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INTRODUCTION 

 
Durability of concrete structures is degraded owing to 

various mechanical and environmental actions during the 

service life. Freeze-thaw action, which is among such 

environmental actions in sub-zero temperature climate 

regions, poses detrimental effects on the structural 

performance of concrete structures due to deterioration in 

mechanical properties of concrete (Farooq et al. 2018, Shi 

1997). In real structures, the frost action is always 

combined with mechanical loading, which lead to rapid 

deterioration of the structures. Therefore, the 

development of durable material, which can resist the 

mechanical and environmental actions efficiently, is need 

of the time.  

Numerous research work has been conducted to 

improve the durability of concrete by incorporating 

admixtures, steel fibers and industrial wastes. Utilization 

of industrial wastes into concrete helps to protect the 

environment and conserve the natural resources. Blast 

furnace slag (BFS) is among one of such industrial wastes, 

which is generated as a by-product during manufacturing 

of iron. According to statistical report of Nippon Slag 

Association, over 20 million tons of slag is produced 

annually and 90% of it is consumed in cement and 

concrete production (Nippon Slag Association, 2011). In 

the recent years, it has been reported that durability 

related properties of mortar and concrete against various 

environmental actions can be improved by using ground 

granulated BFS as percentage of binder and BFS sand as 

full amount of fine aggregates (Jariyathitipong 2014, 

Valcuende et al. 2015). Murata et al. (1983) investigated 

the freeze-thaw resistance of concrete using ground 

granulated BFS as sand and found improved durability of 

such concrete. Ayano and Fujii (2014) found improved 

resistance of concrete with GGBFS and BFS sand against 

freezing and thawing. However, the mechanical 

properties of such mortar and concrete were not clarified 

yet. In the previous study, the author found slightly 

improved monotonic behavior of high strength mortar 

with BFS fine aggregates compared to the ordinary 

mortar of high strength with crushed river sand (CS) in 

air and water. Moreover, many researches have been 

carried out to study the change in mechanical properties 

of normal concrete subjected to frost action. Nevertheless, 

very few studies have focused on the mechanical 

properties change of frost-damaged concrete with BFS 

fine aggregates. Yuksel et al. (2007) evaluated the 90-

days compressive strength of concrete containing 

different GBFS sand replacement ratios up to 50% with 

and without freeze-thaw cycles and reported that the loss 

in compressive strength was less than that of concrete 

without GBFS sand with the lowest loss for 20-30% 

replacement ratio. However, the freeze-thaw cycles (FTC) 

induced plastic strain and mechanical properties of high 

strength concrete with BFS fine aggregates subjected to 

freeze-thaw cycles are not clarified yet compared to 

ordinary concrete and no stress-strain model is available 

to predict the response of intact and frost-damaged high 

strength concrete with BFS fine aggregates is available 

under monotonic loading. In addition, although much 

progress has been made in the development of high 

strength and durable concrete in the recent years. 

However, understanding the fatigue behavior of high 

strength concrete is still a main concern due to its brittle 

nature compared to normal concrete and owing to 

conflicting information on fatigue performance of high 

strength concrete presented in the literature. However, the 

mechanical behavior of high strength concrete with BFS 

fine aggregates subjected to the combined action of 

freezing and thawing and mechanical loading is not 

evaluated yet. Moreover, the constitutive laws for the 

analysis of RC structures built and repaired with such 

high strength mortar and concrete are not available.  

To utilize such material in reinforced concrete (RC) 

structures subjected to combined environmental and 

mechanical loading, it is essential to have relevant 

understanding of the various conditions that ensures 

durable concrete performance so that the design method 

for structures with such concrete can be developed.  

 
 
OBJECTIVES OF THE STUDY 
 
Owing to improved durability properties of mortar and 

concrete with BFS fine aggregates against environmental 

actions, this study aims to elucidate the mechanical 

behavior of high strength mortar and concrete with BFS 

sand for different frost damage levels and to formulate the 

respective constitutive laws, so that such mortar and 

concrete can be applied in the construction works. The 

main objectives of this research work are:   



▪ To clarify the compressive fatigue behavior 

including fatigue life, S-N relationships, stiffness 

change and strain development of BFS mortar at 

different stress levels in different test conditions i.e. 

in air and in water along with crushed sand (CS) 

mortar, and to propose the simplified fatigue model 

for the assessment of change in mechanical 

properties at different interval of loading cycles 

along with the prediction of fatigue life. 

▪ To investigate the behavior of air-entrained (AE) and 

non-AE high strength concrete with BFS fine 

aggregates under static loading for different degrees 

of frost damage and to formulate the stress-strain 

relationships for intact and frost-damaged high 

strength concrete based on elasto-plastic and fracture 

model. 

▪ To study the compressive fatigue behavior of AE 

high strength concrete with BFS fine aggregates 

compared with companion concrete with crushed 

river sand and to propose the S-N relationships. 

 
DISSERTATION OUTLINE 
 

The dissertation comprises of five chapters. The 

organization of this dissertation is given as follows: 

Chapter 1 summaries the research background, 

problems, and the objectives of this research work. 

Moreover, the outline of the dissertation is also given. 

Chapter 2 presents the experimental and numerical 

investigation of high strength mortar under fatigue loading 

in air and water. The S-N relationships for BFS mortar and 

CS mortar are developed. Moreover, a simplified fatigue 

model of high strength mortar is presented for the 

assessment of change in mechanical properties and for the 

prediction of fatigue life of each mortar. 

In Chapter 3, the experimental investigation for 

monotonic behavior and formulation of compressive 

stress-strain model of AE and non-AE high strength 

concrete with BFS fine aggregates in comparison with AE 

normal concrete of normal and high strength for different 

frost-damage levels is presented. 

Chapter 4 presents the experimental study to elucidate 

the compressive fatigue behavior of AE high strength 

concrete with BFS fine aggregates and crushed river sand. 

The S-N relationships for AE high strength concrete are 

formulated in comparison with non-AE high strength 

concrete from the literature. 

Chapter 5 leads to the summary and conclusions drawn 

from the research work carried out in this study. Moreover, 

the recommendations for future work are also suggested. 

 

 

BRIEF DISCUSSION OF RESULTS 
 
FATIGUE OF HIGH STRENGTH MORTAR 
 

The fatigue compression tests were carried out on 

cylindrical BFS mortar specimens in air and water and the 

results are compared with those of ordinary CS mortar. 

The load was applied in the form of sine signal with 

constant amplitude and the frequency was kept as 5 Hz. 

The maximum stress level (Smax) was varied from 60%, 

70% and 80% of uniaxial compressive strength (f’
c). The 

damage progress is discussed based on the strain 

developments measured by using high-speed measuring 

system. Fatigue life (Nf) of both BFS mortar and CS 

mortar was also examined in air and in water and the Smax-

Nf relationships are developed. The experimental results 

reveal that BFS mortar exhibits longer Nf compared to CS 

mortar in air. Nevertheless, both types of mortar exhibit 

similar Nf in water and the Nf each mortar is reduced in 

water compared to air.  

Moreover, the compressive stress-strain 

relationships for BFS mortar and CS mortar developed by 

author in the previous study are extended to formulate the 

simplified fatigue model of high strength mortar for the 

assessment of change in mechanical properties and for the 

prediction of fatigue life of each mortar. It is observed that 

the change in fracture parameter of each mortar under 

fatigue in air is almost similar as that of static loading. 

However, the fracture parameter for mortar subjected to 

cyclic loading in water reduces sharply compared to that 

in air and that of static loading. Therefore, the Nf of mortar 

in water is shorter compared to air. Moreover, at each 

stress level, the plastic strain development in CS mortar is 

higher in air and water compared to BFS mortar, resulting 

is rapid degradation and shorter fatigue life of CS mortar. 

The experimental results are compared those of obtained 

using proposed model, which shows satisfactory 

agreement.  

 
STATIC BEHAVIOR OF HIGH STRENGTH 
CONCRETE UNDER FREEZING AND 
THAWING 
 

The experimental investigation in order to study the 

monotonic behavior of AE and non-AE high strength 

concrete with BFS fine aggregates in comparison with AE 

normal concrete of normal and high strength is presented 

in addition to the formulation of compressive stress-strain 

model for intact and frost-damaged high strength concrete. 

The freeze-thaw cycle (FTC) test on concrete 

specimens was carried out according to ASTM C-666 

type-A in 3% NaCl solution. After certain number of FTC, 

the specimens were taken out from FTC chamber and 

were stored in controlled temperature room until the start 

of static compression tests. The experimental results show 

that overall rate of FTC equivalent plastic strain 

development in non-AE high strength concrete with BFS 

sand is slightly higher than that of AE high strength 

concrete with BFS and CS sand. However, it is much less 

than non-AE normal concrete from previous study. Higher 

the compressive strength of concrete, lower is the rate of 

plastic strain development for both AE and non-AE 

concrete. Moreover, the compressive strength and 

Young’s modulus of AE concrete of both normal and high 

strength degrade at slower rate with the increase in FTC 

compared to non-AE concrete with BFS fine aggregates, 

because of less plastic strain development due to FTC in 

AE concrete. However, the mechanical properties of non-



AE BFS concrete deteriorate at slower rate with the 

increase in FTC number compared to non-AE normal 

concrete from the past study owing to high strength of 

non-AE BFS concrete. Nevertheless, the mechanical 

properties of each concrete change at almost same rate 

with the increase in FTC equivalent plastic strain. It is 

observed that Young’s modulus of frost-damaged concrete 

reduces sharply compared to the compressive strength. 

In addition, the stress-strain model for frost-

damaged high strength concrete are proposed based on the 

concept of elasto-plastic and fracture theory. It is observed 

that the rate of mechanical plastic strain development and 

fracture parameter change in high strength concrete is 

slower compared to that of normal concrete. The rate of 

mechanical plastic strain development increases with the 

increase in frost-damage, nevertheless, the change is 

fracture parameter is almost same for all frost damage 

levels. The relationships for fracture parameter and plastic 

strain for high strength concrete are formulated. The 

comparison between experimental and calculated results 

using proposed model show good agreement validating 

the model. 

 
FATIGUE OF AE HIGH STRENGTH 
CONCRETE UNDER FREEZING AND 
THAWING 
 

The experimental study to elucidate the compressive 

fatigue behavior of AE high strength concrete with BFS 

fine aggregates and crushed river sand was carried out. 

The Smax-Nf relationships for AE high strength concrete are 

formulated in comparison with non-AE high strength 

concrete from the literature.  

The compressive fatigue tests were performed on 

intact and frost-damaged AE high strength concrete using 

BFS and CS fine aggregates. The sinusoidal wave of 

constant amplitude with frequency of 3.5 Hz was used for 

fatigue loading. The maximum stress levels of 70% and 

80% of f’c were adopted. The Smax-Nf relationships for AE 

high strength concrete with BFS and fine aggregates are 

formulated. The fatigue life of AE BFS concrete is longer 

than that of AE high strength normal concrete for all frost 

damage level. No significant effect of FTC is found on the 

fatigue life of AE high strength concrete because of very 

less frost damage caused by FTC. Moreover, overall the 

fatigue life of AE high strength concrete is more than that 

of non-AE high strength plain concrete from the literature. 

This difference is pronounced as the maximum stress level 

decreases. 

 
CONCLUSIONS 

 

The following main conclusions can be drawn: 

▪ The fatigue performance of BFS mortar in air is 

slightly improved compared to ordinary mortar. 

▪ The change in mechanical properties under cyclic 

loading and the fatigue life of each mortar in air and 

water can be well assessed using the proposed 

simplified model. 

▪ The rate of degradation for AE concrete is slower 

compared to non-AE concrete. 

▪ The rate of reduction of mechanical properties of 

high strength concrete with respect to FTC number 

is slower than that of normal strength concrete, 

however, the change is almost similar for both high 

strength and normal strength concrete with respect to 

FTC equivalent plastic strain.  

▪ The proposed stress-strain model can well predict the 

stress-strain relationships for intact and frost-

damaged high strength concrete. 

▪ Fatigue life of AEBFS concrete is longer than AE 

high strength normal concrete. 

▪ The rate of change of fatigue properties with respect 

to axial strain for AEBFS and AE high strength 

normal concrete is almost similar. 

▪ The fatigue life of AE high normal concrete at longer 

at lower stress levels than non-AE high strength 

normal concrete from literature. 
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