated blast furnace slag, and Class F 
fly ash were used in this study. The phase composition of the 
cement (a Type I OPC which contained 4% interground 
limestone) was 52% alite, 18% belite, 7% aluminate, and 
10% ferrite, as provided by the manufacturer. Oxide 
compositions of these materials are provided in Table 1. 
Pastes with a w/cm of 0.36 and 0.50 were prepared using 
cement and cement with 20%, 40%, and 60% volumetric 
replacements of slag or fly ash. Specific gravities for cement, 
slag, and fly ash were 3.15, 2.9, and 2.6, respectively.  
Pastes were prepared by mixing in a vacuum mixer at 
400 rpm for 3 min, with a short break after 1.5 min to scrape 
material off the mixer and paddle. Samples were cast in 
cylindrical plastic molds (38 mm diameter and 50 mm 
height) and sealed cured under ambient conditions (23 ± 
1 °C) until testing (performed at 3, 7, 28, and 49 d). For each 
mixture, one sample was sealed and stored under ambient 
conditions for three days, and then cured at 50 °C for 25 d to 
obtain aged samples. Based on maturity calculations, this 
accelerated curing is equivalent, in terms of the degree of 
hydration of cement, to 91 d curing under ambient 
conditions. After the samples were hydrated they were 
ground to a fine powder using a lathe grinder and passed 
through a 75 μm sieve before testing. Testing was 
performed within one day of grinding. 
Care was taken to minimize exposure to atmosphere in 
order to prevent carbonation; however, some carbonation 
cannot be avoided with the current set-up. 
Table 1.  Oxide compositions of cement, slag, and fly ash (in mass 

percent) 
 Cement Slag Fly ash 

CaO 63.70 41.48 13.00 
SiO2 20.20 30.76 47.30 
Al2O3 4.70 13.08 16.50 
Fe2O3 3.30 0.77 6.10 
MgO 0.70 4.50 5.30 
SO3 3.10 5.15 0.90 

Na2Oeq 0.56 0.53 0.88 

4 Methods 

Three techniques were used to study the amount of CH and 
potential for CAOXY formation: 1) thermogravimetric 
analysis (TGA) [21, 24], 2) low-temperature differential 
scanning calorimetry (LT-DSC), [19, 20, 25], and 3) 
thermodynamic modeling using the Gibbs Energy 
Minimization Software (GEMS) [26]. 
TGA was performed on the ground powder to determine CH 
contents. Approximately 30 mg of ground powder was 
heated to 500 °C at a rate of 10 °C/min under a nitrogen 
atmosphere. The amount of calcium hydroxide in the paste 
was estimated based on its mass loss during decomposition 
between 380 °C and 460 °C. The tested samples of plain 
cement paste had a coefficient of variation of approximately 
1% for TGA.  
LT-DSC was performed on the ground powder to determine 
CAOXY contents by mixing 10 ± 0.5 mg of ground paste with 
10 ± 0.5 mg of 20% CaCl2 solution (by mass) to ensure a 1: 1 
mass ratio in a high-volume stainless steel pan. The pan was 
then sealed, placed in the LT-DSC and run through the 
following temperature cycle: isothermal at 25 °C for one 
hour; 3 °C/min cooling until -90 °C; low temperature loop 
from -90 °C to -70 °C and back to -90 °C at 3 °C/min; 
0.25 °C/min heating until 50 °C. As the mixture was heated, 
CAOXY melts (at around 30 °C under these conditions); the 
amount of CAOXY was found by normalizing the heat release 
on melting with that of pure CAOXY. Additional details of the 
LT-DSC testing are presented elsewhere [20, 25]. The tested 
samples of plain cement paste had a coefficient of variation 
of approximately 5% for LT-DSC. 
Thermodynamic modeling was used to estimate CH contents 
of tested pastes depending on cement degree of hydration 
(DoH) and SCM degree of reaction (DoR). These 
thermodynamic models were developed using GEMS 
software [26], which uses Gibbs Energy Minimization (GEM) 
method to analyze multiphase and multicomponent 
systems. Thermodynamic data for cement were obtained 
from a GEMS-formatted thermodynamic database [27-34]. 
The hydration of cement and the reactions of SCM in 
blended systems were modeled through dissolution of main 
oxides in the chemical system and precipitation of 
hydration/reaction products. The cement DoH and SCM DoR 
were treated separately. Assuming cement hydration and 
SCM reactions take place independently from each other 
initially, the hydration model developed by Parrot and Killoh 
[32, 34, 35] was used to obtain the DoH of main cement 
phases (i.e., C3S, C2S, C3A and C4AF). An assumption was 
made that the SCMs do not modify the cement DoH. 
However, it should be noted that SCMs may have strong 
effects on cement DoH, especially at early ages [36, 37]; 
these aspects will be discussed in later sections. For all SCM 
oxides, the DoR was assumed to be identical. Based on 
empirical evidence, hydrogarnet formation was limited in 
the blended systems up to 10% of its formation capacity as 
determined by thermodynamic analysis and experimental 
data from cement-only systems [34]. For each step of the 
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thermodynamic analysis, the available water was obtained 
from calculating the amount of capillary water in the system 
based on the Powers and Brownyard model [38]. The 
hydration and SCM reactions were assumed to cease when 
the capillary water was consumed. The details of the 
numerical procedure of obtaining the capillary water from 
the total water is beyond the scope of this paper but can be 
found elsewhere [39]. Based on these assumptions, various 
DoR levels were analyzed for the SCMs. 

5 Results 

5.1 Calcium Hydroxide (CH) content 

Fig. 1 and Fig. 2 show the CH contents as determined from 
TGA as a function of sample age for plain cement pastes and 
pastes where 20, 40, and 60% of the cement were replaced 
with fly ash or slag by volume, respectively. As the sample 
age increases, both cement DoH and SCM DoR increase. In 
the plain cements, the CH contents increase with sample 
age, because increased hydration results in the formation of 
more hydrated solids. The amount of CH in pastes with SCM 
is less than that in plain pastes due to a combination of 
dilution and the pozzolanic reaction. This is evident when CH 
reductions are considered; as an example, if the SCMs acted 
by dilution only, CH reductions would only describe 
approximately 70% of the observed reduction in CH for fly 
ash pastes with w/cm 0.50. The higher observed reductions 
are attributed to the pozzolanic reaction. As the volume of 
SCM increases, the total amount of CH decreases.  
Fig. 1 and Fig. 2 show that the measured CH values with fly 
ash and slag are broadly similar at the same replacement 
levels, irrespective of the w/cm. As the w/cm increases the 
measured CH values increase, both for plain cement pastes 
and with SCMs, possibly due to the availability of water, 
ensuring continuing hydration of cement [38]. At early ages, 
the amount of CH that forms is greater than that expected 
by dilution and this is likely due early age acceleration of 
cement hydration by SCMs due to their physical presence 
[37, 40]. For example, for w/cm 0.50, at 7 d, pastes with fly 
ash have around 10% higher CH than is expected when 
compared to plain pastes (assuming dilution and no other 
chemical effects). These calculations are approximate, since 
fly ash can significantly change cement DoH at early ages 
[36].  
All tested experimental samples were modeled using GEMS 
to predict their CH contents [26] using 91 d-equivalent curing 
(3 d at ambient temperature and 25 d at 50 oC). The average 
DoH of cement pastes were obtained from the Parrot and 
Killoh model [32, 34, 35] for cases with w/cm of 0.36 and 
0.50 as 80.4% (DoH of C3S: 89.5%; DoH of C2S: 52.6%) and 
69.2% (DoH of C3S: 80.6%; DoH of C2S: 36.4%), respectively. 
For both systems the volumetric replacements were 
changed from 0 to 60%, while the DoR of SCMs was varied 
from 0 to 100%. In all cases 0% reactivity of SCM represents 
pure dilution.  

 
Figure 1. Variation in calcium hydroxide contents as a function of 
sample aging for plain cement pastes and with fly ash (FA). One data 
point (cement w/c = 0.50, 49 d) is not shown here as that particular 
sample was heavily carbonated and the data is therefore unreliable. 

 
Figure 2. Variation in calcium hydroxide contents as a function of 
sample aging for plain cement pastes and with slag (SL). One data 
point (cement w/c = 0.50, 49 d) is not shown here as that particular 
sample was heavily carbonated and the data is therefore unreliable. 

For the purpose of this analysis, it is assumed that the bulk 
SCM oxide contents are the same as the amorphous SCM 
oxide contents (i.e., the fly ash and slag contain no crystalline 
phases).  
Fig. 3 and Fig. 4 show experimentally obtained CH contents 
at various SCM replacements. In addition, they show the 
obtained reductions in CH contents for 0, 25, 50, and 100% 
DoR of the SCMs. For both fly ash and slag, the amount of CH 
in the pastes decreases with the level of SCM replacement 
and the DoR of SCMs. When comparing the figures, it is clear 
at a given DoR, reductions in CH contents are higher for fly 
ash than with the slag, likely because the fly ash is more 
pozzolanic than the slag. In general, the decrease in 
experimentally measured CH is more prominent for the 
lower w/cm for both the slag and the fly ash (accounting for 
the fact that the lower w/cm has a lower CH content to start 
with). This is especially true at lower SCM replacement 
levels. Specifically, reductions in CH contents are about 15% 
higher at a 20% fly ash replacement level but only about 3% 
higher at a 60% fly ash replacement level. These results 
imply a higher SCM DoR when the w/cm is lower. However, 
it may not be valid to assume that systems with varying SCM 
replacements have the same cement DoH.  
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At early ages, there is acceleration of cement hydration with 
SCMs, implying that the cement DoH values are higher with 
SCMs than without them. The influence of SCMs on cement 
DoH at later ages is complex; alumina from SCM dissolution 
may slow down cement hydration [41], changes in pH due to 
the presence of SCMs may modify cement hydration [42], or 
the early age acceleration due to SCMs may persist at later 
ages.  
Another possible reason for different cement DoH with 
SCMs is lack of enough water for continued hydration in 
some of these systems. Lack of water limiting hydration is 
taken into account here by considering the reactive 
(capillary) water, which was used as an input in 
thermodynamic analysis [38, 39]. For simplicity, in Fig. 3 and 
Fig. 4, this minimum water content was assumed to be zero, 
and the reactions (hydration and SCM reaction) are assumed 
to stop when reactive water was completely consumed. This 
is an idealized scenario; in fact, the reactions are significantly 
retarded before all water is consumed [43, 44]. This may 
occur at high DoH and DoR values. Fig. 3 and Fig. 4 show 
specific incidences of complete water consumption resulting 
in reaction stoppage at high DoH values. Preliminary 
experimental data also indicate that water consumption may 
be an issue as RH measurements carried out on 49 d 
samples indicated values below 80% for pastes with w/cm 
0.36 and SCMs; alite and belite essentially do not hydrate at 
such low RH values [43, 44]. 
From these results, it is clear that SCM replacements modify 
cement DoH. In order to better illustrate this, additional 
thermodynamic modeling was performed. Although several 
factors may affect DoH when SCMs are present, in this 
model, only the effect of reactive water availability was 
considered. For non-reactive fillers, one can reasonably 
assume that there is no water demand. As a result, since 
w/cm is kept constant, higher water contents are available 
for the cements in systems with non-reactive fillers. This 
results in higher DoH values for the cement, which can be 
computed using thermodynamic modeling. As an example, 
the DoH increases from 69.2% to 83.5% for 60% 
replacement of a non-reactive filler. If we assume that SCMs 
behave the same way (higher water availability and higher 
DoH of cement), SCM DoR values can be recomputed. Fig. 5 
illustrates a case with slag and w/cm = 0.36. For simplicity, 
the DoH was assumed to be constant for all DoR levels. The 
points where reactions cease were obtained based on the 
idealized scenario where the reactive water is completely 
available. The implications of differing degrees of cement 
hydration on the perceived reactivity of the SCM are clearly 
illustrated in Fig. 5. This analysis may provide an explanation 
for the ‘perceived’ greater reactivity of the SCM at lower 
replacement levels as well as why the degree of reactivity 
appears to change with replacement levels.  
Nevertheless, it should be pointed out that this is still an 
ongoing work that considers only w/cm that changes with 
SCM replacement, assuming an initial DoH. In reality, SCMs 
may very well lower the cement DoH when the effect of 
SCM reactions on reactive water and the DoH are 
considered. 

 
Figure 3. Calcium hydroxide contents and their reduction with fly 
ash replacement. Reductions in CH with fly ash DoR 0, 25, 50, and 
100% are shown.  

 
Figure 4. Calcium hydroxide contents and their reduction with slag 
replacement. Reductions in CH with fly ash DoR 0, 25, 50, and 100% 
are shown.  

 
Figure 5. Calcium hydroxide contents and their reduction with SCM 
replacement with a variable cement DoH. Results are shown with 
slag and w/cm = 0.36; DoH varies between 69.2% - 83.5%.  

As the presence of SCM appears to influence the cement 
DoH [24, 45], additional methods such as calorimetry [46], 
backscatter scanning electron microscopy [24], or selective 
dissolution [47] are needed to accurately determine both 
SCM DoR and cement DoH. 

5.2 Calcium oxychloride (CAOXY) content 

Fig. 6 shows the measured CAOXY obtained from LT-DSC as a 
function of sample aging for plain cement pastes and with fly 
ash. Trends in CAOXY are similar to trends in CH, and similar 
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observations are made as in Fig. 1. In plain cements, CAOXY 
contents increase with sample aging; with SCMs, the values 
initially increase until 7 d and subsequently decrease. As the 
dosage of SCMs increases, CAOXY values decrease, due to a 
combination of the pozzolanic reaction and dilution. For 
example, a 40 % replacement of SCM reduces 91 d 
equivalent CAOXY values by around 60 %, a 60 % 
replacement reduces CAOXY values to almost zero, similar to 
observations made elsewhere [20-22]. CAOXY values with fly 
ash and slag (not shown) are broadly similar at the same 
replacement levels; these values, and also values for plain 
cements increase with w/cm.  
Fig. 7 shows the relationship between CAOXY and CH 
contents for all tested samples. There is a strong correlation 
between the two: CAOXY values increase linearly with CH 
values. The slope obtained from linear regression is 2.73, 
which is close to the value predicted from the reaction 
stoichiometry (2.47, the ratio of molecular weights of 
CAOXY, 549, and three times the molecular weight of CH, 74) 
[24]. It should be noted that the CAOXY values decrease to 
zero at a positive value of CH (around 2), this is also similar to 
values noted elsewhere [24], possibly due to carbonation. 
However, it may be possible that a portion of the CH could 
be encapsulated by other hydrates, due to the pozzolanic 
reaction, resulting in it not being easily accessible to salt. 
These results indicate that is not necessary to reduce CH 
values to zero to eliminate CAOXY formation.  

 
Figure 6. Variation in calcium oxychloride contents as a function of 
sample aging for plain cement pastes and with fly ash.  

 
Figure 7. Relation between calcium oxychloride and calcium 
hydroxide contents for tested samples.  

5.3 Final thoughts on SCM reactivity and 
CAOXY reductions 

Most SCM DoR levels as noted from Fig. 3 and Fig. 4 are 
surprisingly low (less than 20 % for w/cm 0.50), however, 
CAOXY values decrease significantly with increasing SCM 
replacement levels. This suggests that the primary benefit of 
the SCM in these cases is the effect of dilution. If this is true, 
the use of non-reactive fillers should have substantial 
benefits in reducing CAOXY formation due to reduction in CH 
contents through dilution. Prior work has shown that small 
limestone replacement levels (up to 12 %) did not show 
substantial reductions in CAOXY contents [20], but the 
effects of larger replacements levels, the method of 
limestone addition, and acceleration of cement hydration 
due to the presence of limestone [37, 40] still need be 
investigated further in order to fully understand the role of 
limestone replacement on CAOXY formation.   
If the threshold level of CAOXY needed to cause damage in 
pavements can be determined, relationships that relate CH 
from TGA to CAOXY from LT-DSC could be useful to 
determine SCM replacement levels needed to prevent 
CAOXY damage in concrete pavements. It should be noted 
that a very rough estimate for the CAOXY needed to cause 
damage is suggested to be 5 to 10 g CAOXY/100 g paste 
which is equivalent to 2 to 4 g CH/ 100 g paste, assuming all 
the CH is reactive. This information and the plots presented 
in this letter are potentially very helpful in aiding mixture 
proportioning to prevent calcium oxychloride damage. It 
should be noted that these SCM limits refer only to the 
potential to reduce CAOXY formation and additional tests 
must be performed to study of the influence of these SCM 
replacement levels on other durability aspects such as 
scaling or reinforcing steel corrosion (if steel is present). It 
has been shown that the buffer capacity of CH plays an 
important role in the passivity and corrosion resistance of 
reinforcement in concrete, and high SCM replacement 
levels, even when they do not completely eliminate CH from 
the system, might decrease the buffer capacity of concrete, 
hence, leave reinforcement more vulnerable to chloride or 
carbonation induced corrosion [48].  

6 Summary 

The following items are the main points discussed in this 
letter: 

• As the w/cm increases the amount of calcium hydroxide 
(CH) produced by the cement hydration reaction in-
creases. This implies that more CAOXY can be produced 
in higher w/cm systems. 

• In plain cements, the amount of CH and CAOXY increase 
with sample aging (degree of hydration). 

• In systems where SCMs are used to replace cement, CH 
and CAOXY contents are reduced. This decrease is due to 
a combination of the pozzolanic reaction and dilution 
provided by the SCMs.  
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• In systems where SCMs are used to replace cement, the 
values of CH and CAOXY initially increase (until 7 d) due 
to hydration (and acceleration of cement hydration due 
to physical presence of SCMs); however at later ages the 
CH and CAOXY decrease due to dilution and pozzolanic 
reaction. 

• It is proposed that the calculation of the degree of reac-
tion (DoR) is complicated due to the assumption that the 
cement has hydrated to the same level for the plain sys-
tem and the systems with SCMs. It is suggested that this 
assumption underestimates the extent of reaction of the 
SCM. 

• CAOXY values increase linearly with CH values; the slope 
is close to the value predicted from fundamental chemi-
cal concepts. However, it should be noted that with 
SCMs, a small amount of CH may be present in the ma-
trix which does not react to form CAOXY due to the po-
tential for carbonation or encapsulation of CH with reac-
tion products.  

• Additional tests must be performed to study of the influ-
ence of high SCM replacement levels on other durability 
aspects such as scaling or reinforcing steel corrosion (if 
steel is present) due to the reduction in the pH buffer of-
fered by the CH.  
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