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1. Introduction 

 
Concrete structures in cold regions suffer from freeze-

thaw damage such as cracks, pop-outs, and scaling due to 
the deleterious expansion of water contained in the concrete 
(Sun et al. 1999, Hanjari et al. 2011). Although the 
mechanism of frost damage is not completely clear, the 
water pressure theory proposed by Powers (1945) is 
supported as a basic idea (Powers 1945). This theory states 
that, in a low temperature environment, the movement of 
unfrozen water due to the pressure from frozen water is 
affected by distance between air voids in concrete, and by 
shortening the distance between air voids, water movement 
pressure can be eased and thereby suppressing damage due 
to expansion. In other words, to suppress deterioration due 
to frost damage, it is important to entrain good quality air 
and shorten the distance between air voids (Wong et al. 
2011). 

In Japan, the standard air content prescribed at the time 
of unloading of ordinary concrete is 4.5%, with a tolerance 
of ±1.5% (JASS 5 2018, JIS A 5308 2019). In addition, 
national standards of South Korea (KS F 4009 2016), China 
(JGJ 55 2011), the United States (ACI 211 2009, ASTM C 
94 2020) and Europe (EN 206 2013) also require that a 
certain amount of air be secured when there is a risk of frost 
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damage. In recent years, in some areas of Japan, where frost 
damage is common, countermeasures have been established 
according to the classification of frost damage. For instance, 
the target air volume at the time of unloading of ready 
mixed concrete is 5% in severe freezing and thawing 
damage environment, and 6% in extremely severe freezing 
and thawing damage environment (MLIT 2017). Entraining 
6% of air content is difficult to control, and if the air 
content becomes excessive, it may lead to a decrease in the 
strength of the concrete. Moreover, even if the target air 
volume is secured during concrete production, the air 
volume may decrease during transportation, pumping, and 
vibration compaction and it may not be possible to secure 
the desired air volume in the hardening material. Pumping 
has been shown to reduce entrained air in the small 
diameter range of 200μ or less, which is said to contribute 
to frost damage resistance, and as a result, decrease in 
scaling resistance has been confirmed (Oyamada et al. 
2022). 

Phase change materials have been studied for their 
performance in mitigating freeze-thaw damage in concrete 
(Pilehvar et al. 2019, Nayak et al. 2019, Li et al. 2019, 
Farnam et al. 2017, Tian et al. 2022, Yeon and Kim 2018, 
Bentz and Turpin 2007). Honda et al. (2021) investigated 
the use of a waterproofing agent mainly composed of solid 
paraffin and an aqueous solution of calcium nitrite and 
confirmed that solid paraffin has excellent freeze-thaw 
resistance (Honda et al. 2021). Paraffin is a hydrophobic 
compound, and previous studies have suggested that the 
addition of hydrophobic compounds improves the frost 
resistance of concrete (Muzenski et al. 2015, Kishimoto et 
al. 2018). Nishi and Nawa (2014a, b) attempted to 
investigate the mechanism by which hydrophobic 
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Abstract.  In this study, the fresh properties of paraffin-mixed concrete, compressive strength, resistance to frost damage, and 
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reduction was suppressed compared to the concrete without paraffin. The freeze-thaw resistance of concrete when paraffin is 
mixed may be improved due to the reduction in the amount of frozen water and the mixed paraffin particles exist in the concrete 
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compounds suppress frost damage deterioration, but the 
mechanism is currently unknown and further investigation 
is required (Nishi and Nawa 2014a, b). 

Furthermore, in recent years, due to the spraying of anti-
freezing agents aimed at preventing the road from freezing 
in winter, or in marine conditions in cold regions, the 
combined deterioration of salt damage and frost damage has 
become a serious problem adversely affecting the 
mechanical and durability performance (Farnam et al. 2015, 
Qiao et al. 2018, Sun et al. 2002, Zhou et al. 2022, Wang et 
al. 2021, 2022). At present, there is little knowledge about 
the effect of paraffin on such composite deterioration. 

In this study, we investigated the influence of paraffin 
on the basic physical properties and freeze-thaw resistance 
of concrete. In terms of basic physical properties, fresh 
properties and curing properties such as compressive 
strength were investigated. Regarding freeze-thaw 
resistance, not only resistance to frost damage but also 
resistance to combined deterioration with salt damage was 
investigated. In addition, we clarified the mechanism by 
which the paraffin mixture improves resistance to frost 
damage. 

 
 

2. Experimental 
 
2.1 Materials used and mix-proportion 
 
Table 1 shows the mix proportion of concrete. Paraffin 

having an average particle size of 0.5 μm was used in the 
form of an emulsion with a solid content of 30% by mixing 
with water. The water to cement ratio of concrete was 55% 
(hereinafter expressed as “W/C”). The target slump was 12 
± 2.5 cm, the target air volume was 5.0 ± 1.0% for concrete 
containing air entraining agent (“AEC”), and 3.0 ± 1.0% for 
concrete without air entraining agent (“NonAEC”). These 
target values were achieved by adjusting the amount of 
water reducing agent, an AE agent, and an antifoaming 
agent. Concrete mixed with paraffin was labelled as PC 
followed by amount of paraffin added. 

 
 
 
 

Table 1 Mix proportions of concretes 

Specimen
W/C Materials (kg/m3) Admixture (kg/m3) 
(%) W C S G PE Ad AE DF

AEC 

55 167 304 

871 935 - 3.04 0.122 - 
NonAEC 

874 929 
- 4.56 - 0.030

PC 4.5 4.5 5.17 - 0.046
PC 9.0 9 5.17 - 0.060

 

*W: Tap water, C: Ordinary Portland cement (Specific gravity = 
3.16), S: Fine aggregate (Specific gravity = 2.57), G: Coarse 
aggregate (Specific gravity = 2.65), PE: Paraffin emulsion 
(Specific gravity = 0.98), Ad: Water reducing agent (mixture of 
lignosulfonic acid compound and polycarboxylic acid ether), 
AE: Air Entraining agent (modified rosin surfactant), 
DF: Antifoaming agent (polyalkylene glycol derivative)

 

2.2 Test methods 
 
2.1 Fresh concrete 
In th൴s test, we ൴nvest൴gated the effect of paraff൴n 

൴ncorporat൴on on fresh propert൴es of concrete. Slump and air 
content were measured according to JIS A 1101 (2020) and 
JIS A 1128 (2020). 

 
2.2.2 Bleed ng test 
The amount of bleeding water when paraffin was 

incorporated in the concrete was investigated. Bleeding was 
performed using a container with an inner diameter of 250 
mm and an inner height of 285 mm according to JIS A 1123 
(2022). 

 
2.2.3 Compressive strength 
Generally, certain amount of entrained air is prescribed 

for concrete subjected to frost damage. Entraining air is 
found to reduce the compressive strength. But, when 
paraffin is mixed, the specified amount of air is not 
entrained, hence it is expected that the strength reduction is 
suppressed. Therefore, we investigated the compressive 
strength development when paraffin is mixed. Compressive 
strength was measured in accordance with JIS A 1108 
(2018) using specimens of φ100×200 mm that were cured 
in water until the age of 28 days. Average of three 
specimens was taken. 

 
2.2.4 Freeze-thaw test 
In this test, the effect of paraffin incorporation on 

resistance to frost damage alone and also the combined 
deterioration resistance to frost damage and salt damage 
was investigated. Freeze-thaw tests were conducted using 
100×100×400 mm specimens and performing relative 
dynamic modulus of elasticity according to JIS A 1148 
(2010), Method A. Two freezing mediums: tap water and 
3% calcium chloride aqueous solution were used in the 
experiment. An average of two samples was collected in 
each test. When 3% CaCl2 aqueous solution was used as the 
freezing medium, the chloride ion permeability was 
evaluated by EPMA after 300 freeze-thaw cycles. 

 
2.2.5 Observation of cracks after freeze-thaw test 
The purpose of this test was to understand the 

occurrence of cracks after due to combined deterioration by 
frost damage and salt damage. The test method proposed by 
Saichi et al. (2002) was used as a reference to observe 
cracks in the specimen after the freeze-thaw test was 
completed using a 3% CaCl2 aqueous solution as the 
freezing medium (Saichi et al. 2002). A 100×100×20 mm 
specimen was cut from the specimen and impregnated with 
fluorescent resin. After that, using an electron microscope, 
200 images were taken from one sample at a magnification 
of 30 times while illuminating it with black light. Three 
straight lines (traverse lines) were drawn on each 
photographed image, and the points where the traverse lines 
and cracks intersected were counted. The intersection point 
density was measured using Eq. (1). For reference, we also 
observed cracks in specimens that were not subjected to 
freezing and thawing. 
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𝐴 ൌ 𝑁𝐿  (1)
 
Here, A: point density (points/mm) 
     N: number of points where the traverse line 

intersects the crack (piece) 
     L: total length of traverse line (mm) 
 
2.2.6 Heat generation due to phase change 
The mechanism of improvement in freeze-thaw 

resistance was thought to be due to the paraffin shrinking as 
the temperature decreased, thereby providing space. 
Therefore, in this test, we investigated the volume change 
of paraffin due to temperature change. The temperature 
change during the freeze-thaw cycle was monitored. In the 
test, using the mortar composition (W/C = 50%, S/C = 3.0) 
specified in JIS R 5201 (2015), a φ50×100 mm specimen 
was prepared and demolded after one day, and cured at 
20°C and 60% RH until the age of 7 days. A thermocouple 
was placed in the center of the specimen and the minimum 
temperature was -20°C and the maximum temperature was 
20°C. The freezing rate was -2.5°C/hr. and the melting rate 
was 5.0°C/hr. The temperature was kept at -20°C for 4 
hours and at 20°C for 4 hours to make a total of 24 hours 
per cycle. 

 
2.2.7 Frozen water amount 
There is a correlation between freeze-thaw resistance and 

frozen water volume. Therefore, in this test, the amount of 
frozen water when paraffin was mixed was measured. The 
amount of frozen water was measured by referring to the test 
method proposed by Hasegawa et al. (2006), focusing on the 
latent heat during the freezing and thawing of the dry 
specimen and the saturated specimen (Hasegawa et al. 2006). 
A cement paste specimen with W/C = 50% was prepared in a 
φ50×100 mm mold with a power-saving couple placed at the 
center. The amount of paraffin mixed was set at three levels, 
equivalent to 4.5, 9.0, and 13.5 kg/m3. After curing in water, 
it was completely sealed with polyethylene film and plastic 
wrap film and tested. For a standard, specimens were 
prepared by pre-curing W/C = 30% cement paste specimen in 
water for 7 days and then drying for 28 days in an 
environment with a relative humidity of 30% or less. Based 
on the method of measuring the amount of frozen water and 
the accumulated latent heat temperature detected from the 
temperature difference between the saturated cement paste 
specimen and the dry specimen due to freezing and thawing, 
the amount of frozen water in the cement hardened body was 
calculated. The freeze-thaw cycle was set for a minimum 
temperature of -30°C and maximum temperature of 10°C. 
The freezing rate was -2.5°C/hr. and the melting rate was 
5.0°C/hr. The temperature was kept at -30°C for 2 hours and 
at 10°C for 3 hours to make a total of 29 hours per cycle. 

 
2.2.8 Air void spacing 
The cell spacing coefficient was measured in order to 

investigate the mechanism of improvement in freeze-thaw 
resistance when paraffin is mixed. The air void spacing 
factor was determined by the linear traverse method 
according to ASTM C457 (2006). A 90×90×20 mm 
specimen was cut from the center of a φ100×200 mm 

specimen that had been cured in water until the age of 28 
days. 

 
2.2.9 Observation of the state of paraffin 
This test was conducted to confirm the dispersion status 

of paraffin in hardened matrix. In observing the state of 
paraffin dispersion, a cement paste containing 50% water-
cement ratio and 3% paraffin emulsion to cement ratio was 
molded into a diameter of φ20×3 mm. Samples sealed and 
cured until 28 days old were measured with a micro-Raman 
spectrophotometer. In the preliminary test, the paraffin 
emulsion and the cement paste were individually measured, 
and it was confirmed that the Raman shift of paraffin 
appeared around 2900 cm-1. A color image was created 
based on the specific peak. For example, large peaks were 
assigned to reddish range and smaller peaks towards blue. 

 
 

3. Results and discussion 
 
3.1 Properties of fresh concrete 
 
The slump was 16.5 cm for AEC, 16.0 cm for Non-

AEC, 15.0 cm for PC4.5, and 13.0 cm for PC9.0. Air 
content was 5.4% for AEC, 2.2% for NonAEC, 2.9% for 
PC4.5, and 3.2% for PC9.0. The slump decreased slightly 
with the addition of paraffin. This is because the paraffin 
emulsion was mixed within the unit water volume. The air 
content was within the target value of 3.0±1.0% for 
NonAEC and 5.0±1.0% for AEC. The addition of paraffin 
decreased the bleeding as shown in Fig. 1. The amount of 
bleeding of paraffin added PC 4.5 and PC 9.0 was 
approximately 30% lesser than that of NonAEC. This effect 
tended to increase as the amount of paraffin added 
increased. This is considered to be because the viscosity of 
the concrete was increased by mixing the paraffin emulsion. 

 
3.2 Compressive strength 
 
The 28-day compressive strength is shown in Fig. 2. The 

compressive strength of PC 4.5 and PC 9.0 was found to be 
comparable to that of NonAEC. On the other hand, the 
compressive strength of AEC, was about 20% lower than 
that of NonAEC. Addition of paraffin did not reduce the 
compressive strength as seen in air entrained concrete. 

 
 

Fig. 1 Bleeding amount 
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Fig. 2 Compressive strength 

 
 

Fig. 3 Freeze-thaw test using tap water 
 
 
3.3 Freeze-thaw resistance 
 
To examine the resistance of concrete with paraffin 

against freezing and thawing, the change in relative 
modulus of elasticity was used as one of the indicators. 

Fig. 3 shows the relative dynamic modulus of elasticity 
when tap water is used as the freezing medium, and Fig. 4 
shows the mass change rate. The RDME of AEC did not 
decrease even after 300 cycles. On the other hand, NonAEC 
began to decrease immediately after the start of freezing 
and thawing and fell below 60% at the 90th cycle. The 
RDME of PC 4.5 and PC 9.0 did not decrease up to 300 
cycles and maintained more than 80%, like AEC. No clear 
difference was observed in the respective mass reductions 
when tap water was used. Nishi and Nawa (2014a) reported 
that the introduction of a hydrophobic compound-based 
shrinkage reducing agent into concrete suppresses the 
movement of unfrozen water or the penetration of ice 
crystals, thereby lowering the expansion pressure and 
improving frost damage resistance (Nishi and Nawa 
(2014a). Which indicates that the paraffin used in this study, 
being hydrophobic, also exhibited similar expansion 
resistance. 

 
 

Fig. 4 The rate of mass change using tap water

3.4 Composite deterioration under a combination 
of freeze-thaw and salt environment 

 
3.4.1 Change in relative dynamic modulus of 

elasticity 
The RDME of the specimens subjected to composite 

deterioration condition, in which 3% CaCl2 aqueous 
solution is used as the freezing medium was determined and 
the results are shown Fig. 5 and their respective mass 
change rate are show in Fig. 6. NonAEC dropped to less 
than 60% after 120 cycles. The reason why the RDME 
reduction was lower when using a 3% CaCl2 aqueous 
solution compared to when tap water was used is thought to 
be due to the increased strength influenced by chloride ions. 
PC 4.5 and PC 9.0 were about 80% at 300 cycles, like AEC. 
There was no significant difference in the RDME between 
tap water and 3% CaCl2 aqueous solution. The mass change 
rate when using 3% CaCl2 aqueous solution was different 
from that when using tap water, and a clear mass decrease 
was confirmed as the freeze-thaw cycle progressed 
immediately after the start of the test. 

The mass change rate of NonAEC was about -12% at 
120 cycles, confirming severe scaling. On the other hand, 
the mass change rates of PC 4.5 and PC 9.0 were larger than 
those of AEC, but were about 5.0% and 4.5%, respectively, 
at 120 cycles, indicating reduced scaling. This suggests that 
the addition of paraffin can suppress frost damage in an 
environment supplied with chloride ions. These factors 
were further justified by investigations in the following 
sections. 

 
3.4.2 Chloride ion penetration 
Since the relative dynamic modulus of elasticity of the 

paraffin mixed concrete did not decrease much, a chloride 
 
 

Fig. 5 Freeze-thaw test using 3% CaCl2
 
 

Fig. 6 The rate of mass change in 3% CaCl2
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Fig. 8 Distribution of chloride ion concentration
 
 

profile was also analyzed for each concrete. Fig. 7 shows 
the permeation of chloride ions observed by EPMA using 
the specimen after freezing and thawing. Fig. 8 shows the 
chloride ion concentration distribution at each depth from 
the surface. In addition, since the RDME of NonAEC fell 
below 60% after 120 cycles of the freeze-thaw test, other 
samples were not subjected to the freeze-thaw action until 
they reached 300 cycles. It shows the permeation of 
chloride ions after being immersed in a 3% CaCl2 aqueous 
solution. In the NonAEC, the penetration depth of chloride 
ions reached about 25 mm, and the chloride ion 
concentration in the surface layer was about 50 kg/m3. On 
the other hand, for PC 4.5 and PC 9.0, it was about 15 mm, 
and 25 kg/m3 respectively, which is lower than NonAEC. 
From this, it was confirmed that when paraffin was added, 
chloride ion permeation was suppressed in a composite 
deterioration environment of freeze-thaw and salt compared 
to when paraffin was not mixed. 

 
3.4.3 Internal crack observation 
To substantiate the resistance of paraffin mixed concrete 

exhibited in the results of dynamic modulus and chloride 
penetration, the internal cracks were observed. The Fig. 9 
shows images of cracks observed after freezing and 
thawing. Cracking of NonAEC tended to occur most often 
at the interface between aggregate and cement paste. In 

 
 

 
 

addition, many cracks in the cement paste and inside the 
aggregate were also observed. For PC 4.5 and PC 9.0, 
cracks occurred at the interface between the aggregate and 
cement paste, but were less frequent than NonAEC, and 
almost no cracks occurred in the cement paste. Adding to 
this, bleeding amount shown in Fig. 1, tended to decrease 
for paraffin mixed concrete. One reason for the decrease in 
cracking at the aggregate interface is the decrease in the 
transition zone at the aggregate interface. The point density 
of the cracks of the test piece before freezing and thawing 
was 0.008 points/mm for NonAEC, 0.009 points/mm for 
PC4.5, and 0.006 points/mm for PC9.0. On the other hand, 
the point density of cracks after freezing and thawing was 
0.193 points/mm for NonAEC, 0.046 points/mm for PC4.5, 
and 0.028 points/mm for PC9.0. 

The point densities for PC 4.5 and PC 9.0 after the 
freeze-thaw test were 24% and 12% lower than NonAEC, 
respectively. From this, in the composite deterioration test, 
the reason why chloride ions permeated NonAEC more than 
paraffin added concrete was that more cracks were 
generated inside due to the action of freezing and thawing. 

 
3.5 Mechanism of improvement of freeze-thaw 

resistance 
 
Farnam et al. (2016) reported that paraffin oil can lower 

the freezing temperature by generating latent heat when the 
phase changes from liquid to solid as the temperature 
decreases (Farnam et al. 2016). It shows that it is promising 
as a concrete pavement material that melts ice and snow. 
Therefore, the latent heat of paraffin was also investigated 
in this study. Fig. 10 shows the temperature history during 
freezing. In the case of water, the effect of latent heat was 
confirmed around -6°C. Conversely, paraffin alone is solid 
at 20°C, hence phase change did not occur, and the effect of 
latent heat was not confirmed. In the case of paraffin 
emulsion with a concentration of 30%, the effect of latent 
heat was confirmed at around -6°C, like water. Since 70% 
of the paraffin emulsion is water, and latent heat was 
generated by the phase change of water. So, the freeze-thaw 

 
 

 
Fig. 7 Chloride ion penetration after combined deterioration test 

 
Fig. 9 Observed cracks after freeze-thaw test
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Fig. 10 Temperature history 
 
 

Fig. 11 Frozen water amount 
 
 

resistance when mixed with paraffin was not affected by 
latent heat of paraffin alone. Fig. 11 shows the amount of 
frozen water. The amount of frozen water in PC4.5 and 
PC9.0 when paraffin was used was less than that of 
NonAEC. From this, it is considered that one of the reasons 
for the improvement in freeze-thaw resistance when 
paraffin was added was that the amount of frozen water 
decreased due to the addition of paraffin. 

 The air void spacing factors were 509 μm for 
NonAEC, 305 μm for PC4.5, and 232 μm for PC9.0. It was 
confirmed that the air void spacing factor tended to 
decrease as the amount of paraffin added increased. 
Especially, for PC 9.0, it was under 250 μm, which is said 
to have high freeze-thaw resistance. 

Fig. 12 shows the number of air voids for each void 
diameter. The number of air voids is expressed as the 
apparent number of voids, because paraffin was also 
accounted for. Fig. 13 shows the air content at each pore 
size in the hardened material. A study by Sakata et al. 
(2012) showed that the more the 150 μm air voids, the 
higher the frost damage resistance, and it was reported that 
it was necessary to contain 0.45% or more of such pores in 
the hardening material (Sakata et al. 2012). When paraffin 
was added, fine air voids of 250 μm or less tended to 
increase. Regarding the air content in the hardened 
specimen, the air content of PC 4.5 and PC 9.0 was larger 
than that of NonAEC. At the time of checking the fresh 
properties, the difference in air content in NonAEC between 
Pa4.5 and Pa9.0 were 0.7% and 1.0%, but were large, 1.1% 
and 2.1%, in the hardened specimen. In addition, the 
amount of air void with a diameter of 150 μm or less was 
0.27% for NonAEC, 0.67% for PC 4.5 and 1.10% for PC 
9.0. Therefore, the amount of pores was larger than the 

Fig. 12 Apparent air void content
 
 

Fig. 13 Air void volume versus void diameter
 
 

required pore amount of 0.45% for high freeze-thaw 
resistance. 

From the above, the increase in freeze-thaw resistance 
when paraffin was added is due to the increase in the 
amount of air voids in the specific air void diameter, which 
is believed to contribute to freeze-thaw resistance. 

Fig. 14 shows images from Raman spectroscopy. It 
shows that paraffin with a size of 200 μm or less was evenly 
distributed in the cement paste. Considering that the 
paraffin particles in the emulsion were about 0.5 μm in size, 
it is presumed that they exist as aggregates in the cement 
paste. From this, it is considered that the apparent number 
of air voids increased in Fig. 12 was due to the distribution 
of aggregates of paraffin particles in the concrete. 

From the above, the improvement of freeze-thaw 
resistance when paraffin is mixed is due to the fact that 
paraffin particles form aggregates of a predetermined size 
and exist in concrete, acting as substitutes for air voids and 
increasing the apparent intercellular spacing coefficient. 
Therefore, the pressure during the freeze-thaw cycle was 
relieved. 

 
 

Fig. 14 Raman spectroscopy imaging diagram
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4. Conclusions 
 
In this study, we conducted an investigation to clarify 

the combined deterioration resistance of freeze-thaw and 
salt when paraffin was mixed. Specifically, we investigated 
basic physical properties, freeze-thaw resistance, and 
freeze-thaw resistance in an environment where chloride 
ions were supplied to concrete mixed with paraffin. The 
findings obtained are shown below. 

 
• The amount of bleeding water paraffin mixed 

concrete PC 4.5 and PC 9.0 was approximately 30% 
lesser than that of NonAEC. 

• The compressive strength was about the same as that 
of concrete without paraffin. By adding paraffin, the 
problem of strength reduction in air entrained 
concrete can be solved. 

• By incorporating paraffin, the decrease in the 
relative dynamic elastic modulus was suppressed 
without entraining air, and the relative dynamic 
elastic modulus was maintained at 80% or more after 
300 freeze-thaw cycles. 

• Even when freezing and thawing was performed in 
an environment where chloride ions were supplied, 
the freeze-thaw resistance effect of incorporating 
paraffin was confirmed, and it was observed that the 
mass change rate due to scaling was suppressed by 
more than twice. 

• Under a composite deterioration condition of freeze-
thaw and salt, the occurrence of internal cracks was 
controlled, leading to reduced permeation of chloride 
ions. 

• The amount of frozen water is reduced, and the 
mixed paraffin particles were present in the concrete 
as pore fillers with a size of 200 μm or less. By this, 
the apparent air void spacing factor was lowered, 
and the pressure was relieved. 
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