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ABSTRACT 

The most critical factors in cold weather concreting are preventing early age frost damage and guaranteeing a 

normal strength development. Early age frost damage is a serious problem for concrete structures in cold regions, 

which is caused by freezing and freeze-thaw cycles during the initial hardening stage. More specialized 

technologies are still needed to diagnose and prevent early age frost damage. It is required to do more research 

on the diagnostic and preventive approaches of early age frost damage to enhance the quality of cold weather 

concreting and guarantee the durability of concrete structures. 

Therefore, the objective of this study was to (1) grasp the present situation of cold weather concreting in 

various countries and summarize the content from various guidelines by investigating Guides to Cold Weather 

Concreting of various countries, (2) propose effective diagnosis methods for early age frost damage, (3) 

investigate the effect of compressive strength development at early ages on frost resistance of concrete and (4) 

propose a prevention method of early age frost damage by using additive for setting time adjustment. 

In chapter 2, based on the literature review of Guides to Cold Weather Concreting of various countries, it is 

known that most of the guidelines content in different countries' Guides to Cold Weather Concreting are similar. 

Different nations have different building techniques and technology, which local climates and national 

requirements may influence. It still needs to be understood how the minimum required compressive strength 

affects the frost resistance of concrete at early ages. The appropriateness of the minimum required compressive 

strength for cold weather concreting should be established. Meanwhile, technological development is needed to 

improve the diagnosis and prevention of early age frost damage. 

Chapter 3 discusses the nail and pneumatic penetration test machine methods to develop accurate diagnostic 

methods for detecting the depth of early age frost damage. A nail penetration test can be used to determine if the 

concrete has been damaged by frost at an early age. However, determining the extent of early age frost damage 

is difficult. It is evident that the age of seven days of penetration depth has a tremendous diagnostic effect on 

identifying frost damage at an early age and diagnosing the damage depth. The pneumatic penetration test 

machine is useful for determining the extent of early age frost damage seven days after the damage occurred. 

With a micro-destructive degree, it can determine the depth of the damage. 



 

II 

In chapter 4, laboratory and outdoor exposure tests were conducted to investigate the effect of compressive 

strength development at early ages on the frost resistance of concrete. Air-entrained concrete that reaches a 

compressive strength of 5.0 MPa may effectively prevent early age frost damage and endure several freeze-thaw 

cycles. Frost resistance improves with the increase in compressive strength for early age concrete subjected to 

many freeze-thaw cycles in a hazardous water-saturated environment. For OPC concrete with a w/c of 0.5, the 

approximate numbers of freeze-thaw cycles needed to keep the relative dynamic modulus of elasticity over 90% 

for concrete with compressive strengths of 5.0, 12.0, 18.0, and 25.0 MPa were 18, 55, 90, and 124, respectively. 

Concrete that has reached its final setting stage may successfully withstand early age frost damage both in an 

air-entrained condition as well as non-air-entrained condition. Compared to laboratory tests, outdoor exposure 

tests showed lower frost resistance for concrete. Concrete has been reported to be less resistant to frost because 

of the dry-wet and freeze-thaw cycles in the natural environment. 

In chapter 5, an advanced concrete finish (ACF) construction method has been developed to shorten the setting 

time of concrete in low-temperature environments using an additive for setting time adjustment. This chapter 

aims to investigate the effectiveness of the prevention method for early age frost damage using ACF additive 

and to recommend an appropriate program to utilize it. This study measures various tests such as slump, air 

content, setting time, and compressive strength. The results show that the use of ACF additive unaffected the 

slump and air content of fresh concrete. The setting time of concrete was significantly shortened with an increase 

in the amount of ACF additive, and this effect can be observed even at low temperatures. Additionally, the ACF 

additive can improve the early age strength within 24 hours. However, there is no difference between ACF 

concrete and plain concrete in compressive strength at 7 and 28 days. Adding 4 and 6 kg/m3 of ACF additive 

successfully prevented early age frost damage. Frozen concrete samples developed the same degree of 

compressive strength compared to non-frozen concrete samples after recovery curing. Therefore, 4 and 6 kg/m3 

of ACF additive can be used in cold weather concreting to prevent early age frost damage. 

 
Keywords: Cold weather concreting, early age frost damage, diagnosis and prevention methods, penetration test, 

early age of frost resistance of concrete, minimum required compressive strength, outdoor exposure test, setting 

time, compressive strength development. 
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1.1 Background 

The most critical things in cold weather concreting are preventing early age frost damage and guaranteeing a 

normal strength development (Architectural Institute of Japan, 2010; Architectural Institute of Japan, 2018). 

Early age frost damage is a serious problem for concrete structures in cold regions, which is caused by freezing 

and freeze-thaw cycles during the initial hardening stage. In cold weather concreting, building warm sheds, 

heating water and aggregates, securing a sufficient air content in the concrete, and adding anti-freeze agents were 

common methods to protect concrete from early age frost damage (Kim et al.,1978; Nmai, 1998; Hama and 

Kamada, 1997; Demirbog˘a et al., 2014). Concrete subjected to early age frost damage can cause serious 

problems, such as strength reduction, cracks generation, air permeability increase, and durability deterioration. 

To prevent the early age frost damage, the following measures have been mainly conducted in cold weather 

concreting. The first is to recommend the poured concrete is cured with normal temperature until the concrete 

strength reaches 5.0 MPa. The second is to make sure the concrete has the appropriate air content. The third is 

to add antifreeze to the concrete (Architectural Institute of Japan, 2010). 

However, diverse countries have published their own Guides to Cold Weather Concreting for guiding 

construction. There are certainly differences in the requirements of guides of various countries. For example, in 

the guidelines of the Architectural Institute of Japan, the critical strength in the frost resistance value of early 

age frost damage for structure constructions is 5.0 MPa (Architectural Institute of Japan, 2010). In contrast, in 

the guidelines of Japan Society of Civil Engineers, concrete is commonly used in roads, bridges, and other mass 

concrete constructions, and the influence conditions of the water environment near the construction and the 

section size of concrete members are considered. The range of critical strength in frost resistance values is 5.0 

to 15.0 MPa (Japan Society of Civil Engineers, 2017). It can be found that this kind of difference in the 

requirements of the same thing is not a rare phenomenon through reading the two standards. At present, because 

there is no literature on organizing the actual situation of the Guides to Cold Weather Concreting of various 

countries, it is hard to grasp the mainstream construction methods and technologies of cold weather concreting 

of various countries. 

Additionally, there needs to be more research on how the minimum compressive strength needed for cold 
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weather concreting affects durability. Investigating how concrete's minimum essential compressive strength 

affects its durability is required. 

On the other hand, the evaluation of the damage degree of the specimen that is subjected to early age frost 

damage is determined by the compressive strength recovery by curing after the early age frost damage. However, 

it is not straightforward to use a compressive strength test to determine the compressive strength of a concrete 

structure (Civil Engineering Research Institute for Cold Region, 2016). Therefore, it is necessary to test whether 

the concrete structure is damaged by early age frost damage with non-destructive tests and micro-destructive 

tests. 

An increasing number of admixtures have been developed for concrete that may be used in cold weather 

concreting (Ramachandran, 1978; Hama, 1996; Polat et al., 2010; Wang et al., 2019; Zhang et al., 2020; Zhang 

et al., 2020; Alzaza et al., 2022). By using concrete admixtures, it is required to provide new methods for 

preventing early age frost damage. Thus, it is necessary to carry out technical development for prevention of 

early age frost damage of concrete. 

 

1.2 Previous research 

1.2.1 Frost damage and early age frost damage of concrete 

It is common practice to distinguish between "Frost damage," which occurs when concrete that has sufficiently 

hardened is repeatedly subjected to freeze-thaw cycles, and "Early age frost damage," which occurs when 

concrete that is still setting and hardening is compromised by the freeze-thaw cycles and is unable to perform as 

intended. Because "Frost damage" is a maintenance issue for concrete structures in terms of the durability of 

concrete against long-term weather effects, whereas "Early age frost damage" is more of a construction 

management issue for cold weather concreting, where the concrete is placed and protected to withstand the 

several freeze-thaw cycles that occur during construction. This is because "Early age frost damage" is a critical 

construction management issue for cold weather concreting (Koh and Kamada, 1978). 

Except in the early stages after the concrete placement, the mechanism of early age frost damage can be treated 

in the same manner as long-term " Frost damage". In this case, the deterioration of concrete due to frost damage 
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is based on the freezing and expansion of water in the microscopic voids within the concrete (Tamamushi,1961). 

However, in the early stages of frost damage, the concrete has not hardened sufficiently, the structure is still in 

the process of formation, and in extreme cases, the concrete may behave as a liquid, which requires different 

considerations than for concrete that has hardened sufficiently. 

When water freezes to ice, its volume increases by about 9%. The pressure required to prevent this volumetric 

expansion can be obtained from the water state diagram (Tamamushi,1961) in Fig. 1.1. The A-D curve in the 

figure shows that water and ice can coexist at temperatures below 0 ℃. Under the temperature and pressure to 

the left of this curve, the ice state is stable, while the water state is stable in the area to the right. In order to 

prevent water from freezing at -10℃, the pressure must be maintained on the water side of the curve, which calls 

for a pressure greater than 100.0 MPa. 

On the other hand, the tensile strength of concrete, which varies with formulation and material, is barely 5.0 

MPa and cannot contain water against such significant internal pressure. However, with some temperature drop, 

this pressure will, of course, exceed the tensile strength of the concrete. As a result, the water in the concrete 

becomes ice, and the expansion associated with this phase change causes the concrete to expand. At this stage, 

the concrete's elongation capacity becomes relevant. If the concrete can expand like rubber, it will not be subject 

to frost damage. However, the tensile elongation capacity of concrete for internal expansion is significantly less 

than the amount of expansion due to freezing water, resulting in damage to the concrete. 

 
Fig. 1.1 State diagram of water 
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As discussed above, since concrete's tensile strength and elongation capacity are fundamentally ineffective 

against freezing water, mitigating the expansion caused by freezing water is an essential factor in preventing 

frost damage to concrete. In order for the expansion of volume not to result in significant pressure, a gas (air) 

must be present. Gases contract with little or no increase in pressure for a volumetric expansion of about 9%. 

On the other hand, for solids and liquids, the expansion pressure causes the tissue to expand. In concrete, air 

bubbles are the primary mitigating factor. 

 

1.2.2 Mechanism of early age frost damage 

The mechanism of early age frost damage cannot be directly applied to hardened concrete. Because the dense 

capillary structure of the cement paste still needs to be completed. The concrete structure during setting can be 

described as solid aggregate and cement floating in the water. The mechanism of initial frost damage cannot be 

explained in a single step since there are many possible steps, from the liquid state to the presence of water in 

the pore space between the hardened cement and the solid aggregate. The theory of frost damage in the fresh 

stage of concrete is unknown. However, if the concrete is subjected to freezing at this stage, the damage is 

extremely severe, and removal of the damaged concrete is obviously necessary. Even when the cement has begun 

to set, the concrete has not yet developed strength, so it is impossible to apply theories that assume that the 

concrete has gained strength. 

Although the effect of air bubbles on the potential for preventing deterioration was unknown, Kim et al. (1978) 

demonstrated that in the early stages of cement setting, the introduction of fine air bubbles by AE agents or AE 

reducers can be very effective, as in the case of well-cured concrete. In those investigations, freezing began at 

10℃ after one day of age, and curing and thawing were carried out in moist air at 20℃ and 80%RH. 

 

1.2.3 Prevention measures of early age frost damage 

(1) Minimum required compressive strength against early age frost damage 

Koh (1959) proposed a compressive strength requirement of 5.0 MPa based on repeated experiments of 

freezing in air and thawing in water, which is the standard for the initial curing period required for JASS 5 cold 
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weather concreting. Kanda (1966) states that the loss of compressive strength in one freezing cycle is only about 

5% and proposes that the initial curing period be the period during which a compressive strength of 1.5 MPa can 

be obtained, assuming a safety factor of 3. 

 

(2) Ensuring air content 

Kim et al. (1978) did experiments about Air-Entraining (AE) concrete and Non-AE concrete, made freezing-

thawing at the initial stage of hardening, and compared the strength after freezing and thawing with the standard 

increase in strength process. Fig. 1.2 shows although the AE concrete was damaged at the extremely initial stage, 

when the AE concrete is hardened to a particular stage, the strength is the same with the fully hardened concrete. 

The results showed air bubbles have a significant effect on preventing the early age frost damage due to the 

addition of AE agent and AE water-reducing agent. 

 
Fig. 1.2 Effect of freezing during early age on Non-AE concrete and AE 

 

(3) Accelerator for freeze protection 

Accelerators for freeze protection are admixtures developed to accelerate the hydration reaction of cement 

and prevent initial freezing damage after concrete placement in severely cold weather. This type of admixture 

lowers the freezing temperature of water in concrete. It belongs to a system of admixtures that have traditionally 
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been referred to as antifreeze because they reduce the freezing temperature of the water in concrete. It has 

become increasingly clear that these admixtures' initial freeze protection effect is not only due to the lowering 

of the freezing point but also to the acceleration of concrete hardening, and they have been called "Accelerators 

for freeze protection" to more accurately describe the properties of these admixtures. 

Hama et al. (1996) conducted experiments on the freezing temperature, setting and hardening properties of 

water in the concrete, and the resistance to initial frost damage on concrete using a salt-free and alkali-free type 

antifreeze admixture. Experimental findings on the freezing temperature, setting, hardening characteristics, and 

strength-enhancing characteristics of concrete using a cold accelerator indicate that the concentration of the 

accelerator in concrete for practical use is about 10 vol% and the freezing temperature is about -2 to -4℃, and 

the difference in freezing temperature with ordinary concrete is not great. The difference in freezing temperatures 

is not significant. There is a limit to preventing initial frost damage by lowering the freezing temperature. 

However, even a melting point drop of 1-3℃ under minor freezing conditions can help to significantly extend 

the time until the concrete freezes, suggesting a reduction in the strength correction value due to temperature 

(Hama et al., 1997). 

When a solution of an accelerator for freeze protection, a significant amount of the unfrozen solution remains 

at temperatures lower than the freezing temperature and grows as sherbet-like ice. Using an accelerator for freeze 

protection increases the amount of water that does not freeze in concrete. When it comes to water, practically all 

of it freezes at 0℃. In contrast, the accelerators for freeze protection solution freezes at -12℃, 20% of the water 

is unfrozen at -5℃, and 10% is unfrozen at -10℃. 

 

1.2.4 Diagnosis methods of early age frost damage 

According to the damage degree of the early age frost damage to concrete, the diagnostic methods of the early 

age frost damage can be divided into three levels. They are destructive experiments, micro-destructive 

experiments, and non-destructive experiments (Civil Engineering Research Institute for Cold Region, 2016). In 

the actual concrete construction site, we cannot use the destructive experiment to detect whether the concrete 

suffers from the early age frost damage. Therefore, it is essential to use the diagnosis method of the early age 
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frost damage of micro-destructive experiment and non-destructive experiment to diagnose the early age frost 

damage. 

 

(1) Early age frost damage judgment method using torrent permeability coefficient 

In recent years, non-destructive, in-situ air permeability test methods (Trent method) have attracted attention 

as a quality control method for concrete surface layers. Here, the failure to recover the strength of concrete that 

has been initially damaged by frost is not expected from the viewpoint of the concrete structure due to the 

loosening and coarsening of the structure, including fine cracks. It is thought that this is causing a significant 

increase. Therefore, Honma (2015) is examining the applicability of the air permeability test (Trent method) as 

a quantitative management method of the degree of damage due to the early age frost damage using concrete 

with a 50% water-cement ratio. 

As shown in Fig. 1.3, immediately after the preparation of the specimen, the specimen was frozen at -20 ° C 

for 24 hours with the freezing depth changed, and then cured at 20 ° C for 28 days and sealed at 28 ° C for 28 

days. The comparison of the Trent air permeability coefficient with the condition N without freezing is shown. 

The torrent permeability coefficient shows a more significant value as the freezing depth (exposed height) 

increases, reflecting the degree of damage and the frozen depth. When determining the early age frost damage, 

when the air permeability coefficient is based on 10 × 10-16 m2, the range of [10 to 1000 × 10-16 m2] is the 

influence of the early age frost damage as the criterion of the early age frost damage. And a standard of [1000 x 

10-16 m2 or more] was set that had the effect of the early age frost damage. 
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Fig. 1.3 Relationship between Trent permeability coefficient and exposed height on the age of 28 days 

 

Fig. 1.4 and Fig. 1.5 show the relationship between the durability index and the neutralization resistance and 

the Trent permeability coefficient. In the relationship between the durability index and the Trent air permeability 

coefficient, the durability index tended to decrease as the Trent air permeability coefficient decreased. Focusing 

on F-T0 (freezing start age 0h), the torrent permeability coefficient is substantial at 1000 × 10-16m2, and the 

durability index is significantly reduced. The torrent permeability coefficient of the other specimens F-T12 and 

T48 increased slightly, and the durability index decreased. 

From the neutralization resistance and the torrent permeability coefficient relationship, it shows the larger 

neutralization rate coefficient became, the more significant torrent permeability coefficient was. It shows that a 

slight change in the Trent permeability coefficient affects the neutralization rate coefficient. 
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Fig. 1.4 Relationship between durability index and Trent permeability coefficient 

 

Fig. 1.5 Relationship between neutralization resistance and Trent permeability coefficient 

 

(2) Relationship between index indicating the early age frost damage level and durability 

Shimakage (2016) performed an experiment on the effects of freezing temperature and freezing start age on 

the concrete strength. Fig. 1.6 shows the relationship between the freezing temperature and the index of the early 

age frost damage level. It is possible to judge that only F0 is exposed to the early age frost damage in any of the 

indicators of the damage level. At F0, the lower the freezing temperature, the higher the compressive strength 

ratio and rebound ratio, and the lower the Trent permeability coefficient, the lower the freezing temperature, and 

the degree of damage caused by the freezing temperature is reflected in each index. In F24 and F72, there was 

almost no difference in the level index of the early age frost damage depending on the freezing temperature, 
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which was nearly the same as that without freezing. Also, it can be seen that the lower the freezing temperature, 

the lower the effect of freezing temperature. 

 

 
Fig. 1.6 Relationship between freezing temperature and index of the early age damage level 

 

(3) Diagnosis method of the early age frost damage by visual inspection 

Han (2018) experimented to determine the early age frost damage depth of concrete based on the different 

freezing temperatures. The specimens were made of one kind of ordinary Portland cement made in Korea, and 

the aggregate was made of 50% water-cement concrete using a coarse and fine aggregate of Ishiyama from 

Korea. To change the degree of damage caused by freezing during the initial age, the initial temperature after 

concrete casting was set at three levels: 20, -10 and -20 ℃. Fig. 1.7 and Fig. 1.8 shows the initial frost damage 

depth and water absorption of the core samples collected at different initial temperatures. In the case of a healthy 

part without the early age frost damage and at a curing temperature of 20 ℃, the water absorption rate was about 

3.7%, showing a constant value. At -10 ℃, it was 6.61%, and at -20 ℃, it was around 7.21%, indicating that the 

water absorption increased from the healthy part. These results indicate that there is a clear difference in color 

development between the healthy part and the part that was initially damaged by frost during the drying process 

of the collected core specimen. At this time, the depth of the measured initial frost damage was 50 mm at -10 ℃ 

and 75 mm at -20 ℃, and the depth increased as the temperature became lower. 
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Fig. 1.7 Cores are collected according to initial temperature. 

 
Fig. 1.8 Water absorption of cores are collected at different initial temperatures 

 

(4) Diagnosis method of the early age frost damage by drill resistance test 

Yamashita (2021) proposed a method for determining the early age frost damage by using drill resistance test. 

In this experiment, a small vibration drill was used, with relatively small bit diameters of φ6 mm and φ10 mm. 

Fig. 1.9 shows the relationship between drilling depth and power consumption by concrete drills. Similar to the 

change in power consumption during core drilling, the concrete drill consumed less power in the range of 0 to 

22 mm below the surface of the O-A. The concrete drill consumed less power in the range of 0 to 22 mm below 

the surface of the O-A. The speed of the drill slowed down when it hit the coarse aggregate, but once the drill 

passed through the coarse aggregate, measurements could be taken continuously. Considering the influence of 

aggregate, multiple drillings were conducted, and the maximum value of damage depth obtained from each result 

should be adopted as the estimated value of damage depth. 

Since compressive strength tests are not conducted in the case of vibration drilling, this method is effective 

for estimating the depth of damage over a wide area and confirming that no damage has occurred in the depth 

direction. As with the core drilling method, measurements should be taken after 14 days of material age or after 

the compressive strength reaches 15.0 MPa or more. As with the core drilling method, the depth where power 
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consumption is low should be judged as possibly damaged by comparing the relationship between the sound 

zone, drilling depth, and power consumption. 

 

Fig. 1.9 Relationship between drilling depth and power consumption by concrete drills 

 

(5) Observation of wet color change over time 

Yamashita (2021) examined a test method by wet color. Fig. 1.10 shows the observed change in wetting color 

over time, with wetting color remaining in O-W and O-A. 

The residual wetting color was visible at 60 minutes of aging; in O-W, the wetting color remained in the upper 

20 mm area at 60 minutes of aging, and in O-A, the wetting color remained in the upper 30 mm area at 60 

minutes of aging. The absence of residual wet-colored areas provides reference information that the depth of 

damage has not been sustained. The damage depth can be easily estimated by simply washing the cores collected 

during power consumption measurement during drilling, placing them indoors, and observing them. The 

maximum value should be used for the depth. 
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Fig. 1.10 Observation results of changes in wet color over time 

 

1.2.5 Current additive for cold weather concreting 

In recent years, calcium silicate hydrate (C-S-H) type accelerators have been developed to improve efficiency 

and rationalization of production in concrete plants, which have a completely different mechanism from 

conventional accelerators (Koyama et al., 2015). The C-S-H type accelerators contribute to the production of 

secondary concrete products and are said to be effective in all temperature ranges. It may be used in cold weather 

concreting. 

Kunizaki (2017) explored the C-S-H type accelerators in mortar and concrete. The initial strength of C-S-H 

type accelerators increases with C3S content because the initial hydration reaction of C3S is accelerated. Fig. 

Sym. 0 min 30 min 60 min 90 min
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1.11 shows the setting time results of all samples at 20 ℃ and 5 ℃. It can be found that the C-S-H type 

accelerators have a setting-promoting effect regardless of the cement type. With an increase in the amount 

utilized, the setting time is sped up even in the low-temperature environment of 5 ℃.  

 

Fig. 1.11 Setting time results of all samples at 20 ℃ and 5 ℃ 

 

1.3 Problem definition 

According to the above studies, some of the main problems of diagnosis and prevention for early age frost 

damage can be described as follows: 

(1) Currently, it is difficult to understand the common construction techniques and technologies used in cold 

weather concreting across numerous nations since there needs to be literature organizing the actual state of 

these Guides to Cold Weather Concreting. Additionally, providing a complete prediction of the future 

development and trend of construction technology for cold weather concreting is challenging. 

Elapsed time (h) Elapsed time (h)

20℃ 5℃
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(2) In general, the compressive strength recovery after early age frost damage is used to measure the damage 

degree of a specimen that has been exposed to early age frost damage. However, it is difficult to determine 

a concrete structure's compressive strength using a compressive strength test. Developing the non-

destructive and micro-destructive test methods is required to determine if the concrete structure in the job 

site has been damaged by early age frost damage.  

(3) The effect of compressive strength development at early ages on the frost resistance of concrete is not clear. 

It is also still unknown that concrete can against how many freeze–thaw cycles with the minimum required 

compressive strength value. However, there is a lack of related studies on the effect of the minimum 

required compressive strength for cold weather concreting on durability. 

(4) With the development of admixtures for concrete, there have been more and more admixtures suitable for 

application in cold weather concreting. It is necessary to propose new methods to prevent early age frost 

damage by using concrete admixtures. 

 

1.4 Research objective and thesis organization 

The objective of this study was to (1) grasp the present situation of cold weather concreting in various 

countries and summarize the content from various guidelines by investigating Guides to Cold Weather 

Concreting of various countries, (2) propose effective diagnosis methods for early age frost damage, (3) 

investigate the effect of compressive strength development at early ages on frost resistance of concrete and (4) 

propose a prevention method of early age frost damage of concrete by using additive for setting time adjustment. 

 

This thesis includes six chapters as follows:  

Chapter 1 introduces the research background on early age frost damage and related current prevention and 

diagnosis methods mainly used worldwide, presents the current research gaps, and lists the thesis organization. 

 

Chapter 2 shows a literature review summary of cold weather concreting guidance of Europe, the United 

States, Canada, Japan, China, South Korea, and Russia. The current commonalities and differences were 
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compared and summarized to grasp the current situation of cold weather concreting worldwide. At the same 

time, the need to develop new technologies to improve the diagnosis and prevention methods for early age frost 

damage was identified. 

 

Chapter 3 investigates diagnosis methods for determining the early age frost damage and detecting its depth 

by the penetration tests of nails and pneumatic penetration test machine. The two diagnosis methods are 

evaluated, and the available diagnosis method for the construction site is proposed. 

 

Chapter 4 presents the effect of compressive strength development at early ages on frost resistance of concrete, 

not only laboratory but also in three years of outdoor exposure tests. The compressive strength test, hydration 

degree test, underwater weighing test, and freeze-thaw test were performed to discuss the influence. In addition, 

the applicability of minimum compressive strength for cold weather concreting is evaluated according to 

meteorological factors. 

 

Chapter 5 explores the effectiveness of concrete using additive for setting time adjustment (ACF) to prevent 

the early age frost damage. The setting time, compressive strength of concrete with different additions are 

obtained and effective prevention method are proposed. 

 

Chapter 6 shows the thesis conclusion and further research work in the future. 
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The following is this thesis structure: 

Chapter 1 Introduction 

Previous research, problem definition, research objective, thesis organization 

 

 

 

 

 

 

  

 

   

  

Chapter 2 Literature review of Guides to Cold Weather Concreting of  

various countries 

l Summary of commonalities and differences in various guidelines (RILEM, America, Canada, Japan, China, 

South Korea, and Russia) 

l Minimum required compressive strength values for cold weather concreting, diagnosis and prevention 

methods for early age frost damage 

Chapter 4 Effect of compressive 

strength development at early ages on 

frost resistance of concrete 

l Laboratory tests 

l Outdoor exposure tests 

Chapter 3 Verification of diagnostic 

method for early age frost damage depth 

by penetration tests 

l Penetration test by nails 

l Penetration test by pneumatic penetration test 

machine 

Chapter 5 Investigation of the effect of preventing early age frost damage using additive for 

setting time adjustment 

l Influence of setting time and compressive strength development due to different addition amount 

l Prevention effectiveness of early age frost damage under different addition amount 

Chapter 6  Conclusions 

Summary and future work 
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2.1 Overview 

Since the 18th century, with the development and improvement of cement technology, concrete has become 

the most widely used material in engineering construction because of its advantages of high strength, durability, 

low cost, and applicability to diversified natural environments. Due to the influence of climate, many countries 

must carry out the cold weather concreting, such as the Northeast and Northwest of China, the Northeast and 

Hokkaido of Japan. Cold weather concreting is the process of placement, finishing, curing, and protection of 

concrete during cold weather, according to ACI 306 (ACI Committee 306, 2016).  

However, there are several common issues for cold weather concreting in various countries, such as the early 

age frost damage of fresh concrete, slow strength development, and concrete quality management (ACI 

Committee 306, 2016, Architectural Institute of Japan, 2010) etc. Therefore, in order to guarantee the quality of 

cold weather concreting, diverse countries have published their own Guides to Cold Weather Concreting to solve 

these common issues.  

In Japan, the Architectural Institute and the Society of Civil Engineers have published the cold weather 

concreting guidelines. However, because of the different uses of the structure constructions, the corresponding 

construction requirements are changed in some same issues. For example, in the guidelines of the Architectural 

Institute, the critical strength in the frost resistance value of early age frost damage for structure constructions is 

5.0 MPa ( Architectural Institute of Japan, 2010). In contrast, in the guidelines of the Society of Civil Engineers, 

concrete is commonly used in roads, bridges, and other mass concrete constructions, and the influence conditions 

of the water environment near the construction and the section size of concrete members are considered. The 

range of critical strength in frost resistance values is 5.0 to 15.0 MPa (Japan Society of Civil Engineers, 2017). 

It can be found that this kind of difference in the requirements of the same thing is not a rare phenomenon 

through reading the two standards. Thus, it is conceivable that there are certainly differences in the requirements 

of guides of various countries. 

At present, because there is no literature on organizing the actual situation of the Guides to Cold Weather 

Concreting of various countries, it is hard to grasp the mainstream construction methods and technologies of 

cold weather concreting of various countries. In addition, it is also difficult to predict the development and trend 
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of construction technology for cold weather concreting in the future comprehensively. 

Therefore, the purpose of Chapter 2 is to (1) summarize the content from various guidelines; (2) grasp the 

current construction situation of cold weather concreting worldwide; (3) gather the information on diagnosis and 

prevention of early age frost damage by investigating Guides to Cold Weather Concreting of different countries.  

 

2.2 literature review of different guidelines 

Table 2.1 shows the research plan of literature review. There are eight standards of cold weather concreting 

published by Japan (Architectural Institute of Japan, Japan Society of Civil Engineers), the United States 

(American Concrete Institute), Europe (RILEM), Canada (Canadian Standards Association), Russia (Non-profit 

partnership self-regulatory organization union of construction companies of Ural and Siberia), South Korea 

(Ministry of Land, Infrastructure and Transport of South Korea), and China (Ministry of Housing and Urban-

Rural Development of the People's Republic of China) are selected, and most of the common contents are 

summarized. 

Table 2.1 Research plan of literature review 

Guides Symbol Contents 

RILEM recommendations for concreting in cold 

weather 

(VTT Technical Research Centre of Finland, 1988) 

RILEM 
(1) Application periods of cold 

weather concreting; 

(2) Minimum required compressive 

strength; 

(3) Materials of concrete; 

(4) Mix proportion design of 

concrete; 

(5) Concrete placement temperature; 

(6) Preparation for cold weather 

concreting; 

(7) Concrete placement under cold 

Guide to Cold Weather Concreting 

(American Concrete Institute Committee 306, 2016) 
ACI 

Concrete materials and methods of concrete 

construction / Test methods and standard practices for 

concrete 

(Canadian Standards Association, 2014) 

CSA 

Recommendation for Practice of Cold Weather 

Concreting 

(Architectural Institute of Japan, 2010) 

AIJ 

Standard Specifications for Concrete Structures, 

Materials & Construction 

(Japan Society of Civil Engineers, 2017) 

JSCE 
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Specification for Winter Construction of Building 

Engineering 

(Ministry of Housing and Urban-Rural Development of 

the People's Republic of China, 2011) 

JGJ 

weather; 

(8) Curing methods; 

(9) Early age curing; 

(10)  Continuation curing; 

(11)  Concrete quality management at 

job sites. 

Recommendations for the Production of Concrete Work 

in Winter 

(Non-profit partnership self-regulatory organiza-tion 

union of construction companies of Ural and Siberia, 

2015) 

RNP 

Concrete Standard Specification 

(Ministry of Land, Infrastructure and Transport of South 

Korea, 2016) 

MOLIT 

 

2.2 Common content in different guidelines 

Among the surveyed content, most of the content is similar or the same, such as the application periods of 

cold weather concreting, materials of concrete, concrete placement temperature, preparation for cold weather 

concreting, concrete placement under cold weather, curing methods, early age curing, and so on. 

 

2.2.1 Application periods of cold weather concreting 

Table 2.2 shows the application periods of cold weather concreting. In the case of AIJ, the maturity factors 

are calculated through the following equation: 

𝑀! =#(𝜃" +
!

"#$

10) (1) 

where 𝑀! is the maturity factor (ºD · D); 𝑧 is the age (day); 𝜃" is daily mean air temperature or average daily 

concrete temperature during z days. 

The application periods of cold weather concreting of various guidelines are basically when the average daily 

air temperature is below 4 or 5℃ based on the local meteorological conditions. When the air temperature is 

lower than 4 or 5℃, the fresh concrete is easy to suffer from early age frost damage. To prevent the early age 

frost damage, the average daily air temperature should not be lower than 4 or 5℃. Furthermore, to ensure that 

structure concrete can attain the design strength at 91 days after concrete placement, AIJ indicates that the 
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maturity factor 𝑀%$ cannot be less than 840 ºD·D ( Architectural Institute of Japan, 2010). To guarantee concrete 

quality and durability, AIJ has more strict requirements for the strength development of concrete. 

Table 2.2 Application periods of cold weather concreting 

Sym. Periods 

ACI Air temperature has fallen to, or is expected to fall below, 4℃ during the protection period. 

AIJ 

Meet either of the following conditions of 1) and 2): 

1) The average daily air temperature of ten days is less than 4℃, including the day of concrete 

placing; 

2) The period during which the maturity factor 𝑀!"of 91 days after the concrete placing is below 

840ºD·D. 

𝑀! =#(𝜃" +
!

"#$

10) 

JSCE The average daily air temperature is expected to be lower than 4 ℃. 

JGJ 
The average daily air temperature is below 5℃ for 5 days according to the local meteorological 

condition data. 

RILEM The average daily air temperature is expected to be lower than 5 ℃. 

CSA The average daily air temperature is expected to be less than 5 ℃. 

RNP 
The average daily air temperature is expected to be lower than 5 ℃, or the minimum air temperature 

in one day is below 0 ℃. 

MOLIT The average daily air temperature is expected to be less than 4 ℃. 

 

2.2.2 Materials of concrete 

(1) Cement 

Table 2.3 shows the types of cement recommended by the guides. Compared with other cement, Portland 

Cement, Ordinary Portland Cement, and High-early-strength Portland Cement have the advantages of high 

strength, high hydration heat, and good frost resistance, which are suitable for cold weather concreting. Portland 
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Cement and High-early-strength Portland Cement can develop high strength at the initial hardening stage, and 

their hydration heat is greater than that of Ordinary Portland Cement. Most guidelines recommend applying 

Ordinary Portland Cement and High-early-strength Portland Cement to cold weather concreting. In respect of 

the cement types in JGJ, Portland Cement and Ordinary Portland Cement are advised. 

Besides, AIJ and JSCE indicate that it is possible to use Moderate-heat Portland Cement, Low-heat Portland 

Cement, and Blended Cement for cold weather concreting by taking measures such as grasping the delay in 

strength development in advance and ensuring the early age curing. 

Table 2.3 Types of cement recommended by the guides 

Sym. Cement types 

ACI 

Ordinary Portland Cement; 

High-early-strength Portland Cement; 

Portland Cement. 

AIJ 

JSCE 

JGJ 

RILEM 

CSA 

RNP 

MOLIT 

 

(2) Chemical admixtures 

Chemical admixtures are the ingredients in concrete other than cement, water, and aggregate that are added 

to the mix immediately before or during mixing, which are used primarily to improve the properties of concrete 

by its interfacial activity. Kim et al. (1978) reported that entraining appropriate air content effectively improves 

frost resistance of concrete by using the admixtures of Air-entraining and water-reducing promotion types. Thus, 

using the admixtures of Air-entraining and water-reducing promotion types for cold weather concreting has 

become a common practice, as shown in Table 2.4. 
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Table 2.4 Specifications of chemical admixtures in various countries 

Sym. Specifications of admixtures 

ACI Type C and Type E of ASTM C494  

AIJ 
JIS A 6204  

JSCE 

JGJ GB50119  

RILEM - 

CSA Type C and Type E of ASTM C494  

RNP - 

MOLIT KSF2560 

 

2.2.3 Mix proportion design of concrete 

(1) General determination method mix proportion design 

The mix proportion of concrete is one of the most important factors that control the performance and quality 

of concrete, and mix proportion design is significant for making concrete. Because the relevant specific contents 

are not recorded in the guidelines of cold weather concreting in most guides, which may be recorded in other 

standards of their country, therefore, this chapter introduces the contents of mix proportion of concrete of AIJ 

and JSCE, and at the same time, the characteristics of AIJ are briefly summarized. 

Fig. 2.1 shows the general determination method of mix proportion design of concrete in AIJ and JSCE. First, 

the maximum size of coarse aggregate, cement types, slump, and air content are selected by the structures, 

environmental conditions, and construction methods. Next, according to the design strength, temperatures, and 

other conditions to determine the strength for proportioning. After that, the water-cement ratio (w/c) is decided 

by considering the durability and water tightness of the structure concrete. Then, calculate the quantity of 

materials per unit volume such as water, cement, aggregates. Later on, carrying out the trial mixing to measure 

whether the properties of fresh concrete are qualified or not. Based on trial mixing results, if they are not qualified, 

calculate the mix proportion again until the trial mixing results are qualified. Finally, record the qualified mix 
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proportion of concrete. Table 2.5 lists the part of main regulations regarding the mix proportion conditions such 

as w/c, unit water content, slump, and air content. 

 

Fig. 2.1 General determination method of mix proportion design of concrete 

 

Table 2.5 Main regulations regarding the mix proportion conditions 

Sym. Items Main regulations regarding the mix proportion conditions 

AIJ 

w/c Less than 65% 

Water Less than 185 kg/m3 

Slump 

Management strength of mix proportion is less than 33 N/mm2: 

below 18 cm 

Management strength of mix proportion is more than 33 N/mm2: 

below 21 cm 

Air 4.5% to 5.5% 

JSCE 

w/c Less than 65% 

Water Less than 175 kg/m3 

Slump 
Determined by the types of concrete member and construction 

conditions 

Air 4% to 7% 

Start

Calculate the quantity of materials per unit volume

Trial mixing

Qualified?
YES

NO

Determine the mix proportion

End

Select cement types, slump, and air content

Select maximum size of coarse aggregate

Decide the strength for proportioning

Decide the water-cement ratio
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(2) Determination methods of strength for proportioning 

Compressive strength is the essential performance required for concrete. Concrete strength must satisfy the 

design strength specified at the structural design time. The strength for proportioning is the target compressive 

strength considering the dispersion.  

In JSCE, the strength for proportioning is the design strength multiplied by the extra coefficient. The extra 

coefficient under the fraction defective 5% of concrete is commonly used according to the expected strength 

variation coefficient. For example, assuming the strength variation coefficient is 10%, the additional coefficient 

is 1.2, and the strength for proportioning is the design strength multiplied by 1.2. 

On the other hand, concrete used in construction (AIJ) is more complex than that used in civil engineering 

(JSCE). Firstly, the strength of proportioning management considering the modified strength value of concrete 

is calculated according to Equation (2). Then, make sure the value after adding the strength dispersion (the 

product of the normal and standard deviations) satisfies Eqs. 3 and 4 as the strength for proportioning. The Eqs. 

2, 3, and 4 are shown below: 

𝐹& = 𝐹' + 𝑆!()
	  (2) 

𝐹 = 𝐹& + 1.73𝜎 (3) 

𝐹 = 0.85𝐹& + 3𝜎 (4) 

where 𝐹& is the strength of proportioning management (N/mm2); 𝐹' is quality standard strength (N/mm2); 𝑆!()
	  

is structure strength correction value (N/mm2) based on the difference between the compressive strength of the 

standard-cured specimen at the age of 28 days and the compressive strength of the structure concrete at the age 

of n days; 𝐹 is the strength for proportioning (N/mm2) that takes the larger one of the values calculated from 

Eq. 3 and Eq. 4; 𝜎 is standard deviation of compressive strength (N/mm2). 

Furthermore, 𝐹& is required more than 24 (N/mm2). 𝑆!()
	  is determined by either of the following methods:  

1) Based on the expected average temperature of 28 days after concrete placement; 

2) According to the results of maturity factor. 

In the case of JSCE, the strength dispersion is determined by a fixed extra coefficient. In contrast, the 
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determination method of AIJ is to calculate the strength dispersion on the premise of considering the expected 

average temperature of 28 days after the concrete is placed and the maturity factor. And then, calculations and 

comparisons through the Equations are made to determine the strength for mixing proportion. The determination 

method of AIJ is more accurate for predicting the strength development of concrete. 

 

2.2.4 Concrete placement temperature 

Table 2.6 shows the concrete placement temperature of various guidelines. The contents of concrete placement 

temperature in JGJ and RNP are not recorded. In ACI and CSA, the minimum concrete temperature as placed is 

determined by the concrete section size, and the placement temperature cannot be 11℃ higher than the 

recommended temperature. RILEM recommends keeping the concrete placement temperature from 10℃ to 

15℃. Due to the concrete section sizes of AIJ and JSCE being different, the temperatures are 10℃ to 20℃ and 

5℃ to 20℃, respectively. The minimum temperature of thick section size in JSCE is set to 5℃ because the 

temperature stress caused by hydration heat easily produces cracks. In addition, MOLIT has the same regulation 

content as JSCE. 

Table 2.6 Concrete placement temperature 

Sym. Temperatures 

ACI 

Section size (mm) 

<300 300 to 900 900 to 1800 >1800 

Minimum concrete temperature as placed 

13℃ 10℃ 7℃ 5℃ 

AIJ 10℃ to 20℃ 

JSCE 5℃ to 20℃ 

JGJ — 

RILEM 10℃ to 15℃ 

CSA The regulation content is the same as ACI. 

RNP — 

MOLIT 5℃ to 20℃ 
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2.2.5 Preparation for cold weather concreting 

The preparation works for cold weather concreting also have a significant impact on the quality of concrete. 

Therefore, sufficient preparation should be made before concrete placement, and the inspection work should be 

done according to the construction plan to ensure that the placement quality will not be affected. The primary 

item of preparation for cold weather concreting is to remove all snow, ice, and water from the formwork and 

reinforcing steel bars, as shown in Table 2.7. In addition, ACI and CSA recommend maintaining the temperature 

of the massive metallic embedments above -12℃ (Kozikowski and McCall, 2014). AIJ requires that the 

temperature in the curing shed should be kept within the specified range. RILEM also states that it is essential 

to preheat the metal formwork and reinforcing steel bars to 3℃ or 5℃. 

Table 2.7 Preparation items for cold weather concreting 

Sym. Items 

ACI 

1) Remove all snow, ice, and water from the formwork; 

2) Heat air temperature to maintain the massive metallic embedments temperature 

above -12℃. 

AIJ 
1) Remove all snow, ice, and water from the formwork; 

2) Confirm the temperature in the curing shed and keep that within the specified range. 

JSCE 

Remove all snow, ice, and water from the formwork and reinforcing steel bars. 
JGJ 

RNP 

MOLIT 

RILEM 
1) Remove all snow, ice, and water from the formwork; 

2) Recommend to preheat the metal formwork and reinforcing steel bars to 3℃ or 5℃. 

CSA The regulation content is the same as ACI. 

 

2.2.6 Concrete placement under cold weather 

Table 2.8 shows the common attention items of concrete placement under cold weather in various guidelines. 

When placing concrete under cold weather, it is extremely important to take measures to deal with the external 

temperature related to the strength development and quality of concrete. Therefore, various guidelines emphasize 

this content and pay close attention to the placing process and concrete state after placing to ensure that the 
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concrete is not frozen. At the same time, the construction units should note the meteorological conditions to 

prevent the severe impact of high winds and snowstorms on the concrete. Heat preservation and wind protection 

are crucial for the curing of concrete after placement. 

Table 2.8 Common attention items of concrete placement under cold weather 

Sym. Attention items 

ACI 

1) During the placing process, the construction units should observe the uniformity 

and consistency of the concrete mixture at any time; 

2) The placed concrete cannot leave the exposed surface to the outside environment 

under cold weather for a long time; 

3) Cover the concrete surface with a sheet or other suitable material immediately 

after placement; 

4) Taking measures to prevent sudden freezing from placed concrete is necessary. 

AIJ 

JSCE 

JGJ 

RILEM 

CSA 

RNP 

MOLIT 

 

2.2.7 Curing methods 

The curing methods are displayed in Table 2.9. It mainly contains 3 types of methods: covering, thermal 

insulation, and heating. Generally, the curing methods are determined according to the weather conditions and 

section size of concrete members. For example, Concrete members with thick sections, such as foundations and 

slabs, can be cured by the thermal insulation method, which can use the hydration heat of the cement to maintain 

and increase the concrete temperature. The economy, effect, and construction conditions should be considered 

when selecting heating devices. It can be found that the most commonly used heating devices are gas heaters. 

Compared with other devices, gas heaters are simple, relatively inexpensive, and indirect heating devices that 

produce hot air to raise the concrete temperature. 
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Table 2.9 Curing methods 

Sym. 
Methods & Materials and Equipment 

Covering Thermal insulation Heating 

ACI 

Sheets,  

Curing mats 

Thermal insulation 

materials 

Gas heaters, Hydronic heaters 
CSA 

AIJ 

Gas heaters, Electric heaters, 

Infrared heaters 

JSCE 

RNP 

RILEM 

MOLIT 

JGJ 
Gas heaters, Electric heaters, 

Infrared heaters, Steam heaters 

 

2.3 Main differences and the need for technology development for the early age 

frost damage 

2.3.1 Minimum required compressive strength 

According to the summary of different guidelines, it can be found that the technology of prevention and 

diagnosis of early age frost damage has always been attached importance to cold weather concreting. In addition, 

there are different requirements for the minimum required compressive strength in various countries. Table 2.10 

shows the regulation content of minimum required compressive strength of various countries. 

For protecting the concrete from the early age frost damage, it can be seen that compressive strength of 5.0 

MPa is the most common minimum required compressive strength worldwide, such as in Europe, Japan, China, 

South Korea, and Russia. ACI recommends that concrete should reach a minimum compressive strength of 3.5 

MPa before freezing. Otherwise, a single freeze-thaw cycle may cause irreparable damage. CSA 

recommendation is more conservative and requires that the concrete should reach a minimum compressive 

strength of 7.0 MPa prior to the first freeze-thaw cycle. Furthermore, from the viewpoint of ensuring the long-

term durability, JSCE, ACI, CSA, and MOLIT suggest that the compressive strength values should be larger than 

5.0 MPa. JSCE and MOLIT have the same regulations of the minimum compressive strength. For the concrete 

that exposure to severe weather conditions (multiple freeze-thaw cycles) while the surface is likely to be 
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saturated with water, according to the section size of the thin concrete member, ordinary concrete member, and 

thick concrete member, the compressive strength values are 10.0, 12.0, and 15.0 MPa, respectively. ACI proposes 

that the compressive strength should be more than 24.5 MPa when exposed to repeated freeze-thaw cycles while 

critically saturated. CSA requires that the exterior concrete flatwork needs to attain at least 32.0 MPa when 

exposed to freeze-thaw cycles and de-icer salts conditions, especially for the road constructions in cold regions. 

In the case of wet concrete continuously subjected to multiple freeze-thaw cycles, larger compressive strength 

values are required to ensure the long-term durability of concrete.  

Therefore, the minimum required compressive strength values depend on factors such as weather conditions, 

size of concrete members, and exposure conditions. 

 

Table 2.10 Regulation content of minimum required compressive strength of various countries 

Sym. Compressive strength values 

RILEM 5.0 MPa 

ACI 

1) 3.5 MPa 

2) When concrete exposed to repeated freeze-thaw cycles while critically saturated: 

more than 24.5 MPa 

CSA 

1) 7.0 MPa 

2) When exterior concrete flatwork exposed to freeze-thaw cycles and de-icer salts: at 

least 32.0 MPa 

AIJ 5.0 MPa 

JSCE 

1) When the concrete surface is frequently saturated with water: 

depending on the *size of the cross-section 

Thin: 15.0 MPa, Ordinary: 12.0 MPa, 

Thick: 10.0 MPa 

2) When the concrete surface is rarely saturated with water: 

depending on the size of the section 

Thin: 5.0 MPa, Ordinary: 5.0 MPa, 

Thick: 5.0 MPa 

*Size of the section: Thin 20 to 30 cm, 

Ordinary 30 to 90 cm, Thick 90 to 100 cm 

JGJ 
Minimum air temperature ≥-15 ℃, 4.0 MPa 

Minimum air temperature ≥-30 ℃, 5.0 MPa 
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RNP 5.0 MPa 

MOLIT The regulation content is the same as JSCE 

From this summary, it can be established that there is a positive correlation between compressive strength and 

frost resistance of concrete. However, the effect of compressive strength development at early ages on frost 

resistance of concrete is not clear. It is also still unknown that concrete can against how many freeze–thaw cycles 

with the minimum required compressive strength value. 

 

2.3.2 Early age curing 

The aim of early age curing is to ensure the concrete strength reaches the value of minimum required 

compressive strength and prevent concrete from the early age frost damage after concrete placement. During 

this period, no part of the concrete should be frozen. 

 

(1) Early age curing plan in AIJ 

Since most guidelines do not document the relevant content of the early age curing plan, this Chapter briefly 

introduces the content of AIJ as below:  

Before determining the construction plan and actual construction, the average temperature of the early age 

curing period is calculated according to the local meteorological data in 30 years and the current weather forecast. 

After that, the curing method is selected in combination with the construction conditions. When assuming the 

average temperature during the early age curing period, the following Eqs. 5 and 6 are used in consideration of 

the influence of cold waves: 

𝑇&+ = 𝑇,&+ − 4 with cold waves    (5) 

𝑇&+ = 𝑇,&+ without cold waves (6) 

where 𝑇&+ is the assumption value of the average temperature of the early age curing period considering the 

decrease in temperature; 𝑇,&+ is the average temperature of the early age curing period within 30 years. 

The determination method of curing methods is based on the 𝑇&+. When the 𝑇&+ is lower than -3℃, the 

thermal insulation and heating methods are recommended; when the 𝑇&+  is higher than -3℃, the covering 
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method is recommended. The curing temperature of the heating method, the target air temperature is higher than 

5℃. In addition, no matter what method is used, it must make sure the temperature of any part of the placed 

concrete is higher than 0℃. 

Thus, the content of the early age curing plan in AIJ is based on meteorological conditions, and the curing 

method is determined by assuming the average temperature during the early age curing period. This method 

provides effective help to ensure the quality of the early age curing. 

 

(2) Confirmation of whether the minimum required compressive strength is reached within the early age curing 

period 

Confirming whether the minimum required compressive strength is reached within the early age curing period 

commonly uses the maturity factors and field-cured cylinders of concrete. The standard method is to compute 

the maturity factors that achieved the critical strength in frost resistance at the same time and combine them with 

the compressive strength of field-cured cylinders, based on the actual compressive strength value, to determine 

whether the concrete attained the critical strength in frost resistance.  

For example, Table 2.11 shows the results of the maturity factors (ºD · D) with attained the compressive 

strength 5.0 MPa in AIJ. Firstly, the concrete strength can be roughly estimated according to the results recorded 

in Table 2.11, and then the curing time can be determined in combination with the actual construction conditions. 

Finally, the actual compressive strength can be confirmed according to the field-cured cylinders. If the value of 

critical strength in frost resistance is reached, the early age curing can be terminated. At present, most guidelines 

have adopted this method. 

However, ACI has canceled the field-cured cylinders at the job site. The reason for cancellation is field-cured 

cylinders can cause confusion and unnecessary delay in construction. The use of field-cured cylinders is 

inappropriate and should not be allowed in cold weather concreting. This is mainly related to the difficulty in 

maintaining the cylinders in any approximation of the condition of the structure. In-place testing, maturity factors, 

or both, should be used instead. The in-place testing mainly includes non-destructive and micro-destructive tests.  
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Table 2.11 Results of the maturity factors (ºD · D) with attained the compressive strength (5.0 MPa) in AIJ 

Cement types 
𝑭𝒎 (MPa) 

21 24 27 30 33 36 40 42 45 

HPC* 40 35 30 25 25 25 20 20 20 

OPC* 60 50 45 40 35 35 30 30 30 

FA-B* 60 55 45 45 40 40 35 35 35 

BFS-B* 90 80 70 60 50 45 40 40 35 

* HPC: High-early-strength Portland Cement, OPC: Ordinary Portland Cement, FA-B: Fly ash cement class B, 

BFS-B: Blast-furnace slag cement class B. 

 

(3) Attention items of the end of early age curing 

After confirming that the concrete strength reaches the minimum required compressive strength, the early age 

curing can be terminated. It should be noted that the temperature in the curing shed should be slowly reduced. 

Because when the temperature difference between the concrete and the external air is large, the concrete is easy 

to crack under the influence of cold air. Especially when heating curing is used, the concrete temperature may 

change rapidly when the heater is turned off, the formwork is removed, and the curing shed is removed. Therefore, 

to reduce the temperature difference between the concrete and the surrounding space as much as possible, these 

practices cannot be carried out at the same time. 

 

2.3.3 Continuation curing 

The purpose of continuation curing is to cure the concrete strength to the design strength and meet the service 

requirements of the structure. 

 

(1) Continuation curing in AIJ 

Due to the lack of information on the continuation curing plan in most recommendations, the following section 

provides an overview of AIJ: 
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Since the concrete strength has reached the minimum required compressive strength, even if cold waves exist, 

slightly prolonging the continuation curing period ensures that concrete can get the design strength. Therefore, 

the assumption value of the average temperature of the continuation curing period can be estimated by Eq. (6). 

On the other hand, even though the curing temperature of the continuation curing period is lower than that of 

early age curing, it will not greatly impact the concrete strength development. In addition, it is not necessary to 

raise the curing temperature above 5℃. 

 

(2) Confirmation of whether the design strength is reached within the continuation curing period 

Maturity factors are combined with the compressive strength of field-cured cylinders to determine whether 

the concrete has reached the design strength. The concrete is evaluated to determine whether it has met the design 

strength based on the actual compressive strength value. 

 

2.3.4 Concrete quality management at job sites 

(1) Management of the curing temperature 

The curing temperature determines the concrete strength development. Recording the concrete temperature 

during early age curing and continuation curing period is helpful to grasp the strength development. Fig. 2.2 

shows a temperature recorder suspended from the structure. It can continuously record the concrete temperature 

at the measured location. It has become common to manage the curing temperature by recording the temperature. 

 

Fig. 2.2 Temperature recorder suspended from structure  
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(2) Management of the strength development 

The management of strength development is conducive to the division of early age curing and continuation 

curing and also improves the construction efficiency. Generally, the strength is determined by the combination 

of the maturity method and compressive strength test. 

Over the past years, many studies have been conducted on the different methods to grasp the effect of non-

destructive and micro-destructive tests on estimating concrete strength (Susuki, 2018; Iwaki, 2000; Terada, 2001). 

ACI recommends the non-destructive and micro-destructive tests to determine the concrete strength, as shown 

in Table 2.12. It indicates that the accuracy of non-destructive and micro-destructive tests is high enough. 

Table 2.12 Determination methods of concrete strength at job sites 

Sym. Methods 

ACI 

Pullout strength testing, 

Penetration resistance testing, 

Pulse velocity measurements 

AIJ 

Compressive strength test 

JSCE 

JGJ 

RILEM 

CSA 

RNP 

MOLIT 

Non-destructive and micro-destructive tests have replaced the compressive strength test and become the 

mainstream determination methods of concrete strength at job sites in America.  

In addition, ACI points out that numerous commercial and proprietary computer programs have been 

developed that generally employ the finite element or finite difference models changing boundary and initial 

conditions. These are useful to predict not only temperature but, combined with the maturity concept, to predict 

the strength of the concrete at later ages. 
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2.4 Diagnosis and prevention methods for early age frost damage in various 

countries 

2.4.1 Diagnosis methods for early age frost damage 

Through the investigation of guideline content, it can be found that the current methods for diagnosing early 

age frost damage in various countries are mainly the compressive strength test or the concrete surface rebound 

hammer test.  

Generally, the evaluation of the damage degree of the specimen that is subjected to early age frost damage is 

determined by the compressive strength recovery by curing after the early age frost damage. However, ACI 

points out that using compressive strength tests for concrete strength confirmation at construction sites also can 

cause a number of mismanagement factors that affect the accuracy of the tests. 

ACI proposes that non-destructive tests or micro-destructive tests at construction sites should be used. In 

addition, other countries also mentioned that diagnosis methods of early age frost damage should be simple and 

convenient. It is necessary to test whether the concrete structure is damaged by early age frost damage with non-

destructive or micro-destructive tests. 

 

2.4.2 Prevention methods for early age frost damage 

At present, the methods of preventing early age frost damage in various countries are mainly carried out from 

the following three aspects: firstly, it is recommended that the placed concrete is cured at normal temperature 

until the concrete strength reaches 5.0 MPa; secondly, it is to make sure the concrete has the appropriate air 

content; thirdly, it is to add anti-freeze additive to the concrete for preventing the early age frost damage. 

However, with the deepening of research on early age frost damage and the development of concrete additives, 

technical methods to prevent early age frost damage should also be developed. 
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2.5 Conclusion 

According to the contents and summaries in this chapter, the conclusions are given as follows: 

(1) Most of the regulations of the Guides to Cold Weather Concreting of various countries are relatively similar, 

such as materials of concrete, curing methods, and preparation for cold weather concreting. 

(2) Each country has their unique construction methods and technologies, which may be related to various 

countries' climatic conditions and national standards. 

(3) The effect of the minimum required compressive strength values at early ages on frost resistance is still 

unclear. It is necessary to determine the applicability of minimum compressive strength for cold weather 

concreting. 

(4) With the development of new technologies, the diagnosis methods and prevention methods for early age 

frost damage also should be developed. 
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3.1 Overview  

To investigate the early age frost damage depth of concrete on the construction site. It is necessary to test 

whether the concrete structure is damaged by early age frost damage with non-destructive tests and micro-

destructive tests. Several studies have been conducted on the different methods to grasp the depth of the early 

age frost damage. However, in these studies, it has not yet been able to accurately detect the depth of the early 

age frost damage with non-destructive or micro-destructive tests.  

On the other hand, it is helpful to test the depth of early age frost damage by referring to the estimation 

methods of compressive strength of concrete studies, which are micro-destructive tests. 

In this study, we tried to use the penetration tests to detect the depth of the early age frost damage with the 

micro-destructive degree. 

3.2 Experimental design 

3.2.1 Penetration test by nails 

Table 3.1 shows the experimental plan. The mortar specimens were prepared using ordinary Portland cement 

(OPC) and 50% water to cement ratio. All specimens were poured as φ100 × 200 mm cylinder sizes. 

N was placed at a 20℃ 60 %RH room after casting, and it was sealed curing continued until the age of 7 days. 

When the early age frost damage is imparted to F, it was frozen at -20℃ 12 hours using a refrigerator, and then 

placed at a 20℃ 60% room, and it was sealed curing continued until the age of 28 days. Fig. 3. 1 shows the 

exposure height that is set to 0mm, 20mm, 40mm, 60mm. It changed the depth of early age frost damage. The 

freezing period is not included in the age. 
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Table 3.1 Experimental plan 

Symbol Cement 
w/c 

[%] 

Exposure 

height 

[mm] 

Freezing conditions 
Curing after 

freezing 

Temp 

[℃] 

Time 

[h] 
Temp [℃] 

Time 

[d] 

N 

OPC 50 

― Non-freezing 

20 7 

F-0 0 

-20 12 
F-20 20 

F-40 40 

F-60 60 

 

 
Fig. 3.1 Outline Fig. 

 

3.2.2 Penetration test by pneumatic penetration test machine 

Table 3.2 shows the experimental plan. The mortar specimens were prepared using ordinary Portland cement 

(OPC) and 50% water to cement ratio. According to the requirement of the pneumatic penetration test method, 

the specimen size was poured as 308× 228×152 mm. 

N was placed at a 20 ° C 60 %RH room after casting, and it was sealed curing continued until the age of 3, 7, 

14, 28 days. When the early age frost damage is imparted to F, it was frozen at -20 ° C 12 hours using a 

refrigerator, and then placed at a 20 ° C 60% room, and it was sealed curing continued until the age of 28 days. 

The exposure height condition is the same as Fig. 3.1 that is set to 0mm, 20mm, 40mm, 60mm. It changed the 

depth of early age frost damage. The freezing period is not included in the age. 
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Table 3.2 Experimental plan 

Symbol Cement 
w/c 

[%] 

Exposure 

height 

[mm] 

Freezing conditions 
Curing after 

freezing 

Temp 

[℃] 

Time 

[h] 
Temp [℃] 

Time 

[d] 

N 

OPC 50 

― Non-freezing 

20 

3 

7 

14 

28 

F-0 0 

-20 12 
F-20 20 

F-40 40 

F-60 60 

 

3.3 Experimental methods 

3.3.1 Use Materials 

(1) Ordinary Portland Cement 

Table 3.3 Chemical composition and physical properties of OPC 

 
Ordinary Portland Cement 

JIS Standard Value  Experimental Results 

Density (g/cm3) - 3.17 

Specific Surface Area (cm3/g) More than 2500 3500 

Setting 

Water (%) - 28.0 

Initial Setting (h・mm) More than 60 min 1-45 

Final Setting (h・mm) Less than 10 h 3-00 

Soundness Pat Test Qualified Qualified 

Compressive 

Strength 

(N/mm2) 

1d - - 

3d 12.5 32.9 

7d 22.5 51.0 

28d 42.5 65.8 

91d - - 

Heat evolution 

(J/g) 

7d - 332 

28d - 387 

Chemical 

Composition (%) 

Magnesium Oxide Less than 5.0 2.1 

Sulfur Trioxide Less than 3.5 1.9 

Sulfur Dioxide - 21.4 
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Aluminum Oxide  - 5.5 

Ferric Oxide  - 2.8 

Calcium Oxide - 64.3 

Ignition Loss Less than 5.0 0.56 

Total Alkali Less than 0.75 0.25 

Chloride Ion Less than 0.035 0.012 

Mineral 

composition (%) 

Tricalcium Silicate - 52 

Dicalcium Silicate - 23 

Tricalcium Aluminate - 10 

Tetracalcium 

Aluminoferrite 
- 9 

Ordinary Portland Cement is the basic ingredient of concrete. It binds coarse aggregate with fine aggregate. 

Cement is manufactured through a closely controlled chemical combination of calcium, silicon, aluminum, iron 

and other ingredients. In this study, OPC was used as compliance with JIS standard. Table 3.3 shows Chemical 

composition and physical properties of OPC. 

 

(2) Fine aggregate 

In this study, we used the Noboribetsu land sand. Table 3.4 shows the physical test results by the JIS standard 

test method. Table 3.5 shows the sieving test results. Fig. 3.2 shows the particle size distribution. 

 

Table 3.4 The physical test results 

Density (g/cm3) Water 

absorption [%] 

Mass of unit 

volume [kg/ℓ] 

Solid volume 

percentage [%] Surface dry Absolute dry 

2.57 2.49 2.98 1.63 65.6 

 

Table 3.5 The sieving test results 

Sample aggregate Percentage of mass passing through sieve 

Nominal size of sieve [mm] 0.15 0.3 0.6 1.2 2.5 5 10 

coarse aggregate 95 80 63 33 8 0 0 
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Fig. 3.2 The particle size distribution 

 

(3) Water 

In this study, we used the tap water of our university. 

 

3.3.2 Mix Proportions 

Table 3.6 shows the preparation table. 

Table 3.6 Mix Proportions 

w/c 

[%] 
C:S 

Unit mass[kg/m3] 

Water Cement Fine aggregate 

50 1:3 258 517 1550 

 

3.3.3 Mixing Method 

The fine aggregate was made surface dry on the day before the mortar was made, and the condition of the 

surface dry state was checked and adjusted on the day before use. The mixing was based on JIS R 5201-1997 

"Physical test method of cement". A mixer named LC-607A (nominal capacity: 60 ℓ, rotation speed: 48 rpm, 

motor output: 2.2 kW, manufactured by Sanyo Testing Machine Co., Ltd.) was used for mixing as shown in Fig. 

3.3. Firstly, putting OPC and fine aggregate in mixer →mixing for 30 seconds → pouring water in the mixer 

→  mixing for 30 seconds → using a spoon to scrap for 1 minute → mixing for 2 minutes. Immediately after 
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mixing, carefully pour the mortar into the container. 

 

Fig. 3.3 Mixer 

 

3.3.4 Mold 

The mold φ100×200(mm) cylinder-type plastic was used in the penetration test by nails to determine the early 

age frost damage. Fig. 3.4 shows the mold. 

The mold 308× 228×152 (mm) container was used in the penetration test by pneumatic penetration test 

machine to determine the early age frost damage. Fig. 3.5 shows the mold. 

 
Fig. 3.4 φ100×200(mm) cylinder-type plastic mold 

 

 
Fig. 3.5 308× 228×152 (mm) container 
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3.3.5 Casting 

The casting method is to divide the cylindrical mold into two layers, pierce each segment 15 times with a ram, 

and hit with a mallet. After that, the top of the mold was covered with a vinyl sheet to prevent moisture from 

escaping. 

 

3.3.6 Curing method and freezing method 

N was placed at a 20 ℃ 60 %RH room after casting, and it was sealed curing continued until the age of 28 

days. When the early age frost damage is imparted to F, it was frozen at -20 ℃ 12 hours using a refrigerator, and 

then placed at a 20 ℃ 60 % RH room, and it was sealed curing continued until the age of 28 days. Fig. 3.1 shows 

the exposure height that is set to 0 mm, 20 mm, 40 mm, 60 mm. It changed the depth of early age frost damage. 

The freezing period is not included in the age. 

 

3.3.7 Test methods 

3.3.7.1 Fresh properties 

(1) Air content 

The test is performed by JIS A 1128 "Test method for air volume of fresh concrete by pressure (air chamber 

pressure method)". The specimen is poured in three layers, approximately 1/3 of the container. Each layer is 

pierced 15 times by a stick. The outside of the container is hit with a mallet about 15 times. 

(2) Flow 

The flow test is performed according to JIS R 5201 "Physical test method for cement". By using a flow table, 

a flow cone, and a stick, mortar is packed into two layers, each half of the flow cone and the mortar is struck 15 

times with a stick, and then falls into the mortar once a second. 15 times and the diameter after the mortar spreads 

is measured as the flow value. Read the scale up to 1 mm. 

 

3.3.7.2 Rebound degree method 
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Fig. 3.6 shows the shows the N-type rebound hammer used in the experiment. In this experiment, the rebound 

was measured using a rebound hammer according to JIS A1155 "Method of measuring the rebound of concrete". 

The arithmetic average of all measured values is taken as the measured hardness at that location. If the error is 

about 20% or more of the average value, the average value is calculated by discarding the error and 

supplementing the alternative. The estimated strength is calculated by the following equation. 

𝐹. = 0.73𝑅 + 10 

where, 𝐹. is the estimated strength (N / mm2); 𝑅 is the measured hardness. 

 

Fig. 3.6 N-type rebound hammer 

 

3.3.7.3 Penetration test by nails 

Using a tool, as shown in Fig. 3.7, a 1.4kg weight was fell freely from a height of 860mm and hit to a nail. It 

was supported by a PVC pipe to assist the tool. A 15mm diameter, a thickness of about 10mm sponge with a 

hole in the center, was attached to the specimen using an instant adhesive to prevent the nail from jumping. The 

penetration test was performed with the nails inserted in the holes. The nail is a commercial concrete nail. The 

nail is total length of 38 mm and thickness of 2.8 ± 0.1 mm as shown in Fig. 3.8. Each time of the penetration 

test by nails, the nail penetration amount was measured from the exposed length of the nail using an electronic 

caliper. The four-measure points were performed on the upper surface of the specimen. If the nail becomes bend 

in the middle, the test will do one more time again. Fig. 3.9 shows the condition of nails fixed on the specimen. 

Fig. 3.10 shows the condition of after the nails are hit into the specimen. 
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Fig. 3.7 PVC pipe and weight Fig. 3.8 Commercial concrete nail 

 

  

Fig. 3.9 The condition of nails fixed on the 

specimen 

Fig. 3.10 The condition of after the nails are hit 

into the specimen 

 

3.3.7.3 Penetration test by pneumatic penetration test machine 

This is a test machine, as shown in Fig. 3.11, that drives a dedicated pin into concrete by air pressure. It can 

measure the penetration depth and estimate the concrete strength. 

It is easy to use. Air pressure can obtain stable pressure. There is no restriction on penetration direction. 

First, connect the parts of the machine as shown in Fig. 3.12. Then, open the air pressure valve and adjust the 
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air pressure to 1.6Mpa. Before the experiment, to ensure the stability of pressure, the anvil was first used for 

testing, as shown in Fig. 3.13. The depth of penetration is measured with an electronic vernier caliper. 

To avoid cracks which is caused by pneumatic pin hit, it is necessary to make sure the distance between two 

measuring points is more than 70mm. Each specimen was set to do the penetration test at 6 measuring points on 

the upper. And the pneumatic power is set to 1.6MPa. The penetration amount of each time is recorded, and the 

average value is calculated. 

 
Fig. 3.11 Pneumatic penetration test machine 

 

 

Fig. 3.12 Machine connection 
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Fig. 3.13 Pressure testing by anvil 

 

3.4 Results and discussion 

3.4.1 Penetration test by nails 

(1) Rebound degree method 

Fig. 3.14 shows the rebound degree on the age 7days. It is seen that F0, F20, F40, and F60 have a lower 

rebound degree compared to N. The early age frost damage of all F specimens can be determined by rebound 

degree. 

 
Fig. 3.14 Rebound degree on the age 7 days 
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Fig. 3.15 shows the rebound degree ratio based on N of the age of 7 days. The rebound degree ratio was 

smaller than N. It can be confirmed that all the F specimens were subjected to the early age frost damage. There 

was a noticeable difference between N and F, but the difference is small in F. 

 
Fig. 3.15 Rebound degree ratio based on N 

 

(2) Penetration test by nails 

Fig. 3.16 shows the relationship between times of hit and average nail penetration depthv. There is a difference 

in penetration depth between N and F0, F20, F40, F60, and the difference becomes obvious as the times of hit 

increases. The difference in penetration depth between F0, F20, F40 and F60 is small. It can be considered that 

the average nail penetration amount is possible to determine the early age frost damage. But it is difficult to 

detect the damage depth due to the penetration depth is much smaller than the freezing exposure height. 
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Fig. 3.16 Relationship between times of hit and nail penetration depth 
 

Fig. 3.17 shows the relationship between rebound degree and the nail penetration depth. Compared with N, 

the rebound degree of F0, F20, F40, and F60 is smaller, and the penetration amount is larger. However, the 

distribution of F is very discrete and cannot present a linear relationship. From the penetration depth of F, it is 

only about 5mm, so it is difficult to calculate the depth of the early age frost damage. 

 
Fig. 3.17 Relationship between rebound degree and nail penetration depth 

 

From the above results, it is possible to diagnose whether the concrete is subjected to early age frost damage 

by a nail penetration test. But it is difficult to diagnose the depth of early age frost damage. It can be considered 

that the hardness of the nails does not reach the level where it can fully penetrate the specimens, and the position 

where the weight free falls to hit the nail also affected the penetration depth. 

 

3.4.2 Penetration test by pneumatic penetration test machine 

(1) Rebound degree method 

Figs. 3.18, 3.19, 3.20, and 3.21 show the the rebound degree on the age of 3, 7, 14, and 28 days. It is seen that 

F0, F20, F40, and F60 have a lower rebound degree compared to N. The early age frost damage of all F specimens 

can be determined by rebound degree. 
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Fig. 3.18 The rebound degree on the age of 3 days 

 
Fig. 3.19 The rebound degree on the age of 7 days 

 
Fig. 3.20 The rebound degree on the age of 14 days 
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Fig. 3.21 The rebound degree on the age of 28 days 

 

From the above results, the N rebound degree of the age of 28 days is larger than another ages. 

Figs. 3.22, 3.23, 3.24, and 3.25 show the rebound degree ratio based on N of the age of 3, 7, 14, and 28 days. 

The rebound degree ratio was smaller than N. It can be confirmed that all the F specimens were subjected to the 

early age frost damage. There was a noticeable difference between N and F, but the difference is small in F. 

 
Fig. 3.22 Rebound degree ratio based on N at 3 days 
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Fig. 3.23 Rebound degree ratio based on N at 7 days 

 
Fig. 3.24 Rebound degree ratio based on N at 14 days 

 
Fig. 3.25 Rebound degree ratio based on N at 28 days 
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Figs. 3.26, 3.27, 3.28, and 3.29 show the average pin penetration depth on the age of 3, 7, 14, and 28 days. It 

can be seen that the penetration depth at 3days is larger than another ages. It can be considered that the average 

nail penetration depth is possible to determine the early age frost damage. It is confirmed that the penetration 

amount increased as the early age frost damage depth increased. 

 
Fig. 3.26 Average pin penetration depth on the age of 3 days 

 
Fig. 3.27 Average pin penetration depth on the age of 7 days 
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Fig. 3.28 Average pin penetration depth on the age of 14 days 

 
Fig. 3.29 Average pin penetration depth on the age of 28 days 

 

Figs. 3.30, 3.31, 3.32, and 3.33 shows the relationship between early age frost damage depth and pin 
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functional relationships between pin penetration depth and early age frost damage depth. The damage depth is 

difficult to calculate by using the penetration depth of the age 3, 14, and 28 days. On the age 7 days, there is a 

highly correlated functional relationship between pin penetration depth and early age frost damage depth, and 

the depth can be roughly calculated by using penetration amount. This function relation is very approximate and 

can be used for reference. 
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Fig. 3.30 Relationship between early age frost damage depth and pin penetration depth (3 days) 

 
Fig. 3.31 Relationship between early age frost damage depth and pin penetration depth (7 days) 

 
Fig. 3.32 Relationship between early age frost damage depth and pin penetration depth (14 days) 
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Fig. 3.33 Relationship between early age frost damage depth and pin penetration depth (28 days) 

 

From the above results, it can be seen that the penetration amount of the age 7 days has an excellent diagnosis 

effect for determining the early age frost damage and detecting the damage depth. The penetration test by 

pneumatic penetration test machine is effective to diagnose the depth of early age frost damage on the age 7 

days. It can roughly detect the damage depth with a micro-destructive degree. 

3.5 Conclusion 

In this chapter, the study on verification of diagnostic method for early age frost damage depth by penetration 

tests is carried out. It was explored about the relationship between the early age frost damage depth and 
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(2) It can be seen that the penetration amount of the age 7 days has an excellent diagnosis effect for 

determining the early age frost damage and detecting the damage depth. 

(3) The penetration test by pneumatic penetration test machine is effective to diagnose the depth of early age 

frost damage on the age 7 days. It can roughly detect the damage depth with a micro- destructive degree. 
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4.1 Overview 

The minimum required compressive strength is a reference value defined from the experimental results. 

Previous studies (Koh, 1959; Powers, 1962; American Concrete Institute Committee 306-66, 1966; RILEM, 

1963; Voellmy, 1956; Rastrup, 1964) have been conducted to determine the minimum required compressive 

strength values. Koh (1959) proposed that 5.0 MPa should be taken for the minimum required compressive 

strength value, which was obtained from repeated experiments of freeze-thaw cycles. Powers (1962) reported 

that the hydration process consumes the water in fresh concrete during strength development, and also calculated 

the degree of dryness at which frost damage will not occur. Moreover, compressive strength of 2.9 MPa was 

obtained as the limit value. Subsequently, American Concrete Institute Committee 306-66 (1966) specified 3.5 

MPa as a protective compressive strength value for concrete against once freezing. RILEM guideline (1963) for 

cold weather concreting stated that compressive strength of at least 5.0 MPa can resist one to several freeze-

thaw cycles when there is no external water supply considering different water to cement ratios, curing 

temperatures, and cement types. Voellmy (1956) mentioned that if the concrete surface is often saturated with 

water, compressive strength of 15.0 MPa is required to resist frost damage. Rastrup (1964) also introduced the 

theories and calculations on the minimum required compressive strength. With decades of practice in actual cold 

weather concreting, it is widely recognized that concrete with the minimum required compressive strength can 

resist early age frost damage. 

However, according to recent studies, even though concrete has reached a compressive strength of 5.0 MPa, 

freezing and multiple freeze-thaw cycles still have adverse effects on the durability of concrete. Koh et al. (2013) 

verified the pertinence of the minimum compressive strength of 5.0 MPa. Concrete specimens were subjected 

to 30 freeze-thaw cycles between +4℃ and -18℃ in a laboratory test, which is approximately equivalent to 

freeze-thaw actions that would occur within one year in Korea's real, natural environment. And then, the frozen 

concrete was performed with 28d 20℃ standard curing. The results showed no difference in compressive 

strength between frozen concrete and non-frozen concrete. However, frost resistance and chloride ion 

penetration resistance have decreased significantly. Similarly, Choi et al. (2017) indicated that the concrete, 
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which exhibited a compressive strength exceeding 5.0 MPa, suffered from freezing at -20℃ for 24 h, the 

compressive strength values of frozen concrete and non-frozen concrete were approximately the same, while the 

frost resistance of frozen concrete was obviously lower than that of non-frozen concrete. It can be found that 5.0 

MPa as the minimum required compressive strength to prevent early age frost damage is reasonable in strength 

development. Nevertheless, once concrete at an early age is subjected to severe freezing or multiple freeze-thaw 

cycles that exceed the protective capacity of minimum required compressive strength, the durability of concrete 

will be damaged.  

According to the Guide to Cold Weather Concreting (American Concrete Institute Committee 306, 2016), the 

cold weather concreting application period is when the air temperature has fallen to or is expected to fall below 

4℃ during the protection period. It means that the period generally extends from winter to spring. During the 

period before spring, even if concrete reached the minimum required compressive strength, its durability is also 

possible to be deteriorated due to sudden cold waves, repeated freeze-thaw cycles, and insufficient early age 

curing based on the research findings of Koh et al. (2013) and Choi et al. (2017). At present, however, the related 

studies about the minimum required compressive strength for cold weather concreting on durability are deficient. 

Hence, it is necessary to investigate the effect of the minimum required compressive strength of concrete on its 

durability. 

Generally, in experimental conditions, evaluating the frost resistance of concrete is mainly for completely 

hardened concrete. The test method for frost resistance of concrete is to place concrete into temperature-

adjustable equipment and subject the concrete to 300 freeze-thaw cycles, such as ASTM C 666 (American 

Society for Testing and Materials International, 2015), JIS A 1148 (Japan Industrial Standards Committee, 2010), 

and GB/T50082-2009 (National Standard of the People's Republic of China, 2009). Suppose the concrete with 

the minimum compressive strength is subjected to 300 freeze-thaw cycles based on ASTM C 666 (American 

Society for Testing and Materials International, 2015). In that case, it is possible to determine the deterioration 

behaviors of concrete with the minimum compressive strength within 300 freeze-thaw cycles. If the frost 

resistance of concrete with the minimum compressive strength can be grasped, it will help prevent the early age 

frost damage. 



CHAPTER 4 
EFFECT OF COMPRESSIVE STRENGTH DEVELOPMENT AT EARLY AGES ON FROST RESISTANCE OF CONCRETE 

75 

Besides, to connect with concrete structures in the natural environment, the frost damage deterioration 

behavior of concrete at early ages can be estimated by meteorological factors. Estimating frost damage 

deterioration behavior of concrete based on meteorological factors has already made much progress (Hasegawa 

and Hon, 1979; Hama et al.,1999; Quy et al., 2020). Hama et al. (1999) proposed an estimation method about 

the ASTM (American Society for Testing and Materials) equivalent number of cycles (𝑪𝒚𝑨𝑺𝑻𝑴3𝒔𝒑	
) based on 

meteorological factors. It can convert the freeze-thaw actions received per year from the temperature and 

environmental conditions into several freezing and thawing cycles in the standard of ASTM C 666 A method 

(American Society for Testing and Materials International, 2015) to determine the regional characteristics of 

frost damage of cement-based materials. It is well known that the early age frost damage always occurs after 

construction from winter to spring. Concrete structures exposed to the natural environment often experience 

freeze-thaw actions during this period. It is possible to estimate the theoretical number of freeze-thaw cycles of 

concrete structures experienced in cold regions during this period according to the estimation method of 

𝐶𝑦67893,:	 . 

This chapter is divided into two parts to investigate the effect of compressive strength development at early 

ages on the frost resistance of concrete according to laboratory tests and 3 years outdoor exposure tests. 

 

4.2 Experimental program 

4.2.1 laboratory tests 

Table 4.1 shows the experimental design of the laboratory tests. The symbol of the N specimen means the 

non-frozen concrete as a reference specimen for Series 1 and 2. The symbol of the F and S represent the frozen 

concrete and required compressive strength value. For example, F-S5 means the frozen concrete with 5.0 MPa. 

Especially, the specimen of F-T12 in Series 1 was the frozen concrete with a pre-curing time of 12 h. The pre-

curing time before freezing of each specimen was determined by the pre-experiment. Experimental items in the 

laboratory tests were compressive strength, hydration degree, total porosity, and freezing and thawing resistance, 

as shown in Table 4.1. 
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In this study, the main experiments were divided into two series due to different investigation objectives. 

Fig.4.1 shows the flowchart of the main experiments. The concrete mixture was manufactured, and then it was 

cast into ∅100×200 mm cylindrical plastic molds and 75×75×400 mm steel molds. Afterwards, the specimens 

were laid in a room at 20℃ and 60% relative humidity. For the reference specimen, after curing for 28 days, the 

freeze-thaw test was carried out until 300 cycles according to JIS A 1148 A method (Japan Industrial Standards 

Committee, 2010).  

In Series 1, it contained the case of early age frost damage of concrete (F-T12) and the conditions of concrete 

with different compressive strength values (F-S5, F-S12, F-S18, and F-S25), which is aimed at evaluating the 

physical recovery performance of concrete that was subjected to several freeze-thaw cycles at early ages. Based 

on the pre-experiment results, the compressive strength values of the frozen specimens in Series 1 were 

determined by the compressive strength test after curing for 12 h, 24 h, 44 h, 50 h, and 75 h, respectively. After 

confirming the compressive strength, the specimens of Series 1 were transferred to an adjustable temperature 

chamber for freeze-thaw cycles in air condition for 3 cycles, and one cycle was 12 h -20 ℃ and 12 h +5 ℃, 

which was used to simulate the daytime and nighttime temperatures in the Hokkaido of Japan during winter. 

After 3 freeze-thaw cycles, the specimens were replaced in a room at 20 ℃ and 60 % relative humidity to 

perform the recovery curing until 31 days. Experimental items were performed, and the freeze-thaw test was 

conducted until 300 cycles in accordance with the JIS A 1148 A method. 

Series 2 was designed to investigate the effect of different compressive strength values on frost resistance of 

concrete at early ages and assess the deterioration behaviors in 300 freeze-thaw cycles. Before the freeze-thaw 

test, the pre-curing ages of specimens were 24 h, 44 h, 50 h, and 75 h, respectively. Measurement items were 

carried out after the pre-curing, then the specimens were subjected to 300 freeze-thaw cycles according to JIS A 

1148 A method. 
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Table 4.1 Experimental design of main experiments 

Series Symbol 

Pre-Curing 

Time Before 

Freezing (h) 

Strength 

Development 

(MPa) 

Recovery Curing 

Conditions 
Experimental Items 

- N - - - 

Compressive strength, 

Hydration degree, 

Total porosity, 

Freezing and thawing resistance 

Series 1 

F-T12 12 - 

With recovery curing 

F-S5 24 5.0 

F-S12 44 12.0 

F-S18 50 18.0 

F-S25 75 25.0 

Series 2 

F-S5 24 5.0 

Without recovery 

curing 

F-S12 44 12.0 

F-S18 50 18.0 

F-S25 75 25.0 

 

 
Fig. 4.1 Flowchart of main experiments 

 

In this study, several locations in cold regions from different countries were selected for the investigation to 

comprehensively evaluate the applicability of the minimum required compressive strength for cold weather 
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concreting. The selected locations and meteorological data types are given in Table 4.2. The meteorological data 

used in the calculation were collected from the Integrated Surface Dataset (ISD) of the National Oceanic and 

Atmospheric Administration (NOAA). The five-year meteorological data from 2015 to 2019 were selected to 

obtain the average values. 

Table 4.2 Meteorological data collection program 

Countries Locations Period (year) Data types 

Japan 

Sapporo 

2015-2019 

Annual extreme value 

of daily minimum 

temperature, 

Number of days for 

freezing, 

Total number of days 

for freezing and 

thawing 

Obihiro 

Morioka 

China 
Beijing 

Mohe 

Mongolia Ulaanbaatar 

South Korea 
Seoul 

Busan 

Russia 

Vladivostok 

Moscow 

Verkhoyansk 

Anadyr 

Nikel 

Sweden Stockholm 

England Edinburgh 

Canada 
Calgary 

Iqaluit 

America 
New York 

Fairbanks 

 

4.2.2 Outdoor exposure tests 

Table 4.3 shows the experimental design of the outdoor exposure tests. The symbol of the N specimen means 

the non-frozen concrete. The symbol of the F represents the frozen concrete. Experimental items in the laboratory 

tests were compressive strength, hydration degree, total porosity, mercury intrusion porosimetry (MIP), and 

freezing and thawing resistance, as shown in Table 4.3. The experimental test times for the outdoor exposure 

tests were initial, 0.5 years, 1 year and 3 years. 
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Table 4.3 Experimental design of main experiments 

Symbol 
w/c 

(%) 

Air 

content 

(%) 

Pre-curing time 

before freezing 

Freezing and 

thawing 

conditions 
Experimental 

test times 

Experimental items 

Temp. 

(℃) 

Time 

(h) 

Temp. 

(℃) 

Time 

(h) 

Compressive strength, 

Hydration degree, 

Total porosity, 

Mercury intrusion 

porosimetry (MIP), 

Freezing and thawing 

resistance 

N 

50 
1.0  

(Non-AE) 

20 

(Seal) 

- initial, 

0.5 year, 

1 year, 

3 years 

F6 6 -20 

⇅ 

5 

72 
F24 24 

 

4.3 Experimental methods 

4.3.1 Use Materials 

(1) Ordinary Portland Cement 

Table 4.4 Chemical composition and physical properties of OPC 

 
Ordinary Portland Cement 

JIS Standard Value  Experimental Results 

Density (g/cm3) - 3.17 

Specific Surface Area (cm3/g) More than 2500 3500 

Setting 

Water (%) - 28.0 

Initial Setting (h・mm) More than 60 min 1-45 

Final Setting (h・mm) Less than 10 h 3-00 

Soundness Pat Test Qualified Qualified 

Compressive 

Strength 

(N/mm2) 

1d - - 

3d 12.5 32.9 

7d 22.5 51.0 

28d 42.5 65.8 

91d - - 

Heat evolution 

(J/g) 

7d - 332 

28d - 387 

Chemical 

Composition (%) 

Magnesium Oxide Less than 5.0 2.1 

Sulfur Trioxide Less than 3.5 1.9 
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Sulfur Dioxide - 21.4 

Aluminum Oxide  - 5.5 

Ferric Oxide  - 2.8 

Calcium Oxide - 64.3 

Ignition Loss Less than 5.0 0.56 

Total Alkali Less than 0.75 0.25 

Chloride Ion Less than 0.035 0.012 

Mineral 

composition (%) 

Tricalcium Silicate - 52 

Dicalcium Silicate - 23 

Tricalcium Aluminate - 10 

Tetracalcium 

Aluminoferrite 
- 9 

Ordinary Portland Cement was used in this experiment. Cement combines calcium, silicon, aluminum, iron, 

and other ingredients under close control. In this study, OPC was used in compliance with JIS standards. Table 

4.4 shows the Chemical composition and physical properties of OPC. 

 

(2) Aggregate materials 

The physical properties of fine aggregates and coarse aggregates are shown in Table 4.5. 

Table 4.5 Physical properties of aggregate materials 

Types of 

aggregates 

Surface 

dried 

density 

(g/cm3) 

Absolute 

dried 

density 

(g/cm3) 

Water 

absorption 

(%) 

Coarse 

grain 

ratio (%) 

Fineness 

modulus 

Maximum 

size (mm) 

Coarse 2.68 2.62 1.78 6.65 6.64 25 

Fine 2.73 2.64 1.72 2.66 2.66 5.0 

 

(3) Admixture 

An air-entraining (AE) water-reducing agent (Master Pozzolith No. 70) was used to control air content in fresh 

concrete, and the target air content was 4.5 ± 1.5%. An AE water-reducing agent is an admixture used to improve 

workability and resistance to freezing and thawing by entraining a large number of independent fine air bubbles 
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in concrete and reducing its unit water content. It has both the air entrainment action and the cement dispersing 

action of a water-reducing agent. 

 

(4) Water 

In this study, we used the tap water of our university. 

 

4.3.2 Mix Proportions 

(1) Laboratory tests 

The concrete mix proportions of laboratory tests are listed in Table 4.6. 

Table 4.6 Concrete mix proportions of laboratory tests 

w/c 
s/a 

(%) 
Slump (cm) 

Air Content 

(%) 

Unit Weight (kg/m3) AE Water-Reducing 

Agent 

(mL/C = 100 kg) 
W C S G 

0.5 47.1 18 ± 2.0 4.5 ± 1.5 175 350 852 957 250 
Note: W: water; C: cement; S: sand (fine aggregate); G: coarse aggregate. 

 

(2) Outdoor exposure tests 

Table 4.7 shows the concrete mix proportions of outdoor exposure tests. 

Table 4.7 Concrete mix proportions of outdoor exposure tests 

w/c s/a 
Unit weight (kg/m3) Absolute volume 

W OPC S G W OPC S G 

50 42.4 210 420 747 994 210 133 279 378 
Note: W: water; C: cement; S: sand (fine aggregate); G: coarse aggregate. 

 

4.3.3 Mixing Method 

The fine aggregate and coarse aggregate were made surface dry on the day before the concrete was made, and 

the condition of the surface dry state was checked and adjusted on the day before use. The mixing was based on 

JIS R 5201-1997 "Physical test method of cement".  
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4.3.4 Mold 

The mold φ100×200(mm) cylinder-type plastic was used in the laboratory and outdoor exposure tests. The 

mold with dimensions of 75 × 75 × 400 mm was prepared for freeze–thaw test according to the JIS A 1148 A 

method. 

 

4.3.5 Test methods 

4.3.5.1 Fresh properties 

The slump, air content, and temperature of fresh concrete were measured according to the JIS A 1101, JIS A 

1128, and JIS A 1156, respectively. 

 

4.3.5.2 Hydration degree test 

After the specified curing time, the samples were cut into 5 mm cube samples from the central area of the 

specimens. Acetone was used to stop the hydration process of samples for 1 day, and then the samples were dried 

using the F-drying method [41]. The sample was placed in a vacuum container for water absorption that exceeded 

3 h and then put into a drying furnace at 105 ℃ for 24 h. After mass measurement, the sample was dried in a 

high temperature furnace at 1050 ℃ for 1.5 h. After cooling, the weight of the sample was measured. The 

hydration degree α was calculated by the following equations: 

𝐵𝑜𝑢𝑛𝑑	𝑤𝑎𝑡𝑒𝑟	𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑚$ −𝑚(

𝑚(
 

𝛼	(%) =
𝐵𝑜𝑢𝑛𝑑	𝑤𝑎𝑡𝑒𝑟	𝑐𝑜𝑛𝑡𝑒𝑛𝑡

0.23  

where 𝛼 is the hydration degree (%); 𝑚$ is the sample mass after drying at 105 ℃ (g); 𝑚( is the sample 

mass after drying at 1050 ℃ (g); 0.23 is the mass of water consumed when 1 g of cement is completely hydrated 

(g). 

 

4.3.5.3 Underwater weighing test 

The underwater weighing test was conducted to determine the total porosity of the concrete. Samples were 
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used as a whole specimen without cutting. After boiling the samples in hot water for 6 h, the fire was turned off, 

and the water was gradually cooled at room temperature. The samples were continued to be kept in the container 

for 24 h. Subsequently, samples were removed from the container, and the surface mois-ture was wiped so as to 

measure the mass of a saturated surface-dry specimen. The mass of the sample underwater was determined by 

putting the sample into the equip-ment for underwater weighing. And then, the sample mass of the absolute dry 

speci-men was measured after drying at 105 ℃ for 24 h. The following equations were used to calculate the total 

porosity: 

𝑉;(%) = S1 −
𝜌<
𝜌;=
U × 100% 

𝜌<	(𝑔 𝑐𝑚>⁄ ) =
𝑚?@

𝑚,@ −𝑚A
× 𝜌A 

𝜌;= 	(𝑔 𝑐𝑚>⁄ ) =
𝑚?@

𝑚?@ −𝑚A
× 𝜌A 

where 𝑉; is the total porosity (%); 𝜌< is the bulk density (g/cm3); 𝜌;= is the true density (g/cm3); 𝑚?@ is 

the sample mass of the absolute dry specimen (g) after drying at 105 ℃; 𝑚,@ is the sample mass of saturated 

surface-dry specimen (g); 𝑚A = 𝑚; −𝑚+A  is the mass of sample underwater (g); 𝑚;  is the mass of the 

equipment and sample underwater (g); 𝑚+A is the mass of the equipment underwater (g); 𝜌A is the density of 

water (g/cm3). 

 

4.3.5.4 Compressive strength test 

The purpose of this test in order to determine of compressive strength of hardened concrete. This test was 

done as described in the Japanese Industry Standard A 1108. The compressive strength test was carried out using 

an Amsler’s Compression Testing Apparatus. Fig. 4.2 shows the testing machine. 
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Fig. 4.2 Amsler’s Compression Testing Apparatus 

 

𝐹. =
𝑃
𝐴 

where, 𝐹B  is the compressive strength (N/mm2); 𝑃 is the maximum applied force (N); 𝐴 is the cross sectional 

area (mm2). 

 

4.3.5.5 Freeze–thaw test 

The freeze–thaw test was determined according to the JIS A 1148 A method on specimens with dimensions of 

75 × 75 × 400 mm. One freeze–thaw cycle contains 4 h, which is a freezing condition of 2.5 h −18 ℃ and a 

thawing condition of 1.5 h +5 ℃. The mass loss change and the fundamental transverse frequency of the 

specimens were measured within 300 cycles. The relative dynamic modulus of elasticity (RDM) and the 

durability factor (DF) were used to evaluate the resistance of concrete to freezing and thawing. The mass loss 

change, RDM, and DF of the specimens were calculated as follows: 

𝑊	(%) =
𝑤C −𝑤!
𝑤C

× 100% 

𝑃!(%) = [
𝑓!(

𝑓C(
] × 100% 

𝐷𝐹 =
𝑃 × 𝑁
𝑀  

where 𝑊 is the mass loss change (%); 𝑤! is the specimen mass at 𝑛 cycles (g); 𝑤C is the specimen mass at 0 
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cycles (g); 𝑃! is the relative dynamic modulus of elasticity (%); 𝑓! is the fundamental transverse frequency at 

𝑛 cycles (Hz); 𝑓C  is the fundamental transverse frequency at 0 cycles (Hz); 𝐷𝐹  is the durability factor of 

concrete; 𝑃 is the relative dynamic modulus of elasticity at 𝑛 cycles; 𝑁 is the number of cycles at which 𝑃 

reaches 60% or the number of cycles is 300, whichever is less; 𝑀 is 300 cycles number. 

 

4.3.5.6 Mercury intrusion porosimetry (MIP) method 

Many studies have been conducted to investigate the pore volume and pore size distribution of cement based 

materials with the mercury intrusion porosimetry (MIP) method, which was used as a typical way for the 

measurement of pore size distribution. MIP is based on the fact that a non-wetting fluid which has a contact 

angle greater than 90° for a particular solid will not intrude the pores of the solid without being pressurized. The 

pressure required depends on the pore shape, the surface tension and the contact angle of the liquid. The pore 

shape is generally assumed to be cylindrical for sedimentary rocks and sheet-like for crystalline rocks by Katsube 

and Williamson (1994). For pores of cylindrical shape, the relationship between the pore size and the applied 

pressure is given by Washburn (1921) according to the Young and Laplaces work on interfacial tension for the 

rise or depression of liquids in capillaries, as shown in the following equation: 

 

where, r is the pore radius (m), P is the pressure applied on mercury to intrude the pore (N/m2), γ is the the 

surface tension between mercury and the pore wall (N/m), Ѳ is the the contact angle between mercury and the 

pore wall (degree). Based on the equation, the pore size distribution was derived from the applied pressure and 

the volume of mercury intruded into the pores. The surface tension and the contact angle for mercury adapted 

are equal to 0.484 N /m and 140°, respectively. The specific surface area of pores, dry density and porosity can 

be calculated by using the pore size distribution. The MIP techniques requires that the hardened cement – based 

materials should be thoroughly treated to remove water and evacuated prior to testing. After the 28 days curing 

age, mortar prisms were cut into 5 mm cube samples, and then dried to stop the hydration reaction by D-drying 

(ore Dry – ice drying) pretreatment. The samples pore size from 6 nm to 200000 nm was measured by a Autopore 

Master 33 porosimeter, Japan. 

P
θγr cos2-

=
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4.3.5.7 𝐶𝑦!"#$%&'	  Estimation Method 

It is well known that 𝐶𝑦67893,:	  can estimate the freeze–thaw actions that concrete structures have received 

per year from the natural environment based on meteorological factors. The following equations were used to 

calculate the 𝐶𝑦67893,:	  results: 

𝐶𝑦67893,:	 = 𝐶 × 𝐹 × 𝑠 × 𝑝 × 𝑅?%C 

𝑇 = −𝑡𝑎	min	(1 − 𝐷𝑓/𝐷𝑤) 

𝑅?%C = 4.2𝑇 − 5.4 

where 𝐶𝑦67893,:	  is the ASTM equivalent number of cycles with consideration of environmental coefficient 

(cycles per year); 𝐶 is the curing conditions; 𝐹 is the freeze–thaw conditions; 𝑠 is the insolation conditions; 𝑝 

is the deterioration process coefficient; 𝑅?%C  is the ASTM equivalent number of cycles based on the air 

temperature (cycles per year), it also means the deterioration process at a degree where the relative dynamic 

modulus of elasticity is at 100% to 90%; 𝑇 is the regional coefficient; 𝑡𝑎	min is the annual extreme value of 

daily minimum temperature (℃); 𝐷𝑓 is the number of days for freezing, the number of days that the daily 

temperature continues to be below 0 ℃; 𝐷𝑤 is the total number of days for freezing and thawing, the number 

of days that the minimum temperature of the day is below −1 ℃ and the maximum temperature of the day 

exceeds 0 ℃. 

In addition, because the winter meteorological data were mainly used in this study, the calculation conditions 

were considered as insolation condition of the northern side (𝑠), air curing condition (𝐶), air freezing-water 

thawing condition (𝐹), and deterioration process coefficient of 100% to 90% (𝑝). Thus, according to the study 

content of Hama et al. (1999), these environmental coefficient values were determined. that is, 𝑠, 𝐶, 𝐹, and 𝑝 

were 1.00, 0.66, 0.21, and 1.00, respectively. 

 

4.4 Experiment result and discussion 

4.4.1 laboratory tests 
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4.4.1.1 Pre-experiment 

Fig. 4.3 shows the results of determining the actual compressive strength and curing time. The results showed 

that all types of specimens achieved the expected compressive strength. Accordingly, the results of the curing 

time determined in the pre-experiment can be used to set the curing time for each type of specimen in the main 

experiments. The curing time of S5 (𝑇7D), 𝑇7$(, 𝑇7$), and 𝑇7(D were 24 h, 44 h, 50 h, and 75 h, respectively.  

 
Fig. 4.3 Determination of actual compressive strength and curing time 

4.4.1.2 Main experiments 

(1) Fresh concrete 

Due to the limitations of the experimental conditions, the concrete specimens of Series 1 and 2 were 

manufactured in two batches. Table 4.8 presents the results of the slump, air content, and temperature of fresh 

concrete. It can be found that the fresh concrete in Series 1 and 2 obtained the target range of the slump and air 

content. The air content was kept at approximately 4.5% by using the AE water-reducing agent. In addition, 

fresh concrete of Series 1 and 2 exhibited good workability. 

Table 4.8 Test results of fresh concrete 

Series Slump (cm) Air content (%) Temperature (℃) 

Series 1 18.5 4.3 18.5 

Series 2 17.5 4.0 19.0 

 

(2) Compressive strength 

It is necessary to determine whether the specimens attain the expected compressive strength values before 

performing the test items. The compressive strength test was measured for F-S5, F-S12, F-S18, and F-S25 in 
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Series 1 and 2. Fig.4.4 shows the determination result of the compressive strength for each type of specimen. It 

can be seen that the compressive strength values for each type of specimen in Series 1 and Series 2 met the 

experimental design requirements considering the dispersion. 

 
Fig. 4.4 Determination of compressive strength after specified curing time 

 

Fig. 4.5 shows compressive strength after recovery curing in Series 1. The compressive strength of all types 

of frozen (F) concrete specimens was roughly the same as that of non-frozen (N) concrete specimen. Especially, 

the compressive strength of F-T12 was only 1.1MPa before freezing, which was not met the requirement of the 

minimum required compressive strength. However, after recovery curing, the strength development was not 

slowed down. The compressive strength also reached the same degree as that of N. It can be considered that F-

T12 was not suffered from the early age frost damage. The strength development of F-T12 was not affected by 

freezing because the AE water-reducing agent was added to the concrete, which ensures sufficient air content 

and effectively improves the early freezing resistance of concrete. This result is consistent with the findings of 

Yamashita (2021), who reported that the strength development of concrete with an AE agent at early ages is not 

affected by freezing after the final setting because the air content produced a significant effect. 
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Fig. 4.5 The compressive strength after recovery curing in Series 1 

 

(3) Hydration degree and total porosity 

Fig. 4.6 shows the results of the hydration degree and the total porosity in Series 1 at 31 days. Even if the 

compressive strength values of F specimens were approximately at the same extent as N after the recovery curing, 

the hydration degree results of F specimens were lower than that of N, and the total porosity results of F 

specimens were greater than that of N. It was found that if the pre-curing time of concrete is short, the hydration 

degree tends to be low, the total porosity tends to increase, and the effect of early age freezing remains. This 

result is consistent with the previous study (Bai et al., 2020), which revealed that early age frost damage could 

reduce the hydration degree of pure cement paste. In addition, although there is a difference in the hydration 

degree and the total porosity between F specimens and N specimen after the recovery curing, the difference is a 

little bit, which indicates that recovery curing enabled frozen concrete to achieve a comparable pore structure to 

that of non-frozen concrete. 
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Fig. 4.6 Results of hydration degree (a) and total porosity (b) in Series 1 at 31 days 

 

The results of the hydration degree and the total porosity in Series 2 before the freeze-thaw test are shown in 

Fig. 4.7. From F-S5 to F-S25, the hydration degree was increased gradually, and the total porosity was decreased 

step by step. It showed an increased tendency in the hydration degree and a decreased tendency in the total 

porosity with the increase of curing time. However, although F-S25 had a compressive strength of more than 

25.0 MPa, it still had much diffidence compared to N on the hydration degree and the total porosity. It illustrated 

that the hydration reaction of cement was not carried out completely at 75 h. 

 
Fig. 4.7 Results of hydration degree (a) and total porosity (b) in Series 2 before freeze-thaw test 

 

(4) Frost resistance of concrete 
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Fig. 4.8, the results of RDM and mass change between F specimens and N were almost the same tendency until 

300 cycles. Therefore, the durability factor results of all specimens in Series 1 were also at the same level, as 

shown in Fig. 4.9.  

According to Fig. 4.5 and Fig. 4.6, in terms of compressive strength, hydration degree, and total porosity, the 

results of F specimens were near that of N, which demonstrated that the recovery curing could repair the internal 

deterioration caused by freeze-thaw cycles at early ages. In addition, according to the results of Table 4.8, the 

air content of fresh concrete was 4.3% in Series 1. Meanwhile, Hu et al. (2019) reported that concrete suffered 

from freezing after the final setting time that would lose little service performance of concrete. The dense matrix 

of hydration products was formed to resist the dilation pressure caused by the ice lens. Generally, when using 

Ordinary Portland cement, the final setting of fresh concrete is completed around 8 h, considering different w/b 

ratios (Hu et al., 2019; Yamashita, 2021). In Series 1, the pre-curing time periods of F specimens before exposure 

to early age freezing were 12 h, 24 h, 44 h, 50 h, and 75 h, respectively. The pre-curing time periods of all F 

specimens were obviously more than 8 h. From discussed above, the recovery curing, the freezing after the final 

setting, and sufficient air content in concrete may be the main reasons why all F specimens have the same level 

of resistance to freezing and thawing as that of N. 

 
Fig. 4.8 Results of relative dynamic modulus of elasticity (a) and weight loss (b) after 300 freeze-thaw cycles in 

Series 1 
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Fig. 4.9 Durability factor results of Series 1 

 

The results of the RDM and weight loss in Series 2 are shown in Fig. 4.9. It can be seen in Fig. 4.10, the RDM 

of F specimens decreased more rapidly compared to the reference specimen. The concrete with lower 

compressive strength showed early frost damage with the increasing number of freeze-thaw cycles. Besides, the 

weight loss tendency was similar to the RDM of concrete. 

According to Fig. 4.7, different compressive strength values of concrete represented different denseness 

degrees of the pore structure inside concrete at early ages. When subjected to repeated freeze-thaw cycles, the 

aqueous solution in the capillaries and air voids produces dilation pressure due to freezing. Micro-cracks were 

caused when the strength of the skeleton structure was exceeded (Liu et al., 2011). As the number of freeze-thaw 

cycles increases, the micro-cracks inside concrete continually develop. Thus, in Fig. 4.10 (a), the greater the 

compressive strength of concrete, the higher the corresponding hydration degree, the denser the matrix of 

hydration products, the more freezing-thawing cycles it can withstand, and vice versa. 
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Fig. 4.10 Results of relative dynamic modulus of elasticity (a) and weight loss (b) after 300 freeze-thaw 

cycles in Series 2 

 

Fig. 4.11 shows the relationship between the compressive strength and durability factor. It can be found that 

the durability factor increases with the increasing compressive strength. The value of R2 was greater than 0.9, 

which implied that there is a high positive correlation between compressive strength and durability factor. 

Besides, the compressive strength of N can also represent that of all F specimens in Series 1 because they had 

almost the same degree of compressive strength as that of N. Hence, it was demonstrated that the frost resistance 

of concrete at early ages depends on the pre-curing time and the hydration degree. 

 
Fig. 4.11 Relationship between compressive strength and durability factor 
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cycles at early ages and prevent early age frost damage by securing a compressive strength of 5.0 MPa. However, 

because the hydration reaction process of cement, which is during the compressive strength development at early 

ages, was not sufficiently advanced, the frost resistance of concrete at early ages was low. On the other hand, the 

freeze-thaw action from the natural environment in the cold weather concreting period or winter cannot cause 

damage equivalent to the 300 freeze-thaw cycles in JIS A 1148 A test method. Concrete structures after 

construction in winter would be expected to get a recovery curing from spring to autumn.  

Besides, the numbers of freeze-thaw cycles that the RDM remained above 90% for F specimens in Series 2 

were determined that F-S5 at 18 freeze-thaw cycles, F-S12 at 55 cycles, F-S18 at 90 cycles, and F-S25 at 124 

cycles. According to the survey results of section 2 in this paper, the compressive strength of 5.0 MPa is used as 

the minimum required compressive strength for cold weather concreting in many countries. Therefore, 18 freeze-

thaw cycles of F-S5 would be regarded as the reference values of deterioration occurrence to compare with the 

estimation results of 𝐶𝑦67893,:	  in this study. 

 

(5) 𝐶𝑦67893,:	  estimation based on winter meteorological factors 

Table 4.9 shows the calculation results of winter meteorological data of various locations from different 

countries according to the Integrated Surface Dataset (ISD) of NOAA.  

Table 4.9 Calculation results of winter meteorological data of various locations 

Countries Locations 

Data types 

Annual extreme value of daily 

minimum temperature 

(ta	min, ℃) 

Number of days 

for freezing 

(Df, day) 

Total number of days for 

freezing and thawing 

(Dw, day) 

Japan 

Sapporo -11.92 43.20 106.2 

Obihiro -43.08 48.00 137.4 

Morioka -10.56 7.00 100.8 

China 
Beijing -8.80 12.40 95.2 

Mohe -42.52 143.00 218 

Mongolia Ulaanbaatar -23.20 127.00 216.2 

South Seoul -14.22 19.80 80.6 
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Korea Busan -8.20 0.60 40.4 

Russia 

Vladivostok -21.74 100.20 129.4 

Moscow -15.40 66.00 106.6 

Verkhoyansk -55.40 194.60 240.2 

Anadyr -37.40 164.60 189.6 

Nikel -30.20 133.60 161.8 

Sweden Stockholm -12.30 25.20 63.4 

England Edinburgh -6.06 0.60 24.4 

Canada 
Calgary -28.20 55.60 135.6 

Iqaluit -38.00 202.80 220.8 

America 
New York -15.68 13.60 45.6 

Fairbanks -34.24 133.20 192 

 

𝐶𝑦67893,:	  results of various locations were estimated as shown in Fig. 4.12. 𝐶𝑦67893,:	  results of all 

locations were lower than 18 freeze-thaw cycles. It was illustrated that the minimum required compressive 

strength of 5.0 MPa has sufficient frost resistance to protect concrete from early age frost damage during the 

cold weather concreting periods and winter. Therefore, according to the results of Fig. 4.12, it verified that the 

compressive strength of 5.0 MPa as the minimum required compressive strength for cold weather concreting is 

practicable. Before exposure to the freeze-thaw cycles, if the concrete is cured to more than 5.0 MPa, the quality 

of concrete may be guaranteed. As for some concrete constructions under critical water-saturated environments, 

such as dams and bridges, it is necessary to select a compressive strength value greater than 5.0 MPa to prevent 

damage due to freeze-thaw cycles, depending on the construction requirements. 

In this study, the applicability of 5.0 MPa as the minimum required compressive strength for cold weather 

concreting was determined for the first time with the combination of experiments and estimation based on 

meteorological factors. Moreover, the findings of this study were persuasive by investigating guidelines of cold 

weather concreting in different countries and winter meteorological data of various locations in the world. 
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Fig. 4.12 𝐶𝑦67893,:	  results of various locations 

 

4.4.2 Outdoor exposure tests 

4.4.2.1 Compressive strength  

Fig. 4.13 shows the compressive strength for outdoor exposure tests of change over time. It can be seen that 

the compressive strength of all samples increases with time, and the compressive strength reaches the limit 

degree at 1 year of exposure time. Strength development does not continue to increase at 3 years of exposure 

time. Among them, the compressive strength values of N and F24 were almost the same degree, and F6 was 

obviously affected by the early age frost damage, and the compressive strength ratio with N was lower than 90%. 

 
Fig. 4.13 Compressive strength for outdoor exposure tests of change over time 

0

10

20

30

40
50

Sa
pp

or
o

O
bi

hi
ro

M
or

io
ka

B
ei

jin
g

M
oh

e
U

la
an

ba
at

ar

Se
ou

l
B

us
an

V
la

di
vo

st
ok

M
os

co
w

V
er

kh
oy

an
sk

A
na

dy
r

N
ik

el
St

oc
kh

ol
m

Ed
in

bu
rg

h

C
al

ga
ry

Iq
al

ui
t

N
ew

 Y
or

k
Fa

irb
an

ks

JPN CHN MNG KOR RUS SWE GBR CAN USA

A
ST

M
 e

qu
iv

al
en

t n
um

be
r o

f c
yc

le
s(

cy
cl

es
 /y

ea
r)

Locations

Compressive strength of 5.0 MPa
Reference values : 18 freeze-thaw cycles

0

20

40

60

80

100

N F6 F24

Initial 0.5 year 1 year 3 years

Co
m

pr
es

siv
e 

str
en

gt
h 

(M
Pa

)



CHAPTER 4 
EFFECT OF COMPRESSIVE STRENGTH DEVELOPMENT AT EARLY AGES ON FROST RESISTANCE OF CONCRETE 

97 

 

Fig. 4.14 shows the compressive strength of standard curing at 28 days. The compressive strength of 

specimens of N and F24 was the same degree. It also means that F24 was not affected by early age frost damage. 

The compressive strength of F6 specimens was significantly lower than that of N, and the compressive strength 

ratio with N was lower than 90%. It can be seen that F6 was subjected to early age frost damage. 

 
Fig. 4.14 Compressive strength of standard curing at 28 days 

 

4.4.2.2 Hydration degree 

Fig. 4.15 shows the hydration degree of change over time. The hydration degree of N, F6, and F24 had the 

same trend with increasing time. At 1 year of exposure time, the hydration degree tends to be the maximum 

value. The hydration degree at 3 years of exposure time remained at the same degree as 1 year of exposure time. 

The trend of hydration degree is the same as the trend of compressive strength. 
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Fig. 4.15 Hydration degree of change over time 

 

4.4.2.3 Total porosity 

Fig. 4.16 shows the total porosity of change over time. It can be seen that the hydration degree increases, and 

the total porosity decreases with time. The total porosity decreases to the minimum value at 1 year of exposure 

time. 

 
Fig. 4.16 Total porosity of change over time 
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F24 within 3 years. By observing each (a) and (b), the pore structure shows a densification trend with the increase 

of time. It can be seen that N, F6, and F24 have the same variation in pore volume and pore size distribution. 

The sample of 1 year of exposure time has the densest pore structure. Also, the sample of 3 years of exposure 

time was slightly higher than 1 year of exposure time in (a) and (b). It is possible that the pore structure may 

have changed coarse because it experienced the influence of dry and wet cycles in 3 years. 

 
Fig. 4.17 MIP analysis of (a) cumulative pore volume and (b) pore distribution of N within 3 years 

 
Fig. 4.18 MIP analysis of (a) cumulative pore volume and (b) pore distribution of F6 within 3 years 
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Fig. 4.19 MIP analysis of (a) cumulative pore volume and (b) pore distribution of F6 within 3 years 

 

Fig. 4.20, 4.21, and 4.22 show the result of (a) cumulative pore volume and (b) pore distribution of N, F6, and 

F24 from initial to 3 years of exposure time. At the initial exposure time, the sample of F6 has the coarsest pore 

structure. The samples of N and F24 have almost the same degree of pore structure. For the results of 1 year of 

exposure time, it can be seen that the pore structure of F6 was the loosest. It is considered that early age frost 

damage could cause the pore structure to become coarse. The samples of N and F24 also have the same degree 

of pore structure. At 3 years of exposure time, it can be found that the tendency of pore volume and pore size 

distribution was the same as that of 1 year of exposure time. The degree of denseness order in pore structure is 

F24≤N<F6. 

 
Fig. 4.20 MIP analysis of (a) cumulative pore volume and (b) pore distribution at initial exposure time 
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Fig. 4.21 MIP analysis of (a) cumulative pore volume and (b) pore distribution at 1 year of exposure time 

 
Fig. 4.22 MIP analysis of (a) cumulative pore volume and (b) pore distribution at 3 years of exposure time 
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Fig. 4.23 Results of relative dynamic modulus of elasticity (a) and weight loss (b) at initial exposure time 

 

Fig. 4.24 shows the results of (a) RDM and (b) weight loss after recovery curing time. It can be found that the 

RDM of F24 reached the same level as that of N after recovery curing. The frost resistance of F6 remained low 

even after recovery curing because it suffered from early age frost damage. Since it is Non-AE concrete, the 

frost resistance is worse than that of AE concrete, and the RDM of both N and F24 droped below 60% within 

300 freeze-thaw cycles. 

 
Fig. 4.24 Results of relative dynamic modulus of elasticity (a)  

and weight loss (b) after recovery curing time 
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Fig. 4.25 shows the results of (a) RDM and (b) weight loss at 3 years of exposure time. It can be found that 

the RDM of F24 reached the same level as that of N after 3 years exposure time. The frost resistance of F6 still 

remained low degree because it suffered from early age frost damage. Since it is Non-AE concrete, the frost 

resistance is worse than that of AE concrete, and the RDM of both N and F24 drops below 60% within 300 

freeze-thaw cycles. 

 
Fig. 4.25 Results of relative dynamic modulus of elasticity (a)  

and weight loss (b) at 3 years of exposure time 

 

Fig. 4.26 shows the RDM results of N at different exposure times. From the RDM values of 28 days and 3 

years of exposure time, Non-AE concrete has low frost resistance due to a lack of sufficient air content in 

concrete. The RDM values were still below 60% within 300 freeze-thaw cycles, even after the standard or longer 

curing period. In addition, the RDM results of 3 years of exposure time were lower than that of 28 days. The 

reasons can be considered in the following two aspects: first, it can be known that the freezing and thawing 

cycles in one year are two or three cycles in most cold regions according to Fig. 4.11, so 3 years of exposure 

time could obtain about ten cycles. The frost resistance could be deceased because the samples have already 

experienced freezing and thawing cycles under outdoor exposure tests. Second, the dry and wet cycles from 

summer to winter also can cause the frost resistance of concrete to be reduced. 

0

20

40

60

80

100

0 100 200 300R
el

at
iv

e
dy

na
m

ic
 m

od
ul

us
 o

f e
la

sti
ci

ty
(%

)

N F6 F24

3 years
-2

-1

0

1

2
0 100 200 300

W
ei

gh
t l

os
s (

%
)

3 years

Freeze-thaw  cycles
(a) (b)



CHAPTER 4 
EFFECT OF COMPRESSIVE STRENGTH DEVELOPMENT AT EARLY AGES ON FROST RESISTANCE OF CONCRETE 

104 

 
Fig. 4.26 Results of relative dynamic modulus of elasticity of N at different exposure times 

 

Fig. 4.27 shows the RDM results of F6 at different exposure times. It can be found that the frost resistance of 

F6, which has been subjected to the early age frost damage, shows a significantly decreased trend compared with 

that of N after recovery curing or a longer period. Also, the RDM results of 3 years of exposure time were slightly 

lower than 31 days. It is considered that the long-term exposure environment affects the frost resistance of 

concrete. 

 
Fig. 4.27 Results of relative dynamic modulus of elasticity of F6 at different exposure times 
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Fig. 4.28 shows the RDM results of F24 at different exposure times. It can be seen that the RDM results of 

F24 at 31 days were the same degree as that of N at 28 days. It also means that F24 samples were not subjected 

to the early age frost damage. Similarly, the RDM results of 3 years of exposure time were lower than 31 days. 

According to Fig. 4.25, Fig. 4.26, and Fig. 4.27, it can be found that the RDM results of outdoor exposure tests 

were below that of laboratory curing tests. 

 
Fig. 4.28 Results of relative dynamic modulus of elasticity of F24 at different exposure times 

 

4.5 Conclusion 

In this chapter, the experimental program was designed into two parts to assess the effect of compressive 

strength development at early ages on the frost resistance of concrete in both laboratory tests and outdoor 

exposure tests. Meanwhile, the applicability of minimum compressive strength for cold weather concreting was 

evaluated according to meteorological factors. The main findings of this chapter were shown as follows: 

(1) Air-entrained concrete that reaches a compressive strength of 5.0 MPa can withstand several freeze-thaw 

cycles and effectively prevent early age frost damage. 

(2) For early-age concrete subjected to repeated freeze-thaw cycles in a critical water-saturated environment, 

the frost resistance increases with the increase of compressive strength. For OPC concrete with w/c of 0.5, the 
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can maintain the relative dynamic modulus of elasticity above 90% were about 18, 55, 90, and 124 cycles, 

respectively. 

(3) Concrete that has finished its final setting can effectively resist early age frost damage not only in Air-

entrained condition but also in Non-air-entrained condition. 

(4) The frost resistance of concrete in outdoor exposure tests was lower than that of concrete in laboratory 

tests. The dry-wet and freeze-thaw cycles in the natural environment can reduce the frost resistance of concrete. 
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5.1 Overview 

In Chapter 4, the compressive strength result of F-T12, which was measured in the laboratory tests, shows 

that even though the compressive strength was lower than 5 MPa, the F-T12 samples were not affected by the 

early age frost damage after the recovery curing time. In addition, the frost resistance of F-T12 has the same 

degree as that of N. It is kept in correspondence with the investigation of Yamashita (2021). He reported that the 

strength development of concrete with an AE agent at early ages is not affected by freezing after the final setting 

because the air content produced a significant effect. Meanwhile, the compressive strength result of F24, a Non-

AE concrete sample tested in the outdoor exposure tests, presents that it was not subjected to the early age frost 

damage after the recovery curing time. The pre-curing times before early age freezing of F-T12 and F24 are 12 

hours and 24 hours, respectively. It means that both F-T12 and F24 have finished the final setting before suffering 

from early age freezing. 

Therefore, it is considered that if the placed concrete could finish the final setting at the initial hardening stage, 

the concrete is possible to resist early age freezing. If the setting time of concrete could be controlled in cold 

weather concreting, it would protect the placed concrete from early age frost damage. 

However, it is well-known that the setting time of concrete is delayed in low-temperature environments. 

Recently, an additive for setting time adjustment has been developed to reduce the setting time and improve the 

efficiency of the work by shortening the time required for surface finishing and improving the concrete quality. 

This concrete additive is recommended to apply in the finishing work during cold season, and using this additive 

for setting time adjustment method is named Advanced Concrete Finish (ACF) Construction method. Relevant 

studies ( Ishii et al. 2018; Ishii et al. 2019) on this additive have investigated the effects of shortening the setting 

time and reducing bleeding by mixing a predetermined amount of additive into concrete and comparing them 

with the case of concrete without additive. 

As a result, it was confirmed that the fresh properties were secured, bleeding was reduced, and the setting time 

was accelerated under 10℃. In addition, the tests in the construction site showed that the addition rate of additive 

for setting time adjustment in the range of 2.5 to 4 kg/m3 contributed to a reduction in working time of 
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approximately 3 to 5 hours. However, there is still a lack of investigation into the effectiveness of preventing 

early age frost damage using the ACF additive. 

Consequently, there is a new technology development to prevent early age frost damage by using the ACF 

additive for setting time adjustment in Chapter 5. The investigation of ACF additive mainly explored the fresh 

properties of concrete, the setting time, compressive strength development, and prevention effectiveness of early 

age frost damage under different addition amount conditions. The objective of Chapter 5 is to (1) investigate the 

effect of shortening the setting time of concrete at room temperature and low temperature using different amounts 

of ACF additive, (2) examine the effect on strength development under different amounts, and (3) propose a 

suitable use program of ACF additive based on the prevention effectiveness of early age frost damage. 

 

5.2 Experimental design 

5.2.1 Experimental program 

To investigate the effect of different amounts of ACF additive on the setting time and compressive strength, 

four concrete types of different amounts of ACF additive were mixed to make concrete test cylindrical plastic 

molds with dimensions of ∅100×200 mm. The additive amount of ACF additive had four levels: 0, 2, 4, and 6 

kg/m3, as shown in Table 5.1. The concrete samples were put into a room with 20℃ and 60% relative humidity 

and a room with 5℃ and 60% relative humidity for curing until 28 days and 31 days. All samples were conducted 

in sealed condition. The experimental items include slump, air content, setting time, and compressive strength. 

Table 5.1 Experimental design of experiments 

Symbol Cement Additive 

Addition 

amount 

(kg/m3) 

w/c 
Slump 

(cm) 

Air 

content 

(%) 

Experimental items 

P 

OPC ACF 

0 

0.5 18±2.0 4.5±1.5 

Slump,  

Air content,  

Setting time, 

Compressive strength 

A2 2 

A4 4 

A6 6 
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Fig. 5.1 shows the flowchart of experiments. Concrete samples were placed in both a 20℃ temperature room 

and a 5℃ temperature room and cured in a sealed condition at early ages. A setting time test was conducted on 

non-frozen (N) concrete samples from each concrete designed in this experiment after placement. The 

compressive strength tests were conducted at 1, 3, 7, 28, and 31 days. For frozen concrete, the samples were pre-

cured for 6, 12, and 24 hours. Frozen concrete samples were transferred to an adjustable temperature chamber 

and exposed to 3 freeze-thaw cycles in air, with each cycle consisting of 12 hours at -20 ℃ followed by 12 hours 

at +5 ℃. Fresh concrete is highly susceptible to frost damage under these freeze-thaw conditions due to excess 

free water in the concrete. After undergoing freeze-thaw cycles in air for 3 cycles, the samples were returned in 

a room with a temperature of 20℃ and a relative humidity of 60% to carry out the recovery curing until 31 days. 

 
Fig. 5.1 Flowchart of experiments 

 

5.3 Experimental methods 

5.3.1 Use Materials 

(1) Ordinary Portland Cement 

Ordinary Portland cement based on JIS R 5210 in Japan was used in this experiment (Nippon steel cement 

corporation, Muroran, Japan), and its specific gravity was 3.17 g/cm3. 
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(2) Aggregate materials 

Table 5.2 displays the physical properties of both fine and coarse aggregates. 

Table 5.2 Physical properties of aggregate materials 

Types of 

aggregates 

Surface 

dried 

density 

(g/cm3) 

Absolute 

dried 

density 

(g/cm3) 

Water 

absorption 

(%) 

Coarse 

grain 

ratio (%) 

Fineness 

modulus 

Maximum 

size (mm) 

Coarse 2.66 2.62 1.71 6.65 6.64 25 

Fine 2.64 2.63 1.75 2.66 2.66 5.0 

 

(3) Admixture 

Controlling the air content in fresh concrete was achieved using the AE agents of Master Pozzolith 78S and 

Master Air 202, and the target air content was 4.5 ± 1.5%.  

DENKA ACF-W is a field-added setting accelerator that controls the setting time of concrete. By eliminating 

setting time delays caused by low temperatures and reducing waiting time for floor finishing, DENKA ACF-W 

not only improves productivity but also reduces quality degradation caused by continuous bleeding. 

 

(4) Water 

In this study, we used the tap water of our university. 
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5.3.2 Mix Proportions 

The concrete mix proportions are listed in Table 5.3. 

Table 5.3 Concrete mix proportions  

w/c 
s/a 

(%) 

Slump 

(cm) 

Air Content 

(%) 

Unit Weight (kg/m3) AE Agent 
ACF-W 

(kg/m3) W C S G 
78S 

(C×wt.%) 

202 

(C×wt.%) 

0.5 47.1 18 ± 2.0 4.5 ± 1.5 175 350 832 941 0.55 0.004 0, 2, 4, 6 
Note: W: water; C: cement; S: sand (fine aggregate); G: coarse aggregate. 

 

5.3.3 Mixing Method 

Fine and coarse aggregate surface drying was performed the day before the concrete was poured. The surface 

dry state was inspected and adjusted on the day of use. The mixing was based on JIS R 5201-1997 "Physical test 

method of cement". 

 

5.3.4 Mold 

The mold φ100×200(mm) cylinder-type plastic was used in the tests.  

 

5.3.5 Test methods 

5.3.5.1 Fresh properties 

Fresh concrete was measured using the JIS A 1101, JIS A 1128, and JIS A 1156 standards, respectively, for 

the slump, air content, and temperature. 

 

5.3.5.2 Compressive strength test 

Compressive strength test was conducted using a ∅ 100 × 200 mm cylinder specimen in accordance with JIS 

A 1108. 

 

5.3.5.3 Setting time test 

The setting time test was measured according to JIS A 1147, "Method of test for time of setting of concrete 
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mixtures by penetration resistance". Concrete was poured into the resin mold formwork (Fig. 5.2) in a single 

layer up to about 1 cm from the top surface of the formwork, poked 15 times with a poker, lightly tapped the 

sides of the formwork to eliminate the poke holes, and the top surface was leveled with a trowel. The formwork 

was covered with a lid to prevent water from evaporating, and the lid was not removed except for removing 

bleeding water or for measurement. The measurement procedure is described below: 

① Attach a penetration needle (Fig. 5.3) with a cross-section of 100 mm2 to the measuring device (Fig. 5.4). 

② Lower the lever to the mark on the penetration needle and make a penetration in about 10 seconds. Record 

the time of the penetration test and the force (N) required for the penetration by reading from the device. If 

bleeding water is floating on the surface, remove the bleeding water with a dropper or the like before 

measurement. In the second and subsequent measurements, the penetration shall be made, avoiding the area 

disturbed in the previous penetration test, and the distance between the needle marks of the penetration needle 

shall be at least twice the diameter of the penetration needle used or at least 15 mm. 

③ Repeat step ② until the penetration resistance exceeds 3.5 N/mm2. The procedure shall be repeated at least 

6 times until a penetration resistance value of 3.5 N/mm2 is obtained. 

④ When the penetration resistance exceeds 3.5 N/mm2, replace the penetration needle with one with a cross-

section of 25 mm2 (Fig. 5.3) and repeat the procedure in ② until the penetration resistance reaches 28 

N/mm2. 

The initial setting time of concrete is the time it takes for the resistance to penetration to reach 3.5 N/mm2, 

and the final setting time is the time it takes for the resistance to penetration to reach 28 N/mm2. The following 

equation can be used to determine the penetration resistance: 

𝑅(𝑁/𝑚𝑚() =
	𝑃(𝑁)
𝐴(𝑚𝑚() 

where 𝑅 is the penetration resistance value (N/mm2); 𝑃 is the force required for penetration (N); 𝐴 is the 

cross-section area of the penetrating needle used (mm2). 
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Fig. 5.2 Resin mold formwork 

Fig. 5.3  Penetration needles 

(Left: cross-section 25 mm2, 

Right: cross-section 100 mm2) 

Fig. 5.4 Measuring device 

 

5.4 Results and discussion  

5.4.1 Fresh concrete 

Fig. 5.2 shows the slump test results of the fresh concrete samples. It is apparent from the figure that the slump 

values for all types of concrete samples fell within the target range of 18 ± 2.0 cm. This finding suggests that the 

ACF additive did not cause a significant impact on the slump of the concrete immediately after placement. 

 
Fig. 5.2 Slump of change over time 
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± 1.5%. It indicated that the use of the ACF additive did not exert any discernible influence on the air content of 

the fresh concrete. Accordingly, the air content of the fresh concrete can remain stable and consistent even using 

the ACF additive. 

 
Fig. 5.3 Air content of all concrete sample types 

 

5.4.2 Setting time of concrete 

Fig. 5.4 shows the results of setting time for all concrete sample types under (a) 20℃ temperature and (b) 5℃ 

temperature conditions. For both 20℃ temperature and 5℃ temperature conditions, there is a common tendency 

that the more the amount of ACF additive, the faster the setting time of concrete. 

Fig. 5.5 shows the setting time durations of all concrete sample types. The setting time duration differences 

between all types of ACF concrete and P sample in 20℃ temperature condition were smaller than that of 5℃ 

temperature condition. It indicates that the ACF additive is more effective in reducing the setting time of concrete 

under low temperature conditions, especially in the case of the A6 concrete sample, which has a much shorter 

setting time than other concrete samples. 
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Fig. 5.4 Setting time of all concrete sample types 

 
Fig. 5.5 Setting time durations of all concrete sample types 

 

Fig. 5.6 shows the relationship between addition amounts of ACF additive and final setting times. It can be 

found that with the increase addition amounts of ACF additive, the final setting time of concrete showed a 

decreasing trend in 20℃ temperature and 5℃ temperature conditions.  

Meanwhile, according to the results of Fig. 5.4, Fig. 5.4, and Fig. 5.6, it is confirmed that the ACF additive 

has a practical effect on shortening the setting time of concrete and can also significantly shorten the setting time 

of concrete in a low temperature environment. 
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Fig. 5.6 Relationship between addition amounts of ACF additive and final setting times 

 

5.4.3 Compressive strength of concrete at early ages 

The compressive strength results of all concrete samples at early ages in both 20℃ and 5℃ temperature 

conditions are shown in Fig. 5.7. It has been observed that there is little strength development in all concrete 

samples within the first 6 hours. As shown in Fig. 5.5, the samples were still in the process of setting, making it 

difficult to determine the strength development of the concrete at 6 hours. The compressive strength increases 

as the amount of ACF additive increases within 24 hours, both in 20℃ and 5℃ temperature conditions. It is 

evident that using ACF additive can enhance the compressive strength of concrete compared to that of concrete 

without ACF additive within 24 hours. Therefore, there is a difference in strength development during early ages 

up to 24 hours. As for the compressive strength results of 7 days, at 20℃ temperature, the compressive strength 

results of ACF concrete samples were slightly higher than those of the P sample. In contrast, at 5℃ temperature, 

there were no noticeable differences in compressive strength between the ACF concrete samples and the P 
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samples and the P sample were not significantly different at 7 days under 5℃ temperature. 

 
Fig. 5.7 Compressive strength of all types of concrete samples at early ages 

 

5.4.4 Compressive strength of concrete at 28 days 

Fig. 5.8 shows the result of the compressive strength of all types of concrete samples at 28 days in 20℃ 

temperature and 5℃ temperature conditions. It can be found that all types of concrete samples have the same 

degree of compressive strength in both 20℃ temperature and 5℃ temperature conditions. The compressive 
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Fig. 5.8 Compressive strength of all types of concrete samples at 28 days 

 

Fig. 5.9 shows the relationship between compressive strength development and maturity. Fig. 5.9 included all 

the compressive strength values of concrete samples in both 20℃ temperature and 5℃ temperature conditions. 

It is well known that a logistic curve can show all of the strength development processes, and it is widely used 

to estimate concrete strength due to its accuracy. It can be seen that all compressive strength results coincided 

exactly with the trend of the logistic curve. It also demonstrates that the ACF additive at any addition amount 

has no effect on the compressive strength development of concrete, and the strength development of concrete is 

not related to ACF additive. 
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5.4.5 Prevention effectiveness of early age frost damage using ACF additive 

Fig. 5.10 shows the results of the compressive strength of P frozen concrete samples after recovery curing. It 

can be found that the F6 samples were lower than the other samples. The compressive strength values of F12 

and F24 samples have the same degree as that of P-20-N after recovery curing. It means that the F12 and F24 

samples were not subjected to early age frost damage. In addition, it can be seen that the environment 

temperatures of pre-curing before the early age freezing have no effect on the compressive strength at 840 ∘D･D 

not only in F12 and F24 samples but also in F6 samples. The compressive strength of 20℃ temperature pre-

curing is approximately equal to that of 5℃ temperature pre-curing. 

 
Fig. 5.10 Compressive strength of P frozen concrete samples after recovery curing 
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concrete at early ages is not affected by freezing after the final setting, which is reported by Yamashita (2021) 

and the findings of Chapter 4 in this thesis. 

 
Fig. 5.11 Compressive strength ratios based on P-20-N of frozen concrete samples at 840 ∘D･D 
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early age freezing did not impact F12 and F24 samples. This finding supports the previous studies conducted by 

Yamashita (2021) and Chapter 4 of this thesis, which showed that concrete strength development at early ages 

is not affected by freezing after the final setting. 

However, based on the comparison of Fig. 5.11 and Fig. 5.13, it is clear that the preventive measures against 

early age frost damage in A2 concrete have not been achieved. A2 concrete has the same vulnerability to early 

age frost damage as P concrete. 

 
Fig. 5.12 Compressive strength of A2 frozen concrete samples after recovery curing 

 
Fig. 5.13 Compressive strength ratios based on A2-20-N of frozen concrete samples at 840 ∘D･D 
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recovery curing. All frozen concrete samples displayed compressive strength values similar to A4-20-N after 

recovery curing, indicating that they did not suffer from early age frost damage. Moreover, it can be observed 

that pre-curing temperatures before early age freezing did not affect compressive strength at 840∘D･D. The 

compressive strength of samples pre-cured at 20℃ was approximately the same as that of samples pre-cured at 

5℃. 

Fig. 5.15 presents the compressive strength ratios based on A4-20-N of all frozen concrete samples at 840℃. 

As the compressive strength ratios were more excellent than 90%, it can be concluded that all frozen concrete 

samples were not damaged by early age frost. As per Fig. 5.5, the final setting time of A4 samples at 20℃ was 

6 hours and 13 minutes, while that at 5℃ was 10 hours and 16 minutes. At 20℃, the A4 samples reached 

sufficient levels of strength and stiffness, indicating that they did not suffer from early age frost damage. In 

contrast, at 5℃, the initial setting time was 5 hours and 36 minutes, indicating that the cement in the concrete 

had not fully hydrated, and there was still much free water. When these samples were exposed to freezing at 6 

hours (A4-5-F6 sample), the free water in the concrete froze, and the hydration reaction of the cement was 

interrupted. This can cause damage to the concrete and weaken its strength. However, subsequent curing of the 

frozen concrete under standard conditions resumed the hydration process and partially repaired the damage 

caused by early freezing. 

Although the compressive strength values of frozen samples were lower than the required minimum 

compressive strength of 5.0 MPa when early age freezing occurred, the compressive strength ratios of frozen 

samples were greater than 90% after recovery curing, indicating that early age freezing did not affect frozen 

samples under A4 concrete conditions. This once again demonstrates that the strength development of concrete 

at early ages is not affected by freezing after the final setting time, which is consistent with the findings of 

Yamashita (2021) and Chapter 4 of this thesis. 

Compared with Figs. 5.11 and 5.15, it can be concluded that, in the case of A4 concrete, the addition of 4 

kg/m3 of ACF additive is helpful in preventing early age frost damage as all samples can resist early age frost 

damage. 
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Fig. 5.14 Compressive strength of A4 frozen concrete samples after recovery curing 

 
Fig. 5.15 Compressive strength ratios based on A4-20-N of frozen concrete samples at 840 ∘D･D 
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ratios were above 90%. As per Fig. 5.5, the final setting time for A6 samples at 20℃ was 5 hours and 38 minutes, 

while that at 5℃ was 7 hours and 11 minutes. It indicates that A6 concrete samples cured at 20℃ had reached 

adequate strength and stiffness within less than 6 hours and did not suffer from early age frost damage. 

A6 samples had a final setting time of 7 hours and 11 minutes at 5℃, which suggests that the cement had 

almost completed its hydration reaction, forming a dense matrix of hydration products. It provided a robust 

skeleton structure for the concrete, enabling it to resist some of the pressure caused by the formation of ice lenses 

during freezing. When exposed to freezing at 6 hours (A6-5-F6 sample), the concrete withstood some of the 

pressure from the ice lenses due to its strong skeleton structure. Furthermore, it was observed that recovery 

curing under standard conditions for 31 days helped partially repair the damage caused by early freezing and 

restore the concrete's strength. 

However, even though the compressive strength values of frozen samples were lower than the minimum 

required compressive strength of 5.0 MPa when early age freezing occurred, the compressive strength ratios of 

frozen samples were above 90% after recovery curing, indicating that early age freezing did not affect frozen 

samples under A6 concrete condition. This finding reinforces the earlier report by Yamashita (2021) and the 

results presented in Chapter 4 of this thesis that the strength development of concrete at early ages is not affected 

by freezing after the final setting time. 

A comparison of Fig. 5.11 and Fig. 5.17 reveals that the addition of 6 kg/m3 of ACF additive is helpful for 

preventing early age frost damage in A6 concrete, as all samples can resist early age frost damage. 
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Fig. 5.16 Compressive strength of A6 frozen concrete samples after recovery curing 

 
Fig. 5.17 Compressive strength ratios based on A6-20-N of frozen concrete samples at 840 ∘D･D 

 

Fig. 5.18 shows the relationship between the prevention effectiveness of early age frost damage and addition 

amounts of ACF additive under different temperatures. According to the results of compressive strength ratios 

based on each N sample, the following evaluation method for prevention effectiveness of early age frost damage 

is proposed using different addition amounts of ACF additive: 

(1) Compressive strength ratio below 90%: Damage due to freezing 

(2) Compressive strength ratio above 90%: No damage by freezing 

(3) Compressive strength ratio above 95%: No effect of freezing at all 

0

10

20

30

40

50

A6-2
0-N

A6-2
0-F

6

A6-5
-F6

A6-2
0-F

12

A6-5
-F1

2

A6-2
0-F

24

A6-5
-F2

4

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

Type of specimen

0

20

40

60

80

100

120

A6-20-F6

A6-5-F6

A6-20-F12

A6-5-F12

A6-20-F24

A6-5-F24Co
m

pr
es

siv
e 

str
en

gt
h 

ra
tio

 b
as

ed
 o

n 
A

6-
20

-N
(%

)

840 ∘D・D

The ratio of larger than 90% means that there 
is no early age frost damage

Type of specimen



CHAPTER 5 
INVESTIGATION OF THE EFFECT OF PREVENTING EARLY AGE FROST DAMAGE USING ADDITIVE FOR SETTING 

TIME ADJUSTMENT 

130 

It can be found that the prevention effectiveness between in Fig. 5.18 (a) P concrete samples and (b) A2 

concrete samples conditions is nearly the same degree. It represents that the addition amount of 2 kg/m3 can not 

improve the prevention effectiveness of early age frost damage. The F6 samples of P and A2 concrete in both 

20℃ temperature and 5℃ temperature conditions were subjected to early age frost damage. 

As for the conditions of Fig. 5.18 (c) A4 concrete samples and (d) A6 concrete samples, the compressive 

strength ratios of all samples are greater than 90%, which means that concrete samples were not subjected to 

early age frost damage. Especially in the case of F6 samples, the concrete did not suffer from early age frost 

damage. Compared with P concrete samples, the addition amount of 4 and 6 kg/m3 can improve the prevention 

effectiveness of early age frost damage. In addition, A6 concrete is more effective than A4 concrete in preventing 

early age frost damage. 

 
Fig. 5.18 Relationship between prevention effectiveness of early age frost damage  

and addition amounts of ACF additive under different temperatures 
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5.5 Conclusion 

In this chapter, the effect of shortening the setting time of concrete using different amounts of ACF additive 

and the effect on strength development under different amounts are investigated, and a suitable use program of 

ACF additive for preventing early age frost damage is discussed. The conclusions in Chapter 5 are given as 

follows: 

(1) The use of ACF additive did not affect the slump and air content of fresh concrete.  

(2) The addition of ACF additive resulted in a shorter setting time for concrete, and this effect was more 

pronounced at low temperatures. The greater the amount of ACF additive added, the shorter the setting time. 

(3) The ACF additive can improve the early age strength within 24 hours. The early age strength at 7 days and 

compressive strength at 28 days of ACF concrete were the same as those of P concrete. 

(4) Adding 4 and 6 kg/m3 of ACF additive effectively prevented early age frost damage. These two addition 

amounts of ACF additive can be used for cold weather concreting due to their outstanding effectiveness in 

preventing early age frost damage. 

To conclude, this study suggests that the addition of ACF additive is an effective method to prevent early age 

frost damage of concrete while maintaining its strength development. This study provides concrete producers 

and engineers with practical information to maximize the benefits of ACF additive in cold weather concreting. 
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6.1 Introduction 

In this study, the cold weather concreting guidelines in different countries are investigated to grasp the current 

situation of cold weather concreting. After summarizing the contents of the guidelines, a series of studies to 

develop technology for the diagnosis and prevention of early age frost damage are conducted. In addition, the 

frost resistance of concrete at early ages in the laboratory and outdoor exposure tests was studied. 

6.2 Investigation of current situation of cold weather concreting aaccording to 

Guides to Cold Weather Concreting of various countries (Chapter 2) 

This chapter has summarized eight specifications of cold weather concreting from various countries: Europe, 

the United States, Canada, Japan, China, South Korea, and Russia. Eleven content sections of cold weather 

concreting are selected, such as Application periods of cold weather concreting, Materials, Mix proportion design 

of concrete, Preparation for cold weather concreting, Curing methods, Early age curing, and Concrete quality 

management at job sites. 

Most of the regulations of the Guides to Cold Weather Concreting of various countries are relatively similar, 

such as materials of concrete, curing methods, and preparation for cold weather concreting. 

Each country has their unique construction methods and technologies, which may be related to various 

countries' climatic conditions and national standards. 

The effect of the minimum required compressive strength values at early ages on frost resistance is still unclear. 

It is necessary to determine the applicability of minimum compressive strength for cold weather concreting. 

With the development of new technologies, the diagnosis methods and prevention methods for early age frost 

damage also should be developed. 

6.3 Verification of diagnostic method for early age frost damage depth by 

penetration tests (Chapter 3) 

This chapter presents an experimental study to explore early age frost damage depth by penetration tests. It 

aims to develop accurate diagnostic methods for detecting the depth of early age frost damage. The penetration 
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tests include the nail and pneumatic penetration test machine methods, and the penetration depth and diagnostic 

accuracy are discussed. 

It is possible to diagnose whether the concrete is subjected to early age frost damage by a nail penetration test. 

But it is difficult to diagnose the depth of early age frost damage. 

It can be seen that the penetration amount of the age 7 days has an excellent diagnosis effect for determining 

the early age frost damage and detecting the damage depth. 

The penetration test by pneumatic penetration test machine is effective to diagnose the depth of early age frost 

damage on the age 7 days. It can roughly detect the damage depth with a micro- destructive degree. 

6.4 Effect of compressive strength development at early ages on frost resistance 

of concrete (Chapter 4) 

This chapter is divided into two parts to investigate the effect of compressive strength development at early 

ages on the frost resistance of concrete according to laboratory and outdoor exposure tests. The compressive 

strength test, hydration degree test, underwater weighing test, and freeze-thaw test were performed to discuss 

the influence. In addition, the applicability of minimum compressive strength for cold weather concreting is 

evaluated according to meteorological factors. 

Air-entrained concrete that reaches a compressive strength of 5.0 MPa can withstand several freeze-thaw 

cycles and effectively prevent early age frost damage. 

For early-age concrete subjected to repeated freeze-thaw cycles in a critical water-saturated environment, the 

frost resistance increases with the increase of compressive strength. For OPC concrete with w/c of 0.5, the 

numbers of freeze-thaw cycles of the concrete with compressive strength of 5.0, 12.0, 18.0, and 25.0 MPa that 

can maintain the relative dynamic modulus of elasticity above 90% were about 18, 55, 90, and 124 cycles, 

respectively. 

Concrete that has finished its final setting can effectively resist early age frost damage not only in Air-

entrained condition but also in Non-air-entrained condition. 

The frost resistance of concrete in outdoor exposure tests was lower than that of concrete in laboratory tests. 
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The dry-wet and freeze-thaw cycles in the natural environment can reduce the frost resistance of concrete. 

6.5 Investigation of the effect of preventing early age frost damage using additive 

for setting time adjustment (Chapter 5) 

In order to develop an effective prevention method for early age frost damage using additive for setting time 

adjustment, the effect of shortening the setting time of concrete at room temperature and low temperature is 

investigated, the effect on strength development under different amounts is discussed, and a suitable use program 

of ACF additive based on the prevention effectiveness of early age frost damage is proposed. 

The use of ACF additive did not affect the slump and air content of fresh concrete. 

The addition of ACF additive resulted in a shorter setting time for concrete, and this effect was more 

pronounced at low temperatures. The greater the amount of ACF additive added, the shorter the setting time. 

The ACF additive can improve the early age strength within 24 hours. The early age strength at 7 days and 

compressive strength at 28 days of ACF concrete were the same as those of P concrete. 

Adding 4 and 6 kg/m3 of ACF additive effectively prevented early age frost damage. These two addition 

amounts of ACF additive can be used for cold weather concreting due to their outstanding effectiveness in 

preventing early age frost damage. 

6.6 Summary and future work 

Considering the construction quality of cold weather concreting, the prevention and diagnosis of early age 

frost damage have always been important to the construction. Based on the contents of the current cold weather 

concreting guidelines in various countries, this study investigated the frost resistance of concrete at early ages. 

From the standpoint of new technology development, this study tried a new diagnostic method, and discussed 

the effects of preventing early age frost damage using the additive for setting time adjustment. The results 

obtained in this study provide new ideas and methods for diagnosing and preventing early age frost damage for 

cold weather concreting. 

The results show that the diagnostic method of penetration tests has high accuracy in detecting the depth of 
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early age frost damage, which may be applied to the construction site. The additive for setting time adjustment 

can shorten the setting time of concrete even at low temperatures, which improves the effect of preventing early 

age frost damage. It can be used for cold weather concreting and improve concrete quality. 
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