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Abstract. It has been shown that sodium chloride can react with the tricalcium aluminate (C3A) and its 
hydrates, leading to a formation of a deleterious chemical phase change during thermal cycling. It is 
believed that this chemical phase change is implicated in the premature deterioration of concrete pavements 
in the cold regions. This work examines the potential formation of the deleterious chemical phase change in 
several cementitious pastes made using different types of portland cement and supplementary cementitious 
materials (SCMs). The amount of the chemical phase change was quantified using a low-temperature 
differential scanning calorimetry. The results indicated that the formation of the chemical phase change can 
be reduced by using cements with low C3A content. The addition of SCMs showed different effects on the 
chemical phase change formation. Slag and Class F fly ash could reduce the amount of the chemical phase 
change due to only the dilution effect whereas silica fume could significantly reduce the amount of the 
chemical phase change due to the dilution effect as well as pozzolanic reactions. Adversely, the addition of 
Class C fly ash showed a negative effect through increasing the formation of the chemical phase change. 

1 Introduction  
The weather conditions in the cold-regions are 
particularly severe for concrete infrastructures due to the 
heavy use of deicing chemicals that are usually applied 
on the roads in order to maintain a normal traffic flow. 
These chemicals are in the form of chloride-based salts 
such as sodium chloride (NaCl), calcium chloride 
(CaCl2), and magnesium chloride (MgCl2). The NaCl is 
by far the most widely used chemical due to its low cost 
and availability [1]. The detrimental effects of these 
chemicals on the concrete pavements are often 
manifested as mass change, expansion, and reduction on 
the dynamic modulus of elasticity [2-8]. The 
mechanisms of concrete deterioration in the presence of 
the deicing chemicals have been attributed to two main 
reasons; (i) classic freeze-thaw issues due to super-
saturated concrete pores and (ii) deleterious chemical 
reactions between the deicing chemicals and the 
cementitious matrix [9-14]. The former mechanism can 
be resolved through utilizing air-entrained admixtures 
which can establish an adequate void system to resist ice 
expansion pressures [10, 11]. The latter can be addressed 
through using proper supplementary cementitious 
materials (SCMs) as a partial replacement of ordinary 
portland cement (OPC) to improve the durability of 
concrete in the presence of deicing salts through dilution 
and/or pozzolanic reactions [15-21].  

It has been shown in our previous work that NaCl 
can interact with the calcium aluminate phases, mainly 

the tri-calcium aluminate (C3A) and its hydrates (e.g., 
monosulfoaluminate, AFm), leading to a formation of a 
deleterious chemical phase change [8]. It is believed that 
this chemical phase formation is different from the 
calcium oxychloride and the magnesium oxychloride 
that formed when concrete is exposed to CaCl2 and 
MgCl2 [22, 5]. It has been shown that the formation of 
the chemical phase in the case of NaCl is temperature 
dependent, and it is destructive to concrete only if the 
concrete temperature cycles between 4°C and 10°C (i.e., 
above the freezing temperature of water) [8, 3, 6]. Figure 
1a shows the phase diagram for hydrated cement paste 
containing NaCl solution. This phase diagram can be 
used to show the effects of temperatures and salt 
concentrations on the formation of the chemical phase 
change. The observed phase change can form at lower 
temperatures, but above freezing points of salt 
concentrations ≥ 12 % by mass. It has been also shown 
that the amount of the chemical phase formations 
increases as the salt concentration increases, and it is 
strongly dependent on the chemistry of the cement as 
shown in Figure 1b where OPC Type V (OPC V) 
showed a reduction in the enthalpy of fusion associated 
with the chemical phase change formation in comparison 
to OPC Type I (OPC I).  

The aim of this paper is to find cementitious mixtures 
that can be used in transportation industry to mitigate the 
potential damage due to chemical reactions in concrete 
exposed to NaCl deicing salts.  

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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Fig. 1. (a) Hydrated cement-NaCl-H2O phase diagram [6, 8]; 
(b) The heat released associated with the chemical phase 
formation of different hydrated cements containing different 
concentrations of NaCl solution [8]. 

2 Experimental procedures 

2.1 Materials and sample preparation 

An analytical-grade NaCl dehydrated was mixed with 
de-ionized water to prepare solutions with a 
concentration of 20% by mass. The use of this salt 
concentration results in the maximum chemical phase 
change formation that the cementitious materials can 
produce in the presence of NaCl solution as observed in 
our previous study (Figure 1b) [8]. Different types of 
OPC, including Type I, Type I/II and Type V, and SCMs 
including Class C fly ash, Class F fly ash, slag and silica 
fume were used in this study. The chemical 
compositions of the materials are listed in Table 1.  

Cement pastes were made with water-to-cement ratio 
of 0.42 by mass. SCMs were tested with OPC I at 
different replacement levels by volume. Fly ashes and 
slag were used at 10, 20, 30, 40, and 60% replacement 
levels and the silica fume was used at 3, 5, 7, 10 and 
15% replacement levels. The mixtures’ proportions are 
listed in Table 2. The mixing was performed according 
to ASTM C305-14 using a standard mixer. No chemical 
admixtures were used in this study. After mixing, the 
pastes were cast into small plastic cylindrical molds with 
a diameter of ½ in and a height of 1 in and sealed with a 
lid. The pastes were then cured at 23oC for 91 days. 
After curing, the hydrated pastes were ground using an 

agate mortar and pestle and sieved to obtain a powder 
with a fineness of 75-µm. The powder was then placed in 
a sealed container to minimize potential carbonation 
until the time of testing. 

2.2 Testing methods 
The testing procedures consisted of (1) mixing the 
ground powder with a 20% NaCl solution and (2) 
exposing the blend to a cooling and heating cycle using a 
low-temperature differential scanning calorimetry (LT-
DSC). In this study, approximately 10 mg of powder 
sample was mixed with approximately 10 mg of NaCl 
solution to have a powder to solution mass ratio of 1. 
The mixing was done in high-volume stainless-steel pans 
and then sealed with a hermetic lid. The sample was then 
placed in the LT-DSC and the following temperature 
cycle was applied: equilibrating at 25oC; cooling to -
90oC at 2oC /min; isothermal at - 90oC for 5 min; heating 
to 30oC with 1oC /min. It should be mentioned herein 
that heating/cooling rates were selected to provide a 
reasonable quantification of the chemical phase change 
for the purpose of general comparison between different 
mixtures although other heating/cooling rates can be 
used for this testing method [23]. 

2.3 Heat flow response and analysis  

The formation of the chemical phase change in hydrated 
pastes exposed to NaCl solution was identified by 
observing the LT-DSC heat flow vs temperature curve 
during the heating cycle. The heat flow curve as a 
function of temperature can be used to identify possible 
chemical phases present in the system that undergo 
phase changes (liquid to solid or vice versa). Figure 2 
shows the typical LT-DSC curve during the heating 
cycle of a cementitious sample exposed to 20% NaCl 
solution. Three distinguished endothermic peaks were 
observed, which correspond to; (a) the eutectic NaCl 
melting (at -21.1oC), (b) the ice melting (at -12oC for 
20% NaCl solution) and (c) an additional peak observed 
at a temperature above 0oC associated with the formation 
of the deleterious chemical phase change. The area under 
each peak can be integrated with respect to time, 
resulting in the absorbed heat during melting (enthalpy 
of fusion) associated with each phase transformation. 
The enthalpy of fusion associated with the chemical 
phase change was estimated by measuring the magnitude 
of its heat absorbed during the melting from the 
cumulative heat curve, that is, the vertical distance along 
y-axis between the inflection points labeled as (1) and 
(2) in Figure 2. The enthalpy of fusion is a characteristic 
property of a material, which can be used as an 
indication of its amount [24]. In this study, therefore, the 
enthalpy of fusion was used to be representative of the 
amount of the chemical phase change being formed. 
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Table 1. Chemical composition of cementitious materials (in percent by mass). 

ID Type Source SiO2 Al2O3 Fe2O3 CaO SO3 C3S C2S C3A C4AF 
C1 OPC I Nazareth, PA 19.2 5.4 2.2 62.6 4.0 58.0 11.0 10.5 7.0 
C2 OPC I/II - 20.2 4.8 3.4 64.0 2.7 62.2 10.98 6.96 9.0 
C3 OPC V - 21.3 2.5 4.2 63.2 2.8 64.0 13.0 0.0 13.0 

C-FA1 Class C Fly Ash Louisville, KY 34.3 21.4 5.8 26.7 1.9 - - - - 
C-FA2 Class C Fly Ash Harrisburg, PA 42.4 19.4 5.5 21.5 3.2 - - - - 
F-FA1 Class F Fly Ash Louisville, KY 46.2 22.5 17.8 4.4 1.10 - - - - 

SC Slag Cement Pittsburgh, PA 36.18 11.2 0.5 35.49 0.3 - - - - 
SF Silica fume Lyndhurst, NJ 95.6 0.25 0.62 0.43 0.32 - - - - 

  
Table 2. Testing matrix and mixtures proportions (in grams). 

Mix No. ID Cement Water C-fly ash F-fly Ash Silica Fume Slag  
Mix 1 C1 768 323 - - - - 
Mix 2 C2 768 323 - - - - 
Mix 3 C3 768 323 - - - - 
Mix 4 10%C-FA1 696 321 67 - - - 
Mix 5 20%C-FA1 624 319 135 - - - 
Mix 6 30%C-FA1 550 317 204 - - - 
Mix 7 40%C-FA1 475 315 274 - - - 
Mix 8 60%C-FA1 322 311 417 - - - 
Mix 9 10%C-FA2 696 321 67 - - - 
Mix 10 20%C-FA2 624 319 135 - - - 
Mix 11 30%C-FA2 550 317 204 - - - 
Mix 12 40%C-FA2 475 315 274 - - - 
Mix 13 60%C-FA2 322 311 417 - - - 
Mix 14 10%F-FA 698 320 - 63 - - 
Mix 15 20%F-FA 628 317 - 127 - - 
Mix 16 30%F-FA 556 314 - 193 - - 
Mix 17 40%F-FA 482 311 - 260 - - 
Mix 18 60%F-FA 328 305 - 399 - - 
Mix 19 10%SC 695 321 - - - 70 
Mix 20 20%SC 620 320 - - - 141 
Mix 21 30%SC 546 319 - - - 213 
Mix 22 40%SC 470 317 - - - 286 
Mix 23 60% SC 317 315 - - - 433 
Mix 24 3%SF 748 321 - - 17 - 
Mix 25 5%SF 735 320 - - 28 - 
Mix 26 7%SF 722 320 - - 39 - 
Mix 27 10%SF 702 318 - - 56 - 
Mix 28 15%SF 667 316 - - 85 - 

 

 
Fig. 2. Typical LT-DSC heat flow vs temperature curve during 
heating cycle of a cementitious sample exposed to 20% NaCl 
solution along with the integration of the heat flow (cumulative 
heat) as a function of temperature.  

3 Results and discussion 
 
 
 

Figure 3 shows the quantified enthalpy of fusion 
associated with the deleterious chemical phase change 
for all cementitious mixtures examined in this study. The 
standard deviation of the enthalpy of fusion of two 
replicated samples was rarely greater than 0.2.  

3.1 Comparison of OPC mixtures 

The deleterious chemical phase change in pastes made 
with OPC I, OPC I/II and OPC V, labeled as C1, C2 and 
C3 respectively in Figure 3, were calculated as 8.87, 
6.25, and 2.38 J/gpowder respectively. It was noted that 
different types of cement show considerable differences 
in the amount of the chemical phase change. OPC I 
sample (C1) shows the highest amount of the chemical 
phase change whereas OPC V sample (C3) shows the 
lowest. This implies that the formation of the chemical 
phase change is highly dependent on the cement 
chemistry (OPC V has typically low C3A content 
according to ASTM C150-07, see Table 1).  
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Fig. 3. Enthalpy of fusion associated with the deleterious chemical phase change for different cementitious pastes exposed to 20% 
NaCl solution.
 
Figure 4 indicates that there is a strong correlation 
between the amounts of the chemical phase change and 
the C3A present in the cement, suggesting that the C3A 
content plays a major role in the formation of chemical 
phase change which is in accordance with our previous 
study [8]. It can be concluded herein that one approach 
to minimize the formation of the deleterious chemical 
phase change, and the associated damage in concrete 
exposed to NaCl solution, may be to use cements with 
low C3A content. 
 

 
Fig. 4. The enthalpy of fusion associated with the formation of 
the deleterious chemical phase change for different OPC pastes 
exposed to 20% NaCl solution.   

3.2 The role of SCMs 

It is expected that the addition of SCMs can improve the 
chemical stability of the cement through the dilution 
effect and/or pozzolanic reactions [19]. The use of SCMs 
as a partial replacement of the cement can reduce the 
amount of cement being used through the dilution effect. 
Moreover, SCMs can also alter the cement hydration 
process through pozzolanic activities. These factors can 
significantly affect the formation of the deleterious 
chemical phase change.  

3.3 Slag  

Figure 5a shows the effectiveness of slag additions on 
the formation of the chemical phase change. It indicates 
that as the amount of the slag increases in the binder, the 

amount of the chemical phase change linearly decreases. 
This reduction was mainly due to the dilution of cement 
by slag addition. The predicted dilution effect of slag 
was calculated as 0.0845 J/gpowder for every volume-
percentage of slag up to a replacement level of 60% (i.e., 
a 60% volume-replacement of slag can reduce the 
chemical phase formation up to approximately 60%). 
This suggests that the slag contribution in reducing the 
chemical phase change amount is only due to the 
dilution effect.     

3.4 Silica fume 

Figure 5b indicates the beneficial effects of silica fume 
additions on the formation of the chemical phase change. 
It shows that as the amount of the silica fume increases 
in the binder, the amount of the chemical phase change 
significantly decreases. This reduction exceeds the 
expected dilution effect, which implies that the benefit of 
the silica fume addition is pozzolanic activities in 
addition to the dilution effect. A 15% replacement of the 
cement with silica fume can reduce the amount of the 
chemical phase formation up to 74%. It has been 
reported that the silica fume can alter the cement 
hydration process through accelerating the hydration of 
C3A during the initial stages of the hydration process 
[25-27]. This can help in minimizing the amount of 
unreacted C3A at later stages of the hydration, thereby 
making the concrete matrix less reactive in the presence 
of NaCl deicing salts.  

3.5 Class F fly ash 

Figure 5c shows the effect of Class F fly ash additions 
on the formation of the chemical phase change. It was 
noticed that as the amount of Class F fly ash increases in 
the binder, the amount of the chemical phase change 
linearly decreases. This reduction slightly exceeds the 
expected dilution effect, suggesting there might be slight 
pozzolanic benefits from Class F fly ash additions. The 
reduction on the chemical phase change due to the Class 
F fly ash was calculated as 0.0978 J/gpowder for every 
volume-percentage of Class F fly ash up to a 
replacement level of 60%. A high-volume class F fly ash 
replacement (up to 60% by volume) can reduce the 
chemical phase change up to 66%. It seems that the 
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effect of Class F fly ash on the chemical phase change is 
similar to the effect of slag, with the Class F fly ash 
being slightly more efficient. 
 
3.6 Class C fly ash 
 
Figure 5d shows the replacement effects of two Class C 
fly ashes manufactured at different locations in the US 
(see Table 1) on the formation of the chemical phase 
change. It was noticed that Class C fly ash has an 
adverse effect on the formation of chemical phase 
change in comparison with other SCMs used in this 
study. As the amount of Class C fly ash in the mixture 
increases, the amount of the chemical phase change 
increases. A similar behavior was observed for both 
Class C fly ashes used in this study. It has been reported 
that the Class C fly ash contains C3A due to the high 
proportions of lime and alumina present [27-32]. 
Therefore, the addition of Class C fly ash may increase 
the C3A content in the cement. This can make the 
concrete more reactive in the presence of NaCl deicing 
salts, and perhaps more susceptible to scaling as 
observed in several studies [33-37]. 
    

 

 

 

 
Fig. 3. Influence of SCMs additions on the formation of the 
deleterious chemical phase change: (a) slag cement; (b) silica 
fume; (c) Class F fly ash; and (d) Class C fly ash. Expected 
dilution line represents the potential reduction in the 
deleterious chemical phase due to only the dilution of cement 
by SCMs replacement. 

4 Conclusion 
This paper discusses potential approaches to mitigate 
damage due to chemical reactions in concrete exposed to 
NaCl salts. The NaCl can interact with tri-calcium 
aluminate (C3A) and its hydrates in the cementitious 
matrix, leading to a formation of a deleterious chemical 
phase change during thermal cycling. The mitigation 
approaches focused on the use of different types of 
ordinary portland cement (OPC) as well as the potential 
to use supplementary cementitious materials (SCMs) as 
a partial replacement of the cement to improve the 
chemical stability of the concrete matrix in the presence 
of NaCl, thereby minimizing the formation of the 
deleterious chemical phase change. The results showed 
that the formation of the deleterious chemical phase 
change is significantly sensitive to the chemistry of the 
cement and the type of the SCMs being used. The 
mixtures made using OPC I (high-C3A cement) showed 
the highest amount of the chemical phase change 
whereas mixtures made using OPC V (low-C3A cement) 
showed the lowest amount. A linear correlation between 
the chemical phase change and the C3A amounts was 
observed: as the C3A amount decreased, the chemical 
phase change amount decreased. The effect of SCMs 
additions as a partial replacement of the cement on the 
formation of the chemical phase change was found to be 
dependent on the type of SCMs. For mixtures containing 
slag or Class F fly ash, the reduction in the amount of the 
chemical phase change was only due to the dilution 
effect. The dilution effect due to slag or Class F fly ash 
additions was respectively estimated as 0.0845 J/gpowder 
and 0.0978 J/gpowder for every volume-percentage up to 
the replacement level of 60%. For mixtures containing 
silica fume, the reduction in the amount of the chemical 
phase change was found to be due to both pozzolanic 
activities and the dilution effect. A 15% volume 
replacement of the cement with silica fume corresponded 
to a 74% reduction in the chemical phase change 
amount. Controversially, the use of Class C fly ash 
showed an increase in the chemical phase change 
amount. An examination of different Class C fly ashes 
obtained from different locations in the US showed 
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similar behavior. This implied that the addition of Class 
C fly ash as a partial replacement of the cement may 
have a negative effect on the concrete durability in the 
presence of NaCl deicing salts.      
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