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A B S T R A C T   

Lowering the freezing temperature of the mixing water is crucial for concrete works at subzero temperatures. In 
this study, formation of ice was examined for various pastes and concretes of OPC-GGBS based, while exposed to 
a constant temperature of − 15 ◦C. Sodium nitrate antifreeze admixture was added as 0, 6, 10, 15, 20, 25, 30 wt% 
by the total binder amount. The ice formation and its effects on the binder matrix microstructure was studied 
using differential scanning calorimetry (DSC), ultrasonic pulse velocity (UPV) and Scanning Electron Microscopy 
– Energy Dispersive Spectrometry (SEM-EDS). Several curing procedures were applied to samples before 
commencing tests. Results showed that, addition of 25 wt% of the sodium nitrate caused the most extensive delay 
of the ice growth. Mixes containing less admixture showed an increasing amount of the forming ice which in 
some cases lead to the development of the false strength. The hydration rate has been the highest for the mix with 
25 wt% of the sodium nitrate and tended to be limited at lower additions. The porosity of the hydrated binder 
matrix tended to be lower for mixes characterized by a lower amount of the forming ice. In general, application 
of above freezing temperature resulted in resuming of the hydration process that led to densification of the 
microstructure and strength increase. This trend was more pronounced for mixes having lower amounts of the 
formed ice.   

1. Introduction 

Immediate exposure of fresh concrete to sub-zero temperature results 
in freezing of mixing and pore water. This can result in a development of 
the so-called false strength due to the ice formation. This strength will 
eventually disappear with melting of the ice which might results in 
catastrophic consequences. A schematic representation of the involved 
mechanism is shown in Fig. 1. Pores present in the hydrated binder 
matrix are classified into different sizes, ranging from few nanometers to 
millimeters. The pore size affects the minimum temperature at which 
the water contained in them starts to freeze, [1–3]. Water present in 
larger pores tends to freeze earlier, while the decreased pore size in-
creases the vapor pressure and consequently decreases the freezing 
temperature, [4–6]. If the saturation degree of the pore system is > 92%, 
cracking of the binder matrix might occur, [7,8]. 

The phase transition of the pore water into ice results in 9% increase 
of the occupied volume [9]. The phase change i.e., crystallization of ice 
can occur at zero and at sub-zero temperatures [10,11]. Eventually the 

permanent damage, appearing as internal and external microcracks, or 
surface scaling, can result in a significant reduction of the mechanical 
strength, [12,13,9,6]. It has been observed that concretes having the 
compressive strength exceeding 3.5 MPa showed only a limited frost 
damage, [14,15]. Formation of ice also tends to delay or even inhibit 
hydration of Portland cement, [16]. The effect can be additionally 
strengthened by secondary cementitious binders (SCMs). For example, 
concretes containing a mix of Portland cement (OPC) and ground 
granulated blast furnace slag (GGBS) showed a generally lower hydra-
tion rates when cured at subfreezing temperatures, [17,18]. The kinetics 
of the pore solution has been altered due to the dissolved ions (Ca2+, K+, 
Na+, OH− , and SO4 

2-), irrespective of the binder type used, leading to a 
lower freezing point, [19–21,11]. The ice growth rate is related to the 
hydraulic pressure developing in pores [13,10,22]. 

To prevent the early age freezing and to accelerate the hydration 
process concrete can be heated. It can be done by heating concrete in-
gredients before mixing or later after casting, by heating the already 
placed concrete, [23,24]. Unfortunately, all these methods increase the 
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ultimate CO2 emissions corresponding to the energy used for heating. 
Another, or possibly also additional measure to prevent freezing, is to 
use antifreeze agents, [24]. Typical antifreeze admixtures react with 
calcium hydroxide to produce hydroxy salts which alter the pH and the 
ionic strength, [14,25]. Theoretically, the freezing point of an aqueous 
solution can be predicted based on the eutectic point of the used anti-
freeze chemical, [14]. However, due to the fusion between the reacting 
materials and chemicals, the estimation of the eutectic temperature for 
concrete is rather complex. 

The rate of the temperature change influencing the ice growth is yet 
another drawback in winter. A slower cooling rate causes a faster ice 
growth and vice versa [8]. This scenario is quite unlikely to be observed 
in a real situation, but rather a rapid temperature change or cyclic F-T 
are observed. 

Summarizing, most research related to the phase transition of pore 
water has been performed on hardened OPC concrete samples subjected 
to the frost action and in saturated conditions [10,21]. Only few studies 
studied fresh mixes, and even fewer containing GGBS, exposed to a 
constant temperature of − 15 ◦C. The aim of the present study was to 
determine the phase transition from water into ice of various systems 
based on OPC and GGBFS. 

2. Materials and methods 

Rapid hardening Portland cement (CEM I 52.5 R) from Cementa and 
ground granulated blast furnace slag (GGBFS) from Merox AB-Sweden 
were used. Natural granite aggregates having diameters of 0–4 mm 
and 4–8 mm were provided by Jehander Heidelberg cement group. 
Mixes also used a fine quartz filler Norquartz 45 from Sibelco Nordic 
(Lillesand, Norway) and sand having a maximum particle size of 150 µm 
delivered by Baskarpsand AB (Habo, Sweden). Polycarboxylate ether- 
based superplasticizer “MasterGlenium ACE 30” (SP), sodium nitrate- 
based antifreeze admixture “MasterSet AC 220” (AF), accelerator 
“Master X-Seed 130” (ACC) and air entraining “MasterAir 105” (AE) 
admixtures from BASF (Rosersberg, Germany) were added. The water to 
binder (w/b) ratio was set to 0.42 for all the mixes. The dosages of SP, 
AE and ACC were kept constant at 0.75 wt%, 0.1 wt% and 10 wt% of the 
binder weight. The amount of antifreeze admixture was 0, 6, 10, 15, 20, 
25 and 30 wt%. The amount of water present in chemical admixtures 
were deducted from the added water. Solid and water contents in the 
used chemical admixtures are sown in Table 1. 

A total of seven admixture combinations and seven paste mixes were 
studied to determine the phase transition by visual inspection and by 
using differential scanning calorimetry (DSC). Mix compositions are 
shown in, Table 2. Two mixes were subsequently used to prepare con-
cretes exposed to a constant − 15 ◦C, Table 3. Concretes were used to 
determine the compressive strength development, the evaluation of the 
pulse transmission time by ultrasonic pulse velocity (UPV) and to 
characterize the microstructure of the hardened binder matrix. The 
microstructure and phase composition of hardened matrixes were 

evaluated by Scanning Electron Microscopy combined with X-ray 
spectrometer (SEM-EDS). 

Concretes were produced using a pan mixer type Zyklos, including 2 
min of dry mixing and followed by the addition of water blended with all 
chemical admixtures and mixing for another 2 min. Slump flow and 
strength development were determined as per SS-EN 12350–2:2019 and 
SS-EN 12390–3:2019 standards, respectively [26,27]. Test concrete 
cubes had dimensions of 100 × 100 × 100 mm3. Freshly casted cubes 
covered with a plastic foil were placed immediately in the refrigerator 
for curing. The refrigerator was set to a constant temperature of − 15 ◦C. 
The compressive strength was determined after 1, 3, 7, 14 and 28 days. 
The applied loading rate was 10 kN/s. Additionally, for every curing 
period, concrete samples were taken out of the refrigerator in three 
different time intervals i.e., directly before testing (instant), 12 h-before 

Fig. 1. Schematic mechanism of fresh concrete exposed to sub-zero curing temperature.  

Table 1 
Solid content of chemical admixtures.  

Chemical admixtures Solid content (wt%) Water content (wt%) 

MasterGlenium ACE 30 (SP) 30 70 
MasterSet AC 220 (AF) 40 60 
Master X-Seed 130 (ACC) 22.5 77.5 
MasterAir 105 (AE) 12.5 87.5  

Table 2 
Mix compositions for pastes.  

Mix Binder (kg/m3) Chemical admixtures (wt% of 
cement) 

Water 

Cement GGBS SP AF ACC AE (kg/m3) 

Reference 200 200 0.75 0 0 0  165.9 
C50:S50:AF6 200 200 0.75 6 10 0.1  120.15 
C50:S50:AF10 10  110.55 
C50:S50:AF15 15  98.55 
C50:S50:AF20 20  86.55 
C50:S50:AF25 25  74.55 
C50:S50:AF30 30  62.55  

Table 3 
OPC-GGBS concrete mix compositions.  

Materials C50:S50:AF6 (kg/m3) C50:S50:AF25 (kg/m3) 

Cement 200 200 
GGBS 200 200 
Quartz 90 90 
Fine sand - B15 90 90 
Fine aggregate (0–4) 1075 1075 
Coarse aggregate (4–8) 537 537 
Admixtures SP 3 3 

AF 24 100 
ACC 40 40 
AE 0.4 0.4 

Water (w/b – 0.42) 120.12 74.55  
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testing (12hr/bf) and 24 h-before testing (24hr/bf). During the waiting 
time concrete samples were stored at room temperature. 

The time required for the phase transition to occur, either from water 
to ice or from water to slush (a mix of water and ice), for pastes and 
blended admixture solutions exposed to a constant − 15 ◦C was initially 
determined visually. The test included preparation of mixtures of water 
with admixtures and pastes containing admixtures which were placed in 
a sealed plastic container, Fig. 2. Containers containing specimens were 
immediately exposed to − 15 ◦C. The visual assessments were performed 
every 30 min. 

Selected pastes containing GGBFS were also studied using differen-
tial scanning calorimetry (DSC) type Q100 TA instrument. Paste samples 
weighting average 15 mg were sealed in an aluminum crucible and 
placed in the DSC chamber along with an empty reference crucible. The 
temperature change was set to 1 ◦C/min for both freezing and thawing 
stages. Pastes were mixed for about 5 min before drawing samples for 
the DSC testing. To simulate a possible real case scenario the DSC was 
operated at the temperature range varying from + 10 ◦C to − 30 ◦C. The 
behavior of pastes upon the temperature change was observed based on 
either the endothermic or the exothermic heat flow. Freezing, melting 
and glass transition points were determined. 

The ultrasonic pulse velocity (UPV) test was used to detect the ice 
formation. Prior to the test 1 and 28-days old concrete samples were 
cured at − 15 ◦C following the SS-EN 12504–4:2004 standard [28]. Tests 
started at different times, i.e., immediately after removal from the 
refrigerator (instant), 6 h later (6 hr/af), 12 h later (12 hr/af), 18 h later 
(18 hr/af) and 24 h later (24 hr/af). During the waiting time samples 
were kept at a room temperature. Pundit Lab ultrasonic instrument 
(Proceq, Zurich, Switzerland) with exponential transducers at 54 kHz 
was used and the measuring path length was 100 mm. 

Scanning Electron Microscope (SEM)—JSM-IT100 (JEOL Ltd., 
Tokyo, Japan) coupled with an energy-dispersive spectrometer (EDS) 
from Bruker (Bruker Corporation, Billerica, MA, USA) was used to 
analyze microstructure and phase composition. The analysis was per-
formed on 3 and 28-days old samples. Before preparation of small 
samples used for the SEM investigation, cubes were removed from the 
refrigerator and stored at a room temperature for 0 h (instant), 12 h- 
before (12 hr/bf), and 24 h-before (24 hr/bf). In the next step, specimens 
having a volume of approximately 15 to 18 mm3 were extracted from the 
core of the concrete. The obtained specimens were stored in isopropanol 
for 24 h and dried for another 24 h. All samples were later impregnated 
with a low viscosity epoxy resin. Once the resin was hardened, speci-
mens were polished using a set of grinding plates and diamond spray 

with particles sizes of 9, 3, and 1 µm using the lamp oil as a lubricating/ 
cooling agent [29]. Images were obtained at 500X and 1000X magnifi-
cations using the backscattered electron (BSE) mode. At 500X, the im-
ages were segmented to separate the porosity using the greyscale 
histogram as described elsewhere, [30,31]. The EDS analysis aiming to 
determine the phase composition was performed at 1000X magnifica-
tion. 20 spots were chosen manually in areas containing predominantly 
C-S-H phase based on the grey level color and Ca/Si atomic ratio 
(0.8–2.0), [29,32,33]. 

3. Results and discussion 

The phase transition of solutions containing water and chemical 
admixtures to either slush or ice when exposed to a constant − 15 ◦C was 
determined by visual observations. The recorded timings required for 
the phase transformation to occur are summarized in Fig. 3. Generally, a 
higher dosage of the antifreeze admixture delayed the transition of 
water into slush and ice. The delay could be directly related to the 
decreasing amount of the freezable water. Each molecule of the anti-
freeze admixture acts as a shield against breaking of bonds between 
water molecules and limits the ice crystallization. Admixtures enabled to 
depress the freezing point of water down to around − 15 ◦C. The extend 
of the period in which the liquid was not frozen affected the achievable 
degree of hydration of the Portland cement. Furthermore, at a constant 
subfreezing temperature, the bulk solution is more likely to freeze 
earlier than the solution present in pores of the already forming binder 
matrix [20,21]. 

The results showed that up to 15 wt% of AF, the solution transitioned 
to the slush state 3 h after exposure to − 15 ◦C. Thick ice lenses started to 
form after another 2 h. This amount of the AF enabled the hydration 
process to continue for only around 5 h. On the contrary, 25 wt% of AF 
enabled to retain the semi-frozen slush state for 7 days, with only few ice 
lenses forming, see the red square in Fig. 3. Visual observations showed 
that the formed slush had a very negligible mechanical strength 
compared to the slush formed at a lower dosage of the AF. In that case, 
the freezing occurred already after 48 h. This transformation has been 
mitigated in solutions containing 30 wt% of the AF, see green triangle in 
Fig. 3. In that case, the high concentration of the solid sodium nitrate 
separated the ions and prevented the transitions [34]. 

The same tests were performed on pastes containing a mix of OPC 
and GGBFS. In that case, a slow stiffening has been observed after 22 h 
and 24 h for mixes containing 25 wt% and 30 wt% AF, respectively, 
Fig. 4. At this stage, the determination of whether the stiffening was 
caused by hydration or freezing of the pore water or by a combination of 
both was not possible. However, the tests results obtained from exper-
iments using water, as described earlier, could indicate a possibly 
dominating effect of the hydration process. The presence of reacting 
Portland cement and GGBFS altered the chemical composition of the 
mixing water, i.e., chlorides content, pH which lowered the freezing 
point even further, [21,11]. 

Paste samples were also tested to determine the initial and final 
setting times. Tests were done immediately after removal of the samples 
from the refrigerator. Results presented in Fig. 4 show images of the top 
cast surfaces. The initial setting occurred approximately 24 h after 
mixing for both pastes. The final set was observed after 168 h and 144 h 
for pastes containing 25 wt% and 30 wt% of AF, respectively. After 
completing the test, samples were left exposed to the room temperature 
for around 10 min. The paste containing 30 wt% of the AF showed a 
formation of a superficial moisture, which could further indicate a 
higher amount of the formed ice. This observation has been confirmed 
later by the DSC tests shown in Fig. 5. 

Differential scanning calorimetry (DSC) was used to determine the 
temperature of the ice formation in the blended OPC-GGBS pastes. The 
recorded DSC curves have been composed of two events i.e., exothermic- 
freezing and endothermic-thawing [1]. Both events were visible as peaks 
marking a significant release of energy, Figs. 5 and 7. The first exo-peak 

Fig. 2. Graphical representation of phase transition test setup – visual 
determination. 
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Fig. 3. Time required for the transition to occur versus the amount of the added antifreeze admixture. Point marked as “liquid state” denotes no transition of water 
into ice. 

Fig. 4. Effects of AF amount on the surface phase change and on the setting times of pastes exposed to − 15 ◦C.  

Fig. 5. Apparent heat flow of OPC-GGBS pastes with various antifreeze dosage at freezing rate 1◦/min using DSC. Note: Example (AF10 – Antifreeze 10 wt%).  
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for the reference mix, was observed at around − 12 ◦C while the presence 
of the AF admixtures lowered it to around − 29 ◦C. The recorded heat 
flow peaks (mW), correspond to the rate of the heat transfer (enthalpy 
change) and are influenced by the sample mass [35,21]. An average 
weight of samples used was 15 mg. 

The reference mix showed only a single peak, while AF admixtures 
caused its delay [21] and additionally induced a second peak, Fig. 5. The 
first freezing peak can be attributed to the initiation of the pore ice 
crystallization, while the second to the ice formation in the confined 
isolated pores due to the supercooling temperature [21,36]. Others 
observed ongoing hydration and formation of a dense binder matrix 
during the cooling stage but still before reaching of the freezing tem-
perature, [6]. The estimated freezing temperatures, based on the for-
mation of the first peak, are shown in Fig. 6. Pastes containing 20 wt% 
and 25 wt% of AF showed freezing temperatures lowered to − 29 ◦C. At 
higher AF dosage, 30 wt% of AF, the freezing occurred already at –22 ◦C. 
This result is in line with the results obtained from visual examination of 
blended pastes and could be related to thermodynamical mechanism 
causing redistribution of pore solutions due to ion concentration gra-
dients, [21,37]. It could be assumed that sodium nitrate present in a 
sufficiently high concentration tended to separate ions by inducing an 
aqueous path between the pores. The ice front could penetrate at a 
higher internal hydraulic pressure [21,38]. 

During thawing, the formed pore ice absorbs the energy and melts at 
different temperatures, Fig. 7. A well-marked peak was observed at 
around 0 ◦C for the reference paste, which had the highest water content 
[39,21]. Similarly, to freezing, also during melting the samples con-
taining AF showed formation of two peaks. Also in that case, melting at 
different temperatures can be related to the geometry of the formed pore 
system and to the concentration of the dissolved ions, [3,8]. At high 
ionic concentration, > 20 wt% AF, the initial melting peak was observed 
at − 20 ◦C, while for < 15 wt% of AF at − 10 ◦C. Finer pores have a lower 
melting temperature [40,41,8]. Melting of ice is an continuous process, 
but its extent is limited at extremely low temperature [1,42]. Conse-
quently, the amount of heat emitted during freezing and the amount of 
heat absorbed during thawing, differs [1]. Others have shown that this 
difference is limited by the presence of AF admixtures [21]. Similar 
trend has been also observed in this research. 

The calculated total heat emitted during freezing and absorbed 
during melting by the tested paste samples versus the amount of the used 
wt% AFs are shown in Fig. 8. The energy was calculated by dividing the 
measured surface area under the formed peaks (W◦C/g) by either 
cooling or freezing rates (◦C/sec). The calculated values correspond to 
the heat of crystallization (ΔHc) and to the heat of melting (ΔHm) (Eq.1 
and Eq.2) [43,44,1]. The highest amount of energy, 101 and 102 J/g was 
released by pastes containing 6 wt% and 10 wt% of the AF respectively. 

Fig. 6. Effect of the amount of AF on the freezing temperature.  

Fig. 7. Apparent heat flow of OPC-GGBS pastes containing various amounts of the sodium nitrate admixture at the thawing rate of 1◦/min.  
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Pastes containing 20 wt% and 25 wt% of the AF released 33% less en-
ergy, while pastes containing 15 wt% and 30 wt% of AF showed a 
decrease by around 22%. Thus, it can be concluded that the amount of 
the formed ice has been significantly lower in pastes containing 20 wt% 
and 25 wt% of the AF. 

The amount of energy absorbed during the thawing has been 
generally lower and less affected by the amount of the AF. This trend 

could be related to the earlier initiation of the melting process. The 
pastes containing 20 wt% and 25 wt% AF absorbed the lowest amount of 
energy, i.e., 19 J/g and 27 J/g, respectively. Thus, even a relatively low 
amount of energy could initiate breaking of bonds between ice mole-
cules and cause the phase transition. Interestingly, pastes containing <
20 wt% and > 25 wt% of the AF, absorbed more heat energy to initiate 
the melting process. 

Heat of crystallization (ΔHc) =
Area under crystallization peak

Cooling rate

=
W ◦ C/g

◦ C/sec

=
Wsec

g
=

(
J
g

)

Two concrete mixes were produced, both based on a combination of 
OPC with GGBS and contained 6 wt% and 25 wt% AF. The measured 
slump flow decreased from 40 cm to 33 cm at higher AF addition. The 
greater AF admixture dosage limited the amount of accessible water and 
reduced the slump flow. However, it is useful in the winter since it al-
lows less freezable water into the pores, preventing freeze damage. The 

Fig. 8. Thermal heat energy emitted during freezing and cooling for OPC-GGBS pastes containing various amount of the AF.  

Fig. 9. Strength development of “Instant” removed OPC-GGBS concrete samples containing 6 wt% and 25 wt% of the antifreeze admixture and cured at − 15 ◦C.  

Heat of melting (ΔHm.) =
Area under melting peak

Melting rate
=

W ◦ C/g
◦ C/sec

=
Wsec

g
=

(
J
g

)
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Fig. 10. Strength development of “12 hr/bf” removed OPC-GGBS concrete samples containing 6 wt% and 25 wt% of the antifreeze admixture and cured at − 15 ◦C.  

Fig. 11. Strength development of “24 hr/bf” removed OPC-GGBS concrete samples containing 6 wt% and 25 wt% of the antifreeze admixture and cured at − 15 ◦C.  

Fig. 12. Average Ultrasonic Pulse velocity (UPV) measured on 1-day old OPC-GGBS concrete samples at distinct time interval, containing 6 wt% and 25 wt% of 
the AF. 
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compressive strength development of these concretes cured at a constant 
temperature of − 15 ◦C is shown in Figs. 9, 10 and 11. The compression 
tests were performed immediately after their removal from the freezer, 
these samples are marked as “instant”, or after the additional storage at a 
room temperature. The additional storage lasted either 12 (12hr/bf) or 
24 (24hr/bf) hours, see description of methods. 

The maximum 28 days compressive strength of 35 MPa was achieved 
for concrete cured for 24 h at room temperature after removing from the 
freezing chamber and containing a higher amount of the AF, (Fig. 11). 
Concrete containing 6 wt% of the AF achieved 25 MPa. The exposure to 
higher temperature resulted in melting of the formed ice and accelera-
tion of the hydration process, which led to a higher measured strength. 
Interestingly, concrete samples containing 25 wt% of the AF tested 
immediately after their removal from the freezer and samples which 
were additionally stored for 12 h achieved the same 28 days compressive 
strength of 27 MPa, Fig. 9 and Fig. 10. Results indicated also that part of 
the developed strength is due to the formation of ice. As observed in tests 
performed on aqueous solutions, a lower amount of the AF caused 
earlier freezing. The early age strength (1-day instant) of concrete 
sample containing 6 wt% AF was 7.4 MPa versus 0 MPa for the concrete 
with 25 wt% of AF. This could be interpreted as formation of ice in 
concrete with containing a lower amount of the AF. This observation has 
been confirmed later by the UPV measurements shown in Fig. 12 and 
Fig. 13. Earlier study indicated that the concentration and strength of ice 
lenses increase linearly with a constant freezing temperature [10]. Thus, 
the internal pressure developed by the forming ice, could cause micro-
cracking of the already formed binder matrix and lower the ultimate 
compressive strength, [11,45,46]. 

The strength development of concretes containing 25 wt% of the AF 
tended to increase with time, while nearly constant values were 
measured for the mix containing 6 wt% of the AF. Certainly, the used 
higher concentration of the AF prevented freezing of the pore water and 
eventually supported the hydration process. The samples containing 6 
wt% of the AF and cured for 24 h at ambient temperature showed a very 
low gain of strength at around 22–25 MPa (Fig. 11). This could be 
related to a possible limited healing microcracks due to an ongoing 
hydration effected from the ice forming in the binder matrix [9,19]. A 
longer ambient curing could also support the strength gain. In the case of 
concretes containing 25 wt% of the AF, the difference in the measured 
strength values, between the instantly tested samples and samples stored 
for 12 h tended to become smaller with age, Fig. 9 and Fig. 10. This 
could be explained by the ongoing slow hydration process and a lower 
amount of the formed ice giving the false strength. 

Additional UPV tests were used to detect and confirm the ice 

formation in 1 and 28 days old concrete samples stored for various pe-
riods at room temperature after removing from the freezer, Figs. 12 and 
13. In general, a higher pulse velocity (m/s) can be interpreted as a 
denser concrete microstructure i.e., either pore ice + binder matrix or 
binder matrix alone. Conversely, a lower measured velocity (m/s) cor-
responds to a less compact microstructure, presence of pores and 
microcracks. The transit time measured on 1-day old samples containing 
6 wt% of AF immediately after the removal from the freezer was 4608 
m/s. The UPV time decreased to 3818 m/s when measured after 6 h of 
the exposure to ambient conditions, Fig. 12. This could indicate the ice 
formation within the binder matrix, [21]. These results complied with 
the earlier described conclusions indicating that addition of 6 wt% of the 
AF did not prevent the formation of ice. As the pore ice nucleates on 
supercooling, the velocity increases twice the rate of the supercooling 
temperature [47,24]. However, increasing temperature initiates the 
melting of the pore ice and thus led to fill the formed pores fully or partly 
with air and/or water. As shown by others the movement of the longi-
tudinal waves in a solid ice is 3828 m/s versus 1485 m/s which is 
achieved in water, [36,21]. This can explain the recorded higher ve-
locity in samples when measured instantly after removal from the 
freezer and lower after 6 h of exposure to ambient conditions. Further-
more, the presence of water released from melted ice could resume the 
hydration of Portland cement and fill the pores with hydration products 
to form a dense matrix [48]. The further increased transit time to 4695 
m/s measured after 24 h of ambient curing confirms this mechanism. A 
similar trend was observed also for the 28-day old sample incorporating 
6 wt% of the AF admixture, Fig. 13. 

On the contrary, concretes containing 25 wt% of the AF showed a 
significantly lower pulse velocity of 3367 m/s and 4464 m/s, when 
measured for performed on 1- and 28-day old samples directly after their 
removal from the freezer, Figs. 12 and 13. The transit velocity increased 
linearly for samples stored in ambient conditions after removal from the 
freezer and before the measurements. This trend could be related to a 
limited crystallization of the pore solutions due to the increased ion 
concentration and to the lowered freezing point of the pore water [49]. 
Consequently, the hydration rate increased, and the binder matrix 
became denser. These results comply with the compressive strength 
measurements. 

The SEM-EDS analysis was performed on 3- and 28-day old OPC- 
GGBS concrete samples cured at − 15 ◦C (Figs. 14 and 15). The recov-
ery of the binder matrix microstructure was observed for samples con-
taining 6 wt% and 25 wt% of the AF and upon removal from the 
refrigerator at different time intervals (Figs. 14 and 15). The 3-day old 
sample containing 6 wt% AF showed more unhydrated cement particles 

Fig. 13. Average Ultrasonic Pulse velocity (UPV) determined on 28-day old OPC-GGBS concrete samples at distinct time interval, containing 6 wt% and 25 wt% of 
the AF. 
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and higher porosity in comparison with the samples containing 25 wt% 
of the AF. Furthermore, regardless of the AF dosage, the porosity, and 
the number of unhydrated cement particles decreased with application 
of the additional ambient curing. These observations comply with 
earlier results and indicate a progressing hydration process, [22]. 

Ettringite was observed in some voids of the samples containing 6 wt 
% of the AF and cured at ambient temperature for 12 hr/bf and 24 hr/bf 
(Fig. 14) [48]. During freezing, when the pore solution transforms into 

ice, the development of the hydration products tends to be inhibited 
[22,50]. However, upon raise in temperature the hydration is resumed 
from the reactions with the melted pore water. Further, despite the 
availability of melted pore water, not all voids are filled completely with 
the hydration products. Because the created ice has a significant impact 
on increasing void volume (which is proportional to freezing tempera-
ture), [22]. Samples containing 25 wt% of the AF showed a formation of 
hydration products and ettringite already at a very early age. Thus, 

Fig. 14. SEM images of 3-day old OPC-GGBS concrete samples containing 6 wt% and 25 wt% of the AF. Note: red color boxes indicate areas with detected ettringite 
crystals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 15. SEM images of 28-day old OPC-GGBS concrete samples containing 6 wt% and 25 wt% of the AF.  
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indicating a lack, or a very limited formation of ice. Furthermore, the 
increased concentrations of Ca(OH)2 and SO4

2- ions originating from the 
reacting OPC activated the GGBS and presumably promoted the for-
mation of ettringite, [51–54]. 

The SEM analysis showed a higher porosity in the concrete samples 
containing 6 wt% of the AF compared to the samples containing 25 wt% 
of the AF (Fig. 18 a,b). Subsequently, the porosity decreased due to the 
application of additional ambient temperature curing, regardless of the 
AF dosage. The 28-day old samples cured at ambient temperature for 12 
hr/bf and 24 hr/bf showed higher porosity compared to the 3-day old 

samples (Figs. 16, 17, and 18). This could additionally indicate that the 
prolonged exposure to the subzero temperature affected the pore system 
through the formation of ice and internal microcracking [13,10,22]. 
Consequently, these results support earlier hypothesis assuming for-
mation of ice in samples containing 6 wt% of the AF. 

The EDS spot analysis of C-S-H indicated that the average Ca/Si 
atomic ratio varied between 1 and 1.5 regardless of the applied curing, 
Fig. 19. 

Fig. 16. Pore segmentation on 3-day old OPC-GGBS concrete samples with 6 wt% and 25 wt% antifreeze.  

Fig. 17. Pore segmentation on 28-day old OPC-GGBS concrete samples with 6 wt% and 25 wt% antifreeze.  
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4. Discussion 

The results of indirect test techniques examining the efficiency of 
sodium nitrate-based antifreeze admixture (AF) for OPC-GGBS concrete 
cured at − 15 ◦C support the results obtained from mechanical and 
microstructural parameters. The indirect test method measuring the 
phase transition for 25 wt% AF and 30 wt% AF test results match those 
of the Differential scanning calorimetry test. When 30 wt% AF was 
thawed for a brief amount of time, it had a higher moisture content. 
Similarly, DSC experiments revealed that pastes containing 30 wt% AF 
phase transitioned earlier than pastes containing 25 wt% AF. 

Furthermore, the mechanical property – compressive strength eval-
uated at various time intervals corresponds to the UPV results at various 
time intervals. When compared to 6 wt% AF concrete, 25 wt% AF 
blended concrete had lesser strength. This clearly suggests the 

production of pore ice in lower blended AF concrete, which was 
confirmed by UPV measurement, yielding a non-linear line for 6 wt% AF 
concrete and a linear line for 25 wt% AF concrete. Because of pore ice 
development as soon as the sample was withdrawn from the refrigerator, 
there were more white pixels in the sample blended with 6 wt% AF, 
which were reduced by ambient curing. On the other hand, 25 wt% AF 
blended concrete had a significantly lower number of white pixels at the 
outset and further reduced as ambient curing progressed. 

As a result, various test results and their comparison suggest a link 
between the indirect and direct test methodologies used. 

5. Conclusions 

The aim of this study was to determine effects of sodium nitrate on 
the phase transition of pore solution into ice, strength development and 

Fig. 18. Development of pore % on OPC-GGBS concrete samples at distinct age and time intervals.  

Fig. 19. Ca/Si atomic ratio variation on OPC-GGBS concrete samples at distinct age and time intervals.  
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its microstructure for OPC-GGBS concretes cured at − 15 ◦C. Following 
conclusions were formulated.  

• Microstructure of the OPC-GGBS concrete exposed to − 15 ◦C got 
densified by application of additional curing at ambient temperature  

• Ice formation occurred in concretes incorporating a low, 6 wt%, 
amount of sodium nitrate. These concretes tended also to develop a 
false strength originating from the forming pore ice 

• Concretes containing 25 wt% of the AF showed only a limited for-
mation of pore ice and sustained the hydration process, although 
delayed the progresses for the studied 28 days  

• In most cases, the hydration process tended to resume after exposure 
to a higher room temperature. Formation of C-S-H gel and ettringite 
crystals was assumed.  

• Prolonged curing of concrete under − 15 ◦C, tended to increase the 
porosity of the formed binder matrix  

• Concretes based on OPC blended with GGBFS up to 50 wt% and 
additional higher dosage of the sodium nitrate-based antifreeze 
admixture can be used for concreting in winter with external tem-
perature even down to − 15 ◦C without any additional heat curing. 
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[18] J.I. Escalante, L.Y. Gómez, K.K. Johal, G. Mendoza, H. Mancha, J. Méndez, 
Reactivity of blast-furnace slag in Portland cement blends hydrated under different 
conditions, Cem. Concr. Res. 31 (10) (2001) 1403–1409, https://doi.org/10.1016/ 
S0008-8846(01)00587-7. 

[19] A.J. Klemm, P. Klemm, Ice formation in pores in polymer modified concrete - II. 
The influence of the admixtures on the water to ice transition in cementitious 
composites subjected to freezing/thawing cycles, Build. Environ. 32 (3) (1997) 
199–202, https://doi.org/10.1016/S0360-1323(96)00054-6. 

[20] M. Brun, A. Lallemand, J.-F. Quinson, C. Eyraud, A new method for the 
simultaneous determination of the size and shape of pores: the thermoporometry, 
Thermochim. Acta. 21 (1) (1977) 59–88, https://doi.org/10.1016/0040-6031(77) 
85122-8. 

[21] J.P. Kaufmann, Experimental identification of ice formation in small concrete 
pores, Cem. Concr. Res. 34 (8) (2004) 1421–1427, https://doi.org/10.1016/j. 
cemconres.2004.01.022. 

[22] M. Çullu, M. Arslan, The effects of antifreeze use on physical and mechanical 
properties of concrete produced in cold weather, Compos. Part B Eng. 50 (2013) 
202–209, https://doi.org/10.1016/j.compositesb.2013.02.012. 
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aggregate on the physico-mechanical properties of concrete exposed to freeze-thaw 
cycles, Cold Reg. Sci. Technol. 60 (1) (2010) 51–56, https://doi.org/10.1016/j. 
coldregions.2009.08.010. 

[47] H.R. Pruppacher, On the Growth of Ice in Aqueous Solutions Contained in 
Capillaries, Zeitschrift Fur Naturforsch. - Sect, A J. Phys. Sci. 22a (1967) 895–901, 
https://doi.org/10.1515/zna-1967-0607. 

[48] L. Xu, P. Wang, G. Zhang, Formation of ettringite in Portland cement/calcium 
aluminate cement/calcium sulfate ternary system hydrates at lower temperatures, 
Constr. Build. Mater. 31 (2012) 347–352, https://doi.org/10.1016/j. 
conbuildmat.2011.12.078. 

[49] L.A. Barna, P.M. Seman, C.J. Korhonen, Energy-Efficient Approach to Cold- 
Weather Concreting, J. Mater. Civ. Eng. 23 (11) (2011) 1544–1551, https://doi. 
org/10.1061/(ASCE)MT.1943-5533.0000262. 

[50] C.K. Nmai, Cold weather concreting admixtures, Cem. Concr. Compos. 20 (2-3) 
(1998) 121–128. 

[51] W. Kiernozycki, J. Błyszko, The influence of temperature on the hydration rate of 
cements based on calorimetric measurements, Materials (Basel). 14 (2021) 1–12, 
https://doi.org/10.3390/ma14113025. 

[52] M. Whittaker, M. Zajac, M. Ben Haha, F. Bullerjahn, L. Black, The role of the 
alumina content of slag, plus the presence of additional sulfate on the hydration 
and microstructure of Portland cement-slag blends, Cem. Concr. Res. 66 (2014) 
91–101, https://doi.org/10.1016/j.cemconres.2014.07.018. 

[53] H. Moon, S. Ramanathan, P. Suraneni, C.S. Shon, C.J. Lee, C.W. Chung, Revisiting 
the effect of slag in reducing heat of hydration in concrete in comparison to other 
supplementary cementitious materials, Materials (Basel). 11 (2018) 1–17, https:// 
doi.org/10.3390/ma11101847. 

[54] T. Matschei, B. Lothenbach, F.P. Glasser, The AFm phase in Portland cement, Cem. 
Concr. Res. 37 (2) (2007) 118–130, https://doi.org/10.1016/j. 
cemconres.2006.10.010. 

A. Kothari et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/0008-8846(86)90045-1
https://doi.org/10.1021/la0208474
https://doi.org/10.1021/la0208474
https://doi.org/10.1039/b010086m
https://doi.org/10.1016/j.cemconres.2009.11.011
https://doi.org/10.1016/j.cemconres.2009.11.011
https://doi.org/10.1002/polb.1994.090321206
https://doi.org/10.1021/jp808341k
https://doi.org/10.1088/1757-899X/262/1/012029
https://doi.org/10.1088/1757-899X/262/1/012029
https://doi.org/10.1016/j.coldregions.2009.08.010
https://doi.org/10.1016/j.coldregions.2009.08.010
https://doi.org/10.1515/zna-1967-0607
https://doi.org/10.1016/j.conbuildmat.2011.12.078
https://doi.org/10.1016/j.conbuildmat.2011.12.078
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000262
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000262
http://refhub.elsevier.com/S0950-0618(22)00587-6/h0250
http://refhub.elsevier.com/S0950-0618(22)00587-6/h0250
https://doi.org/10.3390/ma14113025
https://doi.org/10.1016/j.cemconres.2014.07.018
https://doi.org/10.3390/ma11101847
https://doi.org/10.3390/ma11101847
https://doi.org/10.1016/j.cemconres.2006.10.010
https://doi.org/10.1016/j.cemconres.2006.10.010

	Effects of sodium nitrate and OPC-GGBS concrete mix composition on phase transition of pore water at subzero temperatures
	1 Introduction
	2 Materials and methods
	3 Results and discussion
	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement

	Declaration of Competing Interest
	References


